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PHENOXYMETHYL 2-CHkOROETHYk ETHERS' 

ABSTRACT 
A series of phenoxymethyl 2-chloroethyl ethers ha5 been prepared for testing 

as  possible insecticides. 

In this investigation a series of pl~enoxyinetl~yl 2-chloroethyl ethers, 
XrOCH20CI-ISCI-12CI (I,  X = H or CHB), was prepared for testing as possible 
insecticides by allcylating various phenols with 2-chloroethyl (1, 2) and 
1-chloro-2-propyl (5) chloromethyl ether. The toxic eflects of these ethers (I) 
on insects is described by h~lusgrave and I<ukovica (3). 

I t  is well lcilown that the halogen atom linked a to the oxygen atom of 
chloroethers is more reactive than the p-halogen (2). This considcrable dif- 
ference in the halogcn reactivities was also noted in the reactions between 
chloro~nethyl chloroethyl ether (11) and sodium phenoxides. 

Whcn chlorornethyl 2-chloroethyl ether (11) was treated with aqueous or 
alcoholic solutions of a sodiuin phenosicle a t  rooin temperature, only a mono- 
phenosy deri~rative was formed and a higher reaction temperature was neces- 
sary in orclcr to I'orm the diphcnoxy derivative, ArOCH20CI-IZCI-120;lr, In  
order to establish that the a-chlorine and not the P-chlorine rcactcd under the 
mildcr conclitions, the rcaction product (111) of sodium p-chloropl~enosicle 
and I1 was hcatcd with sodi~~rn  2,4-dichlorophenoside. Thc resulting product 
(IV) on inilcl acicl hyclrolysis yielded p-chlorophenol and 2,-1-dichlorophen- 

IManuscript received Azigzlst IS ,  1954. 
Cotztribz~tion from the Dominion Rubber Con7patzy Linziled Research Laboratories, Gz~elph, Ont. 
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oxyethanol (V) (4) and not 2,4-dichlorophenol and 9-chlorophenoxyethanol, 
the products expected had the P-chlorine of I1 reacted before the a-chlorine. 
The wide difference in the degree of reactivity between the two chlorine atoms 
of I1 is further emphasized by the fact tha t  111 remains unaltered after boiling 
with diethylamine in benzene solution for several hours and requires prolonged 
boiling with alcoholic potassium thiocyanate in order to form 2-thiocyanat.o- 
ethyl p-chlorophenoxymetl~yl ether. Phenoxymethyl 2-chloroethyl ether (I, 
Ar = C&,, X = H) is stable in aqueous allcali but resinifies explosively when 
warmed with a drop of concentrated hydrochloric acid. 

EXPERIivlENTAL 

Preparation of 2-Chloroethyl Phenoxymethyl Ethers 
Metlzod A 
T o  a stirred solution of sodium (I  mole) in absolute ethanol ( I  liter) was 

added the phenol (1 mole) and then dropwise chloromethyl 2-chloroethyl 
ether ( I  mole) (1, 2) over about one-half hour, the temperature being kept a t  
20-25" by cooling. The reaction mixture was stirred for an  additional two 
hours, the ethanol was distilled off in  vacuo, and the residue treated with 
water. The  product was extracted with benzene, washed with sodium hydroxide 
and with water. The  solvent was then removed and the residue distilled. 

Method B 
T o  a stirred solution (or suspension) of sodium phenoxide (1 mole) in water 

(200 ml.) was added dropwise chloromethyl 2-chloroethyl ether (1 mole) in 
benzene (400 ml.) over about one-half hour, the temperature being kept a t  
10" by cooling. After the solution had been stirred for an additional two hours 
the benzene layer was separated from the reaction mixture, washed with sodium 
hydroxide and with water. The  solvent was removed and the residue distilled. 

TABLE I 

PHBNOXYMETHYL 2-CHLOROETHYL ETHERS (ROCH2OCH2CH2Cl) FROM CKLOROXBTHYL 
2-CHLOROETHYL ETHER AND THE APPROPRIATE PHENOL 

ROCH20CHZCHzCl Analyses 
R = 

Method Calc. Found 
of % IV1.p. or ,o -- 

prep. Yleld b.p. n~ Formula C H C H 

Phenyl A 68 b12=123 1.5170 C ~ H ~ Z O ~ C I  57.91 5.94 58.05 6.01 
a-Naphthyl A 88 b12=200 1.5912 Ci3H1302Cl 65.97 5.50 66.12 5.51 
b-t-Butvlphenyl A 64 bl2=163 1.5072 CISHI~OPC~ 64.33 7.84 64.41 7.87 

2,4-Dichlorophenyl A 50 biz = 167 1.5465 CgH902C13 42.27 3.52 42.62 3.58 
2,3,4,5,6-Penta- 

chlorophenyl A 60 m.p.=90 CgHaO?C16 30.08 1.67 30.30 2.11 
p-Nitrophenyl A 28 m.p. =70 CgN1oN04Cl 46.65 4.32 46.89 4.50 

B 4 
C 90 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

11
8.

97
.2

11
.1

8 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Method C 
,4 reaction mixture of chloromethyl 2-chloroethyl ether (1 mole), dry benzene 

(350 ml.), and the dry soclium phenoxide (1 mole) was heated unclcr rcflux for 
four hours. Water was added to the cooled reaction misture, the benzene layer 
was separated, mashecl with sodiuin hydroxide and with water. T he  solvent 
was rcmoved and the residue distilled. 

9-Cl~lorop7ze~aoxymetlzyl 2-(2,/t-Diclzlorofi11.enoxy)ethyl Ether ( I  V )  
T o  a solution of sodium (5 gm.) in absolute ethanol (250 ml.) was aclded 

2,4-dichlorophenol (34 gm.) and 2-chlorocthyl p -c l~ lorophenoxyn~et l~~~l  ether 
(45 gm.) and the rcsulting solution heated under reflux for 40 hr. About half 
of the ethanol was distilled off from the reaction mixture and the residue was 
treated with water and extracted with benzene. 

The  benzene extract was washed with water and the solvent was removed. 
Fractional clistillation of the residue yielded unchanged 9-chlorophenoxy- 
methjd 2-chloroetl~yl ether (21 gm.)  and a higher-boiling fraction, b.p. 
(0.2 mm.) = 170-172' (27 gm.). The  latter was a viscous colorless liquid, 
n: = 1.8752. Anal. calc. for Cl5Hl3O3CI3: Cy 51.81; H, 3.74. Found: C, 52.11; 
I-I, 3.60. 
p-t-Bzitylphenoryllzet11~~12 2-9-t-Bzitylfihenoxyethyl Ether 

This was prepared in 70y0 yield as above from p-t-but)~lphenosyinetl~yl 
2-chloroethyl ether. I t  is a colorless viscous liquid, b.p. (12 mm.) = 245-250°, 
trh0 = 1.5270. Anal. calc. for c?;H;~03: C ,  77.54; H, 8.98. Found: C ,  77.43; 
1-1, 9.06. 
Hydrolysis of p-Cl~loro~lrenosynzefhyd 2-(2,4-DicIzloroplze~zo.vy)etlzy2 Etlzer (IT/) 

A solutioil of p-cl~loropl~enox)~n~et l~yl  2-(2,4-dic11lorophenoxy)ethyl ether 
(15 gm.),  watei- (150 ml.), ethanol (150 n~ l . ) ,  ancl concentrated hydrochloric 
acid (25 1-111.) was heatecl under reflus foi- eight hours. Most of the ethanol was 
distilled ancl the cooled resiclue was extracted with ether. 'l'he ether was re- 
inovctl from the extract and the residue was fractionally distilled. Two main 
fractions were collected, fraction 1 boiling a t  98-105' (12 min.) (4 gm.) and 
fraction 2 boiling a t  160-165' (12 mm.) (7 gm.). Fraction 1 solidified on 
cooling and ineltecl a t  35' alone or in admixture with p-chlorophenol. I t  cle- 
pressed the melting point of 2,4-dichlorophenol. Fraction 2 after crystallization 
from benzene melted a t  58-50' alone or in admixture with authentic 2,4- 
dichlorophenosyethanol (4). 

1 ,~-bis(2-C7~loroet1~o.vy1~zet11oxy)be~zze~ze 
This was prepared in 20% yield by lnethotl A using two moles of sodium 

and two moles of chloromethyl 2-chloroethyl ether (11) per mole of resorcinol. 
I t  is a colorless liquid boiling a t  150-154O (0.3 mm.), n g  = 1.5212. Anal. calc. 
for C1?IHlcOeCln: C,  48.83; 11, 5.41.. Found: C,  48.80; H, 5.39. 
1,4-bis(2-Ch2oroetl~.oxynzetl~osy)be~~zene 

This was prepared in 52% yield by method A a s  above from I1 and hydro- 
quinone, b.p. (0.3 mm.) = 149-150°, ?ziO = 1.5197. Anal. calc. for CI?HlGOICI?: 
C ,  48.83; H, 5.41. Found: C ,  48.67; H, 5.31. 
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This was prepared in 12% yield by method rl from tetrachlorohydroquinone 
and 11. The white needles melted a t  117-118' after crystallization froin ethanol. 
Anal. calc. for C I ? I - I ~ ~ O ~ C ~ ~ :  C, 33.26; H ,  2.77. Found: C, 33.24; H ,  2.82. 

1 ,2-bis(2-Chloroetl~oxymetl~oxy) benzene 
This was prepared in 41y0 yield by method A from I1 and catechol, b.p. 

(0.2 nlm.) = 146-148', n g  = 1.5222. Anal. calc. for C]?I-IlG04C12: C, 48.83; 
H, 5.41. Found : C, 48.72; H, 5.18. 

1,2,3-fris(2- Clzloroetl~oxymetl~oxy) benzene 
This was prepared in 15y0 yield by method A from I1 and pyrogallol, 

b.p. (0.2 mnl.) = 212-215'. Anal. calc. for C ~ ; H ? ~ O G C ~ ~ :  C ,  44.62; H, 5.25. 
Found: C, 44.91 ; I-I, 5.24. 

A solution of $-chlorophenosymetl~yl 2-chlorocthyl ether (111) (16 gm.), 
morpholine (16 gm.), and toluene (100 inl.) was heated uncler reflux for 24 hr. 
The morpholine hydrochloride was filtered and the filtrate was extracted with 
dilute hydrochloric acid. The acid solution was basilied with sodium hydroxide 
and extracted with benzene. Removal of the benzene and distillation of the 
residue yielded 14 gm. (or 68%) of a colorless liquid b.p. (12 mm.) = 196-198', 
n g  = 1.5278. Anal. calc. for C13H18N03C1: C, 57.45; H ,  6.63. Found: C, 57.27; 
H ,  6.54. 

p-Chlor~filze~zoxynzethyl 2-Dirnetl~ylaminoethyl Ether 
3 

This was prepared as above from dimethylamine and p-chlorophenoxymethyl 
2-chloroethyl ether (111), the reaction being carried out in a sealed bomb a t  
120-130'. I t  distilled as a colorless liquid boiling a t  149-150' (12 mm.), 
1220 - - 1.5100. Anal. calc. for C ~ ~ H ~ G N O . ~ C I :  C, 57.51; H ,  6.97. Found: C, 57.24; 

11, 6.93. The etl~iodide melted a t  106-107' after crystallization from ethyI 
acetate. Anal. calc. for C13Hz1N02CII: C, 40.46; H ,  5.45. Found: C, 40.41; 
H ,  5.59. The  butiodide melted a t  86-87' after crystallization from methanol. 
Anal. calc. for C l ~ H ~ ~ N O ~ C I I  : C, 43.53; H ,  6.04. Found: C, 43.55; H ,  6.13. 

p-~1zlorophknox~rneth~l 2-Dietl~ylaminoetlzyl Ether 
This was prepared as above from diethylamine and III.  I t  distilled as a 

colorless liquid boiling a t  165-167' (12 mm.), n; = 1.5032. Anal. calc. for 
C13H20NO?CI: C, 60.57; H ,  7.77. Found: C,  60.68; H ,  7.82. 

fi-Clzlorophenoxyrnethyl I-Chloro-2-propyl Ether 
This was prepared in 63% yield by method A from chIoromethy1 l-chloro- 

2-propyl ether (5) (CICH20CH(CH3)CH2Cl) and p-chlorophenol. I t  distilled 
as  a colorless liquid boiling a t  155-157' (13 mm.), n g  = 1.5210. Anal. calc. for 
Cl0H~z02C12: Cl, 30.2. Found: C1, 30.5. 

fi-Nitrofilzenoxymethyl 1-Cltloro-2-pro$yl Ether 
This was prepared in 63% yield by method C from chloromethyl l-chloro- 

2-propyl ether and p-nitrophenol. I t  crystallized from methanol as white 
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KULICA: PHENOXYMETHYL 2-CHLOROETHYL ETHERS 5 

prisms melting a t  43-44". Anal. calc. for CloH12N04Cl: C, 48.88; H,  4.89. 
Found: C, 40.00; H ,  4.84. 

p-NifropIzenoxynzethyl 2-Thiocyanatoef.hy1 Ether 
A solution of p-nitrophenoxymethyl 2-chloroethyl ether (12 gm.) and 

potassium thiocyanate (6 gm.) in 95% ethanol (100 ml.) was heated under 
reflux for 24 hr. Most of the ethanol was distilled off and the residue treated 
with cold water. The white solid was filtered, washed, dried, and crystallized 
from benzene - petroleuin ether. The white prisms melted a t  58-59'. Anal. 
calc. for Cl0Hl0N204S: C, 47.26; H ,  3.94. Found: C, 46.88; H, 4.05. 

p-NitrophenoxymethyL 1-Thiocyanato-2-propyl Ether 
This was prepared as above from 9-nitrophenoxymethyl l -chlor0-2-~ro~yl  

ether. The white prisms meltecl a t  42-43', Anal. calc. for C11H120~N2S: C, 
49.25; H ,  4.48. Found : C, 49.30; H,  4.78. 
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SOME CHLORINATION PRODUCTS OF BUTYN'E-1, BUTYNE-2, 
AND PENTYN'E-1' 

ABSTRACT 

The following new compounds were isolated from the vapor phase chlorination 
of butyne-1, butyne-2, and pentyne-1: 1,1,2,2-tetrachlorobutane, 2,2,3,3-tetra- 
cl~lorobutane, 1,1,2,2-tetrachloropentane, trans-1,2-dichloro-1-butene, trans-2,3- 
dichloro-2-butene, and trans-1,2-dichloro-1-pentene. Dehydrochlorination of 
1,1,2,2-tetrachlorobutane and 1,1,2,2-tetrachloropentane gave l,l,2-trichloro-1- 
butene and 1,1,2-trichloro-1-pentene respectively. Partial dechlorination of 
1,1,2,2-tetrachlorobutane and 1,1,2,2-tetrachloropentane gave cis and trans iso- 
mers of 1,2-dichloro-1-butene and 1,2-dichloro-1-pentene respectively. 2,2,3,3- 
Tetrachlorobutane gave chiefly tra~zs-2,3-dichloro-2-bute11e. 1,1,1,2,2-Penta- 
chlorobutane and 1,1,1,2,2-pentachloropentane were prepared by chlorination of 
1-chloro-1-butyne and 1-chloro-1-pentyne respectively. 

In a previous cominunication (2) one of us reported the preparation of 
1,1,2,2-tetrachloropropane and trans-l,2-dichloro-1-propene in 65 and 20% 
yields respectively by the vapor phase chlorination of propyne a t  50" to 60°C. 
These compounds were in turn later used to synthesize others of the Cs 
series (3). The successful outcome of this investigation led us to attempt the 
chlorination of other acetylenic hydrocarbons by the same method in the 
hope of obtaining some hitherto unknown polychlorinated hydrocarbons. 
Such studies might also enable us to  correlate chemical behavior with structure. 
This paper deals with the chlorination products of butyne-1, butyne-2, and 
pentyne-1 and some of their reactions. 

Chlorinatio~l of butyne-1 in the vapor phase a t  40°C. gave a 36.5y0 yield of 
1,1,2,2-tetrachlorobutane and llyo of trans-1,2-dichloro-1-butene. Between 
these compounds an intermediate fraction was collected over a wide range of 
temperature. A secoild careful fractionation of this mixture gave a product, 
b.p. 64-65°C. a t  25 mm., which was first thought to be a trichlorobutane. 
However, dehalogenation in ethanol with zinc dust gave a lnixture of com- 
pounds. The original material therefore appears to  be a mixture of trichloro- 
butanes and/or trichlorobutenes. In addition to these fractions a considerable 
amount of distillate was obtained boiling above the tetrachlorobutane from 
which no pure compound could be separated. Tlle presence of penta- and 
hexachlorobutanes was indicated by the index of refraction of the distillate. 

Dehalogenation of 1,1,2,2-tetrachlorobutane with zinc dust in ethanol 
gave trans- and cis-1,2-dichloro-1-butene, b.p. 99.5" to 100°C. and 118" to 
119°C. respectively. The yield of cis isomer was nearly twice that  of the trans. 
Dehydrohalogenation of the tetrachlorobutane gave 1,1,2-trichloro-1-butene, 
b.p. 137°C. The latter compound was also obtained from butyne-1 by the 
sequence of reactions: 

'Manz~script  received Augzcst 20, 1954. 
Contribution froin the Division of Pure Che?izistry, National Research Laboratories, Ottawa, 

Canada. Issued as N.R.C. No.  3439. 
Presented at tlzc 37th Canadian Chelnical Conference, Toronto, Ontario, Jiitzc, 1954. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

11
8.

97
.2

11
.1

8 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.
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NaOCl 2C12 - C1, 
CzHjC-CH + C2HjCrCCI --t C?HjCC1,CC13 -+ C2H5CC1=CCl2. 

The physical constants of the two compounds were identical. 
The chlorination of butyne-2 proceeded smoothly a t  room temperature. 

From the first fraction of chlorinated product tra7zs-2,3-dichIoro-2-butene, 
b.p. 99.5' to 100°C., was recovered in 23.6y0 yield. At this point the distillation 
had to be discontinued on account of the separation of solid froin the residue 
which was removed by filtration. This product analyzed correctly for a tetra- 
chlorobutane and was in fact 2,2,3,3-tetrachlorobutane, 1n.p. 174OC. The 
filtrate from the solid boiled over a wide range of teinperat~ire; its index of 
refraction indicated that it was a mixture of penta- and hexachlorobutanes. 
2,2,3,3-Tetracl~lorobutane was dehalogenated with zinc dust in ethanol. 

The chief product isolated was a substance b.p. 100°C., apparently trans- 
2,3-dichloro-2-butene. Very little of the cis-isomer was present. These com- 
pounds had been previously prepared by Tisl~cl~enlto and Churbakov (4) by 
removal of hydrogen chloride from 2,2,3-trichlorob~itane. 

The chlorination of pentyne-1 gave a 19.3y0 yield oE trans-l,2-dichloro-1- 
pentene and 15y0 of 1,1,2,2-tetrachloropentane. A large amount oE by-products 
was obtained from which no pure compouncls could be isolated. 

Dechlorination of 1,1,2,2-tetrachloropentane gave cis- and trans-1,2- 
dichloro-1-pentene, b.p. 62' to  62.S0C. a t  47 mm. and 49 to 50°C, a t  47 mm. 
respectively. The  proportion of cis- to  trans- isomer was in the ratio 2: 1. 
Reinoval of hydrogen chloricle from the tetrachloro con~pound gave 1,1,2- 
trichloi-o-I.-pentene, b.p. 74-7Z0C. a t  45 mm. The same compo~ui~d was pre- 
pared by the following sequence of reactions froin pentyne-1: 

NaOCl 2C12 - Cl? 
C3HiC=CI-I + C3I-I7C--CCl --t C3H?CCl2CCl3 -> C3H7CC1=CCl?. 

DISCUSSION 

The chloi-ination of the acetylenic hydrocarbons described in the present 
n7orlt was much less specific than that of propyne. In all three instances 
chlorination by substitution took place to a certain estent as well as by 
addition. The formation of substitution products in the case of butyne-1 and 
pentyne-1 is consistent with Haas' rule ( I )  relating to the ease of subst i t~~tion 
of chlorine for hydrogen in hydrocarbons, viz., tha t  hydrogen is more readily 
replaced by chlorine in a methylene than in a inethyl group. However, this 
does not account for the presence of appreciable amounts of products formed 
by substitutive chlorination in butyne-2, and none in propyne. I t  may well 
be that electi-on mobility in butynes and pentyne is greater than in propyne, 
and chlorination by substitution is thus facilitated. 

Another curious observation made in the present work is the predominance 
of cis-isomer formed in the dechlorination of 1,1,2,2-tetrachlorobutane and 
pentane and the almost exclusive formation of trans-isomer in the clechlorina- 
tion of 2,2,3,3-tetrachlorobutane. No obvious esplanation can be offered for 
these results a t  this time. 
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EXPERIMENT-4L 

Clzlorination of Bz~tyne-1 

This chlorination was carried out in an apparatus similar to that described 
in an earlier paper (2). 

Dry chlorine gas and butyne-1 mere introduced into the evacuated reaction 
flask in the ratio 2: 1. After they were heated to 40°C. with an infrared lamp, 
reaction began and proceeded smoothly a t  55" to 60°C. without further external 
heating provided that the correct ratio of the gases was maintained. The liquid 
product collected in the trap a t  the bottom of the reactor. Under these con- 
ditions, 32.5 liters of butyne-1 were chlorinated in 12 hr. The crude product 
was shaken twice with 100 ml. of dilute sodium bicarbonate solution and finally 
washed with water. After drying over potassium carbonate, the dry product, 
weighing 227 gin., was fractionally distilled under reduced pressure. 

Fraction I was collected over the range 23" to 28°C. a t  27 min. When 
refractionated through a Stedman column (12 in. X 3/8 in.) a t  atmospheric 
pressure, 15.8 gm. of trans-1,2-dichloro-1-butene were obtained. Yield 11.370, 
b.p. 99.5" to 100.5"C., n g  1.4522. Fraction I1 (35.0 ml.) distilled over the range 
31" to 85OC. a t  25 mm. When carefully refractionated, a sample of 12.0 ml. 
with constant boiling point (64 to 64.5OC. a t  23 mm.) was collected. This 
material is probably a mixture of trichlorobutanes and/or ti-iclzlorobutenes. 

Fraction I11 consisted of 80.0 gm. of 1,1,2,2-tetrachlorobutane. Yield 
36.5%, b.p. 85" to 85.j°C. a t  25 mm., n g  1.4908; calc. for C1, 72.39%, found, 
72.17%. Fraction IV consisting of 8.0 ml. distilled over the range 88" to 105°C. 
a t  25 mm., n g  1.5000. Fraction V (13.5 ml.) was collected a t  105" to 106.5"C. 
a t  23 mm., n g  1.5074. Fraction VI (4.0 ml.) distilled a t  108" to 117OC. a t  
25 min., n g  1.5102. Fraction VII (10.0 ml.) distilled a t  119" to 121°C. a t  24 
mm., n g  1.5162. 

cis- and trans-1,2-Dichloro-I-butene 

1,1,2,2-Tetrachlorobutane (69.0 gm.) in 25 ml. of ethanol was added drop- 
wise to a refluxing mixture of 30.0 gm. of zinc dust in 200 ml. of ethanol. 
After refluxing for 30 min. the reaction products were distilled off as azeotropes 
through a Stedman column. The distillate was washed with water and dried 
by distilling on the vacuum line through a U-tube filled with P305. The  
isomers were separated by fractional distillation through a Stedman column. 
The total yield was 80.0%. The trans-isomer weighed 12.6 gm. (37% of the 
total), distilled a t  100" to 10l.O°C., n g  1.4526; calc. for CI, 56.73y0, found, 
55.80%. The cis-isomer weighed 21.5 gm. (63% of the total) and distilled a t  
118.5" to 119.0°C., n,?," 1.4598. 

I ,l,2-Trichloro-1-butene 

1,1,2,2-Tetrachlorobutane (20.0 gm.) and calcium oxide (6.0 gm.) in 100 rill. 
of water were refluxed for eight hours. The yield of 1,1,2-trichloro-1-butene 
which distilled off as an azeotrope was nearly quantitative. After drying over 
calcium chloride, the halide was distilled through a Stedman column. I t  
boiled a t  137.0°C. a t  atmospheric pressure (58" to 58.5"C. a t  46.0 mm.), nLO 
1.4816; calc. for C1, 66.71%, found, 66.06%. 
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MORSE A N D  LEITCH: CHLORINATION PRODUCTS 9 

I ,I ,I ,2,2-Pentachlorobutane 
1-Chlorobutyne-1 (15 gm.; prepared as  in Ref. 3) was dissolved in 25 ml. 

of methylene chloride in a 100 ml. flask. The  latter was fitted with a cold 
finger condenser filled with dry ice. Chlorine gas (28.4 gm.) was slowly dis- 
tilled into this solution which was allowed to stand in the darlc for four hours. 
The  colorless solution was fractionally distilled a t  reduced pressure through a 
Stedman column. 1,1,1,2,2-Pentachlorobutane distilled a t  102-103.5"C. a t  
25 mm. Yield 25.6%, n? 1.5096; calc. for C1, 76.95%, found, 71.03%. A 
sample of this compound added to zinc dust in ethanol gave a product identical 
with 1,1,2-trichloro-1-butene reported above. 

CJzlorination of Pentyne-I 

Pentyne-1 (122 gm.) was placed in a 200 ml. flaslc, which was connected to 
the same apparatus as was used in the chlorination of butyne-1. The  pentyne 
and vacuum line leading to the reaction flask: were heated to 45°C. in order to  
lceep the vapor pressure of the compound slightly above one atmosphere. By 
this means i t  was possible to feed it into the reaction flask as  a vapor, in which 
form it reacted with the chlorine. As soon as  the gases  nixed chlorination 
began without external heating. Reaction temperature fluctuated between 
45" and 50°C. On several occasions flashes occurred during the chlorination 
but  these were neither dangerous nor did they retard reaction; they nlerely 
deposited carbon on the walls of the flask. After eight hours the pentyne was 
all reacted. The  crude product (236 gm.) was treated in the same manner as  
described for the lower homologue. After drying it was fractionally distilled 
through a S t ed~nan  column. 

Fraction I consisted of 51 gin. of unreacted pentyne-1. 
Fraction I1 was collected over the range 31" to 51°C. a t  24 mm. When 

refractionated a t  atmospheric pressure, 28.0 gm. of trans-l,2-dichloro-1- 
pentene were collected. Yield 19.3%, b.p. 124.5-125°C. (48" to 49°C. a t  
47 mm.), nE1.4556. 

Fraction I11 was a mixture of chloro compounds from which no single 
conlpound was isolated. 

Fraction IV was 1,1,2,2-tetrachloropentane. I t  distilled a t  95-97°C. a t  
23 mm. Yield 33.0 gm. (15.3%), n: 1.4887; calc. for C1, 67.61%, found, 
66.61yo. 

A high boiling residue of 30 ml. remained but  no pure compound was isolated 
from it. 

cis- and trans-Dichloro-I -9entene 
1,1,2,2-Tetrachloropentane (20.6 gm.) in 10 ml. of ethanol was added to a 

suspension of 10 gm. of zinc dust in 60 ml. of ethanol. The  reaction products 
were distilled off as  azeotropes and dried over calcium chloride. The yield of 
dry product was 13.0 gm. (95%). The  two isomers were separated by careful 
distillation. trans-1,2-Dichloro-1-pentene distilled a t  49-50°C. a t  47 mm. 
Yield 4.0 gm. (34.8% of total), n? 1.4552; calc. for C1, 51.00%, found, 50.98%. 
The  cis-isomer, 7.5 gm. (65.2% of total), distilled a t  62-625°C. a t  47 mm., 
n g  1.4614; calc. for C1, 51.00%, found, .51.04y0. 
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1 ,I ,2-Trichloro-I-pentene 
This conlpound was prepared by adding 7.2 gm. of 1,1,2,2-tetrachloro- 

pentane to a mixture of 3.0 gm. of calcium oxide in 50 ml. of water. The dry 
1,1,2-trichloro-1-pentene distilled a t  74-75°C. a t  45 mm. Yield 4.1 gm. (70%), 
122 1.4798; calc. for C1, 61.31%! found 61.23%. 

1 , I  ,I ,W,W-Pentachloropentane 
Dry chlorine gas (0.80 mole) was slowly distilled into a solution of 40.0 

gm. (0.39 mole) of 1-chloro-1-pentyne in 40 nll. of rnethylene chloride in the 
clarli. The 1,1,1,2,2-pentachloropentane, fractionated t l~ roug l~  a Stedman 
column, distilled a t  83-84°C. a t  7.00 mm. Yield 44.8 gm. (-17.2%), n: 1.5062; 
calc. for C1, 72.53%, found, 70.53y0. 

A sample of this compound treated with zinc dust in ethanol gave a product 
identical with 1,1,2-dichloro-1-pentene described above. 
Chlorination of Bz~tyne-W 

Butyne-2 (45 gm.) was placed in a 100 ml. flask., and the flask. connected to 
the chlorination apparatus. The  hydrocarbon was heated to 32°C. a t  which 
it had a vapor pressure slightly above one atmosphere. Chlorine and butyne-2 
nrere fed into the evacuated reaction flaslc in the ratio 2: 1. Reaction began a t  
once and proceeded smoothly a t  36-38OC. The liquid product collected in the 
receiver a t  the bottom of the apparatus. There was also evidence of solid 
product forming on the walls of the reaction flask.. 

After 10 hr. all the butyne-2 had been added and the product was Iraction- 
ated without further treatment through a glass helices packed column. 

Fraction I consisted of 4.0 gin. of unreacted butyne-2. 
Fraction I1 was composed of 21 gm. of trans-2,3-dichloro-2-butene. Yield 

22.0y0, b.p. 98" to 100°C., n: 1.4570. 
A solid began to separate in the fractionating column and distilling flaslc 

shortly after the apparatus had been evacuated. The flask was cooled to 
-20°C. and the solid iiltei-ed off. A sample recrystallizecl from pentane gave 
pure 2,2,3,3-tetrachlorob~itane. Yield 25 gm. (l6.8yO), m.p. 171.5-174°C.; 
calc. for Cl, 72.38%, found, 71.94y0. 

A high boiling residue of 34 gm. remained from which no pure compound 
could be isolated. I t  appeared to be a mixture of penta- and hexachloro- 
butanes. 

cis- and trans-2,3-Dichloro-2-bzdene 
2,2,3,3-Tetrachlorobutane (28 gm.) in 200 inl. of ethanol was added to  a 

reflusing mixture of 15 gm. of zinc dust in ethanol. After reaction was complete 
the products lvere distilled as azeotropes \17ith ethanol. About 200 ml. had to be 
distilled before all the halide had distilled. The distillate was worked up in the 
usual manner. The total yield was 60%. The trans-isomer weighing 9.1 gm. 
(90% of the total) distilled a t  99-10l°C., n g  1.4582. The cis-isomer weighed 
1.2 gm. (10% of the total), distilled a t  124-12G°C., n g  1.4672. 

R E F E R E N C E S  
1. HAAS, 1-1. R . ,  MCBEE, E. T., ant1 ~ V E B E R ,  P. Ind. Eng. Chern. 28: 333. 1936. 
2. LI~ITCH, L. C.  Can. J. Chern. 31: 385. 1953. 
3. MORSE. A. T. and LBITCH. L. C. Can. T. Chem. 32: 500. 1954. 
4. TISHCHENICO, D. V. and CHURBAICOV, i"." J .  Gen. Chern. (U.S.S.R.) 6: 1553. 1936. Chern. 

rlbstr. 31 : 2165. 1937. 
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ANTITUBERCULOUS ISONICOTINYLHYDRAZONES 
OF LOW TOXICITY1 

ABSTRACT 

In a search for antituberculous compounds of low toxicity, the isor~icotinyl- 
hydrazones of monohydroxybenzalde1~ydes and of the corresponding aldehydo- 
phenoxyacetic acids were prepared. When tested in uiuo, the isonicotinylhydra- 
zones of 2-formyl-phenosyacetic acid and of 6-methosy-2-forr>l>~l-pllenoxyacetic 
acid showed the most marked antituberculous activity combined with low tos- 
icity. The preparation of 6-methoxy-2-formyl-pherloxyacetic acid and of the 
isonicotinylhydrazone of 2-formyl-pherloxyacetic acid are described as repre- 
sentative examples. The results of microanalysis include data which define the  
antituberculous isonicotillylhydrazo~~es of 2-hydroxybenzaldeh)~de, 4-hydroxy- 
benzaldehyde, and 2-hydroxy-3-methoxybenzaldehyde (0-vanillin). 

INTRODUCTION 

Following the discovery of the antituberculous activity of isonicotinic acid 
hydrazide (isoniazid) by Grunberg and Schnitzer (5) and by Bernstein et al. 
(1) we recorded the marlied therapeutic action in the experimental tuberculous 
infection in mice of isonicotinylhydrazones of hydroxy substituted benzalde- 
hydes (8). As a representative example of this group of compounds the iso- 
nicotinylhydrazone of 4-hydroxybenzaldehyde (I) was studied more closely (7). 

The low toxicity in mice shown by (I) ,  as  well as by isonicotinylhydrazones 
of other monohydroxybenzaldehydes, encouraged us to extend our research 
in this field. 

As the in vitro antituberculous activity of (I) approaches that of isoniazid, 
it was considered likely that the limited in vivo activity of thiscompound, as  
compared to that of isoniazid, may in part be due to its low solubility. I t  
appeared desirable, therefore, to introduce suitable modifications in the 
molecular structure to render this type of co~npound more soluble. On the 
basis of this idea we have prepared, as starting materials for isonicotinyl- 
hydrazones, a series of aldehydo-phenoxyacetic acids, namely: 
4-formyl-phenoxyacetic acid (3) from 4-hydroxybenzaldehyde, 
2-formyl-phenoxyacetic acid (2, 6) from salicylaldehyde, 
6-methoxy-2-formyl-phenoxyacetic acid from o-vanillin (2-hydroxy-3-meth- 
~x~benzaldehyde) , and 

'Manz~script receiued Az~gzist 16, 1954. 
Co?ztrib~~tion f ro~n the Connazlght ilJedical Research Laboratories, U?ziuersity of Toro?zLo, 

Toronto, Ont. 
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12 CANADIAN JOURNAL OF CI-IEMISTRY. VOL. 33 

2-methoxy-4-formyl-phenoxyacetic acid (4) from vanillin (4-hydroxy-3-meth- 
oxybenzaldehyde) . 

One of these acids, namely, 6-methox)~-2-formyl-phenoxyacetic acid (11) was 
unltnown. 

CHO 

The  isonicotinylhydrazones of all four above-mentioned aldehydophenosy- 
acetic acids, when tested in mice, sho~ved a consistently higher antit~lberculous 
activitv than the isonicotinylhydrazones of the corresponding unsubstituted 
hydroxybenzaldel~ydes. The  best results were obtained with the isonicotinyl- 
hydrazones of 6-methoxy-2-formyl-phenoxyacetic acid (111) and of 2-formyl- 
phenoxyacetic acid (IV) . 

The  marlted antituberculous activity of these two compouncls, mentioned 
in an earlier comn~unication (0) ,  is of the order of 35-50y0 of tha t  of isoniazid, 

Analysis, % -- 
M.p.,  O C. Empirical Calc. Found 

Compound uncorrected forrnula 
C I-I N C I l  N 

6-i\/Iethoxy-2-forrnyl- 118 -121 ClaH1006 57.14 4.7'3 57.02 4.83 
phenosyacetic acid (11) 56.89 4.68 

Isonicoti~lylhydrazones of: 
4-Hydroxybenzaldehyde'"1) 287-287.5 C13HllN30?.H20 60.22 5.05 16.21 60.18 5.00 16.09 

4-Hydroxy-3-methoxy- 
benzaldehyde* 223-221 C ~ ~ H I ~ N ~ O ~ . I - I ? O  58.12 5.23 14.53 58.04 4.86 14.50 

2-Hydrosy-3-methoxy- 
benzaldehyde 227-228 C14k113N303 61.96 4.84 15.49 62.00 5.00 15.09 

6-Methoxy-2-formyl- 233-234 C I S H I ~ N S O ~ . H ~ O  55.32 4.93 12.1 55.00 4.88 12.30 
phe~~oxyacetic acid (I I I) 55.19 4.98 12.16 

2-Formyl-phenosyacetic 247-248 C I ~ H I ~ N S O ~  60.19 4.38 14.03 59.98 4.20 14.32 
acid (IV) 60.10 4.39 14.14 
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ZUBRYS AND SIEBENMANS: ISOKICOTINYLHYDRAZONES 13 

and deserves special attention on account of the low toxicity which both 
compounds exhibit in laboratory animals. The  acute oral toxicity of (111), 
when tested in mice, is less than &, and tha t  of (IV) less than &, of that  of 
isoniazid. 

In the experimental part  the synthesis of 6-methoxy-2-formyl-phenoxyacetic 
acid, 2-forinyl-phenoxyacetic acid and its isonicotinylhydrazone are described 
as  representative examples. T h e  results of microanalysis (Table 1) include 
da ta  defining the antituberculous isonicotinylhydrazones, prepared by us in 
1952, from 4-hl-droxybenzaldeh~rde, 2-h~~droxybenzaldeh)ide, 2-hydroxy-3- 
methox,~benzaldel~yde, and vanillin. These hydrazones mere prepared using 
essentially the same procedure as for the isonicotinylhydrazone of 2-forrnyl- 
phenoxyacetic acid. The  biological properties of all above-mentioned com- 
pounds are the subject of a separate communication (10). 

EXPERIMENTAL PART 

6-Methozy-2-formyl-~enoxyacetic A c i d  (11) 

T o  a solution of 45.6 gm. (0.3 iu.) of 2-hydroxy-3-n1etl1oxybenzaldehgde in 
100 ml. of ether, 25 gm. of sodium hydroxide dissolved in 50 ml. of water were 
added slowly ~vhile the solution was cooled and stirred. T o  this mixture a 
solution of 28.35 gm. (0.3 M.) of chloracetic acid in 30 ml. of water was added 
in the same way. The  ether was removed and the mixture heated under reflux 
for two 11ours a t  120-125' C. (oil bath temp.). The  resulting solution was 
cooled, diluted with water, acidified with l~ydrocl~loric acid to Congo red, and 
allowed to  stand for thrce hours a t  room temperature. The  precipitate \vl~ich 
formed was filtered, dissolved in sodium bicarbonate solution, and extracted 
with et l~cr .  The  aqueous layer was acidified to  Congo red and leit in the cold- 
room for two hours. The  precipitated impure 6-inet11oxy-2-for~nyl-pl1enoxy- 
acetic acicl was crystallized from boiling water. Yield: 20 gm., 111.p. 111- 
114.5' C.  Xftcr i ~ v o  rccr)-stallizations from benzene the m.p. rose to 115-12 L o  C. 

The  6-methosy-2-forn~yl-phcnos~;acetic acid crystallizes from benzene in 
white needles and has the characteristic properties of an aldehyde-carl,onic 
acid. I t  recluces ammoniacal silver nitrate solution, gives a violet coloration 
with Schiii's reagent, forills a hyc11-azone with isonicotinic acid hydrazide, and a 
thiosemicarbazone with thiosemicarbazidc. I t  dissolves slowly in sodium 
bicarbonate solution ~ i ~ i t h  elimination ol carbon dioxidc. T h e  acid is easily 
soluble in ethanol, methanol, acetone, ethylacetatc, amylacctatc, ether, acetic 
acid, dimethylforn~an~ide, hot benzene, and hot water. 

2-Formyl-p1~e~~~oxyacetic A c i d  
This acid was prepared in a similar may as 6-metl1oxy-2-lori11yl-phenoxy- 

acetic acicl. Thc  final product was crystallized from water. From 36.6 gin. of 
salicylaldchydc the yield was 25 gm., m.p. 130-132" C. 

Iso?zicotinylbydrazone of 2-fornzyl-phenoxyacetic A c i d  ( I  1;) 
A hot solution of 13.7 gm. (0.1 M.) of isonicotinic acid hydrazide" in 100 ml. 

*For the sy?ttl~esis of isonzcoli?~ic acid l~ydraside a ge71eroz~s i7zilial s z~pply  of zso?ticoli?tic acid 
was obtained throngl~ the courtesy of Fine Cheji~icals of Canada, Ltd. 
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14 CANADIAN JOURNAL O F  CEIEIMISTRY. VOL. 33 

of water was mixed with a hot solution of 18 grn. (0.1 M.) of 2-formyl-phenoxy- 
acetic acid in 120 rnl. of ethanol, heated for 15 min. under reflux, and allowed 
to  stand in the cold-room over night. The slightly yellowish precipitate which 
formed was filtered, washed with water, ethanol, acetone, and dried. Yield: 
29 grn., 1n.p. 246-248' C. An analytical sample, recrystallized from 75% 
ethanol, had m.p. 247-248' C. 

The hyclrazone is soluble in dilute sodium bicarbonate solution; it reduces 
arnmoniacal silver nitrate solution. 
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A NEW MATERIAL AND TECHNIQUES FOR THE FABRICATION 
AND MEASUREMENT OF VERY THIN FILMS FOR USE IN 

4n-COUNTING1 

ABSTRACT 

A new method for preparing thin filn~s for use in beta-spectron~etry and 4 ~ -  
counting is described. These hlms, made of polyvinylchloride-acetate copolyn~er 
are readily prepared with superficial densities as  low as  1 pgm. per cm.' The films 
have good tensile strength and show e\cellent resistance to acids, allcalies, and 
many organic reagents. The thiclrness of the films may be determined (a )  gravi- 
metrically, (b)  radiometrically, and (c)  optically either by transmission or reflec- 
tion. The f~lms can be made conducting by distilling a thin gold layer on to  them. 
The thiclcness of the gold layer can be determined spectrophotometrically. 

INTRODUCTION 

In the course of work in this laboratory (to be published shortly) on the 
improvement of the accuracy of disintegration-rate determinations by 4n 
gas-ion counting, it became necessary to develop methods for producing films 
of synthetic resin of superficial density much lower than hitherto reported. 
This paper reports the successful fabrication of films of good chemical and 
mechanical stability, of superficial densities down to below 1 pgm./cin.? 
(thickness < 7.mp) and of area up to  100 cm.? 

Materials used for the production of source-mounts for the purposes of 4n- 
counting or beta-spectrometry must satisfy a number of criteria. They must 
be of: 

(a)  minimal superficial density and low average atomic number, in order to  
reduce absorption and scattering of radiation; 

(b) adequate mechanical strength to withstand shocks received during 
normal, careful handling ancl the pipetting out of radioactive solutions; 

(c) adequate chemical resistance to  reagents present during the rapid 
evaporation of these solutions, e.g. under infrared irradiation; 

(d) adequate thermal resistance to withstand infrared irradiation during 
this evaporation proceclure ancl during metallizing procec1u1-es if these 
are required (see later). 

The use of a nuinber of materials has been reported in the literature. 41u- 
minum foil has been used (3, -1, 5, 6, 20, 21) in superficial densities as low as 
260 pgm. /cn~.~  (19). Such foils will however be very .iveak mechanically, and 
in additioil a lumin~~m does not exhibit very good chemical resistance to  acids 
or alkalies. Certain synthetic resins have been found to  lend themselves to the 
fabrication of thin films suitable for source mounts and have been used exten- 
sively with conventional low-geometry counters and in beta-spectrometry 
where baclc-scattering effects were to be minimized (7, 15). Formvar (7, 9, 22), 

l i l t (~n~rscript  received ilzlglcst I S ,  1954. 
Co)~tribtttion from the Radiochenlistry Laboratory, Departrt~ent of CIze,~ristry, 116cGill Urriversity, 

A6o?~treal, Qzlebec, with fi~ta?tcial assistnrrce from the Natioltal Research Co?lltcil of Cnrrada. 
2Holder of a Natiolzal Research Council Slzlde?ttsl~ip. 
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a polyvinylformal, has excellent mechanical properties, being strong and 
resistant to abrasion (8, IG, 17). A inethod (2) to produce films of less than 10 
pgm./cm.? superficial density by means of very specialized handling techniques 
has recently been described. Unfortunately Formvar is readily attacked by 
acids, concentrated alkalies, and organic solvents. I t  has however found 
application in laminates with films of polystyrene or Zapon (8, 10, 13) mhich 
possess better chemical properties, but are alone too fragile. 

Cellulose nitrate ( I ,  11, 14) and acetate (19) are probably the most successful 
of the materials used up to this time. They are resistant to hydrochloric acid in 
all concentrations, oxidizing acids in concentrations up to 12 N, and dilute 
allialies. They are attacked however by concentrated alltalies, and other 
substances, e.g. an aqueous slurry of a metallic sulphide. Films of these 
materials with a superficial density of as low as 3 pgn~./cm.? have been reported. 
However these are of small area, and it is found that films of less than 40 pgim./ 
cm.? do not make satisfactory mounts owing to increasing fragility ~vhich 
impedes their manufacture, handling, and use during pipetting operations. 

When it is clesired to work with source-mounting films of 5-10 pgm./cm.', 
therefore, it is clear that a material with much better characteristics is required. 
We propose the use of VYNS resin* (a polyvinylchloride-acetate copolymer). 
Films of this material can be made with superficial densities below I pgm./cm.? 
These sho\v remar1;able tensile strength, and excellent chemical resistance to 
acids ailcl allialies in all concentrations and to most organic solvents. The oilly 
common chemicals found to attack the films are 1;etonic compouilds and esters 
which act as solvents for the resin. These properties, together with resistance 
to all but the severest of shoclts, make VYNS resin an ideal inaterial for source 
mounts. 

PROCEDURES 

(1) Film Production 

VYNS resin as supplied by the manufacturers is a finely gi-ound white 
powder. The most convenient solvent is found to be cyclohesanone, one 
volume of resin requiring about two volumes of solvent for conlplete dis- 
solution. First addition of solvent to the resin produces a gel, mhich dissolves 
in further solvent only slowly in the course of several days. The process can 
however be accelerated somewhat by maintaining the mixture a t  (30-GO°C. for 
several hours. The saturated solution thus obtained forins a convenient stoclt 
solution. This is clilutecl with further cyclohexanone before use to give a one- 
third saturated solution. 

VYNS in cyclohesanone does not spread satisfactorily on a water surface, 
and dilution with a second solvent produces on evaporation very weak and 
uneven films. The conventional techniques for film formation are therefore 
not applicable, and a new method has had to be developed. This is found to 

* T h i s  ~naterial  i s  a product of the Bakelite Co. N.  Y., available i n  Canada tltroz~gh Cunadin7t 
Resilts and Cl~elelv~cals Ltd.,  Montreal. W e  are indebted to iW. I. iMaclaine of Domiltion Oilcloth 
nnd Linolezrm Ltd.  for i~t troduct ion to this nmterial, and to M r .  F. iM. K i n g  of Canadian Resins  
altd Cltemicals Ltd. for a szrpply of llte resilt for experintental purposes. 
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PATE A N D  YAFFE: VERY THIN FILMS 17 

produce films whose constancy of thicltness is better than previously obtain- 
able, and possesses the additional merit of improving the tensile strength of the 
thinner films, possibly by orientation of polymer molecules. 

The procedure used is as follows. A trough or sinlt is filled with water a t  room 
temperature and a floating wooden barrier placed in contact with one end. One 
to two n~illiliters of resin solution are pipetted between the barrier and the 
trough, so as to wet both the side of the trough and the barrier; the latter is 
released and the resin solution allowed to  expand into a band about 2-3 cm. 
wide, the outer edge (nearest the barrier) of which immediately begins t o  
solidify. The barrier is lifted from the water, lowered lightly on to the solidified 
film, and then moved away along the water surface a t  a speed of about 30-40 
cm. per second. During this process a film of resin is observed to  feed out of the 
solution band, and continues to do so covering the water surface, until either 
the barrier reaches the far end of the trough, or the band of solution is ex- 
hausted. Tlle thickness of film produced is governed by the speed a t  which the 
barrier is pulled out,  the thinnest films being obtained with the highest speeds. 
The evenness of the film in one direction is conditioned by the evenness of the 
original pipetting operation, and in the other by the constancy of barrier 
velocity. Success in operation of this procedure is largely a matter of manual 
dexterity, which can easily be obtained. 

The film produced is quite dry and may be lifted from the water surface for 
use immediately. The lifting may be accon~plished by the use of wire frames 
(coated with VYNS to  give better film adhesion) which allow larger areas of 
film to  be obtained, e.g. up to  40 cm. X 20 cm. of 10-20 p g m . / c m . ~ I m .  
The film may then be transferred to other supports which have previously 
been wetted with water. Alternatively the supports, in our apparatus alu- 
minum annuli of area 40 ~ m . ~ ,  may be used to pick up the film directly, 30 or 
40 rings being covered in one operation. In either case the support or frame is 
lowered to  contact the upper surface of the film, the latter torn away a t  the 
edges, and the film lifted with a rolling motion, one edge separating first. This 
procedure often gives a film completely free of water droplets. Any that  may 
be left can be cautiously pulled to  the edge of the film with a wisp of absorbent 
material. An alternative procedure useful for the thinnest films is to  sinlt the 
film and support carefully and to bring them out through the water surface 
a t  right angles, reducing the effect of surface tension forces. Marks remaining 
after evaporation of water droplets left by this procedure may be avoided by 
dipping the film on edge below the surface of some distilled water. VYNS is 
hydrophobic, and films produced by this method, once any adhering water is 
removed, are quite dry and ready for use. No appreciable change in weight is 
observed over long periods of time, either with plain films or after metallizing 
(see later). 

This simple technique as described is suitable for the production of uniform 
films of up to  20 pgm./cm.%uperficial density. Films of greater thicknesses are 
coilveniently produced by lamination, two films placed in contact adhering 
readily; laminates of greater than 100 pgm./cm.? and quite even in thickness 
have been made in this way. Alternatively one can use a mechanical means of 
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ensuring constant barrier speed to produce the thicker films. The inanual 
method does not operate too satisfactorily in this region. 

I t  is standard procedure in this laboratory to store films on edge. This 
arrangement renders the stock of films less liable to damage by vibration, and 
further allows a large number of films to be stored in a small space. 

(2) Measurement of Film Supe?jicial Density 
For the purposes of 4a-counting and beta-spectroscopy it is desirable to 

know the superficial density of the material used as a source mount. Four 
methods have been found useful in this connection. 

(a) Optical ReJlection Method 
As is well known, thin films are often observed to be brilliantly colored by 

reflected light, owing to the occurrence of interference and reinforcement 
between the light reflected from the top and bottom surfaces of the film. The 
conditions for reillforcement and destructive interference for light of wave 
length A are given by: 

reinforcement:(n+$)A = 2pd cos 0, 
destruction: ?zA = 2pd cos 0 

where p is the film refractive index (for VYNS = 1.5), d is the film thickness, 
8 is the angle of reflection, and n is an integer. The wave lengths for which 
interference is expected for various VYNS film thicknesses with normally 
incident light, together with the color actually observed, are listed in Table I. 
The effects observed below 10 p g m . / ~ r n . ~  are due to a falling off in reflectivity 
of the film. 

TABLE I 

Wave length Wave length 
for for des t r~~ct ive  

S~~per f i  cia1 Film reinforcement interference Color 
density of film thickness calculated calculated observed 

(l.grl~./~n~.z) ( 1 ~ )  ( m ~ )  ( m ~ )  

-. -. - - .  

30 210 420 
35 250 500 
40 290 580 
45 320 640 
50 and 360 and - 
above above 

(21) Dark gray 
(108) Light gray 
(210) White 

540 ~ 4 1 0 4 - b r o w n  
630 Purple First 
750 Blue order 
870 Yellow spectrunl 
960 

1 
Red j ( n  = 1) 

- Second order and 
above (n  2). 
Colors of 
diminishing 
intensity 

We have used these color differences, as  observed visually, for the rough 
sorting of films of differing thicknesses, and especially for the selectioil of areas 
of film of the desired thickness and evenness for lifting from the water surface. 
I t  is clear that this could be made into a precision method, if desired, by use of 
a spectrophotometer with a reflection attachment. 
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PATE A N D  Y.4FFE: VERY THIN FILMS 19 

(b) Gravimetric Method 

A five decimal place analytical balance is capable of measuring the superficial 
density of 40 ~ m . ~  (for our apparatus) of 5 ~ g m . / c m . ~  film with an accuracy of 
5%. This gives a very useful, absolute means of superficial density standardiza- 
tion. 'CVe have used films specially selected for their uniformity and calibrated 
graviinetrically to  standardize other methods of determination. As a routine 
method, however, weighing has certain disadvantages: 

(i) i\/Ieasurements to  the required accuracy are very tedious and time- 
consuming. 

(ii) The superficial density measured is an average for the whole film, not 
for the region of interest (the center). This method is not therefore 
applicable to films with peripheral irregulai-ities which are nevertheless 
quite suitable for source mounts. 

(iii) Finally the mounting of a film on a weighed support is not easily accom- 
plished without a concomitailt change in support weight, and measure- 
ments are subject to random errors far in excess of those imposed by 
the sensitivity limit of the balance used. 

(c) Beta Radiation Absorption Method 

Figs. I and 2 show as  a function of their superficial density the transmission 
of VYNS films for the beta radiation of Nia ((which has a maximum energy of 

FILM SUPERFICIAL DENSITY (pg/cm2) 

FIG. I. Transmission of VYNS film to Ni63 beta radiation. Film superficial density range 
0-35 ggm./cm.? 

67 kev.). Providing the radiation measurements can be made to the necessary 
precision, the method is limited by the accuracy of the superficial density 
values of the films used for calibration. We estimate that measurements can be 
made to 2 Pgrn . /~rn .~  in the range 0-30 ~ g m . / c m . ~ ,  and with a somewhat 
larger error a t  greater thicknesses. The actual form of the curves obtained 
depends a great deal on the radiation scattering and other characteristics of 
the apparatus used, but the details of procedure as  used by us are as  follows. 

A Nim source of about 2 X lo3 dis./sec. is deposited in a depression at the 
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I I 
0 1 2 3 4 5 6 7 6  

FILM SUPERFICIAL DENSITY (pg/cm2* 16') 

FIG. 2. Transmissioi~ of VYNS film to  NiG3 beta radiation. Film superficial density range 
&600 pgm. /~ rn .~  

center of an aluminum plate, and the whole is covered with a VYNS film of 
about 50 ,ugm./cm.? to give a completely planar surface. This is then mounted 
in a conventional hemispherical 2~-proportional counter, and the counting 
rate measured to the required accuracy. Curves of transmission versus super- 
ficial density are then obtained, using specially selected gravimetrically cali- 
brated films which are placed in contact with the plate. Advantages of the 
method include insensitivity to peripheral film irregularities-the superficial 
deilsity measured is that observed by a source centrally located on the film 
used for a source mount-and a rapidity of operation much greater than for 
the graviinetric method. Disadvantages include the tendency for filins oE less 
than 10 ,ugi~~./crn.~ to adhere to the plate and subsequently to rupture (which 
can to  some extent be ameliorated by a light dusting of talc away from the 
central part of the film), the need for ensuring close coiltact between the film 
and plate (since a layer of methane counting-gas entrapped between them can 
cause considerable error in the apparent fill11 thiclcuess), and the need for 
electronic counting apparatus, etc. 

(d) O ~ t i c a l  Absorfition illetlzod 

This method is now in routine use in this laboratory, and proves quite 
satisfactory for the illeasurement of superficial densities in the range 0-30 
, ugm. /~m.~  We employ a Beclcman Model DU Spectrophotoineter, which is first 
balanced against air, and then used to nleasure the optical transmission a t  a 
wave length of 360, 600, or 1300 m,u accordiilg to the thickness range and 
accuracy required. Calibration with selected \veighed films produces curves as 
shown in Fig. 3, the features of which will be further discussed in a forth- 
coming publication. The potential precision of the method is about 0.03 
,ugm./cm.?, but calibration difficulties impose a t  the moment a limit of f 0.5 
,ugm./cm.?, which is nevertheless adequate for the present purposes. The method 
is found to be very rapid and facile in operation, and is applicable to  the thin- 
nest films since they need not be placed in contact with anything. I t  also meas- 
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FILM SUPERFICIAL DENSITY (?$m2) 
5 10 15 20 25 

803 
0 50 100 150 200 

FILM THICKNESS (mp) 

FIG. 3. Optical transmission of VYNS film. 

ures the thicltness of the center of the film, and is useful in measuring sinall 
irregularities of superficial density in this area. 

(3) Gold Coating 
The plastic film used for mounting a source within a counting chamber (or 

for beta-spectrometry) must be essentially a t  cathode potential in order tha t  
the couilter shall function correctly. I t  has been reported (18) that a small 
area of plastic film can be satisfactorily used as a source mount, but most 
authors agree that films must be rendered conductiilg by a suitable coating, 
either of Aqua-dag (12, 15) or of metal applied by sputtering or distillation 
in vacuo. The use of aluminum (19), copper (11, 14), silver ( I ) ,  and gold (7, 10) 
has been reported. We find gold coating of one side of the film by distillation 
from a tungsten ribbon filament a t  about 1200°C. and under < 1  p Hg to be 
satisfactory. 

Low distillation rates of gold give approximately isotropic distribution of 
metal, and several films may be coated simultaneously if arranged spherically 
around the filament. 
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The progress of distillation may be followed by observing the color of the 
film by reflected light from the reverse face to that  being coated. With an 
initially uncolored film of 5-10 pgm./cm.? for example, a faint purple colora- 
tion is first noticed a t  a superficial density of 0.4 p g m . / ~ m . ~  gold, and this 
progressively deepens in shade until a t  5 pgm./cm.? a rich red-purple coloration 
is obtained. By transmitted light gold layers appear as increasing intensity of 
blue, and this color, due to  absorption or reflection of light a t  about 600 mp, 
has been made the basis of a satisfactory precision method of measuring the 
thickness of a gold layer applied. The Beckman Spectrophotometer is again 
used, balanced against air, and the transmission a t  600 mp of a series of films 
of linown gold superficial density is measured, the film being arranged so that 
the light beam is incident on it from the uncoated side. A satisfactory method 
of preparing the calibration films is to  employ increasing distillation times from 
a filament of constant distillation rate, which is linown from gravimetric 
measurements. The optical transmission of the film plus gold as measured is 
the product of the transmission of the film and that of the gold. The former 
may be read from the 600 mp curve in Fig. 3, and the curve of the gold trans- 
mission thus calculated versus gold superficial density is given in Fig. 4. The 

FIG. 4. Optical transn~ission of gold on VYNS film a t  600 mp wave length. 

form of the curve, which has several unusual features, will be discussed in the 
forthcoming publication mentioned earlier. Spectrophotometer readings can 
be taken with an  accuracy which gives a precision for the method of 0.05 
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pgm./cm.2 of gold, and in this case the calibration is probably of comparable 
accuracy. 

We wish to thank Mr. W. L. Elsdon of Dr.  C. A. Winkler's laboratory for 
discussions on the spectrophotometric measurement of thin films. We would 
like to express our appreciation to  the National Research Council for a grant- 
in-aid and to Atomic Energy of Canada Ltd. for loan of equipment. One of us 
(B. D. P.) wishes to  thank the National Research Council for assistance 
received in the form of a studentship. 
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THE ALKALINE NITROBENZENE OXIDATION OF ASPEN WOOD 
AND LIGNIN MODEL SUBSTANCES' 

ABSTRACT 

The yields of vanillin and syringaldehyde obtained by the allcaline nitrobenzene 
oxidation of aspen wood meal have been determined a t  various temperatures 
for various times. The maximum yield of each of these aldehydes, ca. 15 and 36y0 
respectively, was obtained under the same conditions. Similar maximum yields 
result a t  130&5°C. as a t  170&5"C. if the reaction time is markedly increased. 
Treatment of the wood meal with sodium hydroxide a t  160°C. for two and one 
half hours prior to the addition of nitrobenzene and subsequent heating under the 
same conditions decreases, by over 30y0,  the yields of aldehydes. Samples of 
3,4,5-trimethoxybenzaldehyde, @ - ~ - g l ~ c o ~ a n i l l i ~ ~ ,  and 8-D-glucosyringaldehyde 
were oxidized by alkaline nitrobenzene a t  160°C. for two and one half hours and 
yields of the corresponding phenolic aldehydes of 10.7, 69.6, and 71.9% respec- 
tively were obtained. These results are discussed with respect to the chemistry of 
aspen lignin. 

Little has been reported regarding the establishment of the optimum 
conditions for obtaining the maximum yields for each of vanillin and syringal- 
dehyde by the alkaline nitrobenzene oxidation of hardwood lignins. Brauns (2) 
has summarized the value of this tcchnique in lignin chemistry. The major 
part of this work was concerned with softwood lignins and various reaction 
temperatures, ranging from that  of boiling alkaline sulphite spent liquor to 
200°C., and various reaction times from 10 min. to  three hours. Since this book 
was published Leopold (9) has determined the vanillin yields obtainable from 
synthetic model lignin substances as a function of temperature and time and 
found that a t  180°C. for two hours the best yields were obtained. Subsequently 
Leopold and co-mo1-1~ers(10, 11, 12) used these conditions to study the oxida- 
tion products of a wide variety of both hardwoods and softwoods. I t  is signi- 
ficant that almost all the conifers studied gave small amountsof p-hydroxy- 
benzalclehyde while several (Pi~zaceue family) gave small amounts of syl-ingal- 
dehyde, this latter observation representing the first isolation of syringaldehyde 
from softwoods. Stone and Blundell (14) used a temperature of 160°C. for two 
and one half hours in their analytical niicromethod for the alkaline nitrobenzene 
oxidation of plant materials. 

A detailed study of these conditions of oxidation as applied to hal-dwoocls 
was ~~nclertaken, therefore, with the belief tliat some useful information would 
be obtained wit11 respect,to tlie following problenl. If vanillin and syringalde- 
hyde ai-ise by the hydrolysis and/or oxidative cleavage of different type link- 
ages in tlie protolignin, then maximum yields of each might be obtained under 
different conditions. In this way a greater combined yield of aldehydes could 
rcsult than tliat now obtai~led under conditions whereby both yields are deter- 

lil4anzrscript received Septeittber 1 ,  1954. 
Contrib~~tzoiz front the Departw~eizt of Clzem~stry, U n i v e ~ s i t y  of Saskatclrewan, Saskatoon, Sask .  

T h i s  paper constitutes part of a thesis slrbmitted by  K. R. Kava?taxli i n  partial fzrlfLll~izent of the 
requirementr fur !he degree of M a s h  of Arls  zn Clzer~~islry, Nuzleinber, 1953. Presented before the 
second Western Regional Conference, The Chemical Instilzrte of Canada, Vancozrver, Septcnzber, 
1964. 
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mined from the same reaction mixture. On the other hand, should the release 
of the two compounds be equally dependent on the conditions, some evidence 
would be presented for the existence of similar type linkages in the lignin. 
Other information, from such studies, such as the variance of the vanillin to 
syringaldehyde ratio with changing reaction conditions and the effect, on the 
aldehyde yield, of a prior treatment of the wood meal with allrali, could be 
interpreted with respect to  the hardwood lignin structure. Little is lrnowil con- 
cerning the relative amount and the mode of linkage of the guaiacyl- and 
syringyl-containing nuclei in the protolignin of angiosperms. 

For these experiments small (ca. 40 mgm.) samples of solvent extracted aspen 
wood meal mere oxidized and the reaction mixture analyzed according to  the 
procedure of Stone and Blundell (14). The results are given in Table I .  

TABLE I 

Temp., "C. f 5" 
100 130 150 160 170 180 195 200d 215d 

Syringaldehyde % b  0.77 11.9 32.2 33.8 35.8 36.2 30.2 23.1 17.3 
0.91 11.9 32.5 31.8 36.8 34.2 33.6 20.8  20.8 

32.1 35 .8  35.2 35.6 34.0 26.5 
33.4 35.6 (35.2 .  (36 .6  

Mean yo 0.85 11.9  32.7 34.6 35.9 35.5 32.6 23.4  18.9  

Vanillin % b  

Total mean yo 2.07 15.7 44.2 47.9 51.5 50.0 46.7 32.1 28.5  

Ratio S/V 0.70 3 .1  2.824 2.60 2 .30  2.45 2.31 2.70 1 .96 

OEaclz experinzcnt w a s  ?~zaintnined al the stated tenaperatz~re for two  rind one half I~ours  bzit 
regrrired frovlz one half  lo  one and a half I Z O Z I I S  to  reaclz t h i s  tenzperatz~re. 

bRcported a s  percetztage by weiglzt of the I i l a s o t ~  l ignin .  
<Bracketed reszdts refer to  dz~pl icate  chrorrzatogral~rs frorta the same oxidation product. 
dLess signi$cance sizoz~ld be given to  tlzese salz~es;  see text. 

I t  is significant that,  a t  a temperature of 170-180°, the maximum yield of 
each of the individual aldehydes is obtained. This observation suggests that 
similar linltages are being cleaved to release each type of aldehyde. The  
decreasing ratio of syringaldehyde to  vanillill with increasing temperature 
suggests that  the 4-hydroxy grouping of the former is released more readily 
than that  of the latter. Some support for this idea is found in the linown ready 
selective demethylation of 3,4,5-trimethoxj~phenyl conlpounds to the 3,5- 
dimethoxy-4-hydroxj~phenyl derivatives. A similar decreasing ratio of syringal- 
dehyde to vanillin was noted by Chisholm ( 5 )  in experiments wherein condi- 
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tions of progressively stronger severity of the alkaline nitrobenzene oxidation 
of aspen wood were made. These included experiments with no added nitro- 
benzene, with nitrobenzene a t  reflux temperatures, and with nitrobenzene a t  
160°C. 

At  the higher te~nperatures (200" and 215") an increasing number of un- 
known interfering compounds began to appear on the developed chromato- 
grams and therefore the absorption recorded may not have been due to the 
aldehydes only. Up to  195" however, this presented no problem since a com- 
parison of the ultraviolet spectra of individual spots with those of authentic 
aldehyde samples showed excellent agreement. 

On the basis that lignin may be represented as a polymer of phenylpropane 
units and that the major part of the wood methosyl is associated with this 
lignin, then the total yield of aldehydes obtained represents only about a 60% 
recovery of the lignin both on a ~veight and on a inethoxyl basis." This con- 
sistent max in~un~  total aldehyde yield was found even in experiments carried 
out a t  a lower temperature of 130°%5" but  for an extended time and in those 
a t  170" for periods longer than the normal two and one half hours. These data 
are given in Table 11. 

TABLE I1 
VARIATION OF ALDEHYDE YIELDS IVITH TIME" 

At 130%5"C. At 170% 5°C. 
- - - -- - 

2.5 hr. 4 hr. 8 hr. 13 hr. 19 hr.c 2 .5  hr. 5 hr. 

Mean % 11.9 25.2 32.5 33.5 29.2 35.9 35.2 

Vanillin % b  3.82 7.94 11.0 11.9 12.0 14.3 13.1 
3.86 8.18 11.0 12.4 11.8 17.5 14.1 

11.4 15.4 13.8 
11.2 14.6 

Mean % 3.84 8.06 11.0 12.2 11.6 15.6 13.7 

Mean total 15.7 33.3 43.5 45.7 40.8 51.5 48.9 
aldehydes yo 

Ratio S/V 3.10 3.13 2.95 2.74 2.50 2.30 2.57 

aTinze does not include that required to reach the reported tenzperature. 
bReported a s  percentages b y  weight of the Klason ligtzin. 
cThis  chronzatogranz showed presence of additional products; see Table I d .  

From these results it  would appear that only part of the lignin has linkages 
amenable to cleavage to the simple aldehyde by this treatment. This may be 
interpreted to suggest that protolignin is a polymer of a repeating unit com- 
prising a part from which the phenolic aldehydes arise and another part of 

*It  has been shown b y  A. J .  ~l fchramara in these laboratories that 720 change i n  total alkoxyl 
occl~rs during the alkaline nitrobenzene oxidation treatnzenl of aspen wood at 160° fcr two hours. 
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which little is ltnown, rather than a simple polymer of a single pllenylpropane 
structure. 

The liberation of phenolic aldehydes by this oxidative process means that 
two processes a t  least are occurring, namely, that whereby the free phenolic 
group is released and that  whereby the carbonyl group is established. I t  seems 
liliely that these two reactions occur for the most part independently of each 
other. Therefore it woulcl be of interest to arrive a t  the same final result but 
by  means of two separate reaction stages. Experinlents were conducted to 
determine the aldehyde yields as a result of an allialine treatment alone a t  160° 
and others to determine the effect of a similar allialine treatment of the wood 
meal prior to the addition of nitrobenzene with subseclueilt heating under 
standard conditions. The results are compared in Table 111. 

With sodium hydroxide only, Sodium 
With sodium prior to nitrobenzene hydroxide 

hydroxide only addition and 
nitrobenzene 

2 . 5 h r .  5 h r .  2 . 5  hr. 5 hr. 2 . 5  hr. 

Syringaldehyde % 2.71 1.77 23.5  21 .4  
2 .94  1 .95  23 .6  21.4  

Mean yo 2 .46  1.86 22 .6  21.7 34.6  

Vanillin yo 

Mean % 1 .44  0.79 9.65 8 .74  13.3 

Mean total aldehydes % 3 .90  2 .65  32.3 30 .4  47 .9  

Ratio S/V 1.69 2 .36  2 .34  2 .48  2 .60  

The small yields of aldehyde obtained using alkali without nitrobenzene 
suggest the existence of a small percentage of much more readily cleaved units, 
e.g. those that are terminal. Or such yields may be the result of an hydrolysis 
and/or an allialine oxidation reaction aided by the fact that no attempt was 
made to exclude the air in sealing the microbombs or that dissolved in the 
reagents. Of greater interest is the marlted decrease in the yields of aldehydes 
that result if a prior alliali treatment a t  160' is given the wood meal. This may 
mean that,  by this treatment, part of the linltages have been modified so that 
i t  is no longer possible for them to be cleaved to yield the phenolic aldehydes. 
Whether this interference is concerned with the liberation of the phenolic or 
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aldehydic groups or whether it involves secondary reactions (see below) 
remains to be shown. Experiments are in progress to determine, by analysis, 
the extent of the individual liberation of the phenolic and carbonyl functional 
groups under varying conditions. Such information would assist in determining 
the mechanism by which the aldehydes are released. 

Such a secondary reaction as mentioned above is that pointed out recently 
by Brickman and Purves (3) and Hlava and Brauns (7). These authors showed 
that under conditions of allcaline nitrobenzene oxidation similar to those used 
in this work, namely, 160" fo1- three hours and 180" for two hours respectively, 
veratraldehyde is converted to vanillin in approxiinately 30% yield. Since 
vanillin itself is essentially unchanged by such a procedure (14) a major portion 
of the veratraldehyde has undergone other reactions, likely the Cannizzaro 
oxidation-reduction change (6). If a similar reaction for both the guaiacyl and 
syringyl nuclei were occurring- during the oxidation of wood lignin, it would 
account for the low total aldehyde yields and also suggest that the carbonyl- 
releasing reaction is more rapid than that whereby the phenol hydroxyl is 
liberated. If the reverse were true very little of the liberated vanillin would 
undergo further reaction and higher yields might be expected. In order to gain 
some experimental evidence for or against these ideas, other model substances 
were similarly oxidized a t  160" for two and one half hours and the yields of the 
corresponding phenolic aldehydes determined. These results are given in 
Table IV. 

TABLE IV 
OXIDATION OF MODEL LIGNIN SUBSTANCES 

Molar recovery, % 
Model substance Remarlcs 

Vanillin Syringaldehyde Mean 

Verntraldehydc 31 .3  
30. G 
31.9 

Syringalclehyde 

According to Stone and 
Blundell (14) corrected 

97.8 for chron~atographic losses 

No unchanged veratraldehyde 
Reported by Bricli~nan aild 

31.3 Purves, 29.7 and 34.2% 

93.0 IJncorrectecl for 
86 .0  89.5  chromatographic losses 

12 .5  No unchanged 3,4,5- 
9 . 5  trimethospbenzaldehydc 

11.2 
11 .2  
9 . 1  10.7  

*Sa7nple donated by Dr. A. C. Neish, Natiot~nl  Research Coztncil, Saskatoon. 
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The chromatogram of the product of oxidation of the p-D-glucovanillin showed 
one other spot only which had the same Rf value as the starting material. This 
may mean that no other serious side reaction is occurring as was the case with 
the two methylated derivatives. 

In the light of both the small recovery of phenolic aldehydes, especially 
syringaldehyde, from their fully methylated derivatives and of the amounts 
obtained from the wood, it seems likely that  these nuclei are not joinecl by  
means of phenolic alkyl ether linltages if the liberation of the carbonyl grouping 
is the major primary reaction. On the other hand, should these nuclei be 
involved in phenolic glycosidic linltages, nothing can be said about the relative 
rates of release of the two functional groupings. I t  woulcl seem that under these 
circumstances, ~irl~ereby both aldehydes are released a t  the same rate, evidence 
is presented that suggests that in the aspen protolignin, a larger number of 
syringyl than guaiacyl nuclei esist. 

EXPERIMENTAL 

Aspen T;[/ood Meal 

Kative Saskatchewan aspen sap~vood (Popuks  trenzuloides) was ground in a 
Wiley mill (20 mesh), extracted* with ethanol-benzene (4: l )  for 48 hr., then 
with ethanol for 36 hr., thoroughly washed with hot water for eight hours, 
and air-dried. Anal.: Iclason lignin, 16.5; moisture, 7.65; ash, 3.77%.** 

Oxidation and Chronzatographic Procedures 

The  general methocls of microoxidations of plant material, the chromato- 
graphic separation of the oxidation products, and the spectrophotometric 
determination of the concentration of aldehydes were those described in detail 
by Stone and Blundell (14). All oxidations were made using 35-50 mgm. 
samples ol  wood meal and around 10 mgm. samples of pure compounds. The 
chromatograms were developed for two to two and one half hours using a 
solvent of 72-butyl ether saturated with water. The presence of the aldehyde 
spots were revealed by spraying with the ferric chloride - potassium ferri- 
cj.anide reagent (I) .  The standard concentration vs. optical density curves 
were those clescribed PI-eviously (13). A11 results of the ~voocl oxidations are 
ex~i-essecl as percentage yields by weight based on the amount of I<lason 
ligniil in the ash-free oven-dried sample. No corrections were made for chroma- 
tographic loss so the results represent minimum values. 

For those experiments involving a prior alkaline treatment, only the wood 
meal ancl the sodium hydroxide solution were heated initially. After the mix- 
ture was cooled, the microbombs were opened, the nitrobenzene added, and 
the bombs again sealed and heated under standard conditions. 

Synthesis of hfodel Substances 
3,4,5-Trimethoxybenzalde1~yde.-Syringaldehyde was methylated with di- 

methyl sulphate in alkaline solution according to the standard procedure (4). 

*The extractions and waslzi~tgs were carried ozit b y  Mr .  A .  J .  NcNanzara in these laboratories. 
"*The high nsR content i s  believed due to the use of a copper condenser during the extensive 

cxtmctions. 
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3,4,5-Trimethoxybenzaldehj~de was recovered in 44.5% yield, m.p. 73-74OC., 
reported, 74-75°C. The oxime was prepared in high yield, n1.p. 81-84'C., 
reported, S2-84°C. 

0-D-Glucosyringaldehyde 
Tetraacetyl-8-D-g1ucosyri~zgaldehyde.-The method used was similar to that  

repoi-ted by Rratzl and Billek (8). Acetobroino-D-glucose (1.5 gm.) , potassium 
carbonate (0.6 gm.) , and syringalclehyde (0.67 gm.) were dissolved in a mixture 
of acetone (13 ml.) and water (7.7 ml.). After six hours a t  room temperature, 
the acetone was removed under reduced pressure and the residue extracted 
with benzene. After washing with dilute potassiu~n hydroxide and drying 
over sodium sulphate, the benzene solution was concentrated under reduced 
pressure and the resulting tetraacetyl-8-D-glucosyringaldehyde recrystallized 
from benzene, yield, 1.3 gm. 

Deacetylation of Tetraacetyl-p-D-glucosyringaldehyde 

The method of ZemplCn and Pacsu (15) was followed. The crude product 
(1.3 gm.) obtained in the preceding step was warmed on a water bath with 
methanol (3.3 ml.) and N/lO sodium hydroxide (0.33 n~l . ) .  From the resulting 
solution, an orange-yellow colored precipitate resulted after one to two 
minutes, yield, 0.7 gm. After recrystallization twice from ethanol-water (4:1), 
m.p. 201-204OC., reported, 210-211°C. 
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THE REACTION OF METHYL RADICALS 
WITH CH3CHO AND CHaCDO1 

Azomethane has been photolyzed in the presence of CI-I3CHO and CI-13CD0, 
and the results colnpared with the direct photolysis of the aldehydes. The act1r.a- 
tion energies found were G . 8  and 7.8 l~cal./moie, respectively, for the reactions 

CMj+CMjCHO--t CI-I,+CMjCO 
CHa+CH3CDO--t CHjD+CH,CO. 

(11 

The results furnish evidence that  o~l ly  an  acyl hyclrogel~ is captured. Evidence 
PI 

has also been found for the occurrence of lvall reactio~ls and the disproportionation 
reaction 

CI-Ia+CI-IjCO-> CHj+CHaCO. 

INTRODUCTION 

By decomposing di-t-butyl peroxide in the presence of CH3CH0, Volman 
and Brillton (6) obtained a value of 7.5&0.3 lical. for the activation energy 
for hydrogen abstraction by ~nethyl froin CH3CHO. This value lies well below 
most previous estimates. Its acceptance has explained a number of anomalies 
in the acetaldehyde photolysis, and the value is therefore of considerable 
importance. 

Up to the present no value has been obtained for the activation energy of the 
companion reaction 

CH,+CHsCDO + CH3D +CHsCO. 

Also, there has been no definite proof ~irhether it is an acyl or a methyl hydrogen 
which is captured in the reaction (4), although the acyl hydrogen is far more 
probable on general grounds. 

The purpose of the present work mas to compare the rates ol abstraction 
from CH3CHO and CH3CD0, to obtain a checli on the activation energy of 
the abstraction reaction using a different source of methyl radicals, and to 
determine whether an acyl or a methyl hydrogen is captured in the abstraction 
reaction. Azomethane has been used as a source of methyl radicals, since it  
can be photolyzed a t  wave lengths greater than 3400 where acetaldehyde is 
transparent. I t  can thus be photolyzed without complications due to the 
simultaneous photolysis of the aldehyde. The photolysis of CH3CHO and 
CHsCDO has also been investigated very briefly a t  3130 A in order to coinpare 
the results with those obtained with azomethane-acetaldehyde mixtures a t  
longer wave lengths. By using relatively low pressures of acetaldehyde and 
higher intensities (1-5 X l O l 3  quanta per cc. per sec.) than have usually been 
used in the past, it is possible to ybtain measurable amounts of ethane and 
thus to determine values of RCR4/RG2RG in the photolysis of acetaldehyde itself. 

'i%fanz~scrifit received Septenzber 17,  1954. 
Contribution from the Division of Pz~re  CJteozistry, National Research Cot~ncil, Oltawa, Canada. 

Issued as N.R.C. No. 3448. 
Wational  Research Cozhncil of Canada Posfdoctorate Fellow, 1952-54. Present address: Departe- 

meitt de CJtimie Physique, Universitk Laval, Que'bec. 
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EXPERIMENTAL 

Acetaldehyde-d was prepared by Dr. L. C. Leitch (5) of this laboratory by  
the reaction sequence 

DzO 
CH,CHzhTOz a CH3CDsN02 

HzS04 (GM) 
CH3CD2N02 CH3CDO+HDO+NzO. 

0°C. 

Mass-spectrometer analysis indicated that the CH3CD0 contained about 
one per cent CHzDCDO and less than five per cent CH3CHO. 

The light source was a Hanovia S-500 medium pressure mercury arc. The 
cylindrical quartz reactioil cell, 10 cm. long, 5 cm. diameter, was completely 
filled by a nearly parallel light beam. Four types of filter were used to limit the 
incident radiation to longer wave lengths: 

Corning clear chemical glass 774 (0-53), 
Corning 586 (7-37), 
Corning 738 (0-52), and 
Corning 970 (9-53). 

The apparatus was essentially similar to  tha t  used in previous investigations. 
The methane, Nz, CO fractions were taken off a t  liquid nitrogen temperature 
and CO determined by passing over hot CuO. Further analysis was clone with a 
mass spectrometer. The ethane fraction was separated a t  --170°C., and 
occasionally checlced by mass-spectrometer analysis. 

RESULTS AND DISCUSSION 

( A )  The Reaction of CIrIj with CTI3CTIO 

When azomethane is photolyzed in the presence of CH3CH0 the following 
reactions may be considered : 

CH3NNCH3+hv -+ 2CH3+Ne [31 
CH3+ CH3 -+ CzHc [41 
CH3+ CH3NNCH3 -+ CH.+  CHzNNCI-I, [51 
CH3 + CH3CHO -> CH4+ CH3CO [1I 
CH3CO -+ CH,+CO [GI 
CH,+CH,CO -) CH3COCH3 [71 
2CH3CO -+ CH3COCOCH3 [8I 
CH3+ CH3C0 -) CH4+ CHzCO [91 
2CH3CO -+ CHzCO+CH3CHO [lo) 

If reaction [9] is neglected for the moment, then 

The values of ks/k& which are required in the calculations have been taken 
from an experimental Arrhenius plot for azomethane alone (I). 

The results of runs a t  different temperatures, intensities, and concentrations 
are given in Table I .  As can be seen from Fig. 1 (Curve B), a plot of logRCH4/ 
R , & ~ ~  [Ald] against l / T  gives a straight line, except a t  temperatures below 
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AUSLOOS AND STEACIE: METHYL RADICALS 

TABLE I 

Temp., Time, Pressure, cm. Rate, cc./min. X l o4  k 1 

"C. min. CHsNNCH, CH,CHO N2 CHa CzHs CO keg X 

? 
FIG. 1. Arrhenius plot of ~ ~ ~ , / ~ ~ , ~ , [ ~ l t l e h y d e ] .  

Curve A-CH3CHO photolysis. 
Curve B-Photolysis of azomethane in the presence of CHaCHO. 
Curve C-Photolysis of azomethane in the presence of CH3CD0, containing 5% CH3CHO. 

75°C. where curvature is evident. (The units of k throughout are 
i molecules, sec.) 

From the first four runs a t  27OC., i t  may be concluded that R~, , /R~, , [A~~] 
I decreases with decreasing intensity as shown by Fig. 2. This can be explained 

by the occurrence of the disproportionation reaction [9]. Evidence for the 
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0 5 10 15 

INTENSITY 

FIG. 2. The ellect of intensity at 27'C. on the photolysis of azomethane in the presence of 
CH1CHO. 

occurrence of this reaction has been found in the photolysis of acetone (2) 
and biacetyl (3) as well. When the curve in Fig. 2 is extrapolated to  zero 
intensity, a value of 8.4 X 10-l3 is obtained for kl/k44. This is still higher than 
the value obtained by extrapolation of the linear portion of curve B in Fig. 1. 
This is therefore not due to reaction [9], and i t  is suggested that  wall effects 
occur as well a t  low temperatures, as is the case with acetone and biacetyl. 

From the slope of curve B in Fig. 1 a t  temperatures above 75°C. an activa- 
tion energy difference El - iE4 of 6.8 ltcal. is obtained. Since E4 = 0, El = 6.8 
Itcal. This is in excellent agreeinent with the value found by Vol~nan and 
Brinton, whose results are also given in Fig. I. The lower value for El may 
therefore be considered to  be established. 

(B) The Plzotolysis of CfIsCfIO 
A few experiments were also made on the direct photolysis of CH3CH0. A 

Corning Filter No. 970 (opaque a t  wave lengths below 2900W) was used, so 
that  the light absorbed by acetaldehyde consisted mainly of the 3130 f i  group 
of lines. The results are given in Table 11. The rate of hydrogen formation has 
not been included since it was always, too sinall t o  measure with ally great 
accuracy. An Arrhenius plot of Rc,4/Rd,H,[CH3CHO] is given in Fig. 1 (Curve 

TABLE I1 
PH~TOLYSIS OF CH3CH0 

Tzmp., Time, Pressure, Rate in cc./min. X lo4 R C H ~  
C. min. cm. CHa CzIla CO X 10'3 

RA,H,[CHBCHO] 
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AUSLOOS AND STEACIE: METI-IYL RADICALS 35 

A ) .  A curved line is obtained which a t  higher temperatures appears to become 
parallel to  the line obtained by photolyzing azomethane in the presence of 
CI-13CH0. The curvature may largely be explained by the direct formation of 
some methane in the primary step. However, in the light of the azomethane 
results i t  is probable that  the curvature also results in part from reaction [9] 
and from wall reactions. In spite of these complications the results indicate 
that  a t  higher temperatures inethane mainly results from reaction [I]. 

(C) The Reaction of CH3 with CF13CD0 
When azomethane is photolyzed in the presence of CH3CD0 the same 

reaction scheme holds as for CHSCHO, except that  in place ol [I] we have 
CH,+CHaCDO --t CH3DfCHaCO. PI 

Also me may consider the possible reaction 
CH3fCHKDO --t CHd+CHzCDO. [I I] 

If it is assumed tha t  only an acyl hydrogen is captured, then 

and 

The values of k2/k4' and k5/k4; given in columns 9 and 10 of Table I11 have been 
calculated in this way. In Fig. 3 curve F, the triangles represent the values of 
log k6/k4', while the line drawn through them represents the results from the 
photolysis of azomethane alone. I t  is evident, therefore, that  reaction [ I l l  
does not occur to an appreciable extent (i.e. not over five per cent of [2]) 
since all the CH4 found can be accounted for by abstraction from azomethane. 
The small amount of CHZCHO present in the CHSCDO is not sufficient to 
alter the results appreciably. 

The fact that  no CzH 5D or C2H4Dz could be detected in the ethane fraction 
is further proof tha t  no hydrogen atoms are captured from the methyl group 
of CH3CDO. Also no CHzDz was found in the methane fraction, which, a s  
Blacet and Brinton point out (4) excludes a mixed mechanism. 

An Arrhenius plot of kz/kef (curve E) gives an activation energy of 7.9 kcal. 
for reaction [2], as compared with 6.8 kcal. for [I]. 

A very small amount of curvature is present in the log kz/ks* plot a t  low 
temperatures. Since this plot involves CH3D, the curvature cannot result from 
the disproportionation of methyl with acetyl, since all the acetyl radicals are 
CH3CO. I t  is therefore probably to  be explained by wall reactions. 

No curvature was found in the k6/k4' plot (curve F) .  In this case the reaction 
CH3+CH3C0 --t CH4+CH2C0 [91 

would cause such curvature. I ts  absence is presumably due to the much smaller 
rate of abstraction from CH3CDO as compared with CH3CH0 (a factor of 20). 
This results in a much smaller concentration of acetyl, and the effect of reaction 
[9] is apparently negligible. 
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TABLE 111 

Temp., Time, Pressure, cm. Rate, cc./min. X 10' ks k2 

"C. mln. CH3CDO CH3NNCHs CHaD CHa CzHs CO x loL3 x 1013 

- 
m 

TABLE IV 5 

Temp., Ti~.ne, Pressure, Rate, cc./min. X lo4 RCH~D Rcn, C 

"C. mln. c ~ n .  CH3D C I ~ P  Ethane CO X 1013 X1013 :! 
R~,,,,[CH,CDOI R&,,,,~CH~CDOI w w C
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AUSLOOS AND STEACIE: METHYL RADICALS 

' . O  0 

I/T x 10' 

FIG. 3. The photolysis of CH3CD0. 
Curve D-Arrhenius plot of ~ ~ ~ ~ ~ / ~ ~ , , , , [ ~ l d e h y d e ]  for the direct photolysis of CH3CDO. 

Curve E-Arrhenius plot of ~ ~ ~ , ~ / ~ & ~ ~ , , [ ~ ~ d e h ~ d e ]  for the photolysis of azomethane in the 
presence of CH3CDO. 

1 

Curve F-Arrhenius plot of ~ ~ ~ , / ~ ~ , ~ , [ ~ z o m e t h a n e ]  for the photolysis of azomethane in 
the presence of CHBCDO. 

(D)  The  Photolysis of CI&CDO 
The photolysis of CH3CDO was briefly investigated. A Corning 970 filter 

was used so that  absorption was mainly of the 3130 A group of lines. The  
results are given in Table IV. The fraction coming off a t  -195°C. consisted 
of CO, C H , ,  and CH3D. IVo CHZDZ, Dz, or Hz was found by mass-spectrometer 
analysis, so that they amounted to less than one per cent of the products. The  
ethane fraction consisted mainly of CzHG (-60%); considerable amounts of 
deuterated ethanes were also present. Only the total ethane has been given in 
Table IV. 

In  Fig. 3 (curve D )  an Arrhenius plot of R ~ , ~ / R ~ , ~ , , [ C H ~ C D O ]  is given. 
A large curvature is present a t  low temperatures, while a t  higher temperatures 
the plot becomes parallel to the one found when azomethane is photolyzed in 
the presence of CH3CDO. This appears to indicate that  a t  high temperatures 
CH3D is mainly formed by reaction [2], while a t  low temperatures the occur- 
rence of the primary step 
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38 CANADIAN JOURN:\L O F  CIIEMISTRY. VOL. 33 

explains largely the excess of CH3D responsible for the curvature in the Arr- 
henius plot. 

Considerable CH4 is formed in addition to CH3D. This may be accounted 
for by the presence of about five per cent CH3CHO in the CH3CDO sample. 
Since abstraction by methyl is about 20 times faster from CH3CH0 than from 
CH3CD0, even five per cent of CH3CH0 has a large effect. In Fig. l,(curve C) 
an Arrhenius plot is given for this methane, i.e. a plot of RCH4/R~,,,,,,[Alde- 
hyde]. Since the exact amount of CH3CH0 present is somewhat uncertain, but 
its percentage is constant, we havel used the total aldehyde concentration. 
The actual value of the ratio XcH4/R~,,,,,,[CH3CHO] will therefore be approxi- 
mately 20 to 23 times higher than the figures plotted in Fig. 1, and the results 
will therefore coincide approximately with the linear portion of curve A as 
they should. From the slope of curve C a value of 6.4 kcal. is obtained for El, 
in excellent agreement with the value of 6.8 kcal. obtained by photolyzing 
azomethane in the presence of CH3CH0. 

I t  may be noted that the deviation from linearity is much less for curve C 
than for curve A .  This is to be expected since the relatively fast abstraction by 
methyl from CHSCHO as compared with CH3CD0, causes a small amount of 
CHSCHO to have an important effect on the abstraction reaction. There is, 
however, no reason to suppose that reaction [I l l  will be more important for 
CHSCHO than for CH3CDO. 

If CH., was also produced by abstraction from the methyl group 
CH3+CH,CDO -+ CH4+CH2CD0, [I31 

a higher activation energy than 6.8 kcal. would be expected, and CHzDz 
should also be produced. I t  may therefore be concluded that reaction [13] 
does not occur to an appreciable extent. However, no explanation can be given 
for the production of a considerable amount of CzHSD and CzH4Dz. 

Since there is no appreciable abstraction from the methyl group in CH3CD0, 
in spite of the higher acyl C-D bond strength, it is evident that no appreciable 
abstraction from the methyl group in CH3CH0 will occur. 
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THE PHOTOLYSIS OF BIACETYL1 

ABSTRACT 

The photolysis of biacetyl has been reinvestigated. The results are, in general, 
in excellent agreement with those of Blacet-and Bell. Curvature occurs a t  low 

temperatures in theilrrheni~ls plot of ~ c n . , / ~ ~ ~ ~ ~ [ ~ i a c e t ~ l ] ,  and this is attributed 
to  wall reactions, and to the disproportionation reaction 

CI-I,+CI-I,CO-> CI-I,+CH,CO. 
Azomethane-biacetyl mistures have been photolyzed to  give further information 
on these points. An activatio~l energy of 8.5 lical. has been found for the reaction 
of methyl radicals with biacetyl. 

INTRODUCTION 

The photolysis of biacetyl has been thoroughly investigated by Blacet and 
Bell (4, 3). I t  has, however, bee11 thought to be worth reinvestigating the 
reaction, especially in the low temperature region, to see if there were anomalies 

I 

similar to those which occur with acetone. In particular we were interested in 
the possibility of complications due to wall effects and to the possible occur- 
rence of the disproportionation reactions 

I CH,+CHsCO -+ CH,+CH,CO 
and 

CHjCO + CHjCO -+ CH3CHO + CHQCO. 
I In  addition azomethane was photolyzed in the presence of biacetyl to obtain 

I a further check on the activation energy of the reaction of methyl radicals 
with biacetyl. 

EXPERIMENTAL 

The reaction cell was a quartz cylinder 10 cm. long and 5 cm. diameter, with 
a volume of about 170 cc. A Hanovia S-500 medium pressure mercury arc was 
used for most of the experiments. For a few runs a B.T.H. ME/D 250 w. 
compact source lamp was used to  obtain higher intensities. The reaction cell 
was completely filled by a nearly parallel light beam. The intensity was varied 
by means of neutral density filters of chrome1 deposited on quartz. No other 
filters were used, except where mentioned. The  remainder of the apparatus 
was essentially similar to that described in previous papers from this laboratory. 

Reagent grade biacetyl (Eastman white label) was used, and was distilled 
in vacuum with the rejection of a large head and tail fraction. 

The analysis of the products mas done in the usual way by taking off the 
CO, CH4 or CO, CHI, Nq fraction a t  liquid nitrogen temperature. In CO, CHA 
samples the CO was determined by hot copper oxide. The samples containing 
nitrogen were analyzed with a mass spectrometer. The  CzHa fraction was 

I 
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TABLE I 
PHOTOLYSIS OF BIACETYL 

IICH~CO RCH o Relative Temp., Pressure, RCO R ~ ~ 4  R c ~ H ~  RCH~CO X 1013 
intensity "C. cm. cc. per min. X lo4 RCH, R~,H,[CH~COCOCHJ] ? 2 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

11
8.

97
.2

11
.1

8 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



TABLE I 1  
PHOTOLYSIS OF AZOMETHANE-BIACETYL MIXTURES 

Temp., Time, Pressure, crn. - 
"C. min. Azomethane Biacetyl 

Products, cc./min. X lo4 
Nz CH, CzHs CO 

TABLE 111 

Products, cc./min. X 10' R ~ ~ 4  
Rate of kll 

Relative Pressure, Time, I X lor3 formatiorl of - 
2 z 

intensity cm. min. CO CHI CzHs CHzCO R ~ , ~ , [ C H ~ C O C O C H ~ ]  excess CHI kl& k35 m 
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taken off a t  - 17S0C., and the ketene fraction a t  - 13j°C. Both fractions were 
occasionally checked with a mass spectrometer. 

RESULTS 

Table I gives the results of runs a t  t empera t~~res  between 27 and 200°C., 
and relative intensities varying by  a factor of 20, where a relative intensity of 
1 corresponds to an  absorbed intensity of about 2 X 1014 qquanta/sec. The 
amount of ketene formed was measured in only a few experiments. Velocity 
constants throughout are expressed in units of c1n.5 nmolecules, sec. 

Table I1 gives the  results obtained by photolyzing azolnethane in the 
presence of biacetyl. For these runs a Corning 738 filter was used, which cut 
off wave lengths below 3400 A. 

The results in the last columns of Tables I and 11, together with the results 
of Blacet and Bell, are plotted in Fig. I .  Table 111 and Fig. 2 show the effect 
of varying the intensity by a factor of 200 a t  27OC. and constant biacetyl 
concentration. 

FIG. 1. Arrhe~lius plot of k 4 / k 3  for the biacetyl photolysis. 
0 Photolysis-relative intensities-lower curve, I. 

--upper curve, 20. 
A Photolysis-results of Blacet and Bell. 

Photolysis of azomethane in presence of biacetyl. 

DISCUSSION 

T o  explain their results Blacet and Bell proposed the following secondary 
reactions : 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

11
8.

97
.2

11
.1

8 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



ALSLOOS .4ND STHACIE: PHOTOLYSIS 

Activation Energy of the Abst~action Reaction 
If ethane and methane are formed only by reactions [3] and [4], then 

so that a straight line may be expected on plotting the L.H.S.  against l/T. 
The results given in Table I and Fig. 1 confirnl this for the high-temperature 
region. Iitowever, a t  low temperatures a curvature becomes apparent in the 
Arrhenius plot. We have also shown Blacet and Bell's results in Fig. 1. Although 
their original plot was not drawn so as to show curvature, it is evident that if 
the two highest temperature points are ignored it is possible to  draw a line 
through their remaining points ~vhich is striltingly similar to ours. The two 
plots thus drawn have the same slope and lead to  an activation energy differ- 
ence E4-+E3 of 8.5 lccal., or assuming E3 = 0, E4 = 8.5 ltcal. 

Wal l  Reactions 
Fig. 1 also shows the results of experiinents in which azomethane was 

photolyzed in the presence of biacetyl. The effective wave length was 3660 A. 
Biacetyl also absorbs slightly under our conditions, but the anlount decomposed 
was negligible compared with azomethane decomposed. This is shown by the 
very small amount of C O  formed a t  rooin temperature. At this temperature 
C O  is a measure of the amount of biacetyl photolyzed because of the unimpor- 
tance of reactions [5] and [6]. At higher tenlperatures C O  is formed by [5] and 
[6] from radicals resulting from the photoiysis of azomethane. 

When azomethane is photolyzed in the presence of biacetyl, the following 
reactions have to  be talten into account to explain the formation of methane 
and ethane. 

CH3NNCH3+lzv --t 2 C H a f N z  [91 
2CH3 --t C2I--I6 C31 

CIit3+CH3NNCH, --t C H 4 f C H z N N C H 3  [lo] 
CH3fCH3COCOCH3 --t CH4fCH2COCOCH3 [41 

whence 

The values of kla/k3' have been taken from an  experimental plot for the photo- 
lysis of azomethane alone (1). From Fig. 1 it is evident tha t  the results agree 
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excellently with those from the photolysis of biacetyl itself. I t  is also apparent 
that curvature is still present in the Arrhenius plot, although there is none in 
the plot for azomethane itself. I t  is suggested that the curvature results from 
wall effects a t  lower temperatures where the diffusion of radicals to the wall 
is of more importance. More conclusive evidence for this will be discussed in a 
forthcoming paper (2). 

Disfiroportionation of Acetyl 
I t  is suggested that  the reactions 

CH3fCH3CO -3 CH,+CH2CO [I11 
and 

2CH3CO -+ CHzCO+ CH3CHO [12I 
also occur. I f  this is so, the ratio RCH~/R$~,,[CH~COCOCH~] will become inten- 
sity dependent, i.e. 

To  check this two series of runs were carried out a t  relative intensities which 
differed by a factor of 20. Fig. 1 shows that variation in intensity has little 
effect a t  temperatures above 100°C. At 27" ~ O W ~ V ~ ~ R ~ ~ ~ / R ~ , ~ , [ C H ~ C O C O C H ~ ]  
decreases appreciably with intensity as may be expected if reaction [ l l ]  occurs, 
since CH3CO radicals will be more stable a t  room temperature. 

The amount of lretene formed was also measured a t  a few temperatures. 
From 200" to 137°C. a sharp decrease in lcetene was observed (Table I) in 
agreement with the results of Blacet and Bell who measured the lcetene formed 
a t  200°, 150°, and 100°C. They explain the formation of lcetene by reaction [5]. 
If this has an appreciable activation energy the drop in lcetene with decreasing 
temperature is to be espected. If reactions 1111 and [12] are neglected, the ratio 
talces the form 

Since E5>> E7, this predicts a drop in the ratio of ketene to methane with 
decreasing temperature, as is observed from 200" to 137OC. There are, however, 
three anomalies all of which point to the occurrence of [ll.] or [12]. (a) There is 
always an increase in the ratio CHZCO/CH4 with increasing intensity. (b) At 
temperatures below 137"C., the rate of lcetene formation begins to increase 
again. At room temperature the ratio CH,CO/CH4 is larger than unity. (c) 
Mass-spectrometer analyses indicated the presence of acetaldehyde as a reaction 
product. 

In order to obtain more definite information on these points, a series of runs 
were made in which the intensity was varied over a wider range (by a factor of 
200). For these runs the temperature was 27f1°C. ,  and the biacetyl pressure 
was 2.3 cm. The results are given in Table 111 and Fig. 2. Fig. 2 indicates a 
considerable increase in the ratio R~,,/R,&~,[cH~cococH~] with increasing 
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AUSLOOS AND STEACIE: PHOTOLYSIS 

4.0 o 

0 . 0  I I I I 
0 5 0  100 150 2 0 0  

INTENSITY 

FIG. 2. Effect of intensity. 
@ B.T.I-I. lamp. Pressure 2.3 cm. 
0 I-Ianovia lamp. Temperature 27°C. 

intensity. If the curve in Fig. 2 is extrapolated to zero intensity a value of 
0.65 X 10-l3 is obtained for the ratio. This is higher than the value which 
would be expected from an extrapolation of the straight-line portion of the 
Arrhenius plot in Fig. 1. The curvature in Fig. 1 is thus in part but not solely 
due to disproportionation of acetyl radicals. The residual curvature is probably 
due to diffusion effects accolnpanying wall I-eactions. 

The fact that the ratio CHZCO/CH4 becomes considerably higher than 1 a t  
high intensities indicates that there is a further source of 1:etene in addition 
to reaction [ l l ] .  As pointed out previously the presence of acetaldehyde suggests 
reaction [12]. The direct production of acetaldehyde in the primary step 

CH~COCOCH~+IZV -+ CH3CHO +CH?CO 
is unliltely on the basis of Blacet and Bell's results in the presence of iodine. 
Also, the fact that acetaldehyde has been observed in the acetone photolysis 
as well (2) suggests a common origin such as reaction [12]. 

A rough quantitative check on the validity of assuming reactions [ I l l  
and [12] can be made as follows. From reactions [ l l ] ,  [12], and [3] the relation- 
ship can be deduced 

where RgH4 represents the amount of excess methane necessary to account 
for the increase in the ratio RcH,/R~,H,[CH3COCOCH3] above the limiting 
value 0.65 X 10-13. Although the acetaldehyde concentration could not be 
quantitatively determined, it is evident that 

RCH~CHO = RcH~co-R&~.  
The values of kll/klz+ k3* calculated in this way are given in the last column of 
Table 111, and are independent of intensity. 
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In  conclusion, i t  may  be pointed ou t  tha t  the  results given here indicate 
complications a t  low temperatures in all systems in which acetyl radicals are 
present, and in particular tha t  such complicating processes will be intensity 
dependent. T h e  analogous case of acetone is discussed in a forthcoming paper 

(2) - 
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SOME COMPLICATING FACTORS IN THE 
PHOTOLYSIS OF ACETONE1 

ABSTRACT 

The photolysis of acetone has been investigated a t  room temperature using 
low pressures and high intensities. In  addition an investigation was made of the 
photolysis of azomethane-acetone mistures. The re~u l t s~ ind ica te  that the 

curvature a t  low temperatures of Arrhcnius plots of ~ ~ ~ , / ~ ~ ~ ~ ~ [ ~ c e t o n e ]  is due 
to two causes ( a )  a reaction between methyl radicals and adsorbed acetone and 
(b )  t o  the occurrence of the disproportionation reaction 

CHa+CHsCO+ CHd+CH2CO. 
Confirmatory evidence for wall effects was obtained from experiments a t  low 

pressures and higher temperatures. 

INTRODUCTION 

The photochemical decomposition of acetone has been thoroughly investi- 
gated, especially by Noyes and his co-workers. In the temperature region 
from 120" to 200°C. it has been established that all the methane and ethane 
formed can be accounted for by the reactions: 

CHa+CH3COCH3 + CH4+CHsCOCH3 [I] 
CH,+CH3 + CDH, PI 

I t  has, however, been shown (6, 8, 9) that a t  lower pressures reaction [2] 
becomes dependent on a third-body. Whence a t  higher pressures 

R C H ~  kl 
= Constant = - 

~ $ , ~ , [ ~ c e t o n e ]  k?f 
and a t  low pressures 

R C H ~  
= Constant. 

~ ~ , ~ , [ . ~ c e t o n e ]  a 
For the activation energy difference, El-iE?, a value of 9 .7f0 .1  Itcal. has 

been generally accepted (12). This value has been deduced from experiments 
a t  temperatures above 100°C., and a t  pressures between 25 and 200 inm. 

In the lower temperature region there are complications in the kinetics. 
Curvatlire has been observed in the Arrhenius plot between room temperature 
and 125°C. (7, 12). Several suggestions have been made as to the cause of 
the discrepancy (11). In the first place the presence of an appreciable amount 
of acetyl radicals constitutes the most striking difference between the low- and 
the high-temperature photolysis. The diffusion of radicals out of the light- 
beam and possible wall effects have also to be considered. As far as diffusion is 
concerned, Nicholson (10) has shown that although it is important in some 

' iVanuscript received Septenaber 17 ,  1954. 
Contribz~tion froltz tlze Division of P z ~ r e  Cl~emistry ,  National Research Coz~?zcil, Ottawa, Canada. 

Issz~ed a s  N.R.C. No.  3450. 
2National Research Coz~ncil of Canada Postdoclorate Fellow, 1962-54. Present address: Departe- 

men1 de Cirimie Playsiqz~e, Universith Laval, Qz~bbec. 
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cases, the effect is still too small to account for the curvature in the Arrhenius 
plot a t  low temperatures. 

The purpose of the present work was in the first place to study the reaction 
of methyl radicals with acetone in the absence of complications due to acetyl 
radicals. For this purpose azomethane was used as a source of methyl radicals. 
I t  has the advantage of absorbing a t  longer wave lengths where acetone is 
transparent. The second object of the worlc was to investigate the photolysis 
of acetone under special conditions (high intensities and low pressures), to 
obtain information regarding wall reactions ancl reactions of acetyl radicals. 

EXPERIMENTAL 

Azomethane was prepared by Dr. L. C. Leitch as described in previous papers 
from this laboratory. Acetone was obtained from the Eastman Kodak Co. 
Both conlpounds were thoroughly degassed and stored behind mercury 
cutoffs. 

Two different types of apparatus were used. Apparatus I was of the con- 
ventional type which has been described elsewhere (1). A Hanovia S-500 
medium pressure mercury arc was used as a light source. The cylindrical quartz 
reaction cell (5 cm. diameter, 10 cm. long) xvas completely filled with a nearly 
parallel light beam. 

A p p a r a t ~ ~ s  I1 xirhich was used for loxv pressure experiments was essentially 
the same as that described by Dodd and Steacie (6). The lamp xvas a B.T.H. 
ME/D 250 xir. coillpact source. In some experiments a "paclted" reaction 
vessel was ilsed. For these the cell which xvas 70 cm. long contained two inner 
quartz tubes concentrically mounted. Thc sui-face/volume ratio of the paclced 
cell was 7.1 cnl-I. The cell xvas completely filled by a parallel beam of light. An 
empty cell was also used, which was 100 cm. long. 

In experiments with azomethane-acetone inixturcs a Corning filter No. 7380 
was used to limit radiation to wave lengths greater than 3400 A. For other 
experiments a Corning No. 986 filter was used. 

The N2-CH4 fractions of the products were removed a t  liquid nitrogen 
temperature and analyzed by the mass spectrometer. On a few occasions checks 
were made for CO in the NZ-CHd fraction fi-om the photolysis of azomethane- 
acetone mixtures by passing the gas over hot copper oxide. The quantity of CO 
was invariably negligible. The CO-CH4 fractions from the acetone photolysis 
xvere analyzed by conlbustion over hot copper oxide. The ethane fraction as 
separated a t  - 175OC. and occasionally checlted with the mass spectrometer. 

RESULTS FROM RUNS AT NORMAL PRESSURES USING APPARATUS I 

The results for the photolysis of azomethane and of azomethane-acetone 
mixtures are given in Tables I and 11. In Fig. 1 Arrhenius plots are given for 
kl/kz: and k3/kz:, where reaction [3] is 

CHaf CH3NNCHa -, CHefCH2NNCI-13. [31 
The units of k throughout are cn1.5 molecules, and sec. 

Some experiments were also carried out in which acetone was photolyzed a t  
room temperature and various intensities. The results are given in Table 111. 
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AUSLOOS A N D  STEACIE: PHOTOLYSIS OF  ACETOKE 

TABLE I 

Teinp., Pressure, Time, RN? R,CH~ R C ? H ~  
"C. cm. rnin. cc./rnln. x 10.1 k3/k24 x loL3 

TABLE I1 
PHOTOLYSIS OF AZOMETHANB-A4CETONE MIXTURES 

Temp., Pressure, cm. Time, RN? R C H ~  R C ~ H C  
"C. Azomethane =Iceto= min. cc./rnin. X lo4 kl/kt: X 1014 

I 

FIG. 1. Plot of log R ~ ~ ~ / R & ~ ~ ~ [ A ]  against l / T  for the photolysis of azornethane-acetone 
mixtures. 

Curve A-photolysis of azomethane alone. C ~ ~ r v e  B-azomethane-acetone mixt~~res .  
The dotted line is an cstrapolation to low temperatures of the r e s ~ ~ l t s  of Trotman-Diclcenso~~ 

and Steacie. 
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T A B L E  111 
PHOTOLYSIS OF ACETONE AT ROOM TEJIPERATURE 

AKD VARYING INTENSITY 
Temperature 27°C. 

Relative Pressure, Tiqle, R R RCZHp +CH~+C?HG 
intensity cm. mln. cc./min. X lo4 Rca4 XI014 

CO ~ b , ~ , [ ~ c e t o n e ]  

The relative intensity was varied by a factor of 165, where an intensity of 1 
corresponds to  approximately 5 X 10" quanta per cc. per sec. The light 
intensity was varied by means of neutral density filters of chrome1 on quartz. 
The higher intensities are much higher than those used in most previous 
investigations a t  low temperatures. The values of ~ ~ ~ , / ~ ~ , ~ , [ ~ c e t o n e ]  have 
been plotted in Fig. 2. 

Intensity 

FIG. 2. T h e  photolysis o f  acetone at 27'C. and 57 mm.  with varying intensity. 

In  addition to  the products listed, the highest intensity runs produced a very 
small amount of a inaterial of  intermediate volatility, which could be separated 
a t  - 125°C. In order to obtain a larger amount of this fraction a run was made 
a t  the highest possible incident intensity using a cylindrical cell of 1 liter 
volume. Mass-spectrometer analysis of the - 125°C. cut from this run showed 
that  it consisted mainly of ketene and acetaldehyde. 

DISCUSSION 

The methane and ethane formed by photolyzing azomethane in the presence 
of acetone may be accounted for by the following reactions: 
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AUSLOOS AND STEACIE: PHOTOLYSIS OF ACETONE 

From this scheme 

kl - R ~ ~ 4  - ka[Azomethane] 
-- 

I 

~ 2 %   acetone] k2t[Acetone] ' 

The values of k3/kzt required in the calculations have been taken from an 
experimental Arrhenius plot for azomethane (2). A few runs were repeated in 
the low-temperature region to check again the absence of curvature a t  low 
temperatures in the Arrhenius plot for azomethane. Fig. 1 shows the complete 
absence of curvature and the results coincide exactly with those previously 
obtained (2). 

Fig. 1 also gives an Arrhenius plot for kl/k23, calculated from results with 
azomethane-acetone mixtures. The dotted line in the figure was obtained by 

i extrapolation of the high-temperature results of Trotman-Dickenson and 
1 Steacie on the photolysis of acetone itself. I t  is evident that  the results agree 
I exactly a t  high temperatures, but that  there is appreciable curvature a t  low 

temperatures in the results obtained with azomethane-acetone mixtures. At 
27OC. a mean value of about 1.6 X 10-l4 was found for kl/k2;. This is in excel- 
lent agreement with the value of 1.55 X 10-l4 found by Nicholson (10) in 

/ the direct photolysis of acetone a t  similar intensities. Since no acetyl radicals 
are present in the photolysis of azomethane-acetone mixtures, the curvature I in the plot a t  low temperatures and low intensities cannot be due to reactions ' involving acetyl. Diffusion of radicals out of the light beam is not a possible 
explanation in the present case, since the cell was filled with light and the cell 
volume mas used in the calculations. I t  is therefore suggested that  wall reactions 

1 are involved, and specifically that methyl radicals react with adsorbed acetone 
to  form methane. I t  may be mentioned that analogous curvature in Arrhenius 
plots has been found when azomethane was photolyzed in the presence of 
biacetyl (3) and methyl ethyl ketone (5). 

Fig. 2 shows that  in experiments on the photolysis of acetone alone the ratio 
~ ~ ~ , / ~ ~ , ~ , [ ~ c e t o n e ]  does not vary with intensity in the low intensity region. 
Most previous work mas done a t  still lower intensities. The constant low- 
intensity value (2 X 10-14) lies well above the value obtained by extrapolating 
Trotman-Dickenson and Steacie's Arrhenius plot (12) to  lower temperatures. 
The extrapolated value is in good agreement, however, with the value of 
1.6 X 10-l4 found by photolyzing azomethane-acetone mixtures. Interference 
by reactions of acetyl is excluded in this intensity range as the cause of the 
curvature in the Arrhenius plot. The evidence again strongly favors wall re- 
actions as the cause of the discrepancy. 

At higher intensities, however, a sharp increase of R ~ H , / R ~ , H , [ A c ~ ~ o ~ ~ ]  
becomes apparent. This suggests the formation of methane in a radical- 
radical reaction. Further, since the effect only occurs a t  low temperatures, the 
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participation of acetyl is strongly indicated. I t  is therefore suggested that the 
additional methane arises by the disproportionation reaction, 

CH,+CH3CO -+ CH,+ CHZCO. NI 
The intensity dependence of methane formation can be explained on this 
basis, as well as the ltetene formation a t  high intensities. The small amounts of 
acetaldehyde found by mass-spectrometer analysis may be accounted for by 
the similar reaction 

2CH3CO -+ CH?CO+CH3CHO. [.I 
Evidence for both these reactions has been fou~ld also in the photolysis of 
biacetyl (3). Reaction [5]  has also been suggested in the photolysis of acetal- 
dehyde (4). 

RESULTS FROM EXPERIMENTS AT LOW PRESSURES USING APPARATVS I1 

The results of a fen? experiments a t  low pressures using a "packed" reaction 
vessel are given in Table IV, ancl are plotted in Fig. 3 and compared with the 

TABLE IV 
PI-IOTOLYSIS OF ACETONE AT LOW PRESSURES 

"Packed" cell 

Rate, ~l~olecules/ R ~ ~ I  +CH,+C~HG 
Pressure, Ti~!le, - cc./sec. X 10-lo XlOj -- 

I ~ I I ~ .  m ~ n .  CO CI-1.1 C ~ H G  ~ ~ ~ ~ , [ i \ c e t o ~ ~ c ] ~  CO @CO 

results of Dodd and Steacie (6). For these experiments the incident  illtensity 
was kept constant and the pressure was varied from 25 to 0.03 mm. The values 
of +co in the last column of Table IV were determined in the usual waj- a t  
higher pressures. The absorbed intensity a t  lower pressures was obtained by a 
Beer's law extrapolation. 

Table V gives the results of esperi~nents a t  27°C. and varying intensities a t  
four different pressures (from 0.G to 4.7 mm.). The results are given in Fig. 4 
in the form of a plot of log R ~ ~ ~ / R ~ ~ ~ ~  against the logarithm of the incident  
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AUSLOOS A N D  STEACIE: PHOTOLYSIS OF ACETONE 

PRESSURE mm. 

FIG. 3. The photolysis of acetone a t  higher temperatures and low pressures. 
Dotted curve-resolts of Dodd and Steacie in an "~~npackecl" cell. 
'Triangles-Dodd and Steacie "paclced" cell. 
Circles-present ~vork  in "pacl<ed" cell. 

TABLE V 
EFFECT OF INTENSITY AT 27'C. .4ND LOW PRESSURES 

Unpacked cell 

Rate, rnolecules/cc./sec. R C H ~  
Incident Pressure, Time, X lo-''' 7 x 
intensity mm. min. co c 1-1 .I C?HG R c , ~ a  

intensity. The lowest incident intensity is about eight tiines the lowest intensity 
used for the runs a t  usual pressures (Table 111). 

Since we were interested in possible wall reactions, the expel-iinents given in 
Table IV were done. I t  is evident from Fig. 3 tha t  the results agree excelle7tly 
with those of Dodd. They  confirm the fact that  while the ratio Rc,,/R&,, 
[ ~ c e t o n e l f  falls with decreasing pressure in agreement with the assumption 
that  the recombination of methyl radicals is becoming pressure-dependent, 
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Incident In tens i ty  

FIG. 4. Photolysis of acetone a t  27'C. and low pressures, with varying intensity. The figures 
on the  curves refer t o  the pressure in mm. 

nevertheless a t  low pressures the ratio rises again instead of becoming constant. 
This increase commences a t  higher pressures in the packed cell, and there is no 
doubt that it is due to a wall reaction which produces methane. The only 
reasonable possibility seems to be a reaction between methyl radicals and 
adsorbed acetone. The results appear to indicate that the ratio decreases again 
a t  the lowest pressures, but  it is difficult to  be sure that  this effect is real. 

I t  may be mentioned that there is a gradual drop in the ratio (+CH4+CzH,)/ 
CO with decrease in pressure in the paclted vessel. No such effect was observed 
in the unpacked cell. We are unable to  offer any convincing explanation of this. 

The experiments a t  high intensities and room temperature, given in Table V, 
were done to obtain more information about the occurrence of reaction [4]. 

In this temperature region we are primarily concerned with the reactions: 
CH3+CH3COCH3 -+ CH4+CH2COCH3 [I] 

2CH3 --, C?Hs [2] 
CH3+CHsCO -+ CH4+CHzCO 141 

2CH3CO -+ CHaCHO+CH?CO PI 
CH;+CHsCO -+ CH3COCH3 [6] 

2CH3C0 -+ CH3COCOCH3 [7] 
As a very rouglz approximation, a t  constant temperature and pressure but 

varying intensity, we may put [CHSCO] [CHa], and thus [CH,CO] I,,:. 
Whence, if all methane is formed by [I] and [4], we have at low pressures 

R C H ~  k4 ke 
- [Acetone] + - [CH,CO] 

R $  
C2H6 k$ k 24 

so that  a t  constant low pressure and varying intensity 
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AUSLOOS AND STEACIE: PHOTOLYSIS OF ACETONE 55 

Since for constant acetone pressure I.,., R,,,/R,~,,, will become 
constant a t  low incident intensities and proportional to 1% a t  high intensities. 
Fig. 4 gives a plot of log R ~ E , / R $ , ~ ,  against log intensity for four different low 
pressures. At high intensities a series of straight lines is obtained with a slope 
of 4, while a t  low intensities the ratio approaches a constant value. This 
furnishes further strong support for the postulation of reaction [4]. 
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CONSTITUTION OF A HEMICELLULOSE FROM WHEAT BRAN1 

ABSTRACT 
The he~uicellulose prepared from wheat bran by alltaline extraction mas an 

acidic polysaccharide containing arabinose (50.0%), sylose (38.5%), and ~lronic 
arid (9 0%). Graded hydrolysis with 0.02 iV osalic acid preferentially released 
65% of the arabir~ose with only a small simultaneous production of sylose. 
I-Iydrolysis of the full lnethylated henlicellulose yielded 2,3,4-tri-0-methyl-, 2,3- 
di-0-~nethyl-, 2-0-methyl-, and f r e e ~ - ~ ) ~ l o s e ;  2,3,5-tri-O-methg1-, 2,s-di-0-inethyl-, 
and probably 3- and 5-0-n1ethyl-~-arabi11ose. These data, together with those 
from periodate osidation, strongly suggested that the moleculc was a highly 
branched araboxylan. Viscosity measurements and reducing power determina- 
tions indicated a degree of polymerization of 300. 

Investigations in this laboratory of the polysaccharides of the wheat plant 
have included those of patent white flour ( lo) ,  straw (I) ,  and leaf (2). The 
present paper concerns the hernicelluloses of wheat bran. Early studies on bran 
by Schulze (12) established xylose and arabinose as  major constituents, and 
more recently, Norris and Preece (9) have demonstrated that  glucuronic acid 
is a minor component. I t  was now of interest t o  examine the constitution of this 
hemicellulosic material in greater detail. 

A suitable starting material appeared to  be "bee-wing" bran which has an 
unusually high pentosan content (3) and consists mainly of the outer coatings 
of the wheat grain with very little starch. 

The  bran, alter extraction with alco11ol:benzene (2:l)  and ammonium oxa- 
late, contained 46Yo perltosan and 5.6% lignin. Extraction with dilute alltali 
gave a crude water-soluble hemicellulose in 37% yield having a peiltosan 
content of (isyo and a lignin content of 3%. Acid hydrolysis showed that  
arabinose and xylose mere the main sugars present along with rninor amounts 
of glucose, galactose, and  ironic acid. T o  test the possibility that  these sugars 
represented separate pentosans and hexosans, fractionation methods desigiled 
to separate polysaccharides were applied. The  copper complexing method 
which is Inore or less specific for segregating xylans (5) gave no precipitate with 
the crude bran hemicellulose. Extraction with 70% ethanol, as used by 
Aspinall et ad. (4) for separating an arabinose-rich peiltosan from esparto grass, 
removed only a small portion of bran hemicellulose which varied insignificantly 
in coinposition froin the original material. When the crude l~emicellulose was 
acetylated and the acetate fractionated froill chloroform solutioil with petro- 
leum ether, most of the product mas recovered within a narrow solvent mixture 
range. Deacetylation and hydrolysis showed tha t  the main fractions contained 
arabinose and xylose in a ratio of 1.0:0.78; glucose and galactose were present: 
only in the more soluble fractions. Hence it appeared that  the hexosans were 
not a part of the hemicellulose molecule. The  same finding was reported pre- 

'illanuscript received Septenzber 24,  1954. 
Contribzltion from the Division of Applicd B~ulugy ,  Natiotzal Research Laboratorzes, Ottawa. 

Issued as Paper N o  174. of Uses of Plant Prodzrcts and a s  N.R.C. No. 5451. 
W i t h  the LccJ~nical assistance of A.  E.  Castagne. 
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ADAMS: IIEMICELLULOSE 57 

viously for wheat straw (1) and wheat leaf hemicellulose (2). Lack of separation 
of araban from xylan by the methods just described strongly suggested tha t  
the sugars were combined chemically within the same molecule. 

Hydrolysis of the hemicellulose with 0.02 N oxalic acid preferentially 
removed L-arabinose units. The  stability of the xylose residues to the acid 
treatment showed that  they were in the usual pyranoside form, while the 
ready removal of 65y0 of the arabinose units indicated that  they were pre- 
dominantly in the furanoside configuration and also were located towards the 
outside of the molecule. Slow I-elease of arabinose units after hydrolysis for 
two and one-half hours in 0.02 N oxalic acid indicated that  about 35y0 of the 
total amount of this sugar was part  of the central core of the hernicellulose 
molecule and was doubly attached to other sugar units. 

The  main purified hemicellulose fraction was inethylated initially with 
dimethyl sulphate and sodium hydroxide and finally with methyl iodide and 
silver oxide to a inethoxyl value of 38.4% (calculated for C7HI4Oai: (OCH;., 
38.8%); [a]: -SO.gO (c, 1.1% in chloroform). Fractionation using chloroform - 
petroleum ether yielded 10 fractions; of these, a fully methylated product 
(OCH3, 38.8y0), coinprising 32% of the total, was selected for further study. 
Methanolysis followed by acid hydrolysis yielded the following products: 
(I)  methylated uronic acid (not studied further in this investigation); (11) 
D-xylose (three parts);  (111) 2-0-methyl-D-xylose (four parts);  (IV) 3- and 5- 
0-methyl-L arabinose (three parts) (?); (V) 2,3-di-0-methyl-D-xylose (four 
parts);  (VI) 2,5-di-0-methyl-L-arabinose (seven parts); (VII) 2,3,4-tri-0- 
nleth)ll-D-xyl~~e (five parts);  (VIII) 2,3,5-tri-0-methyl-L-arabinose (six parts). 

The  methylation da ta  inclicated a highly branched structure. Almost 40% 
of the arabinose appeared on hydrolysis as 2,3,5-tri-0-methyl-L-arabinose 
and therefore existed as end groups in the original hen~icellulose. Although the 
monoinethyl arabinose units were not positively identified, their presence 
indicatecl branch points in the molecule where other groups were attached. 
Arabinose linked 1,3- in the 01-iginal hemicellulose appeared a s  2,5-dimethyl 
ai-abinose to the extent of about -15y0 of the total. I t  was not possible to deter- 
nline whether these units indicated a structure in which several arabinose units 
were joined or one in \\~hich both ai-abinose and xylose units occui-red. I-Iomevei-, 
the gracled hycll-olysis clata supportecl the view that  about 70% of the arabinose 
units were joined together in short branches or side chains whicll were remov- 
able with only a slight release of xylose. The  decreased rate of acid hydrolysis, 
which yielded a resistant portion containing about of the arabinose, nTas 
not considered due to the pyranose form of arabinose since no clirect evidence 
for this type of structure was found among the inethylated sugars. The  branch- 
ing character of the bran hen~icellulose involved also the xylose component. 
The  2-0-methyl-D-xylose and unmethylated D-xylose represented single and 
double branch points respectively. However the number of xylose end groups 
accounted for only half of these branch points (Table IV) and the assumption 
must be made that  the remainder were linkecl to arabinose units. The  presence 
of a high proportion of the methylated xylose as  2,3-dimethyl xylose proved 
that  the xylose units were linked 1,4- and were in the pyranose form. The  
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change in rotation of the methylated polysaccharide on hydrolysis, fro111 
highly negative ( - 82') to positive (+69.2'), indicated that the sugar units 
were primarily in the P configuration. 

Although a specific structure for this hemicellulose cannot be formulated, 
methylation data showed that the following sugar residues were present: 

. . .  2- . . .  2- . . . 3-L-arab. f l  . . .; and in addition L-arab. f 1 . . . ; and L-arab. . . .  5- . . . 3 -  
f l  . . . are indicated. 

Periodate oxidation results supported the methylation data as further 
evidence for a highly branched structure. The consumption of approxilnately 
0.59 mole of periodate per ~nole of sugar showed that about half of the sugar 
residues did not consume periodate and hence had a high proportion of branch 
attachments. The original sugar residues which yielded 2,3-di-0-methyl-D- 
xylose, 2,3,4-tri-0-methyl-D-xylose, and 2,3,5-tri-O-methyl-~-arabi1~ose would 
consume periodate and, based on the proportion present as shown by the 
methylation data, should consume 0.62 mole of periodate per sugar unit. The 
yield of formic acid (0.18 mole) calculated from the amount of trimethyl 
xylose present was in reasonable agreement with the measured yield (0.22 mole 
per sugar unit). The relatively large anlounts of formic acid produced indicated 
a high proportion of end groups. Mild acid degradation of the hemicellulose, 
which initially released a large proportion of the arabinose, caused a 10% 
increase in perioclate consumption and a 40y0 increase in foriiiic acid productio~i. 
Such effects could be caused by simple degradation of a xylan chain or by 
removal of arabinose end groups linked to  xylose units which in turn became 
new end groups. Hydrolysis of the unoxidized portion of the l~emicellulose 
released xylose and arabinose in about equal amounts; all the xylose and that 
portion of arabinose which yielded monomethyl arabinose (see Table IV) 
represented branched units in the original hemicellulose. 

Estimations of the molecular weight of the bran hemicellulose were obtained 
by viscosity measurements and reducing pourer determinations. With the 
exception of the viscosity measurements in water, the results agreed reasonably 
well and suggested that the molecule contained about 300 sugar residues. This 
is the same order of magnitude as was suggested for the soluble pentosan of 
wheat flour (10). 

Although wheat bran hemicellulose resembles that of straw (1) and leaf (2) 
in having the same component sugars, some marlred differences are apparent. 
The wheat bran molecule is much larger, more highly branched, and contains 
more arabinose than xylose, with the arabinose unit being branched. Although 
positive proof has not been obtained that a mixture of araban and xylan is not 
present, the available data indicate that wheat bran hemicellulose is a highly 
branched araboxylan. The purified cellulase enzyme of Myrothecium verrucaria 
which readily hydrolyzed wheat straw xylan did not attack bran hemicellulose; 
this observation supported the view that no free xylan was present. Removal 
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of 70% of the arabinose units by mild acid hydrolysis of the hemicellulose did 
not initiate enzyme action, thus indicating that the predominantly xylan 
residue was sufficiently different in structure from wheat straw xylan to 
resist enzymatic attack. 

EXPERIMENTAL 

The following solvents (v/v) were used to separate the sugars and their 
derivatives: (A) ethyl acetate - pyridine - water (2: l :  2) ; (B) methyl ethyl 
ketone - water (2:l) ; (C) ethanol-benzene-water (47 : 200 :15) ; and (D) N- 
butanol-ethanol-water (40:11:19). The R, values refer to 2,3,4,6-tetra-O- 
methyl-D-glucose. 

Preparation of FIemicellulose from Wlzeat Bran 
The bran* ivas extracted exhaustively with benzene-alcohol (2:l) followed 

by ethanol to remove pigments, lipids, and waxy substances. Water-soluble 
materials were removed by two four-hour extractions a t  85OC. Pectic substances 
were extracted by ammonium oxalate (0.570) a t  85°C. in two three-hour 
extraction periods. The residue was thoroughly washed with warm water and 
dried with ethanol and ether. 

Air-dry extracted bran (160 gm.) was extracted with stirring for 20 hr. a t  
room temperature with 8 liters of 4% potassium hydroxide in an atmosphere of 
nitrogen. After recovery by filtration on cloth, the residue was subjected to  a 
further extraction for 48 hr. The combined alkaline filtrates were brought to 
pH 7.0 with acetic acid and then concentrated under reduced pressure a t  30°C. 
to one-tenth their original volume. Only a faint trace of precipitate appeared 
in the neutral solution. The thick brown solution was dialyzed ill cellophane 
tubes against running water for 48 11r. The dialyzed solution was again concen- 
trated under reduced pressure to  one-half its original volume. The hemicellu- 
lose was recovered by adding 1 volume of the solution to 4 volunles of ethanol 
which mas rapidly stirred and by allowing the mixture to stand. The precipi- 
tated hemicellulose was centrifuged off and dried with ethanol and ether to 
yield a fluffy gray powder (60 gin.). Acid hydrolysis of the crude hen~icellulose 
followed by chromatographic separation of the sugars (solvent A)  showed the 
presence of xylose, arabinose, and glucose, with small amounts of galactose and 
uronic acids. 

Purij'ication Treatments on Crude Hemicellulose 

Ethanol (70y0) extraction.-Crude hemicellulose (25 gm.) was extracted 
under reflux with 1000 ml. of 70y0 ethanol for 24 hr. A fine precipitate which 
appeared on cooling the alcoholic solution was removed by  centrifuging. 
Concentration of the solution a t  30°C. to small volume yielded a light brown 
precipitate (wt. 0.7 gm.). After hydrolysis with 1% sulphuric acid and chroina- 
tograpliic separation of the sugars, the ratio of xylose to arabinose was 1.0:0.78, 
which was the same as that of the original hemicellulose. Hence no segregation 
of araban-rich material was achieved. 

*The "bee-wing" brals was donated by Flozrr il/lills of Anterica Inc., Rosedale Mill, 914 Division 
St., Kansas City, Kansas,  U.S.A. 
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Copper complexing.-Crude hemicellulose (20 gm.) was dissolved with shak- 
ing in 4y0 sodium hydroxide (1250 ml.) and, to this solution, Fehling's solution 
(1250 ml.) was added with stirring. Even on prolonged standing no insoluble 
copper hemicellulose complex formed. Variation in ratio between the alkaline 
hemicellulose solution and Fehling's solution from 1:l  to 4: l  failed to yield 
an insoluble compound. By acidification, dialysis, and precipitation with 
ethanol, the original l~emicellulose sample was recovered with its xylose t o  
arabinose ratio unchanged. 

Acetyhtiolz of crude hemicellu1ose.-Crude hemicellulose (50 gm.) was dis- 
persed in 1000 ml, of formamide, stirred for two hours a t  65OC., cooled to 
room temperature (20°C.), and 1000 ml. of dry pyridine added. After one hour's 
stirring, acetic anhydride (400 ml.) was added in 100 ml. quantities over a 
period of four hours. The acetylated product was recovered by pouring into 
ice water. After recovery and thorough drying, the partly acetylated hemi- 
cellulose was dissolved in pyridine and reacetylated with acetic anhydride. 
The acetylated product was recovered as before, yield 67.4 gm., acetyl content 
38.3%. 

Fractionatio?~ of Izemicellz~lose acetates.-Acetylated hemicellulose (65 gm.) 
was dissolved in 3000 ml. of cl~lorofoi-m and filtered through sintered glass 
(porosity ivl). T o  the chlorofornl solution of the acetates, petroleum ether 
(b.p. 65-llO°C.) was added with vigorous stirring. After the formation of a 
distinct cloudiness, the material was allowed to settle, removed by centrifuging, 
and dried in vacz~o. A total of nine fractions were recovered with the bullc of the 
material precipitating in a fairly narrow solvent range. Fi-actions 3-5 inclusive 
comprised 80% of the acetates with fraction 4 being approxinlately GOY0. 

Analysis of tlze acetylated fractions.-T11e nine fractions were deacetylated 
wit11 sodiuill llydroxide in acetone, precipitated with ethanol, and dried. Acid 
hydrolysis follo\ved by quantitative chromatography (solvent A )  showed that 
all fractions contained arabinose and xylose in an approximate ratio of 1.0: 0.78. 
In addition, fractions 7, 8, and 9 contained small amounts of glucose and 
galactose. Fractions 2-6 inclusive contained approxinlately 970 ~uronic acid 
while fractions 7-9 containecl about 3.5%. Since fraction 4 colnprised 60% 
of the original hemicellulose and contained no hesose sugars, it was selected 
for the main constitutional studies. I ts  conlpositioll was as follows: ash, nil; 
niti-ogen, nil; lignin, 0.9%; methoxyl, 1.0670; uronic acid anhydride, 9.00%; 
D-xylose, 38.5%; I.-arabinose 50.0y0; and [a]: -83" (c, 1% in potassium 
hydroxide (2%)). 

Graded A cid 3Iydrolysis 

A concentration of 0.02 N oxalic acid was found to give preferential release of 
arabinose and was therefore selected as the most satisfactory concentration for 
graded hydrolysis of the hemicellulose. Three separate lots of hemicellulose 
(50 mgm.) were hydrolyzed with 0.02 N oxalic acid (5 inl.) a t  9S°C. with 
heating periods of two and one-half, four, and six hours respectively. After 
hydrolysis each solution was analyzed chronlatographically for arabinose and 
xylose content (Table I). The unhydrolyzed portions (acid degraded hemi- 
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ADAMS: HEMICELLULOSE 

TABLE I 

Percentage illdividual sugars released 
I-Iydrolysis time, 

hr. Arabinose Xylose 

TABLE I1 
YIELD AND COMPOSITION OF ACID DEGRADED HHMICELLULOSES FROM GRADED HYDROLYSIS 

O F  BRAN HEMICELLULOSE 

Con~position 

Sample No. Hydrolysis time, Yield, yo Arabinose, % Xylose, % 
hr. 

celluloses I ,  11, and 111) were recovered by complete precipitation with 
ethanol without any attempted fractionations, dried i ~ z  vacuo, and weighed. 
These inaterials were completely hyclrolyzed with 1% ssulphuric acid and the 
proportion of arabinose and xylose determined by cl~romatograpl~ic analysis 
(Table 11). 

Enzynze I3ydrolysis 

The  original bran hemicellulose and acid degraded hemicelluloses I and I1 
were made up to  ly0 concentration in 1/25 &I sodium chloride and the p H  
adjusted to 5.0 with hydrochloric acid. The purified cellulase enzyme of 
il4yrotheciunz verrz~carin in 1/23 14 sodium chloride solution was added to  the 
extent of 100 pgin. protein per ml. of substrate and incubated for 12 hr. a t  
30°C. with agitation. A t  the  end of the incubation period, 2 volumes of hot 
ethanol were added to  the substrate, the solution filtered, and the filtrate 
concentrated to  a small volume a t  40°C. Chromatographic examination of the 
solution showed only a trace of arabinose and xylose. 

Alethylation 
Hemicellulose (20 gm.) was methylated with dimethyl sulphate and sodium 

hyclroxide (40Y0) by a inethod previously described in detail ( I ) .  After each of 
two successive methylation treatments, the partly methylated crude product 
was recovered by neutralization, dialysis, and evaporation. After the material 
hacl been sufficiently methylated (nine treatments) to  become soluble in 
methyl iodide, it was subjected to further methylation by Purclie's reagent. 
After four methylations with this reagent the methoxyl content was 38.3%. 
Further methylations increased the methoxyl content only slightly. The  final 
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product was a friable yellow solid, yield 21.2 gm.; OCH,, 38.4% (theoretical 
value for dimethyl xylan, 38.7%); [a]: -80.4' (c, 1.1% in chloroform). 

Fractionation.-The methylated hemicellulose (20.2 gm.) was extracted 
under reflux for a period of two hours with solvent mixtures of chloroform - 
petroleum ether (b.p. 30-60°C.). After filtration and removal of the solvent, 
the recovered product was dried i n  vacuo a t  40°C. The  results of the fractiona- 
tion are given in Table 111. Since fraction 8 comprised a large proportion of the 
product and was fully methylated, i t  was used in the subsequeilt studies of the 
methanolysis products. 

TABLE 111 

Fraction Chloroform: petroleum ether Yield, OCH3, % roll: 
solvent mixture % 

Methano1ysis.-Fraction 8 (100 mgm.) was heated with methanolic hydrogen 
chloricle (10 ml.;  8%) in a sealed tube in a boiling water bath for 16 hr. After 
removal of the solvent, the methyl glycosides were hydrolyzed with hyclro- 
chloric acid (10 ml.; 0.5 N) for eight hours a t  100°C. The  free methylated 
sugars ([a]$ +6g0) were recovered and separated chromatographically on 
filter paper using solvent B. The  sugar spots were developed with aniline 
phthalate spray. Authentic specilllens of 2-O-methyl-D-xylose, 2,3-di-0- 
methyl-D-xylose, 2,3,5-tri-0-methyl-I.-arabinose, and 2,3,4-tri-O-methyl-~- 
xylose were used a s  reference compounds. A total of eight sugar derivatives 
were located on the chromatogram and the following tentative identifications 
were made based on color reactions and positions relative to  the reference 
compounds: methylated uronic acid ( I ) ;  D-xylose (11); a monomethyl pentose 
corresponding to 2-O-methyl-D-xylose (111); monomethyl pentose (IV); 

TABLE IV 

COMPOSITIOX O F  HYDROLYZATE FROM hlETHYLATED I-IEMICELLULOSE 

Component sugar Molar composition, % Sitnple molar ratio 

D-X)'IOS~ (I I) 
i\/Ionomethyl pentose (111) 
Monomethyl pentose (IV) 
Dimethyl pentose (V) 
Dimethyl pentose (VI) 
Trimcthpl pentose (VII) 
Trimethyl pentose (VIII) 
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dimethyl pentose corresponding to  2,3-di-0-methyl-D-xylose (V);  dimethyl 
pentose (VI) ; a trimethyl pentose corresponding to 2,3,4-tri-O-methyl-~- 
xylose (VII) ;  a trimethyl peiltose correspoilding to 2,3,5-tri-0-methyl-L- 
arabinose (VIII). Tlle free inetllylated sugars were extracted from quantitative 
cl~romatograms with water and analyzed by the alkaline hypoiodite method 
(5). The results are given in Table IV. 

Separation of the Methylated Sugars 
To  provide sufficient material for separation and identification of the pro- 

ducts of inethanolysis, a large quantity was prepared as follows: Fraction 8 
(6.4 gm.) was refluxed with 285 ml. of inethanolic hydrogen chloride (Syo )  
until the rotation became constant ([ay5] f9.2"). After neutralization with 
silver carbonate, the methyl glycosides and uronosides were recovered as a 
brown sirup (6.7 gm.). Saturated barium hydroxide (75 ml.) was added to the 
sirup and the mixture heated for three hours a t  60°C. on a steam bath. Excess 
barium hydroxide was removed with carbon dioxide and the solution heated 
for 15 min. a t  85°C. Because of the volatility of the trimethyl pentosides, the 
solutioil was evaporated a t  room temperature in a current of air. 

Recovery and Sefiaration of Trimethyl Pentoses 
Extraction of the methanolysis mixture with n-pentane removed the tri- 

methyl pentosides almost quantitatively. They were hydrolyzed with 0.5 N 
hydrochloric acid and the free methylated sugars (1.86 gm.) were recovered 
in the usual way. Chromatography on filter paper showed that  the two tri- 
methyl pentoses contained a trace of a dimethyl pentose. A portion of the 
trimethyl pentose sirup (0.65 gm.) was separated chroinatographically on 
large sheets of filter paper using solvent C. Tlle individual sugars were recovered 
by elution with water and each solutioil concentrated to a small volume. 
Addition of methanol and clarification wit11 charcoal yielded clear yellowish 
sirups VII and VIII.  

Separation of Remaining Sz~gars  
Although solvent B separated methylated uronic acids (barium salt form) 

and inethylated sugars satisfactorily in small amounts, the uronic acid streaked 
into the xylose and two monoinethyl pentose spots when the sirup was chro- 
matographed in preparative quailtities (conversion of the barium salt to the 
free acid did not improve the separation). The free xylose and monomethyl 
pentose areas on the paper which were overrun with uronic acid were cut  out, 
eluted with water, and chromatographed again using solvent A .  This procedure 
gave satisfactory separation of the methylated uronic acid (I) ,  free xylose (II) ,  
and the two monomethyl pentoses (111) and (IV). The dimethyl pentoses were 
separated from each other satisfactorily in the first chromatogram using 
solvent B. 

Exanzination of the fifethyluted Sugar Fractions 
Fraction I.-This material was a methylated uronic acid complex which 

gave a cherry red spot on the paper chromatogram. I t  was not examined 
further in the present study. 
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Fraction 11.-The sirup, on standing, crystallized almost completely. 
Recrystallization from glacial acetic acid yielded a crop of D-xylose crystals, 
m.p. 145-146°C. unchanged on admixture with an authentic sample, and 
[a]: 4-19" (c, 1.0% in water). Chromatographic exami~lation (solvent A )  
showed only xylose present. This fraction was therefore established as D- 

xylopyranose. 
Fraction 111.-On clarification with charcoal in methanol, a clear yellow 

sirup was obtaiiled which partially crystallized on standing. Chromatography 
showed only one componeilt with the same R, value as  2-0-methyl-D-xylose 
(R, 0.22-0.24, solvent B) .  On demethylation with hydrobromic acid (48%) (9), 
D-xylose was the only sugar produced. Recrystallization from methanol 
solution yielded 2-0-methyl-D-xylopyranose, rn.p. 133"C., [a]: 4- 34.8" (c, ly0 
in water). Analysis: calculatecl for CcH1205 : 0CH3, 18.9%; found: 0CH3, 
18.8%. Treatment of this sugar with aniline in ethanol gave crystalline 
2-0-methyl-N-phenyl-sylosylamine, m.p. 123". The X-ray diffraction pattern 
of the crystals was identical with that  of an authentic sample of 2-0-methyl- 
N-phenyl-xylosylamine. 

Fraction I V.-This sirup was re-chromatographed on filter paper (solvent B)  
until only one spot was present. (R, 0.37-0.38, solvent B ;  0.68-0.69, solvent 
D). On spraying with aniline oxalate reagent a reddish color characteristic of 
pentose sugars was obtained. Demethylation with hydrobromic acid (48%) 
yielded only arabinose. The sirup (104 rngm.) was distilled (b.p. 140-150°C. 
a t  0.05 mm.) to yield a product (74 mgm.) having methoxyl content 19.3% 
(calculated for C~H1205 : OCH3, 18.9%) and [a]k5 -4" (c, 1.75% in water). 
Hence the sirup was a rnonon~ethyl arabinose. Oxidation with lead tetra- 
acetate (11) yielded 2 moles of formic acid and no formaldehyde. These results 
are most readily interpreted as indicating the presence of a mixture of 3- and 
5-methyl arabinose. 

Fraction V.-After repeated chron~atographic separations, a sirup was 
recovered which had [a]h5 4-21' (c, 1.0% in water); 77h5 1.4733; OCH3, 34.8% 
(calculated for C7H1.105 : OCH3, 34.8%). With solverlt B the R ,  value was 
0.67-0.68 and only a single pink spot was found with aniline phthalate spray 
on the paper chromatogram. Demethylation of the sirup (12 n~gm.)  with 
hydrobromic acid yielded only xylose. Oxidation of the sirup (80 mgm.) with 
bromine yielded a lactone which was converted into the correspollding crystal- 
line amide with methanolic ammonia. On recrystallization from ethyl acetate 
2,3-di-0-methyl sylonamide was recovered, n1.p. and mixed rn.p. 134'. The 
X-ray diffraction pattern was identical with that of authentic 2,3-di-0-methyl 
xylonamide. A crystalline anilide was prepared having m.p. 123-124OC. and 
an X-ray diffraction pattern identical with that of 2,3-cli-0-methyl-N-phenyl- 
xylosylamine. Fraction V was, therefore, 2,3-di-0-inethyl-~-r;ylose. 

Fraction V1.-This sirup gave only one spot on chromatographic examina- 
tion (R,  0.80-0.81 solvent B ;  0.88-0.89, solvent D ) ;  [a]: -26" (reported value 
- 18" (6)) ; OCH3, 34.4% (calculated for C7H1.106 : OCI-Ia, 34.8%). Demethyla- 
tion yielded only one sugar which was identified as arabinose on paper chroma- 
togram. Oxidation of the free sugar (173 mgm.) with bromine for 48 hr. a t  
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room temperature yielded a lactone (126 rngm.). Distillation of the sirupy 
lactone (b.p. (bath) 130"-135°C. a t  0.05 mm.) yielded a product rvhich crystal- 
lized on seeding with a crystal of 2,5-di-0-methyl-L-arabonolactone, m.p. and 
mixed m.p. 60°C. The X-ray diffraction pattern was the same as that of 2,5- 
di-0-methyl-L-arabonolactoile. Treatment of the lactoile (33 rngm.) with 
methanolic ammonia gave the corresponding amide rvhich on recrystallization 
from absolute ethanol yielded 2,5-di-0-methyl-L-arabonamide (24 mgm.), 
m.p. 130-131". T o  another portion of the lactone (48 mgm.) phenylhyclrazine 
(18 rngm.) in methanol (5 ml.) was added and the mixture refluxed two and 
one-half hours. After removal of the solvent, the sirup crystallized and re- 
crystallization from alcohol-ether yielded a pure product (34 rngm.), n1.p. 
165-167" undepressed on admixture with an authentic sample of 2,5-di-0- 
methyl-L-arabinose phenylhydrazide. The X-ray diffraction pattern was 
identical with that  of the authentic sample. Fraction VI, therefore, was 
2,5-di-O-meil1yl-~-arabinose. 

Fraction VII.-Purification of this sirup by paper cllroinatography using 
solvent C yielded a single sugar which gave a pink spot on spraying with 
aniline phthalate (R, value was 0.86-0.88 solvent C). Demethylation showed 
xylose to be the only coinponent sugar. On standing the sirup partially crystal- 
lized. Recrystallization from ethyl ether containing a small amount of petroleum 
ether yielded 2,3,4-tri-0-methyl-D-xylopyranose, m.p. 89-90°C. undepressed 
on admixture with an authentic sample, and [a];' +20° (c, l.Oyo in water); 
0CH3,  48.2y0 (calculated for CsHlcO5 : OCH3, 48.4%). 

Fraction VIII.-The sirup llad an R, 1.10-1.12 (solvent B) identical with 
that of 2,3,5-trimethyl arabinose; [a]k5 -36"; OCH3, 48.7% (calculated for 
CsHl605: OCH3, 48.4%). Oxidation of the sugar \vith bromine yielded the 
corresponding lactone \vhich on refluxiilg with nletllailolic ammonia was 
converted into the corresponding amide. Recrystallization of the amide yielded 
2,3,5-tri-0-methyl-L-arabonan~ide, m.p. and mixed m.p. 137-138°C. and 
[a]i5 + l 8  (c, 1.0% in water); OCH3 44.7% (calculated for CsH1705N: OCH3, 
44.9%). The X-ray diffraction pattern showed that the product was 2,3,5-tri- 
0-methyl-L-arabonanlide. 

Periodate Oxidation 

Bran hemicellulose (fraction 4) and acid degraded hemicell~~loses I and I1 
(100 mgm. each) were oxidized with 100 ml. of sodium metaperiodate (lye). 
All oxidations were done in the dark a t  16°C. with shaking. Analyses for 
periodate consun~ption and formic acid production were made a t  various time 
intervals (5). The results are given in Table V. 

In a separate experiment 50 mgm. of the original hemicellulose was oxidized 
to completion with periodate. On freezing and thawing of the solution, the 
unoxidized portion of the hen~icellulose precipitated out and, when washed 
with ice water and dried with ethanol and ether, yielded a white product 
(wt. 40 rngm.). Hydrolysis of this polysaccharide with lye sulphuric acid and 
separation of the sugars by chromatography yielded arabinose (38%), xylose 
(52%). 
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TABLE V 
PERIODATE OXIDATION OF BRAN HEYICELLULOSE 

Time, hr. 

Original hemicellulose 
Periodate consumed," - 0.58 - 0.58 0.58 0.58 0.59 

moles per C5I-Is04 

Formic acid produced, 
moles per CsHsO4 - 

Acid degraded hemicellulose I 
Periodate cons~~med,  

moles per C6HsOr 0.65 - 0.65 - 0.65 - 0.65 

Formic acid produced, 
moles per CiHsOd 0.29 - 

Acid degraded hemicellulose I1 
Periodate consumed, 

moles per CfiHs04 - 0.62 0.65 - 0.64 0.65 0.66 

Formic acid produced, 
moles per C6H304 

*Corrected for periodate consumed in formic  acid production. 

Estimatiolz of Degree of Polymerizatiolz 
Viscosity nzeasurenzelzts.-Viscosity measurements were made on three 

preparations, bran hemicellulose in water solution and in cupriethylenediamine 
solution, and bran hemicellulose acetate in acetone solution. The solutions 
used contained 0.50, 0.25, 0.125, 0.0625, and 0.0317% of the component. The 
measurements were made in Oslvald-Cannon-Fenslce viscometers in a water 
bath a t  25OC.fO.02"C. Intrinsic viscosity [?I] was obtained by plotting ?~,,/c 
against c (gm./liter). The results were calculated from Staudinger's equation 
using a I<,, factor of 5.0 X lop4 as proposed for xylans by Husemann (8). The 
degree of polymerization (P )  for the hemicell~~lose in cupriethylenediamine 
solution and for the acetate in acetone solution was approximately 300. On the 
other hand, the value of P for hemicellulose in water was approximately 1000; 
this value suggested probable association of the molecules. 

Reducilzg power.-The copper reduction method of Somogyi (13) was used 
for determination of reducing polver of three samples of bran hemicellulose 
(29.6, 39.0, and 45 mgm. respectively). Increasing the reaction period from 
30 min. to one hour did not affect the results. Based on the reducing power 
estimation, the heinicellulose contained one reducing group per 3 0 0 f  10 sugar 
units. A similar measurement based on estimation of reducing power by alka- 
line hypoiodite oxidation (5) gave a result of one reducing group for each 250 
units. 
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and 2,5-di-0-methyl-L-arabi~~ose phenylhydrazide. Dr. D. R. Whitalier of this 
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STUDIES IN THE POLYOXYPHENOL SERIES 
VII. THE OXIDATION OF VANILLIN WITH SODIUM CHLORITE AND 

CHLORINE DIOXIDE1 

BY R. M.  HUSBAND,^ C. D. LOG AN,^ AND C. B. PURVES 

ABSTRACT 

Vanillin almost instantly rcduccd 1.2 to 1.5 moles of aqueous chlorine dioxide 
a t  20°C. or 5°C. and any pH between 1.2 and 6.5, and a white crystalline sub- 
stance with the con~position of ja dihydroxyvanillin, C7H5Oe(OCH3), was isolated 
in roughly 25% yicld independently of the pH. When os~dlzcd with aqueous 
sodium chlorite a t  20°C. and pH 0.5, thcse crystals gave another crystalline 
substance with the composition of a dihydroxyvanillic acid, CiH;05(OC113). 
Although both these substances decomposed readily to rcd oils and then to 
brown powders free of methoxyl g r o ~ ~ p s ,  seven well characterized derivatives 
were prepared. 'The results showed that the substances were ~~nsa tu ra ted ,  
moriohydroxy, diketone tautomers of a dihydroxyvanillin and the corresponding 
dihydrosyvanillic acid,, but  precise structures could not be assigned. Parallel 
oxidations of vanillin wlth aqueous socli~~rn chlorite a t  20°C. and pH 6 proceeded 
a t  a negligible rate, but  near pH 5 a reaction that often seemed autocatalytic 
produced about 19% of 5-chlorovanillin. A t  pH 4 the aldehyde C7H50,(0CH3) 
was isolated in 19% yield; a t  pH 1 this aldehyde (150jo) was mixed with 7.7% 
of the corresponding acid C?Hn05(0CH3), but a t  pH 0.5 the latter alone was 
produced (28%). Chlorine dioxide and sodium chlorite therefore differed 
marlcedly in their oxidizing action and in the effect of pH upon it. IVhen acting 
on vanillin, both oxidants also produced deep red, unstable oils with quinone-like 
properties and often containing chlorine. 

INTRODUCTION 

The earliest study of the action of chlorine dioxide on an organic substance 
was published in 1881 by Fiirst (4), who noticed that  the gas reacted rapidly 
with ethylene esposed to bright sunlight. Schmidt and his collaborators (17, 
18, 19) used aqueous chlorine dioxide to remove lignin (a condensed phenolic 
ether) from wood, and extended Fiirst's observation to many unsaturated 
aliphatic compounds and to phenols. Catalytic amounts of vanadium tri- 
chloride were sometimes used in these oxidations (19). The work of Fuchs and 
Honsig (3), later extended by Sarkar (15), showed that  phenolic ethers and 
esters were oxidized by aqueous chlorine dioxide a t  a much slower rate than the 
phenols themselves, and that the oxidation products included carbon dioxide, 
oxalic acid, maleic acid, and small amounts of undefined, chlorinated com- 
pounds. With the exception of thio compounds and those containing reactive 
methylene groups, all saturated aliphatic substances examined, including 
polysaccl~arides and reducing sugars, were stable to aqueous chlorine dioxide. 
All of the above research was of a qualitative nature, and the hydrogen ion 
concentration was in no case controlled. 

Since an acidified solution of sodium chlorite displayed the same selectivity 
as an oxidant, and spontaneously decomposed to chlori~le dioxide, the assump- 

' i lfanz~script received September 21, 1964. 
Contribution from the Division of Industrial and Cellz~lose Chelvistry, il!IcGill liniuersity, 

and from the Wood Chemistrv D i v i s i o ~ ~ .  P u l h  and Paher Research Institute o f  Canada. 
~ o n k e a l ,  Que. Abstracted from 3 h . D .  theses szlbgLitted to tl~e' University i n  ~eptenzber i947  by R: 
M. H., and i n  M a y  1949 by,C. D. L .  

2Present address: State U?zzuerszty of New York,  College of Forestry, Syracilse 10, New York. 
3Present address: The Ontario Paper Co~npany ,  Limited, Tl~orold, Ontario. 
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tion was often made that chlorine dioxide was the active agent in this case also. 
Jeanes and Isbell ('i), however, observed that  sodium chlorite oxidized aldose 
sugars quantitatively to  the aldonic acids a t  a rate which increased as the pH 
decreased from 8, but that  aqueous chlorine dioxide did so only with very great 
difficulty a t  any pH in the above range. Although chlorites and chlorine 
dioxide are now used to  bleach cellulose pulps free from residual lignin, the 
above rCsum6 shows that detailed ltnowledge concerning their oxidizing action 
on phenols and phenolic ethers is still exceedingly scanty. Information concern- 
ing vanillin, for example, is restricted to  the remark that it is oxidized by 
chlorine dioxide (3, 15), and to the fact that  a small yield of 2,4-furane di- 
carboxylic acid is formed in oxidations carried out with aqueous sodium chlorite 
near pH 3 (13). The present research had the object of extending these observa- 
tions. 

RESULTS AND DISCUSSION 

The concentration of dilute aqueous solutions of sodium chlorite, buffered 
within 0.1 unit a t  various pH values and kept a t  20°C., was determined from 
time to time by an iodometric method responsive to chlorite, chlorine dioxide, 
and hypochlorite, but not to chlorate. These solutions were stable for many 
hours except a t  pH 1, when loss by the volatilization of chlorine dioxide might 
sometimes have been appreciable. As the plots A in Fig. 1 show, aqueous 

6 0  1 
0 I 2 HOURS 4 

1 - d  

5 

FIG. 1. Rate of decomposition of chlorine dioxide a t  20°C. in aqueous 10% sodillrn acetate - 
acctic acid buffers. Plots rl ,  13.5 m&I. of chlorine dioxide; plots B, 20 niM. to 25 mWI., per liter. 

solutions containing about 13.5 mNI. of chlorine dioxide per liter were fairly 
stable on the acid side of pH 6, but a t  pH 7.3 decreased rapidly in strength 
owing to the formation of equimolecular amounts of chlorite and chlorate ion. 
The change was complete within 12 hr. i\iIore concentrated, 0.02 to  0.025 Ad, 
solutions of chlorine dioxide decomposed rather slowly when Iiept on the acid 
side of pH 4.5, but near pH 5 the decomposition assumed an autocatalytic 
form before becoming very rapid a t  pH 6.65 (plots B). This decomposition was 
among those reviewed by Taylor, White, Vincent, and Cunningham (22, 23) in 
their study of the inorganic chemistry of chlorine dioxide and chlorites. Taube 
and Dodgen (21) used radioactive chlorine to reveal the mechanisms involved 
when the oxidation state of the halogen changed. 
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A selection from more than thii-ty plots of the rate of reductioil of the oxidant 
by vanillin is presented in Figs. 2 and 3,  in which full lines refer to reductions 
of excess sodium chlorite, and brolten lines to those of chlorine dioxide. Al- 
though the plots were corrected for the spontaneous decomposition of the oxi- 
dant,  the rate of this deconlposition might not be the same in the blank and 
in the presence of vanillin, since the residual concentrations a t  an); tiinc would 
be different. Moreover, most of the reductions were strongly cxothel-mic, and 
it was difficult to 1;eep the temperatl~i-e a t  20°C. during the initial period; the 
inorganic system was complex, and ally quinone formed from the vanillin 
n~ould iilterferc wit11 the iodometric method used to determine the residual 
osidant. Figs. 2 and 3,  although reproducible, thus indicate merely the net 
change in the redox systems present, and details of the relevant estimations 
are omitted fro111 this article. 

0 I 2  HOURS 4 5 
J&!z?f7 0 I p H 6 . 2  - .  ., 

FIG. 3 

2 HOURS 4 5 

FIG. 2. Apparent  rate of rccluction of ositlant a t  20°C. Solid lincs: vallillin, 15 ~ni\/I., and 
sodi~lnr ch lor l~c ,  GO mi\/I. per litcr. Urol;e~~ lines: vanillin, 4 lnibl. and  chlorine tlioxide, 21 mXI. 
t o  29 mR1. per liter. 

FIG. 3. Sec legcricl for Fig. 2. Upper brol;el~ line a t  pH  6.5 uncorrcctecl for ct~lorine clioride 
blank. IJpper solicl line a t  pl-I 5.1, 65 mh1. of socliu~n cl~lori te  pel- litel-; lower solid l incat  p1-1 5.1. 
60 mhI .  per liter. 

At  pH  1.2, 1 mole ol  vanillin apparently reduced a b o ~ ~ t  2.5 moles ol socli~~iii 
chlorite within a few minutes, and the reaction then became extl-emely slow. 
Although the initial rapid reduction was preserved a t  pH 4.5, a secondary 
reaction was now marlied. When this experinlent was repeated a t  4"C., the 
initial reduction was almost unaffected, but  the secondary one took more than 
two hours, instead of less than 30 min., to illcrease the total consumption of 
chlorite to 3.0 mole (not shown). The  lower plot a t  pH  5.1 in Fig. 3 was ob- 
tained with the same concentration (GO 1nA4. per liter) of sodi~lm chlorite, but 
a slight increase in concentration to 65 mbl .  per liter produced the upper plot, 
whose form suggested an autocatalytic reaction. A reaction a t  pH 4.6 and 3°C. 
became apparently autocatalytic within two minutes, but  this behavior was 
never observed on the alkaline side of pH  5.4, even when the concentration of 
chlorite was increased (not shown). 111 experiments carried out a t  pH 5.1 and 
6"C., the initial, nearly linear portion corresponding to  the consuinption of 
about 1 mole of chlorite required 2.5 hr., instead of 1 hr.; and 4 hr., instead of 
about 1.5 hr., elapsed before the total consumption was 3.0 mole per mole of 
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vanillin. A t  20°C. ancl on the alkaliile side of PI-I 5.1, the linear portioil of the 
plot decreased in slope very rapidly, until the consumption of 0.2 moles of 
chlorite required 14.25 hr. a t  pH G,3. K O  oclor of chlorine dioside was ever 
noticed a t  any  acidity in these oxidations until nlore than 2 nloles of sodium 
chlorite per mole of vanillill had been utilized. 

Figs. 2 and 3 (brolcen lines) also show tha t  vanillin almost instantaneously 
reduced about 1.5 lnoles o i  chlorille cliosicle a t  all pH values between 1.2 and 
(3.5. A sloxver secondary reduction ~ v a s  evident 011 the alkaline side ol  pH 4.5, 
but  could not be even approxinlately assessecl a t  pH 6.5 because the observed 
da ta  (upper plot) gave an absurd result (lower plot) when corrected for the 
large and uncertain blank. The  proper correction would probably have placecl 
this plot close to tha t  for the reduction a t  pH 5.1. This experiment differed 
from those carried out a t  pI-I values less than 6 in tha t  a little by-product 
chlorate was formed, bu t  aqueous potassium chlorate was iouncl to have no 
action on vanillin a t  pH 6.9, 5.7, or even 2.6. IVhen the plots in Figs. 2 ancl 3 
were coml,ared, it became evident tha t  vanillin reducecl approxiinatelv 1 mole 
more of sodiulll chlorite than of chlorine clioxide between pH I ancl p1-I 4.5 
and a t  all tilnes; bet~veen pH 5 and 6.5, ho~vever,  the relationship was reversed. 
T h e  course oi the initial osiclation ~ v i t h  soclium chlorite was highly sensitive 
to  p H ,  whereas that  with chlorine dioside was apparently independent of this 
factor. The txvo oxicla~lts were therefore by no means equivalent. 

il'Iuc11 time ~ v a s  spent in attempts to  isolate a crystalline procluct from the 
clear, bright red solutions tha t  resulted ~vllcn vanillin mas oxidized with 
aclueous chlorine cliosicle a t  pH 1 01- 111-1 2.3. Such solutions, and also the 
unstable red oils isolatecl li-oil1 them by evaporation or by extraction with 
ether, assumed a pale yellow color wllen reducecl by s ~ i l p h u r o ~ ~ s  acid or b y  
hydl-ogenation uncler mild conditions, and the I-ecl color was regeneratecl b y  
the acldition of benzoc~uinone or b y  the access of air. Coi~densations with 
aniline, p-anisicline, hyclroxylan~ine, o-phenylei~ediamine, ancl cliazotized 
anilines provided small yields of brolvn or blaclc powders. The xvhole lllass of 
observations suggestecl that  the initial product of the oxidations was a n  
unstable, n~ethoxylatecl quinone that  readily changed to brown, amorphous 
substances of lower methoxyl co~l tent .  Evelltually sinall yields of a white 
substance, melting a t  10l°C. and ci-ystallizing as  tufts of very fine neeclles or as 
prisms, mere isolatecl. Success in isolating these crystals depenclecl upon estract- 
ing the solution of the osidized vanillin a t  the proper time with ether, upon 
maintaining a low temperature, and upon speecl in freeing the extract froin 
water and ally traces of acid. Buffers employing sulphuric, phospl~oric, or 
citric acid had to be used, because acetic acid was readily exti-acted from the 
aqueous solutioil by the ether and accelerated the decon~position of the pro- 
duct. The final procedure made it possible to  isolate the purified crystals from 
oxidations a t  pH 1, pH 4, and pH 5.5 in a uniform yield of 25% to 30% by 
weight. In addition to these crystals, the ether extract contained considerable 
amounts of a n  unstable, chlorinated oil whose orange color quickly darkened 
on standing. Neither this oil nor the aqueous residue, which turned blaclc when 
warmed to expel the ether, were examined further. 
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The crystalline product possessed the formula C7H504(OCH3) and was 
extracted less readily by ether from solution in aqueous sodium bisulphite 
than from a more concentrated solution in water. Ammoniacal silver nitrate 
(Tollen's solution) was quicltly reduced by the crystals, which also yielded a 
crystalline mono-2,4-dinitrophenyl hydrazone and a crystalline monosemi- 
carbazone. This evidence for the presence of an aldehyde group was confirmed 
by oxidizing the substance a t  pH 0.5 with chlorous acid to a crystalline acidic 
substance, C~HF,O~(OCH~), decomposiilg a t  143' to 144'C., and giving a nearly 
clua~ltitative yield of a crystalli~le monoester when boiled with methanol 
containing a trace of sulphuric acid. Although two acidic groups were revealed 
in the acid by a potentiometric titration against standard sodium hydroxide, a 
marked buffering effect between pH 9 and pH 11 suggested that one of these 
groups was phenolic or enolic. When added to saturated sodium bicarbonate 
solution, the aldehyde displayed a slight acidity that was also attributed to a 
phenolic unit. Since both substances were derived from vanillin, C7H602(OCH3), 
the aldehyde was a t  first regarded as a dihydroxy vanillin, and the acid as the 
corresponding dihydroxyvanillic acid. 

R = CI-I0 or COOI-I 

I I I11 

Both the aldehyde and acid, however, failed to give a distinctive color in the 
ferric chloride test for phenol. When examined by the Zerewitinoff method with 
methyl magnesium iodide, the aldehyde was found to contain only one atom, 
instead of the expected three atoms, of active hydrogen, and to add 3 moles, 
instead of the expected 1 mole, of the Grignard reagent. In similar fashion, the 
acid contained only 2 moles of active hydrogen and added 3 moles of the 
reagent. These observations suggested that the aldehyde and acid existed as 
ketonic tautomers analogous to the keto forms in which metapolyhydi-ic 
phenols like resorcinol and phloroglucinol tended to react. Structures I ,  11, and 
111, which were metadiltetones derived from 5,G-, 2,s-, and 2,G-dihydroxy- 
vanillin, thus came into consideration. 

Although the acid (R = COOH) slowly added two atoms of bromine per 
mole, an attempt to hydrogenate it over a palladium catalyst and with two 
atmospheres pressure of hydrogen ended with no absorption of the gas. Since 
double bonds conjugated with ketone or carboxyl groups tended to be hydro- 
genated less readily than isolated double bonds (5), the observation gave 
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support to Structures I and I1 rather than to Structure 111. Hydrogenation 
of the aldehyde (R  = CHO) under the same conditions required 2 moles per 
mole and yielded a distillable oil with the formula C7H804(OCH3) which 
might have been a mixture of cis-frans isomers. Since this oil failed to form a 
phenylhydrazone and contained two atoms of active hydrogen, it appeared 
tha t  the aldehyde had been reduced to  a benzyl alcohol group, and tha t  the 
double bond was then reactive enough to  absorb the second mole of hydrogen. 
The  replacement of the palladium by a platinum catalyst caused the consump- 
tion of a third mole of hydrogen, possibly by the reduction of the aldehyde to  a 
methyl unit, as  was shown to  occur when vanillin was hydrogenatecl under the 
same conditions. An attenlpt to demonstrate the presence of lcetone groups in 
the acid ( R  = COOH) by  preparing a 2,klinitrophenyl hydrazone failed. 

Methylation of the acid with silver oxide and methyl ioclide gave a practi- 
cally quantitative yield of a colorless, distillable oil with the con~position, 
C7H303(OCH3)3, expected for the monomethyl ether-monomethyl ester. An 
attempt to  saponify this ester with hot 5% aqueous sodium hydroxide, how- 
ever, produced a crystalline substance which contained no methoxyl groups 
and had the composition of a tetrahyclroxybenzoic acid, C7H202(OH)4. When 
titratecl potentiometrically with alkali, this substance gave a plot similar t o  
that  obtained in the titration of the original acid (R  = COOH) and the pre- 
sence of one carboxyl and one acidic hydroxyl group was inferred. The  sub- 
stance probably existed in a lcetone form analogous to  one or other of the 
Structures I ,  11, or 111, because it contained only three atoms of active 
hydrogen per mole, instead of the five expected for a tetrahydroxybenzoic acid. 
This substance was also obtained in good yield when an at tempt  was made to  
methylate the original acid ( R  = COOH) with sodium hydroxide and dimethyl 
sulphate. Such easy demethylations of the acid and its monoether-monoester 
seemed consistent with the alternative structures advanced, since both the 
methyl ether and the phenolic l~ydroxyl positions would probably be highly 
activated by neighboring functional groups. The  methylation of the acid 
(R  = COOH) with diazomethane in ether yielded, not the expected mono- 
methyl methyl ester, but  unstable colorless needles melting with decomposition 
a t  116" to 118°C. ancl having the formula CiH,03(OCHa)3(C132N2)2. Since 
treatment of the monomethyl methyl ester with diazomethane gave the same 
substance, i t  was thought probable that  two molecules of diazonletl~ane had 
added to  the two lcetone groups. The  usual result of such addition is ring expan- 
sion with loss of nitrogen; but  in this case the aclduct was stable enough to  be 
isolated. One nlole of the diazomethane, of course, might have added to  the 
double bond. An attempt to  methylate the aldehyde ( R  = CHO) with diazo- 
methane yielded 4G% by weight of an uilstable orange glass wit11 the inethoxyl 
content required for the adduct C7H403(0CH3),(CH2N2)2, but  the substance 
decomposed before further data  could be secured. 

Dr. D. A. Ramsay, of the National Research Council of Canada, Iiindly 
determined the infrared absorption of the acid ( R  = COOH) in the form of a 
mull in Nujol. H e  attributed a broad band from wavelength 3400 cm.-I to  
3000 cm.-I to hydroxyl groups in a state of hydrogen bonding; the absence of a 
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sharp band in the region 3600 cm.-' to 3700 cm.-' indicated that no u~~bonclecl 
hydroxyl groups were present. Three bands a t  1724 cm.-', 1704 cm.-I, and 1689 
cm.-1 were consistent with a sti-ucture containing one carboxyl group and one 
~unconjugatecl and one coiljugatecl ketone group. Two bands a t  1G51 cm.-l and 
1612 cnl.-l s~~ggcstecl the presence of tivo, rather than only one, ethylenic 
linliages, and the bands a t  1150 cm.-l ancl 1379 cm.-l might be correlated with 
the methoxy group. Alt l~ougl~ the remaining bands in the spectrum were diK- 
cult to interpret, the absorption a t  836 cm.-I ~ v a s  consistent with triple sub- 
stitution around a double bond (I11R4C=CI-IR3) because such substitution 
was usuall~. accompanied by absorption in the region 810 cm.-I to 840 cm.-I. 
Thus the absoi-ption in the infrarecl supportecl structures I ,  11, and 111, but 
failed to cliscrimiilate sharply between them; the authors' preference for 
Structure I therefore rested on nothing more than the observation that 
vanillin was substitutecl as a rule in the filth or sixth, rather than in the second, 
position. Balcer and Brown (2), for example, obtainecl 5-l~ydrosyvanillin 
(3,4-cliI~ydrox~~-5-i1~et11ox~~-bei~za1de)-de) in 3.GyO yield by an Elbs oxiclation 
of vanillin by potassium persulphate in allcaline solution. 

Attempts to elucidate the nature of the aldehyde (R = CHO) were greatly 
hampered by its instability. Although the pure white crystals could be pre- 
served for some time in a desiccator containing a dehydrating agent, a cold 
aqueous solution assumed a deep red color within a few houi-s. The same change 
occ~~rrecl very quickly in cold, aqueous sodium bicarbonate. When a trace of 
pyridine or piperidine was aclded to a solution of the crystals in ether, a red oil 
quiclily separated. This oil initially had a ~nethosyl content approaching that 
of the original aldehycle (IG.'3%), but arhen lcept either in vaczio or in aqueous 
solution quickly changecl to a broivri, anlorphous substance almost free of 
methoxyl groups nncl insoluble in ether, although still soluble in water. 
Attempts to acetylate the alcleh~~cle nlitl~ acetic anllydricle and pyridine under 
various conditions gave recl solutions from which no well-defined acetate coulcl 
be recovered. A freshly prepared aqueous solution of the aldehyde had a 
~narlced tanning action on the sliill, ;und much of the solute was absorbed by 
hide powder in the standard test for tannins. Aq~ieous solutions of the acid 
(R = COOH) were consiclerabl~~ more stable than those of the alclehyde, but 
nevertl~eless soon decoinposed to recl substances. 

As already mentioned, the initial oxiclation of vanillin by aqueous sodium 
chlorite, u~llilie that by chlorine dioxide, was greatly dependent upon the pII 
of the system (Figs. 2 and 3). At pH 0.5, the sodiu~n chlorite oxidation yielded 
407; by weig-ht ( B y 0  of theory) of the acid (R = COOH), a t  pH 1.0 a mixture 
of the aldehyde (R = CHO) and acid resulted, and a t  pH 4.0 25y0 ((19y0 of 
theory) of the aldehyde was the only product identified. Sodium chlorite 
therefore differed from chlorine dioxide in oxidizing the aldehyde group of 
vanillin when the pH was sufficiently low, as Jeanes and Isbell (7) had pre- 
viously observed in their oxiclations of glucose. The other product isolated 
when vanillin was oxidized with sodium chlorite was 5-chlorovanillin, which 
was carefully differentiated from the 6-chloro isomer. Experiments carried out 
a t  pH 4.7 and pH 5.05 near j°C., and a t  pH 6.0 and higher a t  room temperature, 
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produced 4y0, l7yo to  19y0, a trace, and OYO, respectively, of 5-cl~lorovanillin. 
A sharp maximum in yield therefore occurred near pH 5 ,  01- in the region where 
the rate of oxidation plot (Fig. 3) often suggested an autocatalytic reaction. 
The yield was negligible a t  pH G or inore because the whole reaction was 
negligible, and trial showed that  5-chlorovanillin itself was rapidly oxidized to  
a dark colored oil in media inore acidic than pH 5. The production of the 5- 
chloro derivative was attributed to a side-reaction peculiar to sodium chlorite; 
none was observed in the experiments with chlorine dioxide, but this oxidant 
was too active, even a t  pH 6, to  permit any 5-cl~lorovanillii~ formed to survive 
unchanged. 

EXPERI1\/IENTAL 

The vanillin used ~ v a s  recrystallized from aqueous alcohol until i t  melted 
correctly a t  82' to 83OC. Sodium chlorite, of analytical grade, was kindly 
presented by the Mathieson Allrali Con~pany of New York. The Coleinan pH 
Electrometer was frequently standardized against 0.05 ill potassium acid 
phthalate, wllose pH a t  25OC. was accepted as 4.0 (6, 11). 

Reduction of Sodiunz Chlorite by Vanillin (Figs. 2 and 3) 
The buffers used consisted of dilute sulphuric acid for pH 1, 10yo acetic acid 

for pH 2.2, and 5.2y0 sodium acetate plus the appropriate amount of acetic acid 
for the higher pH range. Frequent tests during each experiment showed that  
these buffers maintained the origiilal pH to  within one-tenth of a unit. Vanillin, 
0.913 gm. (6 mM.) , was dissolved in 200 cc. of the buffer contained in a glass- 
stoppered, amber bottle maintained a t  20°&0.10C. in a thermostat. An equal 
volume of 0.12 il;I sodium chlorite, also a t  20°C., was added a t  zero time with 
thorough mixing. A blailk containing no vanillin was simultaneously prepared. 
At intervals a 10 cc. aliquot was removed and was mixed with about 90 cc. of 
water containing 10 cc. of aqueous lOYo potassium iodide and 20 cc. of 20% 
sulphuric acid. The liberated iodine was titrated with 0.025 N sodium thio- 
sulphate with a starch solution as indicator, and the result when corrected for 
the corresponding blank was expressed as moles of sodium chlorite reduced. 
One mole was considered equivalent to 4 liters of iViodine (22, 23). Concordant 
results were obtained by treating the 10 cc. aliquot with 16 cc. of the potassium 
iodide solution and 15 cc. of 30y0 acetic acid according to  Jeanes and Isbell (7), 
but acidification with only 10 cc. of 20y0 sulphuric acid was insufficient. 

5- Chlorovan*illin. 

Three grams (19.7 mM.) of vanillin, dissolved in 200 cc. of an adequate 
sodium acetate buffer a t  pH 5.05, mas mixecl near 5OC. with 77.5 cc. of 1.04 d l  
aqueous sodiuin chlorite (80.5 mNI.). The separation of a buff-colored solid 
from the cold solution ~ v a s  essentially coinplete after 42 hr. ant1 the clear, dark 
red color ol the filtrate could be discharged to orange-yellow by sulphur 
dioxide. A 1.03 gm, sample of the solid was extracted with ether in a Soxhlet 
apparatus and, when concentrated, the red ether extract slo\vly deposited 
cubical crystals. The remainder of the product consisted of darli red, viscous 
oils which were soluble in benzene, and of amorphous, insoluble solids. 
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After several recrystallizations from benzene, the above crystals, now shining 
white leaflets, had the elementary analysis and the Rast molecular weight of a 
chlorovanillin. Their melting point, 164" to 165.4OC., was correct for 5-chloro- 
vanillin, and was not depressed by admixture with an authentic sample: 
admixture with authentic 6-chlorovanillin (m.p. 170°C.) depressed the value 
below 143OC. Acetylation of 0.14 gm. of the crystals with 2 cc. of acetic 
anhydride and one drop of concentrated sulphuric acid gave a goy0 yield of 
pure 3-methoxy-4-acetoxy-5-chlorobenzal diacetate melting correctly a t  
118°C. (corrected). Authentic samples of the above diacetate, ancl also of the 
6-chloro isomer (m.p. 144°C.) were prepared according to the method of 
Raiford and Lichty (14) for comparison. The yield of pure 5- chlorovanillin 
was 0.62 gm. or 17y0 of theory, and was 19y0 in a duplicate experiment. 

Preparation and Analysis  of Aqueous Chlorine Dioxide 

To avoid the risk of explosions, chlorine dioxide gas was always prepared in 
dilution ~vi th  an equimolecular amount of carbon dioside by Schacherl's 
method (IG), as described in detail by Sarkar (15). This method involved 
heating a mixture of potassium chlorate, 25 gm., oxalic acid dihydrate, 20 gm., 
and 80 cc. of cold 33% (by volume) sulphuric acid to 30" to 60°C. The evolu- 
tion of gases from larger-scale preparations occasionally became too violent 
to be easily controlled. An all-glass apparatus coated with black paint was 
used, and the effluent mixture of gases was scrubbed with a saturated solution 
of sodium chlorite to replace any chlorine with chlorine dioxide. The effluent 
cblorine dioside was absorbed in ice-cold, distilled water contained in a glass- 
stoppered, amber bottle until a concentration of 0.2 iV to 0.3 M was attained. 

These solutions were tested for their content of chlorine or hypocl~lorous 
acid by titrating aliquots iodometrically in a phosphate buffer a t  pH 7, and 
then by continuing the titration to thc end point in dilute sulphui-ic acid. The 
first titi-ation measured only one of the five oxidizing equivalents of the 
chlorine dioside, plus those of any chlorine or l~ypochlorous acid, while the 
second or "acid" titration determined only the remaining four oxidizing 
equivalents of the chlorine dioxide. Five-fourths of the "acid" titration 
therefore gave the molar equivale~lt of the chlorine dioxide, and the difference 
between one-fourth and the first titration corresponded to the content of 
chlorine and hypochlorous acid. In  practice, this content never exceeded 2 mM. 
per liter, or was almost within the experinlental error. Since the solutions wcre 
usually cliluted to 0.03 M to 0.07 M in chlorine dioxide before use, they were 
considered to be free of chlorine. Routine estimations could then be perfoi-~ned 
in acid solution as described for sodium chlorite solutions, 1 mole of chlorine 
dioxide being assumed to liberate five atoms of iodine. 

The rapid deterioration of 0.0134 1l.I chlorine dioxide in a buffer a t  pH 7.3 
(Fig. 1, plot A) was followed by titrating 10 cc. aliquots iodomctrically in acid 
solution. After 12 hr. a t  20°C., 16.57 cc. of 0.0246 N sodium thiosulphate was 
required, corresponding to 0.0082 M chlorine dioxide. Another 10 cc. aliquot 
was analyzed by the method of I<olthoff and Furman (9) to include chlorate 
by being boiled for one minute with 1.3 gm. of ferrous sulphate. Excess potas- 
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sium iodide was then added to  reduce the ferric iron formed, and the liberated 
iodine was titrated with 35.5 cc. of the standard sodium thiosulphate. After 
correction for the ferrous sulphate blank (1.55 cc.) and for the chlorine dioxide 
(16.57 cc.), the chlorate corresponded to 17.4 cc. or was 0.0071 11I. This value 
was in fair agreement with the figure of 0.0067 M calculated for the conlplete 
decomposition of chlorine dioxide into equimolecular amounts of chlorite and 
chlorate. 

Reduction of Chlorine Dioxide by Vanillin (Figs. 2 and 3) 
The buffers were those used in the parallel reductions of sodium chlorite. 

In a typical experiment, 100 cc. of 0.008 11R vanillin in the desired buffer, 
contained in a glass-stoppered, amber bottle, was brought to 20°10.050C. in a 
constant temperature bath. A blank containing no vanillin was prepared. At 
zero time, cold, approximately 0.03 M aqueous chlorine dioxide, 100 cc., was 
added to the solution and the blank, and the stoppered bottles were quickly 
shaken. The heat of the initial reaction raised the temperature of the vanillin 
solution close to that  of the bath almost immediately. From time to time, the 
residual oxidant in 10 cc. aliquots was determined iodometrically as chlorine 
dioxide. The apparent chlorine dioxide content of the blanks was plotted 
against time (cf. Fig. I ) ,  and the difference between these plots and the corre- 
sponding values for the solution was accepted as the chlorine dioxide reduced 
by the vanillin. 

Preparation of Aldehyde C7HjOr>(OCII3) 

(a) With chlorine dioxide. Thirty grams (0.2 mole) of vanillin was dissolved 
in 1400 cc. of a 0.4 M citric acid - 0.8 M disodiuin hydrogen phospl~ate buffer 
for pH 4.0 made up according to McIlvaine's proportions (10) but with four 
times the recommended concentrations. After this solution had been chilled, 
820 cc. of 0.41 111 aqueous chlorine dioxide (0.4 mole) was added near O°C., 
and the flask was cooled efficiently to dissipate the considerable heat of the 
reaction. Tlle solution immediately became darlr red but this color changed in 
about two hours to a golden yellow. At this stage the excess chlorine dioxide 
was removed by passing nitrogen gas through the solution, which was then 
extracted with 2 liters of ether. Toward the end of the extraction the solution 
gradually became opaque and darlr red-brown in color. The yellow ether extract 
was dried over anhydrous sodiu~n sulphate and was concentrated to about 150 
cc. on a steam bath. When this concentrate was further evaporated in vacuo 
without warming or access of moisture, it became very cold and deposited 
white crystals, which were recovered on a filter and were freed froin traces of 
an orange-brown oil by washing with a small amount of cold, anhydrous ether. 
Concentration and "freezing out" were repeated three or four times to  give a 
total yield of 9.0 gm. (25%) of the crystals, and the final mother liquor con- 
tained 7.1 gm. of a chlorine-containing, orange oil which darkened on standing. 
Benzene was the best solvent found for recrystallization, and the pure prisms 
melted a t  104Oto 105OC. Found: C, 52.1, 52.4; H ,  4.4, 4.4; OCH3, 16.7, 16.7%; 
mol. wt. (Rast) 182. Calc. for C,H504(0CH3): C, 52.1; H ,  4.4; OCH3, 16.9yo; 
mol. wt. 184. 
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The substance evolved 1.06, 1.01 atoms of active hydrogen in the Zere- 
witinoff (12) estimation, and 3.53, 3.90 moles of the Grignard reagent was 
consumed per gram mol. wt. Pyridine was the solvent for the sample and butyl 
ether for the methyl magnesium iodide. 

(b) With sodium chlorite a t  pH 4. Two grams of vanillin was dissolved in 
100 cc. of the RiIcIlvaine standard buffer, pH 4.0, but used in four times the 
usual strength. When 5 gin. of sodium chlorite in 25 cc. of distilled water was 
added, the solution turned orange, green, and then yellow, and the presence of 
chlorine dioxide became apparent for the first time a t  the yellow stage. The 
aldehyde was isolated as already described in a yield of 0.5 gm. or 19%, 1n.p. 
104" to 105OC., not depressed by admixture with a sample prepared with chlor- 
ine dioxide. None of the acid C711SOS(OCH3) (see below) could be isolated. 
W,4-Dinitrophenylhydrazo~ze of Aldehyde C7H501(OCH3) 

A 0.20 gm. sample, dissolved in a few cc. of alcohol, was stirred with 60 cc. 
of filtered Brady's solution containing 4 gm. of the dinitrophenylhydrazine 
per liter. After about 20 sec. the solution became opalescent, and after one 
hour the bright yellow deposit was collected and thoroughly washed with 
water. Yield 0.37 gm. or 97% of theory, and nl.p., 192" to 193" (uncorrected). 
Found: N, 15.7, 15.8%. Calc. for C14H12NlOs: N, 15.4%. 
Semicarbazone of Aldehyde C7FI504(OCII3) 

The sample (0.05 gm.) was mixed in a sillall centrifuge tube with 0.05 gm. of 
semicarbazide hydrochloride and 0.75 gm. of anhydrous sodium acetate. A few 
cubic centimeters of water was added with stirring, and the semicarbazone 
separated as the origiilal substance dissolved. The white precipitate, after 
being washed in water and dried a t  50°C. in vacuo, was recovered in quantita- 
tive yield. Fouild: N, 16.9; 17.1%. Calc. for CgHllN305: N, 17.4%. Tlle semi- 
carbazone melted a t  163' (uncorrected) with decomposition. 

Hydrogenation of Aldehyde C7FISO,(OCFI3) 
(a) The sample, 1.84 gm. (0.01 mole) was dissolved in 30 cc. of anhydrous 

dioxane, and 20 mgm. of a palladium catalyst (20) was added. The mixture 
when shaken in an Adlcins hydrogenator a t  room temperature and about 
35 p.s.i. hydrogen pressure absorbed 2 moles per mole in two hours, and no 
more was consumed in an additional hour. 

After filtration, the colorless solution was evaporated in avacuum to aslightly 
discolored, viscous oil weighing 1.85 gm. This oil when distilled a t  120°C. and 
12Sp pressure yielded a colorless product with refractive index .rlio 1.4670. 
Found: C,  51.5, 51.4; H ,  6.4, 6.3; OCH3, 16.6, 16.7%. Calc. for C7H904(OCH3): 
C, 51.1; H, 6.4; OCH3, l6.5yO. A Zerewitinoff estimation (12) showed the 
presence of 2.03, 1.97 atoms of active hydrogen per mole. 

(b) A microscale hydrogenation was carried out in apparatus described by 
Johns and Seiferle (8). TVhen the apparatus was tested with pure vanillin and a 
platinum oxide catalyst, 1.98 moles of hydrogen per mole was used. The alde- 
hyde group in vanillin had therefore been reduced to a methyl group. 

Samples of the aldehyde, C7H504(OC113), 6.04 mgm. and 6.13 mgm., 
required 2.23 cc. and 2.27 cc. of hydrogen a t  S.T.P., corresponding to consump- 
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tions of 3.03, 3.04 moles, respectively, per calculated mol. wt. of 184. A repeti- 
tion of the hydrogenation on a larger scale gave a colorless glass unaffected by  
aqueous sodium bicarbonate and by 2,4-dinitrophenylhydrazine, and giving 
no distinct color with ferric chloride solution. 

J4ethyZation of Aldehyde C7fiI504(OCEIJ) with Diazomeflza7ze 
A solution of 1 gm. of the aldehycle in anhydrous ether was mixed with excess 

of an ether solution of diazomethane prepared froill 10 gm. of nitrosomethyl- 
urea (I) .  X pale yello\v precipitate, 0.46 gm., settled, which after recovery 
became dark orange in color. The substance decomposed when heated to 80°C., 
was insol~tble in petroleum ether and benzene, but clissolved in inethanol, 
ethanol, and acetone. All attempts a t  recrystallization yielcled an orange glass. 
Found: 0 C H 3 ,  22.1,22.2%. Calc. for C7H~03(OCH3)2(CH2N,)2: OCH,, 22.0%. 
The residue from the ether was also a yellow glass that became dark on exposure 
to air. 

Preparation of the Acid C7HjOj(OC313) 
( a )  At pH 0.5. Thirty grams (0.2 mole) of vanillin, dissolved in 1500 cc. of 

aqueous sulphuric acid (pH 0.5), was inised with 72 gm. (0.8 mole) of sodiuin 
chlorite dissolved in 150 cc. of water. The solutioil became clark recl, but this 

I color gradually faded to orailge and then to golden yellow. After 45 min. the 
I 

chlorine dioxide forinecl in the reaction was reilloved by bubbling nitrogen 
1 through the solution, \vhich was then saturated \vith sodium chloride and 
i extracted with ether. The ether extract was dried over anhydrous sodium 
I sulpl~ate and co~lceiltrated to about 150 cc. When the remailling ether was 

evaporated in vacz~o a t  room temperature, a total of 12 gm. ( B y 0  of theory) 
of n-hite crystals was recoverecl from 17 gin. of a residual yellow oil. Qualitative 
tests revealecl a high chlorine content in this oil, but when exposed to the air it 
quickly changed to a clarl;, viscous tar. 

I 
I The crystals were ~vashed with cold, anhyclrous ether, and when recrystal- 

lized from a illixture of  ether ancl low-boiling petroleum ether fornlecl large, 
colorless, glistening plates illelting with clecoinposition a t  143' to 14-1°C. 
(uncorrected). Fouilcl: C ,  48.0, 48.1 ; H ,  4.1, 4.1; OCH,, 15.6, 15.jy0. Calc. for 
C7Hj05(OCH3): C,  48.0; H ,  4.0; OCH,, 13.5%. The total GI-igilai-d reagent 
consuinecl in a Zerewitinoff (12) estimation was 4.80, 4.87 moles, and 2.01, 
1.97 atoms of hydrogen wel-e evolvecl, per calculated mol. ~ v t .  of 200. A 50 mgm. 
sample was neutralized to a potentiometric end point near pH 8 by 5.60 cc. of 
0.0914 N caustic soda, corresponding to a neutralization equivalent of 98. 

The acid was illsoluble in petroleum ether and benzene, but clissolved in 
alcohol, water, chloroform, and ether. 

(b) At pH 1.0. A solution of 10 gm. of vanillin in 300 cc. of distilled water 
acljusted to pH 1 with sulphuric acid nras imixed \vith another made froin 19 gm. 
of soclium chlorite ancl 50 cc. of water. After 2.5 hr., during which time the 
color changes already described occurrecl, the mixture was saturated with salt 
and evtracted with ether. The crystalline product, 2.8 gm., recoverecl froin the 
ether nras separated by extraction with benzene into the benzene-soluble 
aldehyclc C7H5Oe(OCH3) (1.8 gm. or 15yo of theory) melting a t  104' to 105OC. 
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and the benzene-insoluble acid C7H50j(OCH3) (1.0 gm. or 7.7%), melting a t  
143" to 144°C. Neither melting point was depressed when samples of each 
product were mixed with the appropriate authentic specimen. 

(c) From the aldehyde C ~ H E , O ~ ( O C H ~ ) .  The oxidation (a) was repeated a t  
pH 0.5 with 2 gm. (0.013 mole) of the aldehyde dissolved in 100 cc. of aqueous 
sulphuric acid, 4.5 gm. (0.05 mole) of sodium chlorite being used. After remov- 
ing the by product chlorine dioxide, the colorless aqueous solution was extracted 
with ether. A quantitative yield of the acid remained, and the melting point of 
this product was not depressed by admixture with an authentic sample. Found : 
OCH3, 15.4, 15.5%. Calc. for C~HE,O~(OCH~) :  OCH3, 15.5%. 

Methylatiolz of tlze Acid C7Hj05(OCfI3) 

(a) With diazomethane. An excess of an ethereal solution of diazomethane 
was added to a solution of 1 gm. of the acid dissolved in ether. Large, colorless 
needles, melting a t  116" to 118°C. with decomposition, separated from the 
solution after a short time. No solvent was found from which the product could 
be recrystallized without decomposition. Found: C, 46.5, 46.2; H ,  5.0, 5.1; 
OCI-13, 29.9, 29.9; N, 17.8, 17.8%. Calc. for C7H303(OCHa)3.2CH?Nz: C, 46.5; 
H, 5.2; OCH3, 30.0; N ,  18.1%. 

(O) With methanol. One gram of the acid was heated under reflux for 10 hr. 
with 10 cc. of dry methanol containing tivo drops of concentrated sulphuric 
acid. Concentration of the solution uncler vacuulll brought about the separation 
of a crystalline mass melting a t  115" to  118°C. with previous softening. Re- 
crystallization from a low-boiling petroleunl ether - ether misture yielded a 
product which melted a t  126" to 126°C. after being washed with water and 
dried. Found: OCH3, 29.2, 29.1%. Calc. for C7Hh0.1(OCH3)z: OCH3, 29.0%. 

This ester, when re-methylated with diazomethane, yielded the substance 
C7Ha03(0CH3)3.2CH2& with the proper nlelting point of 115" to 117"C., 
undepressed by admixture with the specimen prepared directly from the acid 
C7H50j(OCH3). 

(c) With dimethyl sulphate. A solution of the acid, 1.4 gm., and sodium 
hydrosulphite, 0.2 gm., ill a small amount of water was methylated by the 
alternate addition, with continuous stirring, of 2 cc. volumes of dimethyl 
sulphate and 5 cc. volunles of 30y0 sodium hydroxide. The total volumes added 
were 10 cc. and 20 cc., respectively. After the mixture had been liept near 
100°C. for an  additional two hours, acidification and continuous estraction 
with ether yielded 1.2 gm. of a red oil. This oil partly crystallized one day later, 
and after recovery the crystals were recrystallized from a very small volume of 
ethyl acetate. The product, still slightly pink in color, deconlposed a t  172" to 
173°C. with discoloration and the evolution of gas. Found: C, 45.4, 45.0; H ,  
3.27, 3.23; OCHZ, 0.0%. Calc. for C ~ H G O G :  C, 45.2; H ,  3.2%. The substance 
evolved 2.95 atoms of hydrogen per mol. wt. 186 in a Zerewitinoff estimation 
(12). A 15.15 mgm. sample, when titrated to a potentiometric end point near 
pH 8, consunled 6.80 cc. of 0.0239 N sodium hydroxide. The neutralization 
equivalent was therefore 93. 

(d) With silver oxide and methyl iodide. A mixture of the following sub- 
stances was heated under reflux for four hours on a steam bath: 4.0 gm. of the 
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acid C7H505(OCH3), 50 cc. of a n l ~ y d r o ~ ~ s  acetone, 50 cc. of methyl iodicle 
freshly distilled over phosphorous pentoxide, 12 gm. of dry silver oxide, and 
8 gm. of regenerated Drierite. The acetone was included because the acid was 
insoluble in methyl iodide. The product, recoverecl by filtl-ation of the reaction 
mixture and evaporation of the filtrate, consisted of a viscous, slightly yellow 
oil weighing 4.40 gnl. One gram of this oil when distilled boiled a t  92°C. and 

2 0 120p pressure, and the colorless product had the refractive index, I ~ D , ,  1.4940. 
Found: C,  52.4,52.5; H I  5.3,5.2; OCH3,40.'7,40.'7%. Calc. for C7H303(OCH3)3: 
C, 52.6; H ,  5.3; OCH3, 40.8%. 

This oil, when re-methylated with diazomethane, yielded the crystals 
C7H303(OCH3)3.2CHzN?. Although the substance melted with deconlposition 
a t  110" to 112°C. instead of 116" to llS°C., and could not be recrystallized, a 
mixed melting point with a sample prepared directly from the acid C7H6O5 
(OCH3) was not depressed. 

Another portion of the above oil mas heated on a steam bath with 5% 
aqueous sodium hydroxide; the solution was acidified and extracted with ether. 
The extract yielded a crystalline product whose melting point of 1'72" to 174°C. 
was not depressed by admixture with the crystals, C7HSO~,  obtained in the 
attempt to methylate the acicl C7H505(OCH3) with dimethyl sulphate and 
sodium hydroxide. 
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STUDIES IN THE POLYOXYPHENOL SERIES 
VIII. THE OXIDATION OF SUBSTANCES RELATED TO VANILLIN 

WITH SODIUM CHLORITE AND CHLORINE DIOXIDE1 

BY C. D. LOGAN,? R. i\/I. I-IUSBAND,~ AND C. B. PURVES 

ABSTRACT 

The research confirmed the fact that  chlorine dioxide and sodiu~n chlorite 
were not equivalent i11 their oxidizing properties. At 22' C. or less, the oxidation 
of pyrogallol by aqueous s o c l i ~ ~ ~ n  chlorite a t  pH 6 was very slow, but became very 
rapid on the acid side of pH 3.5. The amorphous, colored products probably did 
not include purpurogallin. Under similar circumsta~lces p-h~~drosybenzaldehyde 
was unaffected a t  pH 6 ;  22% was oxidized to  p-benzoquino~le (Dalcin's reaction) 
a t  pH 5, and this amount increased to 39y0 a t  pH 1. The yield of benzoquinone 
was about 24% regardless of pH within the above range when aqueous chlorine 
dioxide was the oxidant. Sodiunl chlorite a t  pH 0.9 produced a 91% yield of 
rnethoxy-p-quinone from 1nethoxy-p-hydroq~1i11011e; a t  pH 4 this product was 
 nixed with 56% of 4,4'-dirnethoxydiq~~inone, but near pH 6 a slower oxidation 
did not proceed beyo~ld 4,4'-dimethoxyquinhpdrone. Aqueous chlorine dioxide 
yielded a t  least 02y0 of monomeric methoxyquinone a t  all pH values between 
1 and 6, probably in accord with the equation, 

3 hydroquinonef3 C102+ 3 quinonef2 HCIfHCIO3 ( f 3  O f 3  H). 
The simultaneous formation of hydrogen peroxide mas suspected, but not proved. 
In sharp distinction to the behavior of free phenols, veratraldehyde was not 
oxidized by aqueous chlorine dioxide between pH 6 and pH 3, but a t  pH 1 a s lov 
reaction yielded up to 15% of veratric acid. Sodium chlorite produced about 
02% of the same acid a t  pH 1 and pH 4, but its action was negligible a t  pH 5. 
Since by-product chlorine dioxide was ineffective a t  pH 4, i t  was possible to  
confirm the validity of the Jcanes-Isbell equation for the reduction of chlorous 
acid: 

CGH~(OCH~)UCI-IOfS HCIO2-> C~I- la(OCH~)~COOH+2 ClO~+HCI+H?O. 
The oxidation of acetyl;~ted vanillin was complicated by the occurrence of 
deacetylation. Red, chlorinated oils with quinoidal properties were also formed 
in most of the above oxiclatio~ls. 

Although aqueous solutions of sodium chlorite and of chlorine dioxide have 
often been coilsidered to be equivalent in their bleaching action, a recent 
research (11) sho.vvecl that they oxidized vanillin in somewhat different ways. 
Oxidations with chlorine dioxide a t  20' C. seemed to be independent oi the 
hydrogen ion concentration between pI-I 1 and pH G and did not alter the 
aldehyde group in vanillin. Sodium chloi-ite, however, had no effect a t  pI-I 6 ,  
produced about 18y0 of 5-chlorovanillin a t  pH 5 ,  appeared to duplicate the 
behavior of chlorine dioxide a t  pH 4, and produced derivatives of vanillic 
acid a t  pI-I 3 or less. In order to determine the characteristics ot the two 
oxidants more fully, their action on several other phenolic substances has 
now been studied. 

Schmidt, I-Iagg, and Sperliil (27) observed that an excess of chlorine clioxide 
in presence of a vanadium chloride catalyst produced about yields of 

1 Ma?zuscripl received Septeinber 21,  1054. 
Cov~lribzlfiion fronz the Division of I?zdz~strial and Cellulose Cl~enzistry, McGill Uwiversity, 

a?zdfrott7 llze Wood Cl~ettzistry Division, P L L ~ ~ )  avzd Po,per Research I?rstitzLte of Ca?zadn, :l%?~treal, 
Que. Abstracted front P L D .  theses sz~btnitted to the U?ziversity i n  September 1947 by  R.il.I.EI., and 
in M a y  1949 by C.D.L. 

2Prese?~t address: T h e  Ontario Poper Company,  Linzited, Thorold, Ontario. 
aPresev~t address: State University of New I'ork, College of Forestry, Syracz~se 10,  1I7ez'etir York. 
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both oxalic acid and maleic acid from pyrogallol, one of the most readily 
oxidizable phenols. The present research employed a sixfold to sevenfold molar 
proportion of sodium chlorite buffered to within one-tenth of a pH unit, and 
the consumption of chlorite (Fig. 1) was followed by determining the amount 
remaining after various times. Iodometric methods of estimating chlorite in 
presence of pyrogallol provecl unsuitable, and the method eventually used 
depended upon the quantitative oxiclation of sodium bisulphite by chlorous 
acid to sodium sulphate (12), which was determinecl gravimetrically as the 
barium salt. This teclious method gave reproducible results (plot for pH 2), 
although complications introduced by the chlorine dioxide also formed made 
their absolute value uncertain. 

When the solutions of pyrogallol and sodium chlorite were mixed a t  pH 3.5 
or  less, about 2.5 moles of oxiclant per mole was rapidly consumed (plots for 
pI-I 2) ;  the mixture slowly developed an orange color, an orange precipitate 
appeared but then quicl;ly redissolved to leave a clear yellow solution. The  
production of chlorine dioside became apparent only a t  this stage, which 
corresponcled to the consumption of more than two molar equivalents of 
chlorite. Between pH 3 and pH 6, the solutions of pyrogallol and of sodium 
chlorite turned orange to orange-red \vhen mixed, ancl dark-brown, amorphous 
solids separated within a few minutes. The  rate a t  which the chlorite was 
consumecl, however, decreased rapidly as the pH increased (plots a t  pH 4.5 
and 5). Other experiments, not reproduced in Fig. 1, showed that  a decrease 
in temperature to 5" C. or less had the same general effect on the shape of the 
rate-plots as an increase in pH;  a t  pH 3 and 5" C. amorphous solids were still 
present after 200 hr., and a t  pH G and 5" C. 10 hr. were required for the re- 
duction of 0.1 mole of chlorite per mole of pyrogallol. 

The literature concerned with condensations of pyrogallol caused by other 
oxidants mas revie~~red by Erdtman (4) who concluded that vicinal, asym- 
metrical and symmetrical dipyrogallol (the 2,3,4,2/,3',4/, the 2,3,4,3/,4/,Z1, ancl 
the 3,4,5,3/,JJ,5/-hesahydroxy derivatives of biphenyl) were among the 
first products formecl by oxiclation in alltaline, neutral, and acidic media, 
respectively. I-Ienrich ( lo) ,  who also suggesteel a mechanism for such conclen- 
sations, apparently confusecl the vicinal with the symmetrical dipyrogallol. 
Purpurogallin (8), a well clefined, crystalline product in certain oxidations, was 
probably derived from the asymmetrical derivative. The  further oxidation and 
conclensation of pyrogallol gave rise to amorphous, ill-defined "humic acids" 
not clissimilar in character to the colored solids that  separated during the 
present experiments. All attempts to  isolate a single chemical individual frotn 
these solids faileci. Purpurogallin in particular was probably not present, 
because n pure, crystalline sample was very readily oxidized to soluble sub- 
stances by sodium chlorite a t  pH 2 and 10" C. (Fig. 1). Even a t  pH 4.6, almost 
seven molar equivalents of the oxidant were consumed within 32 hr. (not 
shown). 

The  next experiments employed buffered solutions ltept a t  20°C. and 
containing 5 mM. of fi-hydroxybenzaldehyde and about 20 mNI. of chlorine 
dioxide per liter. Plots of the rate of reaction have not been reproduced, 
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PURPUROGALLIN, p H  2, IO°C. 

w PYROGALLOL 2 2 . 4 O C .  

0 
z! 
a 3 
W 
a 
rn 2 
W 
3 
0 
z£' 

0 I H O U R S  2 3 

FIG. 1. Rate of oxidation of 0.015 ill nclueous solutions of purpurogallin and pyrogallol 
with 0.097 d l  to 0.101 il l  sodium chlorite. Temperature 22.4" C. unless specially noted. 

because quinones were formed that interfered with the iodometric method 
used to determine the remaining chlorine dioxide. The plots suggested that 
between 1 and 1.3 moles of oxidant per mole was reduced almost instan- 
taneously a t  pH 5.4 or pII 6, but that  the reduction decreased in rate and 
increased in extent as the pH was lowered, until two hours a t  pH 1.1 were 
required for the consumption of about 2.5 moles. No secondary consumption 
of oxidant was evident a t  any pH. As expected, one of the products of these 
oxidations was 9-benzoquinone, but extraction of the liquors with ether 
1-ielded nothing but red tars when sodium acetate - acetic acid buffers had 
been employed. The  substitution of citric acid and sulphuric acid buffers 
obviated this difficulty. 

-Although the quinone in the ether extract could be determined fairly 
accurately by iodoinetry (33) when the oxidation had been carried out near 
pH 3 or pH 6, oxidations in more acidic media contained interfering sub- 
stances, and the method was discarded. Estimations based upon the reduction 
of the quinone to the hydroquinone by zinc and acid, and on the isolation of 
the crystalline dibenzoatc of the hydroquinone, also failed to give quantitative 
results. Icimijima ancl Kishino (17), who encountered similar nnrllytical 

\Vith chlorine dioxide'" \Vith soclium chlorite" 
- -- - 

pH? . % after Ojo after 96 aftcr Ojo after 
30 min. 60 min. 30 min. 60 min. 

- 

No reaction 
22.0  22.0 
22.7  24.0  

* T h e  aldehyde, 0.01 ~ l ~ o l e ,  dissolved i n  the buffer, was ,tnixed w i th  aqueous sollrtions containing 
0.031 nzcle of chlorine dioxide or 0.04 nzole of soditrnr clzlo~ite. 

?Citric acid - sodizr,m hydroxide bzrffers. 
$S~ilplrur.ic acid buffer. 
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difficulties, finally added an excess of aqueous hydroquinone to the residue 
obtained by evaporating the ether extract, and weighed the crystalline quin- 
hydrone that  separated. This simple method gave good checks in the present 
work. Comparison of the data in columns 2 and 3 of Table I shows that  the 
production of benzoquinone was practically coillplete in 30 min., and that the 
yield was almost inclependent of the pH of the oxidation. The slight decrease 
in yield observed a t  pI-I 2.2 and PI-I 1 was probably connected wit11 the increase 
in other oxidations evidenced by the increase in the consumption of chlorine 
dioxide and in the depth of color of the reaction mixture. 

In contrast to the almost instantaneous oxidation of fi-l~ydrosybenzaldel~yde 
by chlorine clioside a t  pH 6 and 20" C., duplicate esperi~nents \vitl~ an escess 
of aqueous sodium chlorite showed that no appreciable reaction occurred. 
From pI-I 5 to pH 3, the two osidants gave similar rielcls of beilzoquinone 
(Table I ,  columns 4 and 5), but a t  pH 1 the yield with sodium chlorite was 
almost twice as  great. No chlorine dioxide was evolved during the early part 
of the oxidation with sodium chlorite, and no red oil was isolated as  a by- 
product. Red oils were obtained in addition to the quinone when chlorine 
dioxide was the oxidant, and were probably of a quinoidal nature since their 
color was completely discharged by reduction with sodium hydrosulphite, or 
with zinc and acid. The oils, n~llich darliened quiclily and became tars, were 
probably nuclear condensation products of a quinone, or of a hydroxylated 
quinone. Analogous products were described by Erdtman (4, 6). 

The last two oxidations were examples of a general reaction discovered by 
Daliin (2) for free o- or 11-phenols whose side chains contained an unsaturated 
carbon atom in the alpha position. In the case of p-hyclroxybenzaldehyde, 
osidation with an allialine solution of hydrogen peroxide produced a nearly 
quantitative yield of hydroquinone, together with formic acid from the 
alcleh~dic group. Waceli and his collaborators (30, 31) discussed the probable 
mechanism of such oxidations, and isolated the monoformy1 ester of hydro- 
quinoile as an  internlecliate when the osiclation was carried out wit11 pcracetic 
acid in acetic anhydride. The same type of osidation could be effected by a 
fe\v other peroxides (2), and also by ozonicles decomposing in alkali (30) but  
not by the other common oxidants tried. In orcler to avoid the possibility of a 
Daliin reaction, methosy-fi-l~ydroquinone was chosen for study. 

The osidation of methos~~l~ydroquinone with t\vice the molar amount of 
aqueous chIorine dioxide a t  room temperature proved to be less complicated, 
for within 20 min. a heavy, yellow precipitate of rnethoxyquinone separated 
from solution. By extraction of the mother liquor with ether, the yield was 
increased to about 92% of theory from oxidations carried out a t  pI-I I ,  pH 2.2, 
and pH 7.5, and ioclometric titrations of the aqueous residues suggested that  
they retained another 7% of quinone-lilte substances. When the assumption 
nras made that the yield of methoxyquinone was actually quantitative, i t  
became possible to investigate the inorganic reactions involved in the re- 
duction of the chlorine dioxide. To  do this, 20 mM. samples of methosyhydro- 
quinone were oxidized in buffered solutions with 34 mR4. to 38 rnM. of chlorine 
dioxide, and after reaction was complete the excess of the gas was expelled 
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from solution by a stream of nitrogen into bubblers containing aqueous 
potassium hydroxide. All of the methoxyquinone formed was removed from 
the original liquor, xvl~ose content of "total chlorine" xvas determined by re- 
ducing an aliquot with ferrous sulphate and precipitating chloride as  the 
silver salt. In all cases save run 7 (Table 11, column 4) the "total chlorine" 

TABLE I1 

Found in reaction misture Found in bubblers 
-- --- 

R u n  CIO? pIl Total Chloride Total Chlorite Halogen 
aclclccl, chlorine, - - chlorine, -- recovery, 
~n All. mi\iI. 111hl. Tot m M .  I .  1 %$ 

( 1 )  ( 2 )  ( 3 )  ( 4 )  (5) ( 6 )  (7) (8) ( 9 )  ( 1 0 )  

'Wzery  experitvie?zt zrsed 20 irtllil. IIDeterrrzined zuilir silver nitrccle plzrs rlilric acid. 
~ C O ~ I L ~ ~ I ? I  5 ( i s  per cent of c o l z ~ ~ t n  4. #Deternzi?ted zvith silver acetate plzrs zrrc~ter. 
$Colz~rri.rl S as per cent of' colzinz?~ 7 .  '"*Deterw?ined w i t h  piher cicet(~,te plzcs c~cetic acid. 
$"Total clrlori?ze" (colzi?nn.s 4 and  7 )  a s  per ttDeter?trined by il[ol~.r's l i tration w i th  s t ~ ~ d a r d  
cent of clz.kori?te dioxide added (colzinzn 2). silver ?litrate. 

corresponding to 20mM. of the hydroquinone amounted to  20.1 0.7 mM., 
or 1 mole of chlorine dioxide had supplied only two oxidizing equivalents, 
instead of the five equivalents found in an iodoinetric determination. The value 
of 23 mM. of "total chlorine" found in run 7 probably included chloride 
originating as chlorite, since the spontaneous decomposition of chlorine dioside 
to chloride and chlorite was appreciable a t  pH 5.8 (11). 

With the possible esception of run 7, no significant amount of chlorite was 
found in the osidatioil liquors, a i d  the "total chlorine" therefore originated 
exclusively in chloride and chlorate. A direct determination of chloride ion by 
precipitation as silver chloride in presence of nitric acid gave results (columns 5 
and 6, runs 1, 2, 3) \\~hose irreproducibility was traced to the action of the acid 
on the chlorate. The chloride ion was then precipitated with aqueous silver 
acetate, and any silver carbonate was removed from the precipitate by a 
subsequent extraction with dilute nitric acid. This method also was unsatis- 
factory (runs 4 to 7). The estimation of chloride in presence of chlorate was 
reproducible when silver acetate in 10% acetic acid was the precipitating 
agent, and these values agreed with those obtained by titrating the chloride 
ion in neutral solution with standard silver nitrate according to Mohr (18). 
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Experiments 8 to 11, which were considered reliable, showed that 637, to 65% 
or substantially two-Lhil-ds, of the "total chlorine" was present as chloride. 
Since chlorite \\;as absent, the remaining one-third could be attributed to 
chlorate, ancl the equation for the oxidation of methoxyhydroquinone by 
chlorine dioside could be written: 
3 C,H,(OCH:<) (OH)2+3 CIOa+3 CtjH,(OCH,)02+2 HCI+HClOa(+3 O+3H).  
--\lthough this equation strongly suggested that hydrogen peroxide was 
formecl, no reliable method could be found for detecting and estimating this 
substance in the reaction mixture. Hydrogen peroxide, ho~vever, is known to 
be a frequent by-product of the oxidation of hydroquinones to quinones, 
especially in alkaline solutions (13, 14). 

The unsatisfactory oxygen and hg~drogen balance in this equation made it 
desirable to complete the over-all cl~lorine balance by determining the escess 
halogen absorbed by the socli~~m hydroxide in the bubblers. Hypochlorite was 
absent, and therefore no free chlorine or clilol-ine monosiclc gas had been 
transferred with the excess chlorine diosicle. Estimations for chloride gave 
a positive result of 2 mn4. to 3 mi\/I. in each case, but control experiments with 
pure sodium chlorite and sodium chlorate solutions of the relevant concen- 
tration, either alone or misecl, sho\ved that the chlorite yieldecl 3 mM. of 
apparent chloride. The small chloriclc content of the bubblers was accordingly 
considered to be spurious. If this conclusion mas correct, the traces of chloricle 
found by Taylor ancl his collaborators (28) among the cleco~nposition products 
of sodium chlorite in acid solution could perhaps be explainecl in the same \\ray. 
Columns 7, 8 ,  and 9 of Table I1 show that 50% of the chlorine \\;as present 
as chlorite, and the remaining 507, was therefore chlorate. Since the above 
n~orliers (28) delnollstratccl that no appreciable interact-ion occurred among 
the salts of the chlorine osy-acids in alkaline solution, the fact that the chlorite 
ancl chlorate were in eq~~imolecular amount was proof that the only fol-111 in 
which the halogen hacl entered the bubblers was as chlorine dioxicle. 

The total amount of halogen in the bubblers (column 7), plus that recovered 
in the I-eaction (column -I), amo~~nlecl to 01.% to (column 10) of the 
chlorine dioxide originally used (column 2). Since the recovery of methosy- 
quinone was also about 92%, it seenled l i l ie l~~ that up to 8% of chlorinatec~ 
quinones had been formed during the oxidation. Such by-products ~vould have 
remained in the reaction vessel, and their content of halogen might have 
escaped estimation as "total chlorine" (column 4). 
-1 91% yield of methoxj-quinone was also obtained by osiclizing the hydro- 

quinone a t  pH 0.9 \vith a fourfold molar amount of aqueous sodium chlorite, 
the initial red color of the liquor swiftly changing through green to yellonr. 
The speed of this oxidation suggested that chlorous acid was the active agent, 
because the spontaneous decon~position of chlorous acid to  chlorine dioxide 
in a control experiment was relatively slow. When this oxidation was repeated 
a t  pH 2.2, the initial red solution rapidly became opaque and after a few 
minutes deposited a 30.4y0 yield of the crystalline, purple 4,4'-dimethoxy 
diquinhydrone (Structure In or Ib)  previously investigated by Erdtman ( 5 ) .  
If the oxidation was allowed to proceed for about 10 min., the purple precipi- 
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tate of the diquinhydrone suddenly changed into a heavy, brown-yellow curd, 
and simultaneously the production of chlorine dioxide became apparent. A 
recrystallization of this precipitate gave a 30% yield of brilliant yellow needles 
which proved to be Erdtman's 4,4'-dimethoxydiquinone (11), and vrhicl~ when 
heated to about 210" C. underwent an intramolecular condensation to the 
red, crystalline isomer (I I I). Erdtman obtaincd the coupled products (I),  (11), 
and (111) by oxidizing methosyhydroquinone with ferric chloride or chromic 
acid, and suggested appropriate reaction mechanisms (3, 5). 

In addition to the 30% yield of the diquinone (11) from the oxidation a t  
pH 2.2, some monomeric ~nethoxyquinone was extracted from the mother 
liquors. There were therefore two competing oxidations. At pH 4.0, the yield 
of the diquinone was 56% of theory; a t  pH 5.2, about 25y0, and no methoxy- 
quinone could be recovered. Near pH 6, the oxidations yielded precipitates of 
the purple diquinhydrone (Ia or Ib) but the transformation to the yellow cli- 
quinone (11) did not occur, presumably because the oxidation potential of 
aqueous sodium chlorite a t  pH G was insufficient. 

0 0 I* OH OH CH.O-6 1 11- ~ - O C I - I ~  

I1 
0 

In Purple. Decamp. 220' C. Ib 

K 

11. Yellow I1 I .  lied. Decamp. 250' C. 

The experimental portion of this article does not record oxidations of 
salicylaldehyde, protocatechualclehyde, protocatechuic acid, and syringalde- 
hyde with chlorine dioxicle because no definite products were isolated. In each 
case the oxidation instantly produced a solution whose deep red color could 
be partially or completely discharged by zinc dust and acid, and which pre- 
sumably contained unstable quinones. Syringaldehycle immediately reduced 
1.1 to 1.5 molar equivalents of chlorine dioxide a t  20' C . ;  a t  pH 2 or less the 
slow secondary reduction was minor, but  a t  pH 4.5 a total of about 3 molar 
equivalents was consumed within two hours. When 1.5 moles per mole was 
used a t  pH 1 and near 5" C., the liquor, initially red, soon turned yellow, and 
then yielded a yellow oil when extracted with ether. This oil, like the aqueous 
residue, became deep red when kept. 

In  sharp contrast to the behavior of the free phenols hitherto discussed, 
the reduction of chlorine dioxide by a phenolic ether, veratric aldehyde, was 
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FIG. 2. Rate of oxidation of 0.001 ill or 0.002 11C solt~tions of veratraldehyde in 20% 
aqueous ethanol a t  20° C. with approxi~liately fourfold ~ilolar concentratio~ls of osidant. Solid 
lines, sodium chlorite; dotted lines, chlorine dioside oxidations. 

negligible a t  20" C. and pH 6 to pH 3, was very slow a t  pII 2.5 (Fig. 2, brolren 
lines), and even a t  pH 0.95 was not rapid. The liquors from oxidations carried 
out a t  pH 1, when extracted with ether, yielded yellow oils that  were separated 
into acidic, aldehydic, and neutral fractions. The last two fractions were 
yellow-red oils whose color could be readily reduced by zinc and acid. They 
were not examined further. The acid fraction never exceeded 15y0 in yield, 
and contained veratric acid together with a chloro acid with the melting point, 
185" to 187' C., of 5,6-dichloroveratric acid (24). Unfortunately, the amount 
of this acid was too minute to be definitely identified. 

Fig. 2 (solid lines) also shows that  the initial action of aqueous sodi~iin 
chlorite on veratraldehyde a t  pH 0.95 was very rapicl but, as in all other cases, 
becanle negligible on the allcaline side of pf-I 5. Yields of 91% and 92y0 of pure, 
crystalline veratric acicl were isolated from experiments carried out a t  pI-I 1 
and pI-I 4, respectively, ancl even more of the acid was produced, because some 
remained dissolvecl in the buffer. This rnethocl of preparing veratric acid was 
probably as convenient as any reported in the literature. 1;'urthei-more, since 
the yield a t  pH 4 co~ilcl be assuinecl to be nearly quantitative, and since chlorine 
diosicle at this pf-I ancl 20' C. hacl no appreciable action on veratraldehycle 
for man)- hours, the reaction aflordecl a sound basis for studying the inorgarlic 
chemistry involved in the reduction of sodium chlorite without interference 
from the by-procluct chlorine dioside. 

Veratraldehyde, 10 mM., was oxidized with 29.4 rni\iI. to 60.3 mR,I. of 
aqueous sodium chlorite in the apparatus previously used for the quantitative 
study of the reduction of chlorine dioxide by methoxyl~ydroquinone. The  
passage of nitrogen through the reaction liquor in experiments 1 and 2 
(Table 111) was slow, and eight or nine hours were req~iired to transfer all of 
the chlorine dioxide into the traps containing aqueous potassium hydroxide. 
Subtraction of the "total chlorine" remaining in the reaction liquor (column 4) 
from the n~illimoles of sodium chlorite used (column 2) gave the amount of 
halogen expected in the traps. This amount was almost exactly recovered as 
"total chlorine" from the traps, and almost exactly 50% was present as  
chlorite, the remainder being assumed to be chlorate. The over-all chlorine 
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TABLE I11 
REDUCTION OF SODIUM CHLORITE BY VERATRALDEHYDE* 

-- - 

Chlorite Total Chlorite1 Chlorine 
Run added, Hours chlorine, Chloride, Chlorite, Chlorate,t consumed, dioxide,$ 

rn M. mM. mM. mM. mW1. m&I. m M. 
(1) (2) (3) (4) (5) (6) (7) (8) (9) 

Cltlorine dioxide slowly rerizoved 
1 40.2 8 21.5 12.0 7 . 8  1 . 8  32.4 18.711 
2 40.2 9 21.6 12.0 7 . 8  1 . 8  32.4 1S.6# 

Chlorine dioxide rapidly removed 
3 29.4 1.25 12.9 8 . 8  4 . 2  0 . 0  25.2 16.5 
4 40.2 1 . 5  21.5 10.1 11.5 0 . 1  28 .8  18.7 

"Vernlrnldel~yde, 10 ~ i r M . ,  ,ill. SO cc. of a sodi~rin c~cetate - ncelic acid bi~ffer crt pEI4.0, ii~ixed~aec~r 
20" C.  will^ 50 cc. of aqzreozls sodizr711 chlorite. 

tColz~?~lrt 4 I I I ~ ~ L Z L S  C O ~ I L W Z ? I S  5 and 6. 
$Colt~nz?t 2 ~r~:i?tzrs colz~ozi~ 6.  
$Colzlit~?t 2 lilivrzts colt~nz?t 4. 
(!Cltlor.ite, 9.2 nziV1. aa?rd "totnl cltloria?ze", 18.3 mil1, recwdered ,iit bubbler. 
#Cl~lorile, 9.0 rizlll., n7ld "lolnl chlori?re", 18.4 ~ i ~ n l . ,  recovered ilz bubbler. 

balance was therefore satisfactory, and no volatile chlorine compound except 
chlorine tlioxide had reacted xvith the alltali. 

Of the "total chlorine" (column 4) found in experiments 1 and 2, 1.8 I ~ M .  
xvas not accounted for as chloride ancl chlorite ancl alas attributecl to chlorate 
(column 7). On this assumption, a small amount of chlorine clioxidc had cle- 
composecl during its long sojourn in the reaction misture, and in consequence 
the amounts reported for chlorite consumed (column 8) ,  chlorine dioxide 
(column 9), ancl for chloricle (column 5), were not accurate. The observed 
molar ratios of 3.24: 1.87: 1.20 (with 1.0 for veratraldehyde) were nevertheless 
similar to those determined 13). Jeanes ancl Isbell (15) xvhen they oxidized 
glucose xvith aclueous sodium chlorite in a sealecl tube; that is, in contact xx~ith 
the by-procluct chlorine dioxide. 

In order to confirm this interpretation of the data, in experiments 3 to 6 
the chlorine dioxide was removed by a brisk current of nitrogcn gas as soon as 
it xxlas formed. Alil~ost no chlorate xvas found in the reaction n ~ i s t ~ ~ r c  ancl thc 
content of chlorite plus chloride accountecl satisfactorily for the "total 
chlorinc" (columns 4 to 7). The mole ratios oi chlorite: chlorinc dioxide: 
chloritle: veratraldehyde in csperiinents -1, 5, ant1 6 wel-e 2.9 & 0.02  1.87 
& 0.01 : 1.0 i- 0.01 : 1.0, or were close to those requirecl by the ecl~~ation 

RCI-I0+3 HClOr -, IICOOI-I +2 ClO&HCI+H?O. 
Expcriinent 3,  in \x;hich slightly less than 3 moles of sodium chlorite pcr mole 
of veratraldchyde was used, gave chlorite consumed: chlorine dioxide: chloride 
in the similar mole ratio of 2.86: 1.88: 1.0. The above equation was suggested 
by Jeanes and Isbell (l5), and its validity [or the oxidation ol glucose xvas 
supported by the l<inetic studies of Launer and Tominatsu (19, 20). Since 
3 moles of sodium chlorite, corresponding to 12 oxidizing equivalents xxrhen 
determined iodometrically, were replaced by 2 molcs of chlorine dioside n~ith 
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10 equivalents, the net response was only 2 equivalents, or one-sixth of the 
expectecl amount. The  values in Fig. 2 giving the moles of sodiuin chlorite 
reducecl a t  any time hacl therefore to be increased sixfold. Extrapolation to 
zero time ol the later, nearly linear portion of the plot for the oxidation a t  
pH 3.9 (solid line) pointecl to  an apparent consumption of about 0.5 inole of 
sodium chlorite per inole of veratralclehyde, in agreement with the very rapicl 
initial oxidation a t  pI-I 0.95. The  true consumption was therefore close to the 
proper value of 3 moles, and the later portioils of the plots probably represented 
an iodometric response to the gi-adual clecoinposition of acidilied soclium 
chlorite to  chloi-ine dioxide and chlorate (28). This correctioll was not appliccl 
to the apparent consumption of chlorite by phenolic substances (e.g. Fig. 1) 
because in these cases the by-procluct clilorine dioxide was reducecl to an 
unknown extent. 

As expected, the rate plot for the oxidation of acetyl vanillin by aqueous 
sodium chlorite a t  20° C. and p1-I 4.2 was siinilar to that  of veratralclehyde a t  
pH 3.9 (Fig. 2) ,  although some\vl~at Inore of the oxidant was consunled and 
the yielcl of acetyl vanillic acid nras only 78%. Small amounts of an  unidentihecl, 
chlorinated procluct were also recovered. The  above results were duplicated 
in an  oxidation a t  pH 1. Acetyl vanillin failecl to reduce aqueous chlorine 
dioxide a t  all a t  pH 2.3, pH 3.75, and pH 4.5, but  a t  pH 1.1 an apparent 
consuniption of 1.4 mole pel- inole occ~~rrecl within one nlinute ancl did not 
increase thereafter. A 4% ).ielcl of 6-chlorovanillic acid was isolated; also a 
yellow oil with q~iinoiclal properties, and 17y0 of an unresolvecl mixture that  
probabl>. consisted of vanillic and chlorovanillic acicl. Small alnoullts of 
vanillin ancl acetyl vanillic acid were recovel-ecl in some expel-iments. I t  
appeai-ed that  a t  pH 1.1 most of the acetyl vallillin liacl hrst been hydrolyzed 
to vanillin, ~vhich hacl then been oxidized as describecl in the previous 
article (1 I ) .  -4 portion, however, had probably been chlorinatecl and oxiclizccl 
prior to cleacetylation, because vanillin itself tends to become substitiitecl in 
the 5-, rather than in the 6-position (25). 

I t  was interesting to note that  chlorine dioside regained the capacity to 
oxidize acetyl vailillin a t  p1-I 5.65, the apparent consumption of 0.5 mole 
of oxidant being complete within one hour. At pI-I 6.0 about 1 mole per mole 
was recluced within 25 inin. Yields of 35% and 25%, respectively, of acetyl 
vanillic acid mere isolated, and the other product nras unchanged acetyl 
vanillin. The  oxidation of the aldehycle group therefore conipetecl with the 
decomposition of the chlorine dioxide to chlorite and chloi-ate, \vI~ich was 
rather rapicl near pH 6 (15). The  by-product chlorite, however, could hardly 
be responsible for the oxidation, because chlorite a t  pH G and 20' C. was 
incapable of oxidizing vanillin (15). 

EXPERI1,IEKTAL 

Materials alzd ~1Jethod.s 

Comniercial p-l~ydroxybenzaldeh~~cle, vanillin, and resubliined pyrogallol, 
also sq.nthetic syringaldeh>.cle liilldly given by Dr. I-'. 11. Pearl, of the Institute 
of Paper Chemistry, Appleton, Wis., were recrystallized to constant melting 
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point. Purpurogallin was prepared by oxidizing pyrogallol with a neutral 
solution of sodium iodate (7, 8), and the bright orange crystals were definitely 
identified by their decomposition point of 272" C., and by the correct melting 
points of their tetraacetate (9, 22) and trimethyl ether (8, 22), 187" C. and 
177" C., respectively. Pure veratraldehyde was prepared by methylating 
vanillin (I) ,  and the oxidation of vanillin with alkaline hydrogen peroxide as 
described by Daltin (2) yielded 70% of recrystallized methoxy-p-hydro- 
quinone (3). This substance melted a t  88" to 89" C., and not a t  84" C., as  
found by Will (32). The  acetylation of vanillin (23) yielded acetyl vanillin 
with the correct melting point of 77" C. 

The sodium chlorite of Analytical Grade was the gift of the Mathieson 
Alltali Company of New Yorlt, and aqueous solutions of chlorine dioxide were 
prepared and standardized as described previously (11). All oxidations were 
carried out in the dark or in amber colored bottles in order to minimize the 
photochemical decomposition of chlorine dioxide. The previous iodometric 
methods were used to follow most of the oxidations. 

Reduction of Sodizim Clzlorite by Pyrogallol (Fig. 1) 

In a typical experiment, sodium chlorite, 4.61 gm. (0.05 mole, corrected 
for a purity of 98.1%) and pyrogallol, 0.945 gm. (0.0075 mole) were separately 
dissolved in 250 cc. volumes of 0.4 il/l phosphate buffer of the desired pH and 
were brought to 22.3" A 0.1" C., or 15.8" 0.2" C. in a constant temperature 
bath. The solutions were then mixed, and ltept a t  the desired temperature; 
small aliquots were removed a t  intervals and checlted for constancy in pH. 

In order to follow the reduction of the sodium chlorite, 25 cc. aliquots, 
xvllich could not be more than 0.05 116 in chlorite or pyrogallol, were discharged 
into 10 cc. of 4% aqueous sodium bisulphite. Concentrated hydrochloric acid, 
1 cc., was added, and the mixture was boiled for 15 min. to expel all sulphur 
dioxide that  had not been oxidized to sulphate (12). A few drops of concen- 
trated nitric acid were then added to destroy the amorphous organic material 
that  usually separated a t  some stage of the oxidation of pyrogallol, and after 
being boiled for some time longer, the mixture was diluted to 200 cc. with 
distilled water. The sulphate was estiinatecl according to  the standard pro- 
cedure as the barium salt. After correction for the blank (about 0.1 gin.), 
1 mole of sodium chlorite was assumed to be equal to 2 moles of barium 
sulphate. The experiments with purpurogallin were conducted in the same way. 

Oxidation of p-TIydroxybenzaldehyde to Benzoquinone (Table I )  

Samples of the aldehyde, 1.22 gm. or 0.01 mole, were dissolved in 50 cc. 
volumes of water adequately buffered with citric acid -sodium hydroxide to 
pH 6.0, 5.0, 3.0, and 2.2; sulphuric acid was used as the buffer for pH 1. After 
being mixed with 65 cc. of 0.48 M aqueous chlorine dioxide (0.031 mole), the 
mixtures were cooled to keep their temperature below 30" C. One hour or 
one-half hour later, the mixtures were flushed with nitrogen to expel chlorine 
dioxide, were saturated with sodium chloride, and were extracted with 250 cc. 
volumes of ether. Each extract was cautiously evaporated and the residue 
was dissolved in 25 cc. of distilled water; an equal volume of water containing 
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1.2 gm. of hydrocluinone was added, and some tiine later the precipitate of 
the green, crystalline quinhydrone was recovered, clriecl, ancl weighed (17). 

The experiments were repeated with the substitution of 50 cc. of water 
containing 0.04 mole of sodium chlorite for the aqueous chlorine dioxide. 
When desired, the above ether extract was dried, evaporated, and extracted 
with petroleum ether to recover the yellow needles of quinone. These crystals 
mere readily reduced with sodium hydrosulphite and were identified as  hydro- 
quinone with the correct melting point of 171" C. (16). 

Oxidation of Methoxyhydroquinone with Ch.lorine Dioxide (Table 11) 

(a) A solution of 2.8 gm. of n~ethoxyl~ydroquinone (0.02 mole) in 28 cc. 
of lOyo acetic acid (pH 2.2) was mixed with 80 cc. of 0.464 M aqueous chlorine 
dioxicle (0.037 mole) a t  room temperature. After about 20 inin. the green- 
yellow flocculent precipitate was recovered and dried; yield, 1.8 gm., m.p. 143" 
to 144" C. R'Iore of the product, 0.7 gm., was obtained by extracting the 
filtrate with ether, and the total yield was 92% of theory. After recrystal- 
lization froin petroleum ether, the bright yellow substance had the melting 
point, 144" to 145" C., reported by Ercltman (3) for inethoxyquinone. 

The aqueous residues, now free of chlorine dioxide, requirecl 27.8 cc. of 
0.1 N sodium thiosulphate in an iodoinetric titration, an amount which sug- 
gested the presence of 1.39 millimoles (7%) of quinone-like substances. 

(b) The all-glass apparatus used for studying the inorganic chemistry of 
the oxidation consisted of a 500 cc. round-bottom flasli wit11 an inlet for nitro- 
gen reaching nearly to the bottom and an exit for chlorine dioxicle. This exit 
conve!-ed the gas through two absorption vessels containing 20y0 aclueous 
potassium hydroxide. The best results nTere obtained when the inlet to the 
test tube which served as the second vessel was drawn out to a iine capillary. 

The apparatus was inlnlediately assembled after the mixture of 0.02 mole 
of metl~oxyhydroquinone and sodium chlorite described in ( a )  had been 
prepared in the 500 cc. flask. After 20 min., when the oxidation was known to 
be complete, the flask was covered with a clarlc clot11 and nitrogen was passed 
through the apparatus a t  a rate slow enough for the chlorine dioxicle to 13e 
completely absorbed in the allcali. This operation tool; up to eight hours. The 
txvo allcalinc solutions were then colnbinecl and made up to 500 cc. with water. 
i\/Iethoxyquinone was removed from the reaction liquor, and the filtrate was 
also inacle up to 500 cc. 

The method clescribed by Treadwell (29) was used to determine total 
chlorine. A 100 cc. aliquot mas boiled for 15 min. with 50 cc. of lOyo aqueous 
ferrous sulphate in order to reduce any chlorite and chlorate to chloride. I t  was 
necessary to neutralize the alltaline aliquots before carrying out this reduction. 
After the mixture had been cooled, the brown precipitate was reclissolved by 
addi~lg nitric acid, and the chloride was determined gravimetrically as silver 
chloride. As previously noted, the chloride present as such in the reaction 
vessel could be determined most satisfactorily by the Mohr (18) method, a 
100 cc. aliquot being carefully neutralized with sodium carbonate and then 
titrated with standard 0.1 N silver nitrate, with potassium chromate as the 
indicator. 
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T o  estimate chlorite, a 10 cc. aliquot of the all;aline solution was treated 
with excess potassium iodide ancl sulphuric acid, ancl the liberated iodine was 
titrated with 0.04 N sodium thiosulphate. One mole of chlorite was equivalellt 
to four atoms of iodine. T h e  chlorate was found by subtracting the chlorite 
content iron1 the total chlorine present. Since the chlorine dioxicle reacted 
with the potassium hydroxicle to  form 1 mole of chlorite and 1 mole of chlorate, 

2 C102+2 KOH -> I<C10~+I<ClO~+H~O,  
the chlorine clioxide absorbed was twice the amount of chlorite formecl (28). 

O;.cidatio~z of ilfethoxyh31rEroqzlinone with Sodium Chlorite 

(a) A solution of the  hydroquinone (0.01 mole) in 10 cc. of 10% acetic acid 
(PI-I 2.2) was mixed with another containing 0.04 mole of sodium chlorite. 
A few nlinutes later, the purple precipitate (0.41 gm. or 30.4y0) could be re- 
covered on a filter and recrystallizecl from pyricline. T h e  powder decomposed 
a t  220" C. If the filtration was delayecl for about 11 min., the product was a 
yellow powder isolated in 30% yield and insoluble in ether, alcohol, and other 
organic liqilicls tried with the exception of boiling acetic anhydride. Recrystal- 
lization from this solvent gave brilliant golden needles which turned recl on 
heating to about 210" C. ancl melted a t  250" C. T h e  melting point ancl other 
properties agreecl with those recorded by Ercltman (5) for 4,4'-dimethoxydi- 
quinone. 

(0) The  experiment was repeatecl with the same quantities, but  the 10% 
acetic acid was replacecl by dilute sulphuric acid to acljust the pI-I to 0.9. I n  
this case the mixture quiclily turned recl, and then a green precipitate settled 
which rapiclly became yellow. T h e  product (1.01 gm.) was recovered, ancl also 
a further 0.24 gm. bl. extracting the mother liquor with ether. This substance, 
isolatcd in a total yielcl of 91%, had the melting point, 1-46" C., of methoxy- 
quinone, ant1 a mixed melting point with an  authentic sample was not de- 
pressed. 

Oxidation of T~eratraldelcyde zuith Chlorine Dioxide (fig. 2) 
(a) Experiments on the rate of oxidation were carried out as  clescribed for 

those \\:it11 9-l~yclroxybe~~zaldehycle, but  the bulTer solutions were made up in 
20y0 aqueous ethanol because veratraldehyde was insoluble in water. 

(0) Veratralcleli~.de, 4.98 gm. (0.03 mole), clissolved in 400 cc. of ZOyO 
alcohol buffered to pI-I 1.0 with sulphuric acid, was mixed with 0.06 mole of 
0.38 11d chlorine dioxitle. KO immediate change occurrecl and no obvious 
amount of heat was generated, but  on standing an amber and finally a red 
color appeared. The  solutioil was extractecl with ether after 10 hr. and the 
extract in turn extracted, first with saturated sodium bisulphite solution t o  
remove alclehytles, and then with saturated sodium bicarbonate to remove 
acids. 

After recovery from the bicarbonate liquor, the crucle aciclic fraction, 
0.90 gm., was extracted with petroleunl ether to remove 0.40 gm. of a mixture 
of chlorinatecl acids tha t  could not be thoroughly resolved. One small fraction 
of colorless needles melted sharply a t  185" to  186" C. and might have been . . 
5,6-tlichloroveratric acid (24). The  renlalnlng 0.5 gm. ~vhen repeatedly re- 
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crj-stallized from beilzene gave crystals whose melting point of lSOO to lS1° C. 
was not deprcssecl by admisture xvith an authentic sample of veratric acid. 

Oxidntio71 of T~EratmIdeljyde with Sodiz~m Cljlorite (Fig. 2,  Table 111) 

(a) The rate of osidation xvas determinecl in 20y0 aqueous ethanol buffered 
to the clesirecl 1311, ancl the consumption of chlorite was followccl by ioclometry. 
In larger scale experiments, 25 cc. of an aqueous solution contained 10.9 gin. 
of sodium chlorite (0.12 mole) xvas mixed wit11 123 cc. of water plus 18 cc. of 
ethanol buffered to pI-I 1.0 with sulphuric acid ancl containing 5 gm. (0.03 mole) 
of verntralclel~ycle. X pale pink precipitate, 5.1 gin., settled out oi the solution 
almost iminccliately. A single recrystallization from dilute acetic acid yielded 
4.9 g n ~ .  (91y0) of colorless plates ~ilhose melting point of 180" to 181' C. was 
undepressecl by admisture with pure veratric acid. 

(b) The apparatus, the technique, ancl the analytical methods were the 
same as those employed in studying the oxidation of methoxyhydroquinone 
with chlorine dioxide. Veratraldehyde, 1.662 gm. (0.01 mole), clissolved in 
30 cc. of an adequate sodium acetate -acetic acid buffer a t  pH -4.0, was mixed 
with 50 cc. of water containing 0.04 mole of sodiuin chlorite. The reaction 
vessel was aerated with nitrogen, either a t  a slo~il or fast rate, but never 
rapidly enough to bring about an incomplete absorption of by-product chlorine 
dioxide in the potassium hyclroxide bubblers. Crystalline veratric acid sepa- 
rated almost immediately in 92y0 yield. This product was removed as soon as 
the absorption of chlorine dioxide was complete, the liltrate and the allialiile 
absorption liquors were separately diluted to volumes of 500 cc., and aliquots 
were analyzecl. 

0.vidation of Acetylvanillin with Chlori7ze Dioxide 

A solution of acetylvanillin, 0.04 mole, buffered to pH 1.0 with 4y0 
sulphuric acid, was mixed with 0.08 mole of aqueous chlorine dioxide. 
Eight hours later, xvhen its color hacl turned orange-yellow, the solution was 
estracted with ether, the extract was shaken with barium carbonate to remove 
any entrained sulphuric acicl, ancl was then dried over anhydrous sodiuin 
sulphate. The residue from the ether was estractecl with petroleum ether, 
which removed a small quantity of a yellow oil, ancl then with boiling benzene. 
The latter extract on cooling deposited 0.31 gin. (470) of colorless needles 
melting a t  207' C. Found: OCH3, 15.3, l5.lY0. Calc. for C8H704CI: OCI-13, 
15.3%. A mixed melting point wit11 6-chlorovanillic acid prepared accorcling 
to Raiford and Potter (26) was not depressed. 

When extracted with bisulphite, the benzene mother liquor yielcled a sinall 
amount of vanillin, and, when re-extracted with sodium bicarbonate, the 
sodium salts of some acicls. The free acids, amounting to 1.45 gm. after several 
recrystallizations from ether, melted from 185' C. to 187" C. with decompo- 
sition, and contained chlorine. Found: OCHB, 17.1, 17.3y0. Calc. for C8H,04C1: 
OCHe, 15.3y0; for C S H ~ O , ~ :  OCI13, 18.5%. Vailillic acicl melts a t  20S0 to 210' C. 
(21) and the 6-chloro derivative a t  207" C. In other runs small amounts of 
acetylvanillic acid were identified. 
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Oxidatio?~ of Acetylvnnillin wiflz Sod ium Chlorite 
Acetylvanillin, 4.0 gm. (0.021 mole), dissolved in 50 cc. of alcohol and 50 cc. 

of 4% ssulphuric acid (pH I),  was osiclized wit11 a solution of 7.3 gm. (0.08 mole) 
of sodium chlorite in 25 cc. of water. After 3.5 hr. the mixture was chilled t o  
5" C. and was diluted with water. The crystals which deposited melted a t  147' 
to  147.5' C. and a mixed melting point with authentic acetylvanillic acid was 
not clepressed. Yield, 3.4 gm. or 78.5% of theory. An oxidation carried out in 
a sodium acetate - acetic acid buffer a t  pH 4.2 gave the same yield. 
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PR~PARATION DE D ~ R I V ~ S  DU PAPAV~RINOL ET DES 
HYDROXYLAUDANOSINES1 

La preparation du papavCrino1 e t  des hydroxylaudanosines a CtC amCliorCe en 
apportant diverses n~odifications au mode operatoire dCjl suivi. Par la ~nCthode de 
Williamson, Ics Cthers n-propylique, 71-hesylique, 12-dCcyIique, e t  benzylique du 
papavbrino! ont CtC obtenus avcc d'escellents rendements. Par I'action des 
chlorures d acide appropries sur les hydroxylaudanosines en prCsence de pyridine, 
I'acEtyl-salicylate, le benzoate, le butyrate, I1isovalCrate, e t  le caproate de I'a- 
hydrosylaudanosine e t  le butyrate e t  le benzoate de la 8-hydroxylaudanosine 
ont CtC synthCtisCs. 

INTRODUCTION 

Plusieurs travaux ont 6te publi6s concernant la prCparation de dCrivb ou 
d'homologues de la papaverine (1); un seul a CtC consacrC B la synth8se de 
bases quaternaires et d'esters du papav6rinol (11, R = H) (3), aucun B celle 
de d6riv6s des hydroxylaudanosines (111, R = H). Le prCsent travail avait 
pour but la syntl16se d'6thers du papavCrino1 et  d'esters de l'a- et de la P- 
hydroxylaudanosine. 

CH2 CI-IOR H CHOR 
I I I 

Nous avons prCpar6 le papavkrinol en oxydant la papavCrine en solution 
adt ique  B l'aide de 17acCtate mercurique selon la m6thode de Gadamer ( I ) ,  
mais nous l'avons is016 et  purifiC par l'intermkdiaire du perchlorate ce qui 
permet pratiquement de doubler le rendement. 

Les hydroxylaudanosines sont facilement synth6tisCes par la rCduction 
catalytique du mCthochlorure de papav6rinol (2)' obtenu par la transformation 
du mCthiodure B l'aide du chlorure d'argent. Nous avons pr6parC ce mCthio- 
dure avec un rendement de 86% en faisant r6agir le papavbrinol et  l'iodure de 
mCthyle sous pression et  en purifiant le produit par I'intermCdiaire du per- 
chlorate. 

En appliquant la mCthode de Williamson (4) pour la preparation des 
Cthers nous avons rCussi avec d'excellents rendements la synthhse de quelques 
Cthers du papavkrinol en faisant bouillir B reflux une solution benzCnique d'un 

1iLfanuscrit r e p  le 69 septembre 1954. 
Contribution d z ~  Dbpurtement de  Chimie de  Z'Universitb Laual, Qubbec, Qub. 
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halog6nure d'alkyle ou d'aryle en prCsence du sel de sodium du papavkrinol. 
Nous avons ainsi obtenu les Cthers n-propylique, n-hexylique, e t  n-dCcylique 
(11, R = C3H7, CoHla, et CIoH21) identifiks sous forme de perchlorate, e t  l'kther 
benzylique (11, R = CH2CoH5) caractkrisb sous forme de picrate. Les rende- 
ments variept de 85 B 100%. 

D'autre part, par l'action de chlorures d'acide sur les hydroxylaudanosines 
en prksence de pyridine comlne agent de condensation nous avons synthCtisit 
quelques esters. L'acktyl-salicylate de l'a- e t  les benzoates de l'a- e t  de la 
P-hydi-oxylaudanosine (111, I i  = CoH.I(OCOCH3)C0 e t  CoH5CO) ont Ctk 
obtenus B l'6tat solide. Les autres esters, le butyrate de la P- et t'isovalkrate et 
le caproate de l'ac-hydroxylaudanosi~le (111, R = CaH7C0, Me2CHCH2C0, 
CH3(CH2)4CO), qui se skparent A l'ktat liquide, ont Ctk purifiks sous forme de 
picrates. Les rende~nents varient de 25 B 50%. 

PARTIE EXPBRI ~\~IENTALE 
Papave'rinol 

A de la papavkrine (25.0 g., 0.073 mole) dissoute dans l'eau (125 ml.) e t  
l'acide acktique (25 ml.) est ajoutke une solution d'acktate mercurique (50 g., 
0.156 mole) dans l'acide acetique diluk (150 ml. d'acide 1 : 5). AprPs &tre laissC 
B la tempkrature ambiante pendant 24 h. le mklange est maintenu dans un bain 
d'eau B 70°C. pendant deux heures, refroidi, dkbarrassb par filtration de 
l'acktate mercureux e t  additionnC d'acide chlorhydrique diluC (250 ml. d'acide 
1 : 4). On porte la suspension sur bain-marie e t  on sature B chaud par un 
courant lent d'hydrog2ne sulfur& Le prCcipit6 de sulfure de mercure est filtrit 
e t  lavk B l'acide acktique diluk (50 ml. d'acicle 1 : 4) e t  le filtrat alcalisC B la 
soude e t  extrait au chloroforme. Le ritsidu de papavkrinol brut obtenu apri.s 
1'Cvaporation A sec de la solution chloroformique sur bain-marie est dissous 
dans l'alcool Cthylique (150 ml.) e t  la solution acidulke (pH2) B l'acide per- 
chlorique A 70%. Ida perchlorate de papavkrinol prCcipite sous forme de sel 
jaune pur de p.f. 201-202°C. Rendement: 96.7% (32.5 g.). CalculC pour 
C20H2z09NC1: C,  52.7%; H,  4.9. Trouvk: C, 52.5%; H ,  4.83%. 

Le papaverin01 est libkrk en alcalisant B la soude la suspension du perchlorate 
dans I'eau chaude. I1 est ellsuite extrait au chloroforme e t  la solution chloro- 
for~nique est skchke e t  kvaporke B sec. Le r6sidu fournit apr&s une cristallisation 
dans l'alcool kthylique le papavkrinol pur de p.f. 138°C. Iiendement: 86% 
(22.5 g.). 
Mkthiodure de papavkrinol 

Du papavkrinol (10.0 g., 0.028 mole) e t  de I'iodure de mkthyle (30 ml., 
0.48 mole) sont chauffCs.pendant quatre heures dans une bouteille B pression 
dans un bain d'eau B 80°C. Le mClange est refroidi, 1'exci.s d'iodure de ~nCthyle 
est rkcupitrk par distillation, et le rCsidu broyC dans l'acktone (environ 50 ml.). 
La suspension est filtrCe et le mkthiodure lavk avec une quantitk additionnelle 
d'acktone (50 ml.). Rendement: 89.5% (12.6 g.). 

IIydroxylaudanosines 
Du mCthiodure de papavkrinol (78 g:, 0.153 mole) dans I'alcool B 50% 

(250 ml.) est transform6 en mCthocl~lorure par ritaction sur bain-marie avec du  
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I 

chlorure d'argent fraichement pr6cipitk (30 g., 0.2 mole). Le m6thochlor~1~-e 
cst cristallisi: clans l'alcool Pthyliclue, p.f. 205-206°C. Renclement: 97% 
(60.0 g.). Ce 1n6thochlorure (0.168 mole) en solution clans I'alcool m6thylique 
aqueux (400 ml., 5 : 3) est rkduit cntalyticlue~nent 8 55°C. SOLIS pression (2-3 
atmosphPres) en pr6sence cle 3.0 g. d'un 1116lang.e hydrosyde cle pall ac 1' 1u1n - 
carbonate de calcium 2t 20y0 de PcI(OH)~. Le catalyseur est filtri:, le filtrat 
concentre sous pt-ession rkduite, clil~16 A. environ 100 rnl., e t  renclu alcalin par 
la s o ~ ~ d e  B 30%. Les hydroxylaudariosines PI-Ccipitkes sont filtrbcs, s6chCes, e t  
CI-istallis6es dans l'alcool absolu (200 ml.). L'Q-l~yclrosyla~~clai~osine pure cle 
p.f. 138°C. est obten~le  apr6s ulle seule cl-istallisation. Re~lclement: 4L.7% 
(23.0 g.). Les eaux-m6res saturkes pal- un courailt cle gaz chlorh~.cI~-iclue scc 
clon~lent le chlorhydrate cle la p-hydroxyla~~cla~~os i~~e  de p.l. 235°C. dont la 
base elle-m&me de p.f. 109°C. est lib6ri:e. Rendemcnt du chlorhydratc: 24.5% 
(15.0 g.). 

Ethers dzs pnpaakri,zol 

On fait I-(tagir 8 rellux, pendant 10 h.,  du  pnpavkrinol (1.0 g., 0.003 mole) 
avec Lln morceau cle soclium (environ un gramme) clans clu benzene anhydre 
(25 ml.). On I-etil-e I'exces clc soclium, on ajoute le bromure ~ l ' a l l i ~ l e  011 cl'aryle 
( I  ml.), et  on chauffe de  nouveau a reflux pendant cincl heul-es adclition~lclles. 
On chasse ellsuite sous vide partiel le benz&ne et l'esc&s de bron~ul-e c t  on 
dissout clans I'kther (10-15 ml.). L'extrait Cth61-6 est filtrk, 6vapor6 B sec sur 
bain-marie, et  le rPsidu clissous dans l'alcool 6th)-licl~te (10 1111.). 011 pr-Ccipite 
ensuite, suivant le cas, soit sous for~ne cle pel-chlorate en aciclul:unt 8 111-1 2 
avec cle l'acide perchloriclue B 'iOyO ou sous forme cle picrate en ajoutant une 
solution saturke d'aciclc picriclue dans I'alcool (10 ml.). On filtre, lave le pr6- 
cipit6 avec cluelques millilitres cl'ilcool, e t  011 cristallise le perchlorate clans un 
n16lange alcool-clioxane (4 : 1) et  le picrate clans l'nlcool. Les renclements 
varient clc SS 100yc. 

Les r6sultats cle ces synthi-ses sont clonn6s dans le tableau 1. 

Carbone. % Hydrogi.ne, % 
Ethers Rend.. R P.f., OC. Solvnnt Pormule 

brute Calc~lli: TrouvC CalculC Trouv6 

71-Propyle* 90 145-150 Alcool-cliosane C231-I.:aOqNCI 5 5 . 5  55.3 5 . 7  G .  l 
(d(.c.) 4 : I  

4 . 1  

~ e n ~ y l e t  100 126-127 Alcool CJ~II~OO:NI  58 7 58 9 4 5 4 9 

I 
"Les  donnbes sont celles dti perchlorate. . 
t L e s  do?zne'es so?zt celles d z ~  picrate. 

I 

1 Les  rendentents ont 6th calczllbs d'aprds la  qtin?tlitt? de sel brut prbcipitb. 
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Esters des Izydroxylaz~danosines 
De l'hydroxylaudanosine (0.5 g.), de la pyridine (0 5 ml.), e t  du chlorure 

I 

d'acide (0.5 ml.) sont chaufl6s sur bain-marie pendant quelques minutes e t  
laiss6s B la temperature ambiante pendant 12 11. La gomlne for1n6e est tritur6e 
dans l'eau (5 ml.) e t  agitke avec 1'6ther (trois fois avec 10 1111.) jusqu'Bl'obtention 
d'une solution limpide. Les extraits 6th6rks sont rejetCs et la partie aqueuse 
est dilube B environ 15 ml. et filtrCe. I,e filtrat est neutralis6 par un exces de 
bicarbonate de sodium. Le benzoate e t  l'acktyl-salicylate prkcipitent B l'ktat 
solide e t  sont purifibs dircctement par cristallisation dans un solvant appropri6. 
Les autres esters se s6parent sous forme d'huile e t  sont identifi6s par la forma- 
tion cl'un picrate. L'ester est dissous dans l'alcool bthylique (5 ml.). Cette 
solution alcoolique est si-chke sur clu sulfate de sodium anhydre, filtrke, et le 
picrate de l'ester est prkcipitb par l'addition d'une solution alcoolique satur6e 
d'acide picrique (5 ml.). Le picrate est filtr6, lav6 avec quelques inillilitres 

I d'alcool, e t  recristallis6 dans un solvant appropri6. Les rendements varient 
I de  25 B 50y0. 

Les r6sultats des synth&ses de ces esters sont donn6s dans le tableau 11. 

REMERCIEMENTS 

Les auteurs remercient le Conseil National cles Recherches et llOffice des 
Recherches de la Province de QuCbec pour I'aicle financi6re accordbe B I'un 
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I d'eux (J.-L. F.) sous forme de bourse ou cl'octroi de recherches. 
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ESSAI DE SYNTHESES PSEUDOPHYSIOLOGIQUES DE 
6,7-DIMETHOXYISOQUINOL~INES~ 

L'acide dimCthy1 cliI1yclrocaf6ic~i1c, 11eug6nol glycol, Ic m6thyleug6nol glycol, 
cg I'?Icl6h)~cle I I O I I I O \ ~ ~ S ~ ~ I . ~ ~ ~ I ~  o n t  6t6 synth6tis6s par ilne nouvelle s6rie cle 
reactions. En aucun cas, il a kt6 possible cl'isoler irne autre base qirc I'amine de  
d6p;lrt lors cles essnis clc conclensation, clans des conclitions psei~dopl~ysiologiq~res, 
de I ' l~omovPra i r~~laminc  e t  de  la S -1~~6 t t~y l l~omo\~6ra t ry1~~1n inc  avcc divers 
alc1Chytles ct  cetoncs bicn que la r6cup6ratio11 clc la base ne tl6passe jamais 84%. 
En d6pit cle certaincs pretentions il scmble donc que pour toute fin pratiqlre 
cc mode de condensation soit irr6alisable n1.e~ ccs amines e t  cl'ailtres clu m&me 
genre ?I moins qne les groupemcnts 11ydroz)~lcs clc I'amine nesoient  ?I I'dtat librc. 

A la suite de la synthPse cle la tropinone par Robinson (1.2) plusieurs pr6- 
parations d'alcaloides o i ~ t  kt6 etiectukes i j z  vitro h pastir de substances sup- 
posbes &trc dcs procluits cle dkgradation cles acicles animks. Ces synth6ses 
pseudophysiologiques s'effectuent simplement en laissant skjourner 5 la tem- 
p&-ature ambiante les substances de dkpart dans des solutions tampons. 

Parnii les substances synth6tis6es de cettc fason il  convient de ~nentionncr 
la lobelamine (IG), la pseuclopelletikrine (IG), la rutkcarpine (IS), la tkloidinone 
(13), et le t6trali~~clroliarmane ( 5 ) .  D a m  le gl-oupe de la quinolkine Schopf et 
Lehmann (15) ont rkussi la pr6paration cle quinolkines 1110110- et bi-su11stituL:es 
en position 2 et 3 A partir cle 1'0-nminobe1~zalcl~11~~cIe (I) et dc cbtones (11, 
R1 = H ou gsoupe a1lq.k; R! = CI-1:; ou groupe arllle) ou d'acicles 0-c6toniclues 
(11, R1 = CO?H; R2 = groupe alkylc ou arylc). Dans la s6rie cle l'isoquinolkine 

Schopf et Bayerle ( I  4) ont rkalisk la condensation de l'acide aceticlue avec deux 
amines: la~-(3,4-dil~~-clroxyp1~kn~~l)-kth~~lan~i1e (111, R1 = R2 = RJ = H) et la 
N-mkthyl-~-(3,4-dil~~-clros~~ph6n~)-6tli~~lamine (111, R1 = CH3; R2 = R3 = H) 
tandis que Schopf e t  Salzer (17) ont rkussi la synth&se cle la 1-(3'4'-methy- 
li.nedioxybenzyl)-6,7-dil~yclrosytktral~yclroisoq~1inolkine (V,R, = R2 = OH;  
R3R4 = CH202) A partil- ~ L I  pipbronal (11, R2 = H ;  R1 = 3,4-mkthylsne- 
dioxyphknyl) et de la P-(3,il--dihydroxyphknyl)-kthylamine (111, R1 = Rz 
= R3 = H). 

A la suite de ces travaus Schopf (1-1) a 6mis l'hypothese que la rkussite des 
synthPses physiologiques de dCrivCs de la tCtrahydroisoq~1inol6ine h partir des 

'Manzlscrit r e ~ l  le 29 septembre 1854. 
Contr?bzltzon dal Ddpartetrrent de Clrrti2ie de 1' Universztd Laval, Qabdbec, Qzli. 
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FERIIOS ET L'ECUYER: SYNTI-IESES PSEUDOPIIYSIOI,OGIQUES 103 

CI-I 2 

I 
/\ &., 

~-ph6ny16thylamil~es esige la 131-6sence de groupements hydrox~~les libres en 
position "pnrcz". Par contre, Hahn et Schales ( B ) ,  all6guant que la presence 
dans la na t~ l re  C I ' L I ~  grancl nombre cl'alcaloides rn6th~-l6s contl-eclisait la pr6- 
tention de Schopf, ont entrepris la condensation cle 1'1101l1011ip6ro11al avec 
l'homopip61-onylamine e t  ont affirm6 avoir is016 la 1-(3,4-m6tl1yl@neclioxy- 
be11zyl)-6,7-m6tl1yl&neclioxyt6tral1~~cl1-oisoquinol6i11e (17, RIR? = R3Re = 

CH,O?). 
Spath et ses collaborateurs (20) par ailleurs rapportent qu'ils ant tent6 de 

r6p6ter les travaux cle Hahn e t  Schales (6) et qu'ils n'ont pas r6ussi B isoler le 
j~roduit de condensation. 11s co~lcluent C I L I ~  lcs prbtentions de EIahn ct Schales 
sont fausses. Spath, cle plus, nttribue h I'instabilit6 en milieu acide de I'homo- 
vCratraldi.h)de et cle la base cle Schiff interm6diai1-e (VI) la inillite clc ces essais 
de contlensation clans ces conditio~ls aussi bien q ~ l c  le faible I-endcment obtenu 
en e f fec t~~ant  la synth&se de la t6trah~~dropapav61-ine chaud en PI-6sence 
d'acicle chlorhyclriq~~e concentl-6 (1 9). 

En face de I'hypoth&se de Schopf, tles pr6tentions tle Hahn, ct cles avanc6s de 
Spath, i l  convenait d'6tutlier e t  de tentel- cl'6claircir ce probl&rne. Kous avolis 
essa)-6 quatre sbries de synth&ses physiologiclues avec l'l~omov6ratrylamli11e 
(111, R1 = H ;  R2 = R:! = CH3) et la N-1116tl~yll~o1nov6rat1-yla1ni11e (111, 
RI = I<? = R:( = CH3) comme a~llines cle d6pa1-t: 

( I )  condensation de 11homov6rat~-ylarnine avec l'ho1nov6ratrald611yde; 
(2) condensation de la X-mi.tl1~~ll~ornov6ratrylamine avec l'homov6ratral- 

d6hycle; 
(3) condensation de la N-mkth~~lhomov&rat~-ylamine avec la benzald6hyde; 
(4) condensation de la ~ - n ~ 6 t l ~ y l l ~ o m o v 6 r a t 1 - ~ ~ l a m i n e  avec la formaltl6hyde, 

11ac6tone, et l'ac6tald6hyde. 
Nous avons pr6par6 I'homov6ratrylamine en suivnnt la rn6thode de Fries e t  

Bestian (4) q ~ ~ i  consiste A d6composer l'azide de l'acitle dim6tl~yldil1ydrocaf6- 
ique. Celui-ci avait d6jA kt6 pr6parC (11) par la r6cluction de l'acide non satur6 
par l'amalgarne de sodium. Nous l'avons facilement obtenu en rendements 
quantitatifs par la r6duction catalytique de l'acide caf6ique en pritsence de 
chlorure de palladium dispersC sur du noir animal. 

La N-m6thyll101nov6ratrylamine a 6ti. synth6tisi.e en suivant la m6thode 
de Buck (I) .  Son picrate a un p.f. de 1'75°C. et non de 162-163°C. comme le 
donne I'auteur. 
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L'alclkhyde homovCratrique a cl6jA Ctk synthetise par ozonisation du methyl- 
eugenol suivie de la rkduction de l'ozonicle correspondant (7). Nous l'avons 
prkparC par l'oxydation du mkth~deugknol glycol au tetraacktate de plomb. 
Quant B ce glycol, il peut s'obtenir par l'oxydation du m6thyleugCnol au per- 
manganate de potassium (9). Nous avons prkfkrk le preparer par la mkthylation 
clu groupement phenolique de 1'eu~Cnolglycol ?i l'aide de l'iodure de inethyle. 

Enfin, nous avoils synthktisk avec un rendement de 90% I'eugknolglycol par 
I'oxydation de I'acCtate d'eugknol A l'acide performique, suivie de la saponifi- 
cation des groupements acktyle e t  formyle. Freudenberg (3) avait prkparC ce 
glycol A partir de l'eugknol par une serie de quatre reactions difficiles avec un 
rendement final de seulement 43%. 

PARTIE EXPERIMEN'TALI.: 

Acide  dime'tkyldilzydrocafe'ique 

De I'acide dimethylcafeique (41.6 g., 0.2 mole) est dissous dans la soude 
(100 ml. de solution 2 10%) et la solution est rkduite catalytiquement sous 
pression (2-3 atmosph6res) B la temperature ambiante en presence d'un 
melange chlorure de palladiun~ - noir animal (5.0 g. A 8% de chlorure de 
palladium). Le catalyseur est rkcuperk par filtration et le filtrat acidule. 
L'acide qui prkcipite est filtre, bien lave A l'eau, et sCch6. Rendement: 99% 
(41.8 g.) d'acide pur de p.f. 97OC. 

N-MLthy  lhomove'ratvy lamine 

Cette amine est prkparke A partir de l'hon~ovkratrylamine (9.82 g., 0.055 
mole) et de l'aldkhyde benzoique (5.75 g., 0.055 mole) selon le mode opkratoire 
dkcrit par Buck (1). Rendement: 69% (11.95 g. d'iodhydrate). La N-mkthyl- 
homovkratrylamine forme un picrate de p.f. de 175°C.; Buck (1) donne 
162-163°C. Calculk pour C17H2009N : C, 48.1%; H ,  4.7%. 

Ez~g6nolglycol 

De I'acktate d'eugknol (31.7 g., 0.15 mole), de l'acide formique A 90% 
(320 ml.), et du peroxyde d'hydrog6ne A 30% (32 ml.) sont introduits clans un 
ballon. Une rkaction exothermique s'amorce immkdiatement et la tempkrature 
monte lentement A 40°C. On maintient le mklange rkactionnel A cette tem- 
perature ( & l a c . )  d'abord par immersion intermittente dans un bain d'eau 
froide et ensuite, lorsque la vitesse de la rCaction a diminuk, par introduction 
dans un bain d'eau A 40°C. On laisse 2 cette temperature pendant deux heures 
et ensuite A la tempkrature ambiante pendant 12 h. On distille les acides for- 
mique et performique sous vide partiel, on dissout le rksidu dans l'alcool 
mkthylique (100 ml.), e t  on saponifie en faisant bouillir A reflux pendant 
30 min. avec de l'hydroxyde de potassium (40 g. cn solution dans 50 ml. d'eau 
e t  100 ml. de methanol). L'alcool e t  l'eau sont ensuite kvaporks sous vide partiel 
e t  le rksidu dissous dans l'acide chlorhydrique dilue (75 ml. d'acide 2 : 1). La 
solution acide est extraite A I'acktate d'kthyle (cinq portions de 100 ml.), les 
extraits combinks sont skchks sur du sulfate de sodium anhydre, filtrks, et 
concentrks. Le glycol brut est distill6 sous pression rkduite. Rendement: 
90% (27.9 g.) de glycol pur de p.6. 146"C./0.0003 mm. Le glycol a kt6 identifik 
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IV3IIRON ET L'ECUYER: SYNTHESES PSEUDOPHYSIOLOGIQUES 105 

par la formation du tribenzoate de p.f. 100°C. CalculC pour C31H?bo7: C, 73.1y0; 
H ,  4.9%. Trouvit: C, 72.9%; H, 5.2%. 

Me'thyleug~nolglycol 
On dissout du sodium (3.3 g.) dans l'alcool mitthylique anhydre (25 inl.) e t  

B la solution de n16thylate de sodium, on ajoute une solution d1eug6nol glycol 
(27.9 g., 0.14 mole) dans du m@tl~anol anhydre (100 ml.) e t  de l'iodure de 
m6thyle (46 g., 0.32 mole). On fait bouillir la solution 2 reflux jusqulB ce qu'elle 
devienne acide au tournesol. L'alcool est alors distill6 sur bain-marie e t  le 
ritsidu dissous dans l'eau (environ 50 ml.). La solution aqueuse est rendue 
alcaline par addition de quelques millilitres de soude concentrite e t  extraite 
B l'alcool amylique (trois portions de 100 ml.). L'extrait est sCchC, l'alcool 
amylique chassk sous vide partiel, e t  le m6thyleug6nol glycol distill6 sous 
pression ritduite. Rendenlent: 74.5y0 (22.3 g.) de p.6. 134"C./0.0003 mm. 

Alde'hyde homove'ratriqz~e 

Du m6thyleug6nol glycol (19.97 g., 0.094 mole) est dissous dans le benzhe  
(250 ml.) et introduit dans un ballon 2 trois tubulures muni d'un agitateur 
mCcanique e t  d'un condensateur 2 reflux. A cette solution bien agitite on ajoute 
B I'Cbullition du tCtracittate de plomb (41.5 g., 0.094 mole) en portions de 2 2 3 g. 
Lorsque l'oxydation est terminite (15-20 min.) la suspension est refroidie, 
11ac6tate de plomb filtrk, le filtrat lav6 2 l'eau, ~6~116 sur du sulfate de sodium 
anhydre, e t  concentr6. Le ritsidu d1ald6hyde homovkratrique est distill6 sous 
pression ritduite. Rendenlent: 67.5% (11.34 g.); p.6. 125"C./1.5 mm. 

L'aldkllyde a 6tC identifi6 par la prbparation de la p-nitrophCnylhydrazone 
de p.f. 158-159°C. (8) e t  de la 2,4-dinitroph6nylhydrazone de p.f. 172°C. 
Calculk pour CIGH~GOGN~: C, 53.3%; H ,  4.5%. Trouv6: C, 53.6%; H ,  4.3%. 
Essnis de synthhses physiologiqz~es 

Les expbriences ont 6t6 faites en mklangeant les rkactifs de d6part dans des 
solutions tampons. Trois skries de solutions tampons ont 6t6 pr6parCes. 1,es pH 
ont kt6 vkrifi6s par mesure Clectromi-trique et les valeurs ont @tC trouv6es 
exactes B f 0.05. Voici ces m6langes tampons: 

S ~ R I E  A:  Phosphate disodique e t  acide citrique (10) 
hio pH i'\;a?HPO., 0.2 111 C6HsO7 0.1 114 
1 4.2 8.28 ml. 11.72 ml. 
2 5 . 2  10.72 1171. 9.28 ml. 
3 6 . 2  12.63 1111. 7.37 ml. 

SBRIE B: Phthalate acide de potassium et hydroxycle de s o d i ~ ~ m  (2) 
NO pH NaOH 0.2 ill I C H C ~ H ~ O ~  0.2 nr 

1 4.2 3.65 ml. 50.0 1111. 
2 5.2 29.75 ml. 50.0 ml. 
3 6.6  47.00 ml. 50.0 ml. 

SBRIE C: Acide acdtique e t  acdtate de sodium (21) 
Ko PH C H I C O ~ H  0.2 iV CH3CO?Na 0.2 fV 
1 5.2 4.0 ml. 16.0 ml. 

Dans le tableau I oh sont conlpil6s les r6sultats observits, ces m6langes tampons 
sont identifiks par la lettre de la sitrie suivie du numkro de la solution. 

A chacune des solutions tampons mentionnites dans le tableau sont ajout6s 
de l'amine peske exactement (environ 0.5 g.) e t ,  suivant le cas, de la c6tone 
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(3) Ces rbsultats nCgatifs confirment le point de vue de Schopf qui veut que 
les groupcments oxydriles dans I'hon~ovCratrylamine doivent &re libres pour 
que la condensation avec les aldChydes ou les cCtones puisse se faire dans des 
conditions pseudophysiologiques. 
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A COMPARISON OF THE PROPERTIES OF PENTAACETATES 
AND METHYL 1,2-ORTHOACETATES OF GLUCOSE AND 

MANNOSE1 

ABSTRACT 

The rates of eschange of acetate-concurrent with anomcrization-between 
the C1-acetoxy groups of the pentaacetates (0.05 116) of D-glLIco~e and D-mannose 
and stannic trichloride acetate (0.05 Ad) in chloroform containing stannic chloride 
(0.05 ill) were determined a t  40°C. using isotopically labelled acetate. l,2-trans- 
a-D-AIIannose pentaacetate underwent eschange seven times more rapidly than 
the p-l,2-cis-anomer but eight times less rapidly than 1,2-tra~~s-f l-~-gl1lcose 
pentaacetate. The latter compound was 450 times lnorc reactive than the a-I,?- 
cis-anomer. In accordance with these results, the D-mannose pentaacetate 
underwent n~ercaptolysis in ethyl lnercaptan containing zinc chloride a t  rates 
intermediate to those found for the D-glucose pentaacctates. The main product 
from the mannose pentaacetates was in each case ethyl l,2-tmns-a-D-1-thioman- 
nopj~ranoside tetraacetate (60-70% yield). Tetra-0-acetyl-p-D-glucopyranosyl 
chloride with silver acetate gave 0-D-glucose pcntaacetate when the reaction 
mas carried out in dry acetic acid but  gave 2,3,4,6-tetra-0-acetyl-a-D-gl~~cose 
in 90Yo aqueous acetic acid. Tetra-0-acetyl-p-D-glucopyranosyl chloride with 
methanol and silver carbonate gave a sirupy product with the properties expected 
for methyl 1,2-ortho-0-acetyl-a-D-gl~~copyranose triacetate. The substance 
was hydrolyzed by 0.005 AT hydrochloric acid in 95% diosane 18 tinles more 
rapidly than the corresponding derivative of p-D-mannose. The significance of 
these observations toward an understanding of the effect of configuration on 
reactivity is discussed. 

INTRODUCTION 

The technique developed by the authors ( l l ) ,  in which the exchange- 
concurrent with anonlerization (13)-of acetate between the C1-acetoxy group 
of a sugar acetate and SnC130rlc* (labelled in the carboxyl group with carbon- 
14), was applied to the pentaacetates of D-mannose and D-glucose. In these 
experiments the non-radioactive 'sugar acetate (I) is treated in chloroform 
solution with equi~nolar amounts of stannic chloride and the radioactive 

I1 
(s(+) = Sugar acetate carbonium ion) 

lA!fanuscript received Septetnber 7, 1964. 
Contribution frotn the National Research Council of Canada, Prairie Regional Laboratory, 

Saskatoon, Saskatchewan. Issz~ed as Paper No. 180 on the Uses of Platzt Products and as N.R.C. 
No. 3463. 

2Present address: DeNrtntent of Clzemistry, University of Ottawa, Ottawa, Ontario. 
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stailnic trichloride acetate. At various times thereafter, the prevailing sugar 
derivatives (11) are isolated and their radioactivity is determined. I t  was 
sho\vn (I I) for the D-glucose pentaacetates that  the exchange is specific for the 
C1-acetosy group. The salrle situation is assumed for the D-mnnnose penta- 
acetates. The reaction rates obtained obvio~isly are a measure of relative ease 
of bringing about dissociation of the C1 to acetoxy group bonds of the various 
sugar acetates whether or not anomerization talies place prior to the disso- 
ciation. 

The eschange data obtainecl for the pentaacetntes of D-~nannose and D- 
glucose a t  40°C, are plotted in Fig. l. I t  is seen that,- a t  least for the initial 

T IME.  (hours)  

FIG. 1. Rates of eschal~ge of sugar acetates (0.05 dl) with labelled stannic trichloride 
acetate (0.05 M) in the presence of stannic chloride (0.05 IM) in chloroform solution. 

Plot 1-0-D-glucopyranose pentaacetate 
2-a-D-mannopyranose pentaacetate 
3-p-~-mannop)~ranose pentaacetate 
4-a-~-glucopyra1lose pentaacetate 

stages, the exchange reactions follow the siniple exponential law expected for 
simple isotopic exchange reactions (2). The data from duplicate runs starting 
with the rnannose pentaacetates are plotted in order to illustrate the repro- 
ducibility of these esperiments. The relative rates of exchange at 40°C. 
obtained by comparing the slopes of the curves in Fig. 1 are listed in Table I. 

TABLE I 
RELATIVE RATES OF I':XCIIANGE OF THE Cl-.\CETOXY GROUP OF SUGAR ACETATES (0.05 iW) 
WITH SIIC~~O.IC* (0.05 M )  IN THE PRESENCE O F  SllClr (0.05 1M) IN CIILOROBORlf AT 4OoC. 

Pentaacetate of Relative rates of reaction 
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LP1MIEU.Y .IXD BIIICE: GLUCOSE A N D  MXNKOSE 111 

Thus, as found in other similar investigations (7), the rate of C1 to acetoxy 
group clissociation of sugar acetates is strongly affected by the relative con- 
figurations of all the asyinilletric centers in the molecule. 

The stereochemical route of the reaction of a sugai- acetate with ethyl 
mercaptan catalyzed by zinc chloride (9) is readily established since the 
acetylated ethyl 1-thioglycosides url~icll are forinecl are highly resistant to  
anoinerization. Thus, the mercaptolysis of a sugar acetate can yield informa- 
tion on neighboring group participation in replacements of the C1-acetoxy 
group. R'lercaptolysis of either a -  or ~-D-mai lno~e  pentaacetate for 50 hr. a t  
0°C. gave ethyl a-D-1-thiomannopyrailoside tetraacetate. The  yield was 70y0 
from the 0-D-pentaacetate and GOYo froill the a-D-anomer. Inspection of the 
residual sirups, after deacetylation, by preparative paper chromatography led 
in each case to the isolatioil of ethyl 0-D-1-thioinannopyranoside in approxi- 
mately 0.15% yielcl. Therefore, as was previously founcl (9) for the D-glucoSe 
pentaacetates, both the D-mannose pentaacetates yield essentially only the 
1,2-trans-1-thioglycoside. Fried and Walz (3) have established the pyranoside 
s t ruct~ire  for ethyl 0-D-1-thiomannop>~ranoside tetraacetate. We have estab- 
lished the pyranoside structure of the a-D-anomer (111) by reductive clesul- 
phurization to form styracitol tetraacetate (IV). The  latter conlpound was also 
obtained by reductive cles~~lphurization of ethyl 0-D-2-tl~iofructopyranoside 
tetraacetate (V). The retention of configuration obtained on mercaptolysis of 

the a-u-mannose pentaacetate indicates the participation of a neighboring 
group in the first stage of the reaction. The fact that  I,2-trans-tetra-0-acetyl-a- 
D-mannopyranosyl halides yield 1,2-orthoacetates under the conditions of the 
Koenigs-Iinorr reaction (1, 15 p. 83) supports this contention. The  simple 
Walden inversioil obtained on inercaptolysis of 0-D-mannose pentaacetate may 
be the result of an SN2 type replacement. I-Iolvever, other possible mechanisms, 
such as anoinerization prior to mercaptolysis or the formation of interinecliate 
carbonium ions which have a tendency to form the a-D-thiomannoside cannot 
a t  present be excluded. 

Lemieux (9) found that  B - D - ~ ~ U C O S ~  pentaacetate unclergoes mercaptolysis 
much more rapidly than does the a-D-anoinei-. I t  was seen above with reference 
to Table I that  a similar lvicle difference in reactivity exists for these con~pourids 
in undergoing exchange of the C1-acetoxy group with stanilic chloride acetate. 
I t  was therefore of interest to coinpare the relative rates a t  which the D- 
mannose pentaacetates undergo mei-captolysis with those found for the 
exchange reactions. The  rates of mercaptolysis were measured as described 
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previously (9) and the data are plotted in Fig. 2 where the data for the D- 

glucose pentaacetates are also included. I t  is important to note a t  this point 

I I I I I I I I 

I I I 1 I I I I 
0 8 16 2 4  

T I M E ,  ( h o u r s )  

FIG. 2. A comparison of the rates of mercaptolysis (9) of sugar acetates a t  O°C. 
Plot 1-(3-D-glucopyranose pentaacetate (9) 

2-(3-D-mannopyranose pentaacetate 
3-0-D-mannopyranose pentaacetate 
4-a-D-glucopyranose pentaacetate (9) 

that these rates of mercaptolysis are only a very rough measure of the rates 
of ethyl I-thioglycoside tetraacetate formation because of the presence of side 
reactions which yield materials with higher sulphur contents. I t  will be seen 
below that  this is particularly true for the D-mannose pentaacetates. The 
plots in Fig. 2 show that, unlilce the D-glucose pentaacetates, the D-mannose 
pentaacetates undergo mercaptolysis a t  not widely different rates. These 
results are roughly in agreement with those expected on the basis of the 
relative rates of exchange listed in Table I and show that  the rates of exchange 
can be used as an indication of the ease of replacing the Cl-acetoxy group of 
sugar acetates. 

The data plotted in Fig. 3 show that an increase in temperature from O°C. 
to 20°C. for the mercaptolysis of the D-mannose pentaacetates is accompanied 
by a large increase in the extent of side reactions. One of the by-products 
possessed, after deacetylation, the formula C12H2604S:,. The material may be 
epimeric to the 2-deoxy-2-ethylthio derivative of D-glucose diethyl thioacetal 
which was obtained in small yield on the mercaptolysis of the D-glucose penta- 
acetates (9). 
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LEMIEUX A N D  BRICE: GLUCOSE .4ND MANNOSE 

I I I I I I 

T I M E ,  (hours )  

FIG. 3. The effect of temperature on the mercaptolysis of 8-mannose pentaacetate (plots 1 
and 3) and of a-mannose pentaacetate (plots 2 and 4). 

The high reactivity of P-D-glucose pentaacetate as compared to  the a-anomer 
in undergoing dissociation of the C1 to acetoxy group bond catalyzed by  acids 

CL-CH I A ~ O C H  

Ag+ + IlOAc + 
I 

HCOAc - H]kc-cH3 - HCOAc 
I 

HCO 
I 

VII 

I 
OCHl 

I 
H CO 

I 
I \ /OH 

H COH Hrx 1 /C\ ----+ H COAc 

H y o  a 1 3  H CO CH 3 

I 
I 
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has been attributed to participation of the C2-acetoxy group in the case of 
the 1,2-trans-P-D-anomer (9, 11). We now wisl~ to  present further evidence 
for the participation based on the behavior of tetra-0-acetyl-P-D-glucopyranosyl 
chloride (VI) under conditions for solvolysis. This substance is readily obtained 
in high yield by reacting P-D-glLIcoSe pentaacetate with an equivalent amount 
of titanium tetrachloride in benzene for only five minutes a t  40°C. The authors 
have described the nature of this reaction in a previous publication (11). The 
chloride (VI) reacted extremely rapidly with silver acetate in dry acetic acid 
to  form P-D-glucoSe pentaacetate (VIII). However, when water was present in 
the reaction mixture, the product was strongly dextrorotatory, soluble in water, 
and readily yielded crystalline 2,3,4,6-tetra-0-acetyl-a-D-glucose (X). This 
was to be expected on the basis of the conclusions reached by Isbell and Frush 
(8). Winstein and Roberts (19) have recommended the procedure as a general 
test for carbonium ions derived through neighboring acetoxy group participa- 
tion. Thus, the orthoacid (IX) was an intermediate in the reaction. I t  is of 
interest to note that the fact that  this substance rearranged a t  least in part 
to the tetraacetate (X) indicates that 1,3,4,6-tetraacetyl-a-D-glucose (12) should 
possess a tendency to rearrange to  the 2,3,4,6-tetraacetate (X). Schlubach and 
Wolf (17) have prepared the tetraacetate (X) by reaction of tetra-0-acetyl-P- 
D-glucopyranosyl chloride with silver carbonate in moist acetone. 

When tetra-0-acetyl-0-D-glucopyranosyl chloride (VI) was reacted with 
silver carbonate in dry methanol, a highly acid-labile sirupy product was 
obtained which possessed the properties expected for methyl 1,2-ortho-0- 

TABLE I1 
RATES OF IIYDROLYSIS OF SUGAR ORTHOACETIZTGS 

The orthoester, 50 rngrn., was dissolved a t  zero time in 3.16 ml. of 0.005 iV h)~tlrochloric acid 
in 95y0 diosane and the solution was observed a t  room temperature, 23.5'C., in a 2 dm. tube. 

-- -- 

t ,  ~nin .  Observed rotation k ,  rnin.-I 

Mefltyl1 ,Z-ortlto-0-acelyl-cu-~-gIt~copyrnjtose triacetntc 
0 f2.06" (Calc.) 
4 3.25 
5 :3 .37 

1,2-Ortho-O-ncetyl-P-~-111(1?1~1opyrn?20.~~ trincrkrtc (1) 
0 - 1 012' (Calc.) 

10 -0 860 
20 -0.765 
40 -0 560 
60 -0 430 
90 -0 270 

120 -0.164 
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LEMIEUX AND BRICE: GLUCOSE A N D  MANNOSE 11.5 

acetyl-a-D-glucopyranose triacetate (XI) .  Tha t  is, although acid hydrolysis 
gave four acetyl groups per methoxyl group, only three of the acetyl groups 
could be detected by saponification. Furthermore, the substance was extremely 
sensitive to acid hydrolysis-a fact which is characteristic of sugar orthoesters 
(15). Thus,  there can be no doubt that  the substance was methyl 1,2-ortho-0- 
acetyl-a-D-glucopyranose triacetate (XI) .  Unfortunately, the substance has 
not crystallized. 

The  rates of hydrolysis of both the D-glucose orthoacetate (XI)  and the well- 
known methyl 1,2-ortho-0-acetyl-P-D-mannopyranose triacetate ( I )  in 95% 
clioxane 0.005 N with respect to hydrochloric acid were determined polari- 
metrically. The  data,  given in Table 11, show that  the D-glucose derivative is 
hydrolyzed 18 times faster than the D-mannose compound. This is reminiscent 
of the relative reactivities noted above for the 1,2-trans-pentaacetates of 
D-glucose and D-nlannose. Wiustein and co-morliers (18) have established the 
inherent stability of 1,2-cyclic carbonium ions of structure XI I .  Consequently, 
i t  seems likely that  the hydrolysis of 1,2-cyclic orthoacetates proceeds by way 

of such ions and that  the higher reactivity of both 0-D-glucose pentaacetate 
and the D-glucose orthoacetate (XI)  as compared to the corresponding deriva- 
tives of D-mannose is due in each case mainly to a greater stability of the 1,2- 
cyclic ion (VII) from D-glucose than for the corresponding ion (XII I )  from 
D-mannose. This could be the result of a steric inhibition to  resonance in the 
D-mannose carbonium ion (XII I )  wllicll is not present in the D-glucose car- 
bonium ion. I t  is of interest to note that  the presently described methyl 1,2- 

CHX-Cj+j 

AcO 

ortho-0-acetyl-a-D-glucopyranose triacetate (XI)  appears to be about five 
times more sensitive to acid hydrolysis than the corresponding derivative of 
D - ~ ~ U C U ~ O ~ ~ C  acid methyl ester ( 5 ) .  
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The greater reactivity of p-D-mannose pentaacetate over a-D-glucose penta- 
acetate both toward exchange (see Fig. 1) and mercaptolysis (see Fig. 2) may 
well be due to a weakening of the C l  to acetoxy group bond in the mannose 
derivative through the steric strain which should arise from the presence in this 
compound of four large substituents on one side of the ring. I t  has been sug- 
gested (6, 14) that the anomalous A-values which are obtained when Hudson's 
rules of isorotation are applied to anomeric mannose derivatives may be due 
to  the occurrence in these compounds of internal strains which force the 
molecules into unusual conformations. 

EXPERIiLIENTAL 

Rates of Exchange 

Stannic chloride, freshly distilled in a dry atmosphere, 3.30 gm. (12.6 mM.), 
was dissolved in 50 ml. of pure dry chloroform. Dry radioactive silver acetate, 
1.045 gm. (6.25 mM.), 163,000 counts per min., was added and the mixture was 
refluxed in a dry apparatus for 20 min. The silver chloride mas removed by 
filtration and was washed twice with 20 ml. volumes of the dry chloroform. 
The combined filtrates were diluted to 100 ml. The sugar acetate, 0.489 gm. 
(1.25 mM.), was dissolved in about 3 ml. of dry chloroform in 25 ml. volu- 
metric flask. At zero time, exactly 20 ml. of the SnC130Ac* - SnCI4 solution 
was added a t  40°C. and the solution was diluted to  25 ml. After the various 
reaction times, a 4 ml. sample was removed and plunged into 50 ml. of cold 
water. The mixture was extracted three times with chloroform. The chloro- 
form extracts were washed in succession with sodium bicarbonate solution 
then with water, combined, and dried over sodium sulphate. The chloroform 
was removed in  vacuo to j-ield a sirup which was dried a t  60°C. in a high 
vacuum. The sample was converted to  barium carbonate for counting a t  
infinite thicltness (11). Evidence was obtained (11) tha t  stannic chloride reacts 
quantitatively with silver acetate. Therefore, complete exchange of the C l -  
acetoxy group of the sugar acetate with the stannic trichloride acetate thus 
formed would be expected to  yield sugar acetate with a radioactivity of 
163,000 X 167/2 X 16 X 197 = 4300 counts per min. when counted as 
barium carbonate. The results plotted in Fig. 1 were calculated on this basis. 

Rates of Mercafitolysis 

The rates of mercaptolysis were determined as previously described (9). 

~~ercafitolysis of p-D-i?Iannose Pentaacetate 

Pure, dry p-D-mannose pentaacetate, 2.00 gm., was dissolved a t  0°C. in 
10 ml. of dry ethyl mercaptan which contained 1.00 gm. of anhydrous zinc 
chloride. The solution was left a t  O°C. for 48 hr. and the product was isolated 
as previously described (9). Crystallization from ethanol gave 1.36 gin. (68y0 
yield) of crude ethyl a-D-1-thiomannopyranoside tetraacetate, m .p. 98-10G°C. 
The substance was pure, m.p. 10T-108°C., [a]D+lO1O (c, 0.6 in chloroform), 
after two recrystallizations. These constants are in close agreement with those 
reported by Fried and Walz (3), m.p. 107-108°C., [a]2+104° (c, 0.88 in 
chloroform). 
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LEMIEUX A N D  BRICE: GLUCOSIS AND MANNOSE 117 

The mother liquors from the crystallizations were combined and evaporated 
to  sirup, 0.75 gm., which was deacetylated with sodium methylate in d ry  
methanol. Inspection of the product by partition chromatography on paper 
using butanol-ethanol-water (5 : 1 : 4) showed the presence of seven zones. 
The approxiillate XI values were: I ,  0.04; 11, 0.12; 111, 0.17; IV, 0.51; V, 0.64; 
VI, 0.75; VII,  0.87. The  zones were detected on the paper by the periodate- 
permanganate spray reagent developed in this laboratory (10). Substance I11 
appeared to be mannose and,  as  is shown below, substances IV and V were the 
p- and a-ethyl I-thiomannopyranosicles, respectively. 

The  deacetylated product was dissolved in water and the solution was 
extracted three tiines with ether. A very small amount of material, m.p. 
108-llO°C., was deposited on evaporation of the ether. The  melting point was 
not depressed by the substance described below which was obtained in the 
same manner from a-D-mannose pentaacetate. The  substances responsible for 
zones IV and V in the above chroinatograms were isolated by preparative 
paper chromatography of the material which remained in the aqueous phase. 
The compounds were acetylated with sodium acetate and acetic anhydride for 
crystallization. Zone IV gave 2.7 mgm. of a substance, m.p. 159-16O0C., 
which must be (see below) ethyl P-D-1-thiomannopyranoside tetraacetate, 
m.p. 161-162°C. Zone V gave 49 mgm. of pure ethyl a-D-1-thiomannopyrano- 
side tetraacetate, m.p. 106-107°C. 

When the mercaptolysis was carried out a t  room temperature for 23 hr., the 
yield of crude ethyl a-D-1-thiomannopyranoside tetraacetate was 60%. 

ilfercaptolysis of a-D-il4annose Pentaacetate 

~~Iercaptolysis of 2.00 gm. of a-D-mannose pentaacetate under the above 
conditions led to the direct isolation of 1.18 gm. (59% yield) of crude ethyl 
a-D-1-thiomannoside tetraacetate, m.p. 98-104°C. The residual sirups were 
treated as described above. The  same pattern was obtained on paper chroma- 
tography. The ether extraction gave enough of the by-product for purification 
and analysis. After recrystallization from water, the material melted a t  110.5- 
111°C. Calc. for C121<2604S3: C,  43.61; H ,  7.93; S, 29.1%. Found: C ,  43.61; 
H ,  7.88; S ,  28.1%. Zone IV gave, after acetylation, 3.0 mgm. of a substance, 
m.p. 157-160°C. This material was combined with the same material described 
above for a measurement of the specific rotation. The value, -65" (c, 0.05 in 
chloroform), is in good agreement with that ,  [a],-67" (c, 0.67 in chloroform), 
reported for ethyl /3-D-1-thiomannopyranoside tetraacetate, m.p. 161-162°C. 
(3). 

1 ,5-Anhydro-D-rnannitol (Styracitol) 

The ethyl a-D-1-thiomannopyranoside tetraacetate, 300 mgm., was treated 
with 6 ml. of settled Raney nickel in 30 ml. of 70% aqueous ethanol and the 
mixture was refluxed for 4.5 hr. The  catalyst was removed by  filtration and 
washed with hot ethanol. The combined filtrates were evaporated i n  vacuo to  
sirup which was deacetylated in methanol solution with dry ammonia. Solvent 
removal gave a sirup which soon crystallized. Recrystallization from methanol 
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gave 100 mgm. of material, m.p. 154.5-155OC., [ ~ ~ ] ~ - 5 0 "  (c, 0.9 in water). 
The constants for styracitol are, m.p. 155-156"C., [a],-50" (c, 1 in 
water) (3). 

Reductive desulphurization of ethyl p-D-2-thiofructopyranoside (20), 1.00 
gm., under the above conditions and deacetylation of the product gave a sirup 
which crystallized after repeated extractions with ether. Recrystallization from 
methanol gave 91 mgm. of pure styracitol, m.p. 154-15S0C., [aID-50.5" 
(c, 0.4 in water). The melting point was unaffected by the styracitol froin the 
a-D-thiomannoside. 

Tetra-0-acebyl-P-D-glucopyranosyl Chloride ( VI) (11, 16) 

A solution of pure dry P-D-glucose pentaacetate, 10 gm., in 50 ml. of dry 
benzene was mixed a t  40°C. with 50 ml. of benzene which contained 5 gm. 
(3 ml.) of titanium tetrachloride. After five minutes, when some yellow pre- 
cipitate still remained, the mixture was poured into 150 ml. of ice water. After 
the mixture was vigorously shaken, the benzene layer was isolatecl and washed 
first with aqueous sodium bicarbonate solution and then with water. The 
benzene solution was dried for a few minutes over sodium sulphate and then 
evaporated in vacuo to a sirup. The sirup was dissolved in ether and Skellysolve 
F was addecl to turbidity. On standing a t  O°C., 6.5 gm., 68% yield of essentially 
pure tetra-0-acetyl-P-D-glucopyranosyl chloride, m .p. 90-95"C., [DID - 20.3" 
(benzene), was deposited. Recrystallization from the same solvents yielded 
pure material, m.p. 95-97"C., [a],-22" (c, 1 in chloroform). Schlubach (16) 
has reported tetra-0-acetyl-0-D-glucopyranosyl chloride to melt a t  99-100°C. 
with [a]:- 13.0" (c, 1 in chloroform). 

2,3,4,6-Tetra-0-acetyl-a-D-glz~copyranose (X) (4, 17) 

Tetra-0-acetyl-P-D-glucopyranosyl chloride, 0.5 gm., was added to 10 ml. of 
dry acetic acid which contained 0.5 gm. silver acetate and the mixture was 
shaken a t  room temperature. Judging from the rate a t  which silver chloride 
was formed, the reaction was conlplete within one or two minutes. After 10 
min., the silver salts were removed by filtration and the filtrate was evaporated 
to sirup, 0.539 gm., which crystallized completely. The material was pure 
p-D-glucopyranose pentaacetate (VIII) after one recrystallization from 
ethanol. 

The reaction was repeated with the exception that  90% aqueous acetic acid 
was substituted for the glacial acetic acid. The product was strongly dextro- 
rotatory, [a]D + 110" (90% aqueous acetic acid), and crystallized readily from 
ether-Skellysolve F.  The material, n1.p. 89-9G°C., [a]D+138" (c, 0.44 in chloro- 
form), melted a t  96-98°C. after one recrystallization from the same solvents. 
Calc. for C14H2001,): acetyl, 49.5%. Found: acetyl, 51.1%. Georg (4) has 
reported 2,3,4,6-tetra-0-acetyl-a-D-glucose to melt a t  99-100°C. with [a]D 
+135" (c, 4 in chloroform). When the reaction was carried out in ordinary 
glacial acetic acid, the product, [a]D+5g0 (acetic acid) was found to contain 
about equal amounts of 2,3,4,6-tetra-0-acetyl-D-glucose and / ~ - D - ~ ~ u c o s ~  
pentaacetate. 
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Methy/ 1 ,2-Ortho-0-acetyl-a-D-glucopyranose Triacetate ( X I )  
Tetra-0-acetyl-p-D-glucopyranosyl chloride, 1 gm., mas shalten with 50 ml. 

of dry methanol which contained 1.5 gm. of freshly prepared dry silver car- 
bonate for 50 min. a t  room temperature. The solids were removed by filtration 
and washed with benzene. The combined filtrates were evaporated below 12OC. 
to  a sirup which mas dissolved in benzene. The solution was clarified by filtra- 
tion and evaporated to a sirup, [a],+65O (c, 0.9 in chloroform) which was 
dried in a high vacuum a t  room temperature. Calc. for methyl 1,2-ortho-0- 
acetyl-a-D-glucopyranose triacetate, C15Hze01o: methoxyl, 8.56%; acetyl by 
saponificatio~l, 35.647,; acetyl by acid hydrolysis, 47.51%. Founcl: inethox).l, 
8.30%; acetyl by saponification, 37.3, 37.3%; acetyl by acid hydrolysis, 17.6, 
46.37,. 
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A MECHANISM FOR THE ANOMERIZATION OF ACETYLATED 
ALKYL GLYCOPYRANOSIDES1 

ABSTRACT 

Unequivocal evidence that the anomerizztion of acetylated alkyl glycopyrano- 
sides can proceed by way of a n  intramolecular mechanism was obtained 

.I hrough the observation that a racemic misture of methyl 0-glucopyranoside tetra- 
acetete with the D-isomer labelled in the methosyl group with carbon-14 is 
anomerized both by titanium tetrachloride and boron trifluoride without transfer 
of radioactive methoxyl groups to the L-isomer. I t  is submitted that these intra- 
molecular anomerizations are best rationalized as the result of an unsuccessful 
attempt by the environment to bring about glycosidic cleavage and proceed by  
way of 211 ion-pair intermediate in which the anion is derived from the aglycon 
group. 

INTRODUCTION 

In 1928, Pacsu reported that methyl P-D-glucopyranoside tetraacetate was 
transformed to the a-anomer by refluxing a solution of the substance in chloro- 
form containing either stannic chloride (20) or titanium tetrachloride (21). 
Titanium tetrachloride was the more effective catalyst and the method has 
found wide application for the preparation of alkyl glycosicles anomeric to the 
form obtained by the I<oenigs-I<norr reaction with stable 1,2-cis-0-acetyl- 
glycosyl halides (11, 14, 21, 22, 24). In 1944, Lindberg (10) showed that the 
0-acetylated ethyl P-glycopyranosides of D-glucose and cellobiose are rearranged 
to the a-anomer by heating a solution in benzene with hydrogen bromide and 
mercuric bromide. In 1948, Lindberg (11) reported the anomerization of a 
number of 0-acetylated allcyl P-D-glucopyranosides in chloroform solution 
with boron trifluoride as catalyst. Recently, Reeves and Mazzeno (25) have 
used titanium tetrachloride to anomerize a variety of P-D-glucopyranoside 
tetrabenzoates. 

In 1944, Montgo~nery et al. (17) found that a solution of methyl a-D- 
arabinopyranoside triacetate in a mixture of 4yo sulphuric acid in 7 : 3 acetic 
anhydride - acetic acid changed in rotation from -19' to - 114' in one 
minute and declined to an equilibrium value of -25" a t  the end of 20 min. 
When the experiment was interrupted a t  the rotation peak of -114", a 14% 
yield of methyl P-D-arabinopyranoside triacetate was obtained. In more recent 
years, Lindberg has studied the polarimetric rates for the reactions of a variety 
of P-D-glucosides (12, 13, 14), P-D-galactnsides (I) ,  and p-D-xylosides (2) in 
10 : 3 mixtures of acetic anhydride - acetic acid with sulphuric acid as  catalyst. 
In most cases there was a rapid increase in rotation followed by a decrease to a 
constant value. The reaction products a t  maximum rotation gave ethyl, iso- 
propyl, and tertiary butyl a-D-glucopyranoside tetraacetates in 60, 70, and 

Manuscript received September 7 ,  1954. 
Conlriba~lion from the National Research Cozlncil of Canada, Prairie Regional Laboratory, 

Saskatoon. Saskatchewan. Issued as Pafier No. 179 on the Uses of Plant Products and as N.R.C. 
No. 5462.' 

2Present address: De$arlment of Chenzistry, University of Ottawa, Ottawa, Ontario. 
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30% yields, respectively (12), and ethyl a-D-galactopyranoside tetraacetate in 
55% yield (1). Thus, it was apparent that the initial rapid rise in rotation was 
related to the formation of the a-anomer. I t  is to  be noted that  Leinieux et al. 
(9) have shown that these polarimetric rates are complex expressions which 
are not susceptible to  simple interpretation. For example, it was found (9) 
that although the change in rotation on the acetolysis of inethyl P-D-gluco- 
pyranoside tetraacetate did not clearly pass through a maximun~, the a- 

glucoside content did pass through a maximum in GOYo yield. Montgomery 
et al. (18) have observed that  methyl a-D-glucopyranoside tetraacetate was 
formed when the p-anomer was treated with an excess of phenol which con- 
tained either zinc chloride or p-toluenesulphonic acid. 

I t  mas apparent that the anomerization of acetylated alltyl glycosides pro- 
ceeds by way of an intramolecular mechanism since the only attractive alter- 
native mode of reaction was by way of intermediate carbonium ions and this 
was unliltely because of the presence in the environment of a large excess of 
nucleophilic substances when the reaction takes place under conditions for 
acetolysis or phenolysis. Lindberg (12) concluded that  the reactions are 
intramolecular on the basis that he was able to isolate isopropyl a-D-gluco- 
pyranoside tetraacetate and ethyl a-D-cellobioside heptaacetate in G6 and 75% 
yields, respectively, on isomerizing a mixture of isopropyl P-D-glucopyranoside 
tetraacetate and ethyl 0-D-cellobioside heptaacetate using titanium tetra- 
chloride in chloroform. However, considering the rather low yields obtained, 
this evidence was not compelling in the absence of information on the relative 
rates for the anomerization of the two P-glycosides since it was possible that  
one of the anomerizations mas substantially finished before the other was well 
under way. Unequivocal evidence appeared desirable since Lemieux and 
Brice (6) have forind that stannic chloride rapidly dissociates P-D-glucopyranose 
pentaacetate to  acetate and carbonium ions during the process of bringing about 
anomerization. Obviously, a similar situation could be anticipated for the 
interaction of the related acetylated glycosides and titanium tetrachloride. 
We have now obtained unequivocal evidence that  acetylated inethyl gluco- 
pyranosides are not dissociated under conditions for anomerization and that  
the anomerization must therefore proceed by way of an intramolecular mech- 
anism. This was accomplished by anomerizing a racemic mixture of methyl 
p-glucopyranoside tetraacetate with the methoxyl group of the D-isomer 
labelled with carbon-14. Both boron trifluoride and titanium tetrachloride 
were used as catalysts. Analysis of the products by the method of isotopic 
dilution showed in both cases that  all the radioactivity was in the methyl 
a-D-glucopyranoside tetraacetate portion. 

Lindberg (12) has proposed that  the anomerizations proceed by way of a 
ring-opening-ring-closing mechanism. The ring-opening stage was considered 
to lead either to  a carbonium ion or a dipolar ion depending on whether or not 
the acid catalyst was positively charged. As was indicated above, such a 
mechanism is unlikely in view of the ability of the anomerization to  proceed 
under conditions for acetolysis or phenolysis. The present authors believe that  
a more plausible mechanism can be postulated based on the recent discovery 
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occurrence of an intermediate carbonium ion of this type in replacements a t  
the anomeric ccntcr of sugar derivatives. On this basis and the fact that ,  as 
pointed out by Winstein and Schreiber (28), the ion-pair phenomenon can in 
principle be present in all processes which involve neighboring group partici- 
pation, the aiiomerization of glycosides can be envisaged to  proceed by way of 
either one of the two possible ion-pair intermediates represented by the for- 
mulas 11 and 111. The postulation of the ion-pair (11) would be a refinement 
of the mechanism proposed by Lindberg (12). However, the present authors 
submit tha t  the available evidence favors the ion-pair 111. First of all, i t  is 
lioteworthy that  Hiclrinbottom (5) has shown 3,4,6-tri-0-acetyl-P-D-gluco- 
pyranosyl chloride to undergo anolnerizatiorl as well as glucoside formation 
when dissolvecl in methanol. There can be no doubt tha t  in this case the C1 to 
chlorine bond was the bond to be disrupted and the occurrence of ano~nerizatio~l 
in the presence of methanol precludes the presence of a solvated carbonium ion 
intermediate. Therefore, an ion-pair of the type depicted by structure I11 was 
most probably an intermediate for the reaction. Secondly, evidence for an 
intermediate of type I11 is provided by the effect of changes in the aglycon on 
the behavior of the compound under conditions for anornerization. The iso- 
topic dilution analysis for methyl a-D-glucopyranoside tetraacetate in the 
product from the anornerization of the p-anomer which is described in the 
experimental portion of this paper shows tha t  when titanium tetrachloride 
was used as  catalyst, the yield of a-anomer was 76%. Reynolds (26) found 
that  carboethoxymethyl P-u-glucopyranoside tetraacetate is not anomerized 
when treated with titanium tetrachloride in chloroform but  instead is con- 
verted to tetra-0-acetyl-a-D-glucopyranosyl chloride in high yield (75%). 
Pacsu (21) has shown that  P-D-glucopyranose pentaacetate is converted to  the 
latter compound by titanium tetrachloride. Lemieus and  Brice (6) have shown 
tha t  the first reaction product is tetra-0-acetyl-P-D-glucopyranosyl chloride. 
Unsuccessful attempts to anomerize phenyl p-D-glucopyranoside tetraacetate 
are mentioned in the literature (15, 18). However, no experimental details 
wcrc reported. We have found tha t  phenyl /3-D-glucop)7ranoside tetraacetate is 

122 C A N A D I A S  JOURNAL O F  CHEMISTRY. VOL. 33 

by Winstein and associates (27, 28) of ion-pair intermediates in a wide variety 
of rearrangements. 

The  great ease with which an electronegative substituent (X) can be 
replaced from the a-carbon of an ether has long been recognized and has been 
attributed to the participation of the ether oxygen in the dissociation of the 
carbon to  X bond which results in the formation of a resonance stabilized 
carbonium ion (I). Several investigators (4, 6, 12, 10, 23) have suggested the 
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A (ac id  cztalys2) 

! 

much more resistant to change by titanium tetrachloride than is methyl 
p-D-glucopyranoside tetraacetate and has little, i f  any, tendency for anomeriza- 
tion. TI~LIs,  while the conversion of methyl P-D-glucopyranoside tetraacetate t o  
the a-anomer using an equimolar amount of titanium tetrachloride in boiling 
chloroform was complete within one hour, the much more drastic co~lditions 
of a threefold greater amount of titanium tetrachloride and six hour reaction 
time did not change more than 52y0 of phenyl p-D-glucopyranoside tetra- 
acetate. When the product from the latter reaction was treatecl with silver 
acetate in acetic acid, little silver chloricle was formed. This product, GOYG yield 
by weight, specific rotation -5.9' in chloroform, was found by chromato- 
graphy to  comprise a t  least 81y0 starting material ancl 870 a-D-glucopyranose 
pentaacetate. Therefore, little, if any, phenyl a-D-glucopyranoside tetra- 
acetate was formed. This result was not due to  an unexpectedly high reactivity 
of the latter compound since under the same co~lditions for anomerization this 
substance was recovered in %yo yield. Reeves ancl Mazzeno (25) have recently 
shown that  0-nitrophenyl P-D-glucopyranoside tetrabenzoate is Inore prone 
to  glycosiclic cleavage than to  a~lomerization by titanium tetrachloride by 
finding that  the substance was converted to  tetra-0-benzoyl-a-D-glucopyranosyl 
chloride in 44y0 yield. Lemieux et al. (7) have recently shown that  the ano- 
merization of P-D-glucopyranose pentaacetate in a 0.5 M solution of sulphuric 
acid in 1 : 1 acetic acid - acetic anhydride mixture a t  25OC. proceeds only to a 
very small extent by way of an intramolecular mechanism. On the other hand, 
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Lemieux et al. (9) have shown that under the same conditions methyl P.-D- 
glucopyranoside tetraacetate passes into the a-form approximately four times 

with d i l l i cu l t y  -, Separated ions 

0 ( - 1  ,o 

~to>c \ !n ,  1 1 Separated ions 

V 

[cn3 -c<:) 0 1 H 1) A C  1 ,-) readi iy  
Separated ions 

I-o -. ,/ ![+'I readi ly  --------t Separated ions 

HCOAc 

more rapidly than it is cleaved to form P-D-glucopyranose pentaacetate. These 
experimental facts appear to be best rationalized by assuming that both 
anomerization and glycosidic cleavage result from an attack by the acid 
catalyst a t  the aglycon group. When the aglycon group is derived from an 
anion such as alkylate ion (IV) where charge localization is high, a large 
proportion of the interactions can reasonably be expected to lead to a fairly 
stable ion-pair of structure 111 which can collapse to the a-glycoside instead of 
leading to separated ions. On the other hand, it is reasonable that ion separation 
leading to glycosidic cleavage should be extensive when the anion of the ion- 
pair can dissipate the negative charge through resonance as in the case for the 
carboethoxymethylate (V), acetate (VI), and phenolate (VII) ions. 

EXPERIMENTAL 

Methyl p-D-Glucopyranoside Tetraacetate 
The substance was prepared labelled with carbon-14 in the methoxyl group 

by the procedure of Lemieux and Shyluk (8). B-n-Glucopyranose pentaacetate 
(1.77 mM.) was added to 9 ml. of dry benzene which contained 1.8 mM. of 
stannic chloride and 1.77 mM. of radioactive methanol. The solution was kept 
a t  40°C. for one hour and the reaction product was isolated in the usual way 
(8). The substance was pure, m.p. 101.5-105"C., after three crystallizations 
from methanol and when counted as barium carbonate a t  infinite thickness 
possessed a radioactivity of 98,000 counts per minute. 
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Methyl P-L-Glucopyranoside Tetraacetate 

L-Glucose, 1 gm., was converted to  sirupy tetra-0-acetyl-L-gl~lcopyranosyl 
bromide by the procedure of BBrczai-Martos and K6rosy (3). The sirup was 
reacted with dry methanol, 30 ml., in presence of silver carbonate, 2 gm., a t  
room temperature for 10 hr. The product was isolated in the usual manner and 
crystallized from 3 ml. of methanol to  yield 1.06 gm. of crude methyl P-L- 
glucopyranoside tetraacetate, m.p. 103-104.5°C. The substance was pure after 
three recrystallizations from methanol, m.p. 104.8-105.2°C., [a]i5+19.3 (c, 1 in 
chloroform). 

Methyl a-L-Glucopyranoside Tetraacetate 

Methyl P-L-glucopyranoside tetraacetate, 700 gm., was dissolved in 45 ml. 
of pure chloroform and the solution was saturated with dry boron trifluoride 
(11). The reaction mixture was allowed to stand a t  room temperature for 
24 hr. and was then poured into saturated aqueous sodium bicarbonate solu- 
tion and the product was isolated in the usual way. The substance, 350 
mgm., was pure after three recrystallizations from ethanol, m.p. 102-102.5°C., 
[a]i6 - 130.5 (6, 1 in chloroform). 

Anomerization Catalyzed by Boron Tri9uoride 

Methyl P-D-glucopyranoside tetraacetate labelled in the methoxyl group 
with carbon-14, 11.04 mgm., 98,000 c.p.m., and non-radioactive methyl 
P-L-glucopyranoside tetraacetate, 9.98 rngm., were dissolved in 2 ml. of pure 
chloroform and the solution was saturated with boron trifluoride. After 24 hr. 
a t  room temperature, the reaction product was isolated in the usual manner 
(11). A sample of the sirupy product, 8.3 rngm., was mixed with 101 mgm. of 
pure methyl a-D-glucopyranoside tetraacetate for crystallization from ethanol. 
After six recrystallizations from ethanol, the substance melted a t  101.5- 
102.5"C. and possessed a radioactivity of 3560 c.p.m. when counted as barium 
carbonate a t  infinite thickness. The radioactivity was unchanged, within 
experimental error, by further recrystallization. The radioactivity expected 
on the basis of an intramolecular mechanism and quantitative yield was 
3860 c.p.m. The product: of the anomerization, 7.8 rngm., was mixed with 
99.5 mgm. of pure methyl a-L-glucopyranoside tetraacetate for crystallization 
from ethanol. After seven recrystallizations the melting point was 102-102.5°C. 
and the radioactivity was insignificant, 6 c.p.m. 

Anomerization Catalyzed by Titanium Tetrachloride 

Methyl P-D-glucopyranoside tetraacetate labelled in the methoxyl group 
with carbon-14, 10.9 rngm., 98,000 c.p.m., was dissolved in 0.3 ml. of pure 
chloroform which contained an equal amount of non-radioactive L-isomer. The 
solution was mixed with 0.3 mgm. of 0.2 M titanium tetrachloride in chloro- 
forill and the container was sealed for heating a t  61°C. for five hours. The pro- 
duct was isolated in the usual way (21) and dissolved in 50 ml. of chloroform. 
The resulting solution was divided into two equal portions which were evapor- 
ated to yield two samples of dry sirupy product each weighing 11 mgm. One 
sample was diluted with 86.8 mgm. of non-radioactive methyl a-D-glucopyrano- 
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side tetraacetate for crystallization as described above in the anomerization 
using boron trifluoride. After seven recrystallizations, the material, 1n.p. 102- 
103'C., possessed a radioactivity of 4420 c.p.in. radioactivity expected 
on the basis of an intra~nolecular mechanism and quantitative yield was 
5840 c.p.m. The  other sample of reaction product was mixed with 85.9 mgm. 
of methyl a-I>-glucopyranoside tetraacetate and the mixture was recrystallized 
six times from ethanol to  yield material, 111.p. 101.5-102.5'C., which possessed 
insignificant radioactivity, 16 c.p.m. 

Rate of A7zomerization Catalyzed by T i tan ium Tetrachloride 
At zero t i~ne ,  equal amounts, 0.G in]., of 0.2 M solutions of inethyl P-D- 

glucopyranoside tetraacetate and titanium tetrachloride in pure chloroforn~ 
were mixed in glass tubes which were immediately sealed and placed in a water 
bath controlled a t  61°C. After each of the various reaction t j~nes,  a tube was 
placed in about 50 ml. of saturated aqueous bicarbonate solution contained in 
a stainless steel bealcer and smashed with a heavy steel rod. The pi-ocluct \vns 
isolated by extraction with chloroform in the usual manner. The rotatioils of 
the procluct, measured in chloroform, were as  follows: after 30 min. reaction 
time, +90°; 60 mill., 112'; 90 rnin., 111'; 120 ~n in . ,  113'. 

Attempt to Anomevize Phenyl  i3'-~-Glucopyranoside Tetraacetate 
Dry phenyl P-D-glucopyranoside (8) tetraacetate, 424 mgm. (1 mi\/I.) \vas 

added to  a solution of 3 I ~ M .  of titanium tetrachloride in 10 ml. of pure chloro- 
form and the mixture was refluxed for three hours. The brown colored solution 
was added to ice-water mixture and the resulting mixture was extracted four 
times with chloroform. The  cl~loroform extracts were \vashed once with sodium 
bicarbonate solution, then with water, clriecl, and evaporated to a sirup which 
possessecl a strong oclor of phenol. The product was dissolvecl in 10 ml. of d ry  
acetic acid \\.hich contained silver acetate (1 inNI.) ancl the mixture was 
sha1;en a t  GO°C. for one hour. There appeared to  be little reaction. The silver 
salts were removed by filtration and the filtl-ate was aclcled to water befoi-e 
extraction lirith chloroform. The \vashed ancl dried chloroform estract was 
evaporated to  n crystalline residue, 252 mgm. yielcl (GOY0 by \veight), [ff]D 
-5.9" in chloroform. Chroinatography on ;\iIagnesol~-Celite (5 : I )  accorcling 
to the proceclure of NIcSeely et al. (16) afforcled 204 mgm. of essentially pure 
starting material, m.p. 123-125'C. and 20 mgm. oi a-D-glucopyranose pcnta- 
acetate which was identified by mixed melting point, infrared spectra, and 
rotation. 

When phenyl a-D-glucopyi-anosicle tetraacetate (181, 424 mgm., was treated 
under the above conditions, the material was recovered in essentially pure 
cond i t i o~~ ,  m.p. 110-112°C., [a],+ 161' in chloroiorin in D5Yo yield. 

The authors are grateful to  Carol Brice for valuable technical assistance 
and to  A. C. Neish for lcindly donating the I<-glucose used in this worl;. 
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T H E  SOLVOLYSIS O F  T H E  ALPHA- AND BETA-3,4,6-TRI-0- 
ACETYL-D-GLUCOPYRANOSYL CHLORIDES' 

BY R. U. LEMIEUX~ AND G. H U B E R ~  

ABSTRACT 

3,4,6-Tri-0-acetyl-P-D-glucopyranosyl chloride was found to  undergo solvolysis 
in acetic acid to  form 1,3,4,6-tetra-0-acetyl-or-~-glucopyranose as the main 
reaction product. The much less reactive a~lomeric or-chloride also appeared to  
undergo solvolysis with extensive inversion of the anomeric center. I t  is sub- 
mitted that the tendencies for inversion obtained in these ionic reactions are due 
to  the conformations imposed on the intermediate ions through distribution of 
the positive charge to  the ring oxygen and the consequent introduction of 
double-bond character to  the carbon-1 to  ring-oxygen bond. 

INTRODUCTION 

I t  is now clear that the retention of configuration which is obtained in the 
replacement of the halogen atom of 1,2-trans-acetohalogenosugars (fully 
0-acetylated 1,2-trans-glycopyranosyl halides) by  acetate is due to the partici- 
pation of the C2-acetoxy group in the dissociation of the C1 to halogen bond 
(9, 10, 11). The high degree of inversion which usually is obtained in reactions 
of 1,2-cis-acetohalogenosugars could of course be the result of an SN2 displace- 
ment-type mechanism. Isbell and Frush (8) have rationalized the formation 
of methyl P-D-glucopyranoside tetraacetate from a-acetobromoglucose in 
about 94y0 yield on this basis. This view has recently been challenged by 
Newth and Phillips (15) who suggested instead that these reactions proceed by 
way of carbonium ions with the positive charge distributed to the ring oxygen. 
Lindberg (14) had earlier produced kinetic evidence that the reaction of a- 

acetobromoglucose with water in acetone catalyzed by mercuric acetate was 
ionic in type. Chapman and Laird (5) have pointed out that some of the 
arguments used by Newth and Phillips are not acceptable and reported evidence 
that the reaction of 1,2-cis-acetol~alogenosugars with aini~les usually is bi- 
molecular in poorly solvating media. The present authors have recently shown 
(13) that the reactions of both the a-  and P-3,4,G-ti-i-O-acetyl-~-glucosyl 
chlorides with acetic acid containing silver acetate proceed with inversion of 
the a~loilleric centers to a high degree. I t  was pointed out (13) that these 
results were in accordance with the idea that  these reactions are of the SN2 
type. According to Hassel and Ottar (7) the /3-chloricle would be much less 
reactive than the a-anomer should these reactions in fact be of the SN2 type. 
This investigation was undertalcen to test this speculation made by Hassel 
and Ottar (7). However, the data obtained show that in all probability the 
reactions of the 3,4,G-tri-O-acetyl-~-ficosyl chlorides with acetic acicl are of 
the Slvl solvolytic type and that the P-chloride is far Illore reactive than the 
a-anomer. 

~3f(~?zzrscript rccehed Septcrtzber 7 ,  2964. 
Contribz~tio?~ ffonz the i\'(rtional Research Cotlncil of Ca?lada, T'rcliric Regionnl Leboratory, 

Saskatoo~z, Sask(~tchezoa?~. Issz~erl as  Paper ATo. 176 on the Uses of Plnut Prod~lcts  and as N.R.C. 
1Vo. 3459. 

2 P r c s c ~ ~ l  address: Departn~ent oJ Chertzirtry, Ur~i-dersily oJ of Ottrrrdc~, Ottawa, 071 trrrio. 
3iV(~tior~rrl 12esearch Council of C(~7~adn  l'ostdoctoratc F~~l low.  
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TABLE I 
POLARILIETR~C RATES FOR THE SOLVOLYSIS O F  3,4,6-TRI-0-ACETYL-8-D-GLUCOSYL CEILOlLIDE 

AT 20°C. 

Initial Observed rotation" 
Expt. Solvent concentration k X lo", mill.-'$ 

of the 8-chloride Initialf Final 

I Acetic acid 0.025 M 
2 Acetic acid 0 .05 M 
3 0.05 M potassil~m 0.025 M 

acetate in 
acetic acid 

4 0.05 M potassium 0.05 ill 
acetate in 
acetic acid 

5 7: 1 acetic acid - 0.025 114 
benzene (v/v) 

6 3 : l a c e t i c a c i d -  0 . 0 2 5 M  
benzene (v/y) 

7 0.05 ill mercunc 0.025 Jd 
acetate in 
acetic acid 

0.486 2.285 49 Z+Z 3 

0.547 2.265 36 Z+Z I 

- 2.260 Too fast l o  
measure 

"2 dnz. tube. 
f Deterwined by extrapolation. 
$Calcz~lnted zlsing the expressio?~ k = (2.SOZS/t)log[(ao - am)/(at - am)]. 

Table I summarizes the results of kinetic studies with 3,4,6-tri-0-acetyl-P-D- 
glucopyranosyl chloride (I). Experiments 1 and 2 show that the substance 
reacts rapidly when dissolved in acetic acid. The facts that the reaction 
product was strongly dextrorotatory, contained only a trace of chlorine, and 
afforded 1,3,4,6-tetra-0-acetyl-a-D-glucose in 72% crude yield show that the 
reaction proceeded to a large extent with inversion of the anomeric center. The 
results of experiments 3 and 4 show that the rate and stereochemical route of 
the reaction were unaffected by the presence of potassium acetate in the 
reaction mixture. Thus, it is clear that the rate of reaction is dependent only 
on the ionizing power of the solvent and therefore the reaction must be of the 
SN1 solvolytic type. This conclusion is supported by the observation (experi- 
ments 5 and 6) that rendering the solvent less polar by dilution with benzene 
resulted in a substantial decrease in rate of reaction. Therefore, when 3,4,6- 
tri-0-acetyl-P-D-glucosyl chloride is dissolved in acetic acid the chlorine atom 
is replaced by acetate by way  of a n  intermediate carbonium ion  with a strong 
tendency for inversion of the anovaeric center. 

In contrast to the p-anomer, 3,4,6-tri-0-acetyl-a-~-glucosy~ chloride (11) 
was too unreactive to allow the measurement of its rate of reaction in acetic 
acid. A comparison of the result of experiment 1 of Table I1 with that of 
experiment 2 of Table I shows that the a-chloride (11) is about 100 times less 
reactive than the P-anomer (I). In order to obtain convenient reaction rates in 
homogeneous solution, the Lewis acid mercuric acetate was used to catalyze 
the reaction. A conlparison of the results of experiments 3 and 4 of Table I1 
sho\vs that the addition of benzene to the reaction mixture lowered the reaction 
rate by an extent con~parable to that observed for the P-chloride. This observa- 
tion cannot be talcen as compelliilg evidence for an S,l mechanism. Never- 
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T A B L E  I1 

POLARIMETRIC RATES FOR THE SOLVOLYSIS OF 3,4,6-TRI-0-ACETYL-a-D-GLUCOSPL CHLORIDE 
AT 20°C. 

Initial Observed rotation" 
E x p t .  Solvent concentration k X lo4, rnin.-': 

o f  a-chloride Initialt Final 

1 0.05 M potassiun~ 0.05 A t  3.813 1.6007 0.69 & 0.11 
acetate in 
acetic acid 

2 0.05 M mercuric 0.05 11[ 3.999 1.600 2020 f 50 
acetate in 
acetic acid 

3 0.05 M mercuric 0.025 A(T 2.119 0.800 3310 + 180 
acetate in 
acetic acid 

4 0.05 M mercuric 0.025 M 2.095 0.806 2490 + 180 
acetate in 3: 1 
acetic acid - 
benzene (v/v) 

*,t,$See footnote .for Table I. 
Y T h e  final rotation observed i n  experiment 2. 

theless, the fact that it leads to the same conclusion as was reached by Lind- 
berg (14) and Newth and Phillips (15) in kinetic studies with a-acetobromo- 
glucose in solvating media leaves little doubt that the reaction proceeds by way 
of an intermediate carbonium ion. The polarimetric data listed in Table I1 
and the fact that 1,3,4,6-tetra-0-acetyl-P-D-glucose could be isolated from 
the product in 72% crude yield show clearly that the reaction proceeds with a 
high degree of inversion at  the anomeric center. Therefore, it can be concluded 
that like i ts  p-anomer 3,4,6-tri-0-acetyl-a-D-glucosyl chloride undergoes solvo- 
lysis with extensive inversion a t  the anomeric center. 

The fact that the reactions of the chlorides (I and 11) proceed mainly with 
inversion shows the reactions to be essentially free of neighbor group participa- 
tion. The ability of the reactions to proceed readily by way of ionic mechanisms 
must therefore be related to stabilization of the carbonium ion by interaction 
with the ring-oxygen atom (5,15). The fact that this interaction must introduce 
double-bond character to the lactol carbon to ring-oxygen bond renders possible 
an interesting rationalization of the results which in turn gains support from a 
stereodynamic standpoint. The ability of an SN1 reaction to proceed with a 
high degree of inversion must be related to the conformation of the carbonium 
ion. The introduction of double-bond character to the Cl to ring-oxygen bond 
renders possible two fairly rigid carbonium ions (I11 and IV) which differ 
only in conformation as has been suggested for cyclohexene (I). The orienta- 
tions of the substituents in these ions are such that it can be reasonably 
expected that ion I11 prefers to accept an anion on the a-side of the ring and 
that ion IV is more open to attack on the p-side of the ring. Thus, the stereo- 
chemical routes followed in the solvolyses of the chlorides can be rationalized 
on the assun~ption that the p-anomer (I) dissociates to the ion I11 while the 
a-anomer yields the ion IV. This assumption is supported by the fact that 
these reaction routes are those to be expected on the basis of the stereochemical 
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requirements for elimination established by Barton and Miller (3). Thus, the 

I preferred conformation for dissociation of the @-chloride (I) would be as shown 
where the ring-oxygen atom has a $-orbital in the same plane as the chlorine 

1 atom. This postulation appears particularly attractive when it  is considered 
that it allows rationalization of the higher reactivity of the @-chloride (I) over 
the a-anomer (11) on the basis that  the presence of the C3-acetoxy group, 
CH20Ac group, and chlorine atom in axial orientation (2) can be expected t o  
result in steric assistance to dissociation. That  is, it appears likely that  the 
achievement of the conformation I by the @-chloride through kinetic distur- 
bance should result in considerable steric pressure by the C3-acetoxy and 
CH20Ac groups on the chlorine atom and thus aid in its dissociation. Hassel 
and Ottar (7) have discussed the steric interaction which can be expected (4) 
between opposing groups in axial orientation in the sugar molecules. The 
postulate also appears attractive for the reason that  the dissociation of I to  
ion 111 involves much less reorientation of the pyranose ring than the conver- 
sion of I to ion IV and as seen above ion 111 appears necessary to  explain the 
stereochemical route of the reaction. The a-chloride (11) can be expected for 
similar reasons to  react in the conformation shown t o  form the ion IV. The  

~ implication of these ideas on the mechanism of the anomerization of derivatives 
of glucose is dealt with in another communication (12). 

Lemieux (9) has suggested that the high difference in reactivity which exists 
for the anomeric ~ -g l~copyranose  pentaacetates (which can be as great as  
450 (10)) and the acetochloroglucoses (9, 10) is due mainly to anchimeric 
assistance to dissociation by the C2-acetoxy group in the case of the more 
reactive 1,2-trans-@-anomer. The facts that the @-chloride (I)  is about 100 
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times more reactive than the a-chloride (11) and that the reaction was clearly 
free of neighboring group participation require that this idea be qualified. 
IVevertheless, the facts that inversion can be expected in the absence of 
participation of the C2-substituent and that the reactions of @-glucopyranose 
pentaacetate and @-acetochloroglucose proceed with very high degree of 
retention of configuration show clearly that C2-acetoxy group participation is 
extensive and must therefore provide an important driving force for the dis- 
sociation (16). This conclusion is strongly supported by the fact that  1,2-cis-@- 
mannopyranose pentaacetate is less reactive than the 1,2-trans-a-anomer in 
spite of the fact that the latter compound is the more stable substance (11). 
I t  is of definite interest to note that the higher reactivity of the @-chloride (I) 
over the a-chloride (11) is probably due to steric considerations which resemble 
those responsible for the higher reactivity of 0-mannopyranose pentaacetate 
over a-glucopyranose pentaacetate (11). Winstein and Roberts (17) have 
pointed out that dissociation with participation of a neighboring acetoxy group 
probably requires an axial-axial orientation as shown in formula V for @-D- 
acetochloroglucose. This consideration lends considerable weight to the idea 
that the @-chloride (I) undergoes dissociation in the conformation shown. 

In contrast to reactions in acetic acid, the reactions of the glucosyl chlorides 
I and I1 with silver acetate in dry ether led to extensive racemization of the 
anomeric center. Galtholtidze (6) has reported the preparation of 1,3,4,6- 
tetra-0-acetyl-@-D-glucose by reaction of the @-chloride (I) under these con- 
ditions. We have now shown by isotopic dilution analysis that the product 
contains 43.3% of the 1,3,4,6-tetra-0-acetyl-a-D-glucose. Reaction of the 
a-chloride I1 gave only a 44.6% yield of the Walden inversion product. These 
results are in accordance with expectation for an ionic reaction under these 
reaction conditions since solvation of the carbonium ion by ether (8) would 
lead to an equilibrium mixture of the various possible conformations for the 
carbonium ion. 

EXPERIMENTAL 

iwethods 
The kinetic studies and the determinations of radioactivity were carried 

out as previously described (10, 11). Each experiment was done in duplicate. 
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Isolation and Analysis  of Reaction Prodztcts 

Table I ,  experiment 2-the solvent was removed in vacuo and the residue 
was crystallized from ether to give a 72Yo yield of crude 1,3,4,G-tetra-0-acctyl- 
ff-D-gl~cose, m.p. 88-92°C. The melting point after one recrystallization, 
96-98"C., was not depressed by the pure a-tetraacetate, m.p. 97-98°C. (13). 

Table I, experiment 7-hydrogen sulphide was passed into the reaction mix- 
ture to precipitate mercuric sulphide and the filtrate was evaporated in vacuo 
to a sirup which was monochloroacetylated as previously described (13). The 
product was crystallized from ethanol to give a goyo yield of crude 2-0- 
monochloroacetyl-a-D-glucopyranose tetraacetate (13), m.p. 130-13G°C., 
[a],+9G0 (chloroform). The substance was characterized by imixed melting 
point determination after purification. 

The products from experiments 5 and 6 of Table I contained about 0.4% 
chlorine. Therefore, the reactions were essentially free of anomerization of the 
?-chloride (13). 

Table 11, experiment 2-hydrogen sulphide was used to precipitate mercuric 
sulphide and concentration of the filtrate in vacuo gave a sirup which was 
crystallized from ethanol. The yield was 72% of a substance, m.p. 132-135OC., 
whose melting point was not depressed by 1,3,4,6-tetra-0-acetyl-~-~-gluco- 
pyranose (13), m.p. 137-138°C. 

The 3,4,G-tri-0-acetyl-D-glucosyl chloride, 1 mM., was shaken with 2 mM. 
silver acetate in 10 ml. dry ether for 1G hr. The product, isolated in the usual 
manner, was diluted with a lcnown amount of radioactive 1,3,4,6-tetra-0- 
acetyl-D-glucose (13) of ltnown radioactivity for isotopic dilution analysis. 
Starting with the p-chloride (I) ,  the a-tetraacetate was isolated by crystalliza- 
tion and from the radioactivity it could be calculated that  it comprised 43.3% 
of the reaction product. The reaction procluct from the a-chloride (11), was 
shown to contain 44.6y0 P-tetraacetate using this procedure. 
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THE EFFECT OF CHLORINE SUBSTITUTIONS AT THE 
C2-ACETOXY GROUP ON SOME PROPERTIES OF THE 

GLUCOSE PENTAACETATES1 

BY R. U. LE>~IEUX,~  CAROL BRICE, AND G. HUBER~ 

ABSTRACT 
The effects were studied of substituting one, two, and three chlorine atoms a t  

the C2-acetoxy group of the or- and p-D-glucopyranose pentaacetates on the rates 
both of anomerization and of dissociation of the C1 to acetoxy group bond in 1 : 1 
acetic acid-acetic anhydride 0.5 i l l  with respect to sulphuric acid a t  25'C. 
In  the case of the or-anomers, the rates of anomerization appeared about equal 
t o  the rates of dissociation as measured by isotopic exchange. The 0-anomers 
dissociated more rapidly than they underwent anomerization. The difference in 
rate decreased rapidly, however, with the introduction of chlorine atoms indi- 
cating that  the tendency for C2-acyl group participation in the dissociation is 
reduced by the chlorine substitutions. Evidence was obtained that only a very 
small fraction, if any, of the C1-acetosy group of p-gli~cose pentaacetate passes 
into the or-anomer without becoming completely dissociated. I t  is pointed out 
that the data for the anomerizations can be rationalized on the basis of ionic 
mechanisms, if specific conformations are allocated to the intermediate car- 
bonium ions. 

INTRODUCTION 

The high reactivity of P - D - g l u ~ ~ p y r a n ~ ~ e  pentaacetate as compared to the 
a-anomer in undergoing dissociation of the C1 to acetoxy group bond through 
the agency of acid catalysts has been demonstrated under the following 
conditions: mercaptolysis using zinc chloride in ethyl mercaptan (4), exchange 
of acetate with stannic trichloride acetate in chloroform (j), replacement by 
chlorine using titanium tetrachloride in chloroform ( 5 ) ,  methanolysis using 
stannic chloride as catalyst in either benzene or chloroform (9), and phenolysis 
using toluene sulphonic acid as catalyst (14, 18). Lemieux (4) has pointed out 
that the high reactivity of the 1,2-trans-P-anomer is in all probability related to  
participation of the C2-acetoxy group in the dissociation. Direct evidence for 
the participation was recently obtained through the preparation of methyl 
1,2-ortho-0-acetyl-0-D-glucopyranose triacetate by reacting tetra-0-acetyl-P- 
D-glucopyranosyl chloride with methanol in the presence of silver carbonate 
(6). 

I t  was now of interest to study the effect of varying substituents a t  the C2- 
position on the dissociation of the C l  to  acetoxy group bond. The anomeric 
monochloroacetyl, dichloroacetyl, and trichloroacetyl derivatives of the 
1,3,4,6-tetra-0-acetyl-D-glucopyranoses (7) were chosen for this purpose since 
the C2-substituents in these compounds vary widely in electronegativity. 
A study was made of the behavior of these substances under the conditions for 
anomerization using 0.5 M s~llphuric acid in 1 : 1 acetic acid - acetic anhydride 

liMan~~script received September 7 ,  1964. 
Contribution from the iVationa1 Research Cozlncil of Canada, Prairie Regional Laboratory, 

Saskatoon, Saskotclzeman. Issued as Paper No. 175 on t l~e  Uses of Plant Products and as N.R.C. 
No. 3461. Presented i n  part before the Division o f  Carbohydrate Cheni~istry at the 126th Meeting 
of the American Chenzical Society, Kansas Czty, Missoz~ri, illarclz 24, 1964. 

2Present address: Department of Clzernistry, U?~.iversity of Ottawa, Ottawa, Ontario. 
3iVational Researcl8 Cozlncil of Canada Postdoctorate Fellow. 
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since Bonner ( I )  has shown these conditions to affect only the anomeric center 
and to be particularly well-suited for lrinetic measurements. Painter (17) has 
also very recently made an extensive kinetic study of the behavior of the glu- 
cose pentaacetates in acetic acid - acetic anhydride mixtures which coiltained 
suIphuric acid. 

The evidence, based mainly on qualitative infrared spectra (I) ,  that ano- 
merization of the glucose pentaacetates under these conditions leads to a 
product which contains only the a-  and 0-pentaacetates was substantiated by 
isotopic dilution analysis. The analytical results, listed in Table I ,  showed a 
composition for the equilibrium mixture which was in good agreement with the 
composition expected from its rotation. Bonner (I) has reported the equili- 
brium mixture to contain about 83y0 a- and 17y0 p-anomer. This conclusion 
was based on the rotation of the equilibrium product measured in chloroform. 
On the other hand, Painter (17) calculated the point of equilibrium from the 
kinetic data and concluded that the equilibrium mixture contains 87y0 a- and 
13y0 @-anomer. We have substantiated both of these conclusions (see Table I) 

TABLE I 

AXALYSIS OF THE REACTION MIXTURE A T  VARIOUS TIMES DURING THE ANOMERIZATION OF 
~~~NTA-~-ACETYL-~-D-GLUCOI~YR~ZNOSI~ 

T h e  anomerizations were carried out  in 1 : 1 acetic acid -acetic anhydride 0.5M wi th  
respect t o  sulphuric acid at  25°C. 

Reaction mixture Reaction p r o d ~ ~ c t  
-- 

yo a-anomer yh fi-aanomer 

(mjn . )  ragit Isotopic1 
Calc. f rom  Calc. f rom dilution 

rotation rotation analysis 

- - - -  

*The rotation for the 8-anomer (at zero t ~ , n e )  was estinzated to be +0.4g0. I n  a separate experi- 
meat ,  the rotation of the a-anonzer was estinzated to be +S.76". 

tilleasz~red i n  chlorofor?iz under the conditions where the specifLc rotation of the a-anorner i s  
+3.8" and that of the a-arzorner is +101.6". 

$Average of two analyses. 
$ B y  d~fference from the content of a-anonzer. 

but cannot explain the discrepancy. Since it is possible that the coil~position 
of the equilibrium product is altered during the isolation, Painter's method 
for obtaining the point of equilibrium was used in the present worli. 

Table I lists the results of isotopic dilution analyses performed on reaction 
products isolated a t  a variety of times during the course of reaction before 
equilibrium was achieved. These results establish that the anomerizations do 
not proceed by way of isolable intermediates. 

Lemieux and Brice ( 5 )  have shown that  P-glucose pentaacetate is disso- 
ciated by stannic chloride in chloroform solution much more rapidly than it is 
converted to the a-anomer. The same situation was to be expected under the 
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present conditions of acetolysis. In order to measure the rates of dissociation 
under the present conditions, all but one of the compounds used in these 
studies (i.e., compounds Ia, Ib, Ic, Id, IIa, IIb, IId) were prepared labelled with 
carbon-14 in the carbonyl group of the C1-acetoxy group and the rates a t  which 
the substances lost radioactivity by exchange of the C1-acetoxy group with 

CHeOAc CHzOAc 
I r 

l a ,  R = CH3 
Ib, R = CHzCI 
Ic, R = CEICIz 
Id,  R = CC1, 

I I a ,  R = CH3 
IIb,  R = CHzCl 
IIc, R = CHClz 
I Id ,  R = CCl, 

acetoxy groups from the environment were determined. The loss of radio- 
activity may of course have been brought about in two ways: 
(a) by exchange of acetyl groups as acetyl carbonium ion, 

and, 
(b) by exchange of acetoxy groups as acetate ion, 

There can be no doubt that the environment can serve as a source of either 
acetyl carbonium ions or acetate ions. Although direct evidence for the relative 
importance of the two routes is a t  present not available, the behavior of the 
glucose pentaacetates under the variety of reaction conditions listed above 
clearly demonstrates the C l  to acetoxy group bond to be the most acid-labile 
linkage in these compounds. Furthermore, the results obtained in the present 
study can be clearly rationalized only on the assumption of exchange by way 
of C1 to acetoxy group bond cleavage. Therefore, it is considered completely 
safe to conclude that the only important route for exchange was that which 
involved acetoxy groups. 

The C1-acetoxy group-labelled p-D-glucose pentaacetate was subjected to 
anomerization a t  25OC. in 1 : 1 acetic acid - acetic anhydride 0.5 iW with 
respect to sulphuric acid. The reaction was stopped after 3, 5, and 10 min., 
the D-glucose pentaacetates were separated by chromatography on Magnesol- 
Celite (5 : 1) (12) and their radioactivities were determined. The results are 
listed in Table 11. I t  is seen that as expected (5) the p-pentaacetate underwent 
exchange much more rapidly than it underwent anomerization. The radio- 
activity found in the cr-anomer will be considered later on. 
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TABLE I1  

RATE OF DISSOCIATION OF THE C1 TO ACETOXY GROUP BOND OF 8-D-GLUCOSE PENTAACETATE 
AS MEASURED BY EXCHANGE 

The reaction conditions were those reported in Table I 

Reaction mixture 

Radioactivity, k, min.-1 
Time, Composition, Ojo c.p.m. for 
(min.) 8-anomer 

p-anomer a-anomer 8-anomer a-anoiner 

0 100 0 11,800 - 
3 92.3 7 . 7  3500 280 0 .41 
5 87.6 12.4 1440 146 0 .43 

10 77.2 22.8 276 75 0.40 
- 

20 hr. (03) 68 0 .41  (average) 

TIME,  (hr.) 

FIG. 1. Rate of exchange of the C1-acetosy group of p-D-glucose derivatives in 1 : 1 acetic 
acid -acetic anhydride 0.5 M with respect to  s~~ lphur ic  acid a t  25°C. 

Curve I-8-D-Glucopyranose pentaacetate. 
Curve 2-2-0-Monochloroacetyl-p-D-glucopyranose tetraacetate. 
Curve 3-2-0-Dichloroacetyl-8-D-glucopyranose tetraacetate. 
Curve 4-2-0-TrichloroacetyM-D-glucopyranose tetraacetate. 
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I 
0 100 200 300 400 500 

T I M E ,  (rnin.) 

FIG. 2. Rate  o f  exchange o f  the  C1-acetoxy group o f  a-D-glucose derivatives i n  1 : 1 acetic 
acid - acetic anhydride 0.5 &I wi th  respect t o  sulphuric acid at  25OC. 

Curve I-a-D-Glucopyranose pentaacetate. 
Curve 2-2-0-Monochloroacetyl-a-D-glucopyranose tetraacetate. 
Curve 3-2-0-Trichloroacetyl-a-D-glucopyranose tetraacetate. 

The fact that a sufficiently accurate value for the velocity constant for the 
exchange of the /3-anomer can be obtained simply by determining the radio- 
activity of the reaction product after various periods of time is shown by the 
data listed in Table 111. I t  is seen that this procedure yields a value of 0.46 
min.-l for the velocity constant instead of the value of 0.41 min.-l given in 
Table 11. The velocity constants given in Table I11 are all based on the radio- 
activity of the isolated reaction products. The plots in Figs. 1 and 2 illustrate 
the reproducibility of the experimental data from which these constants were 
calculated. 

The data in Table I11 show that P-D-glucose pentaacetate undergoes ex- 
change about 80 times more rapidly than the a-anomer. This result is consistent 
with the conclusions previously reached (4,5)  regarding the relative reactivities 
of these substances. Electronic theory would predict that the introduction of 
chlorine atoms a t  the C2-acetoxy groups of the glucose pentaacetates would 
affect strongly the ease for dissociation of the C l  to  acetoxy group bond. 
Lemieux (4) has pointed out that there should be a strong direct effect in the 
case of the p-anomer due to  reduction in the nucleophilic properties of the 
carbonyl oxygen of the C2-acetoxy group which would be brought about by 
each successive substitution of chlorine atoms. Thus, the chlorine substitutions 
should result in a decreasing tendency for participation in the dissociation and, 
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TABLE 111 

RATES OF DISSOCIATION OF C1 TO ACETOXY GROUP BOND OF D-GLUCOSE DERIVATIVES AS 
hfEASURED BY EXCHANGE 

The reaction conditions were those reported in Table I 

2-0-Acyl derivative of k X lo4,* 
1,3,4,6-tetraacetylglucose min.-I 

I a ,  P-acetyl 4600 f l 6 0  
I I a ,  a-acetyl 55.7  f 6 . 1  

Ib ,  P-monochloroacetyl 498 f 72 
I I b ,  a-monochloroacetyl 18.8 f 1 . 4  

Ic,  P-dichloroacetyl 46.0 f 6 . 3  

I d ,  P-trichloroacetyl 12.0  f 1 . 1  
I I d ,  a-trichloroacetyl 1 .10 f 0 . 0 4  

* T h e  standard deviations are frojjt the average of five 
determi?~atioils.  

since the participation is the source of strong activation, a strong decrease in 
reactivity. That  this is in fact the case is clear from the fact that  the introduc- 
tion of three chlorine atoms brought about a 390-fold reduction in reactivity. 
This should be compared to  the case for the a-anomer where the introduction 
of three chlorine atoms brought about only a 50-fold reduction in reactivity. 
Here, the effect of the chlorine substituents on the dissociation must be exerted 
indirectly by induction transmitted via the C2-carbon atom. The introduction 

CHf CICOOH 

- 4 - 3 - 2 I 0 

LOG DISSOCIATION CONSTANT 

FIG. 3. Plots of log velocity constants (see Tables 111 and IV) against log dissociation 
constant for the acid derived from the C2-substituent of an acylated 1,3,4,6-tetra-O-acetyl-~- 
glucose. The dissociation constants are those ptlblished by Mason and I<ilpatricli (13). 

Curve 1-Dissociation of the C1-acetosy group of P-D-glucose derivatives. 
Curve 2-i\nomerization of the P - D - ~ ~ L I C O S ~  derivatives. 
Curve 3-Dissociation and anonierization of a-D-glucose derivatives. 
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of chlorine atoms a t  the C2-acetoxy groups of the glucose pentaacetates of 
course adds greatly to the bulk of these groups. Consequently, it might be 
expected that these alterations would greatly affect the steric picture. The 
logarithms of the velocity constants for the exchange reactions are plotted in 
Fig. 3 against the logarithms of the dissociation constants for the acids present 
as esters a t  the C2-position. I t  is seen that the deviation from I-Iammett's 
linear free energy relationship (2) is not great. Consequently, it is apparent 
that in both series of compounds the steric requirements for reaction were not 
seriously affected by the introduction of chlorine atoms. Further support for 
this conclusion is given later on. 

The  results of polarimetric rate studies on the anomerization of the glucose 
derivatives (Ia-Id and IIa-IId) are listed in Table IV. The plots in Fig. 4 are 

TABLE IV 

2-0-Acyl derivative 
of 1.3.4.G-tetra-0- Initial Equilibrium Equilibrium f?,,gf k a  +, f:,+gX 104. kg +,X 104. 
acetyl-D-glucose* rotationt rotation constantx X lo', min.-15 min.-1 mm.-1 

In, ,8-acetyl O.29ja 3.83O 349 &8 43 30G 
n 14n 

Ila. a-acetyl 4.325 3.83 327k15 40 287 

Ib, 0-monochloroacetyi 0.575 3.96 114&4 15 99 
0.151 

Ilb, a-monochloroacetyl 4.475 3.96 121 &5 1 G  105 

I r .  8-dichloroacetyl 0.824 4 .OG 23 .2k1 .5  2.5 20.7 
0.122 

IIc, a-dichloroacetyl 4.45-1 4.06 22.6&1.5 2.5 20.1 

Id, 0-trichloroacetyl 0.811 4.10 8.7&0.2 1.2 7.5 
- 0.15-1 

IId, a-trichloroacetyl 4.605 8.7+0.8 1.2 7.5 

*The  starti71g nzaterial used for the nreastirerne~rts. 
t T l ~ e  valzle obtained by  graphical extrapolation. 
$The  valzre calclilated from the initial and equilibrirr7li rotations. 
$These valzies are the average of the valzies obtained in two separate nins.  

illustrative of the data from which the content of Table 111 was calculated. A 
consideration of the results shows that the point of equilibrium was afiected 
only slightly by introducing chlorine atoms in the C2-acetoxy group of the 
glucose pentaacetates. Consequently, the velocity constants for the forward 
and reverse reactions were affected about equally by each successive substitu- 
tion. This comprises strong evidence that the substitutional changes affected 
the rates of anomerization mainly through electronic phenomena and that the 
increase in the size of the group through substitution of chlorine for hydrogen 
had a relatively small effect. This conclusion should bc compared with the 
views recently expressed by Newth and Phillips (15) who contended that the 
trichloroacetyl group in 2-0-trichloroaccty1-~-~-g~ucopyranosy chloride exerts 
a strong shielding eflect on the C1-chlorine atom. 

I t  seems clcar (10, 11) that acetylated alkyl glycopyranosides undergo 
anonjerizatioll under conditions for acetolysis by way of an intra~~lolecular 
mechanism. 1,ernieux et al. (10) have studied the anomerization of methyl 
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0 10 2 0  3 0 4 0 5 0 , 60 

T I M E ,  (mln.) 

FIG. 4. Rates of anomerization of glucose derivatives determined p~larimetricall~ in 1 : 1 
acetic acid - acetic anhydride 0.5 11l with respect to sulphuric acid a t  25°C. 
(0 and 0 signify that the points of equilibrium were approached from the P- and 0-anomers, 

respectively) 
Curve 1-D-Glucopyranose pentaacetates. 
Curve 2-2-0-Monochloroacetyl-D-glucopyranose tetraacetates. 
Curve 3-2-0-Dichloroacetyl-D-glucopyranose tetraacetates. 
Curve 4-2-0-'rrichloroacetyl-D-glucopyranose tetraacetates. 

P-D-glucopyranoside tetraacetate under the conditions used herein for the 
anomerization of the glucopyranose pentaacetates. Since it must be expected 
that the anomerization of 0-D-glucopyranose pentaacetate woulcl have a 
tendency to follow the sanle path as the anomerization of methyl P-D-gluco- 
pyranoside tetraacetate, any consideration of the mechanism of the latter 
reaction must first deal with the possibility that the reaction proceeds by way 
of an intramolecular mechanism. 

C1-Acetoxy-group-labelled 0-D-glucopyranose pentaacetate was subjected 
to anomerization and the a-anomer which had fornlecl after various intervals 
of time was isolated by chromatography and its raclioactivity was determined. 
The data which were obtained are listed in Table 11. I t  is seen that the a- 
anomer appeared to gain radioactivity directly from the 0-anon~er since the 
initially formed a-anomer was Illore raclioactive than samples isolated later on. 
I t  is possible that this result was due to the presence of a small amount (about 
0.2%) of radioactive a-compound in the starting material. pIo\vcver, it is 
considered more probable that  the result indicates the occurrence of intra- 
molecular anomerization. I t  was found that the extent of the intramolecular 
route, if in fact present, was very small by coinparing the experimental values 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

11
8.

97
.2

11
.1

8 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



142 CANADIAN J O U R N I ~ L  O F  CHEMISTRY. VOL. 33 

shown in Table I1 with those expected from calculations based on the assump- 
tion that  anomerization occurred entirely by way of an intramolecular mechan- 
ism. The calculations were based on the following scheme where k1 is the 
velocity constant for dissociation of the p-anomer (ks of Table III) ,  kr = KO,,, 
and kg = ka+s. The reconversion of radioactive a-form to radioactive P-form 

need not be considered since this would merely raise our calculated values'for 
the radioactivity of the a-form a t  any given time by a negligible amount. The 
rate of formation of a* can be expressed as, 

d[aZ"/dt = -d[P"]/dt -d[P]/dt. 
Since the rate of disappearance of P* is expressed by 
[I] -d[P"]/dt = (kl+k?) [P*] 
and the rate of formation of 0 is given by 

d[Pl/dt = k~[P*l +k3[a"lr 
then 

d[~i:']/dt = k?[P"] - ka[a"]. 
Integration of equation [I] yields 

Therefore, 
d[a*]/dt = [P*Io kre -(.k,+k2) )' - 

k3[O;"]. 

Integration of this linear differential equation using the integrating factor 
R = exp S k1 dt yields the expression, 

from which the concentration of a-anoiner, [a"],, which was iormed from 
radioactive P-anorner after any given time t can be calculated. The  concentra- 
tion of a-anomer, [a"]+[a], a t  any given time can be calculated from the inte- 
grated expression ior reversible first-order reactions, 

Therefore, the radioactivity of a-anoiner, C,, isolated a t  time t would be, 
c' = ~O[a:':]~/([a*]+ [a]), 

where co is the original radioactivity of the 0-anomer. The calculated values 
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for c, after 3, 5 ,  and 10 min. are given in Table V. A comparison of these 
results with the values actually obtained which are listed in Table I 1  shows 
clearly tha t  intramolecular anornerization is an unimportant reaction route. 

TABLE V 

DATA EXPECTED ON THE BASIS OF AN IXTRAMOLBCULAR NECEIANISM 
FOR THE ANOMERIZATIOX OF B-D-GLUCOSE PENTAACETATE 

Compare these data with the experimental values given in Table I1 

Calculated ratlioactivitp, 
c.p.111. 

Time, (mill.) 
8-Anomer a-Anonler 

Bonner (1) has proposed a mechanism for the anomerization under the 
present reaction conclitioils which would involve a cyclic sis-membered inter- 
mediate forrned between the sugar acetate and a carboniuin ion derived froin 
acetic anhydride. Exainination of the data  in Tables 111  and IV shows tha t  
within experimental error* the velocity constants for anomerization of an 
a-anomer (compounds IIa, I I b ,  and I I d )  are equal in value to the velocity 
constants for exchange. This situation is required by Bonner's mechanism or  
any other Sjv2 type n~echanisnl which can be formulated. However, Painter 
(1'7) has recently published the results of an extensive kinetic s t ~ i d y  of the 
anomerization of the D - g l ~ l ~ ~ p y r a n ~ ~ e  pentaacetates in mixtures of acetic 
acid - acetic anhydride catalyzed both by sulphuric acid and by perchloric 
acid and concluded from a consideration of the results that  the anomerizations 
proceed by nray of sugar acetate carboniuin ions. Our present evidence tha t  the  
rate of anomerization for the a-form was essentially equal to  that  of dissoci- 
ation of the C1 to  acetoxy group bond might appear t o  contradict this con- 
clusion. However, Lemieux and Huber (8) have obtained evidence tha t  other 
similar reactions of derivatives of D-glucopyranose proceed by way of car- 
bonium ions with extensive inversion of the anoineric center. This  result was 
rationalized on the basis of the assumption that  the double-bond character 
introduced a t  the C1 to ring-oxygen bond imposed a conformation on the ion 
which rendered the ion inore likely to  form the inverted product. 

We submit that  the following mechanisms for the anomerization of the 
D-glucopyranose pentaacetates is an attractive rationalization of the cxperi- 
mental data  thus far obtained. Fii-st of all, as was seen above, intramolecular 
anomerization is undoubtedly ~ ~ n i m p o r t a n t  for the b e t a  to alpha transformation. 
As it was indicated above, the  da ta  for the alpha to  b e t a  anolnerization can be 
rationalizecl by assun~ing tha t  the a-pcntaacetate (V) dissociates to the 

*Tile erper t~ ten to l  error ,is rather large. For e x n t ~ p l e ,  i f  B o t ~ t ~ e r ' s  vnl~re for the eqzlilibriu?tt 
co t~s tn?~t for  the nt~ort~erizatio?~ of the glltcose pe?~tanret(~les is  ltsed to cnlczrlate the velocity co?rsln?~ts, 
tlze val~te  of k,,a becort~es 0.0056 n7it1.-l illstend of 0.00,$9 n~i?~.-'  0.s listed i?t. Tnble I I I .  
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carbonium ion (VI) which by virtue of its conformation tends to foi-m the 
P-pentaacetate (111) on interaction with the environment. The  beta to alpha 
transformation can be assulned to  proceed by \\ray of the carbonium ion (IV) 
\vI~ich because of its conformation can be expected ( 8 )  to  prelerentially form 
the a-penlaacetate. However, as it xvas seen above the present data  show clearly 
that  the p-anoiner (111) is rapidly dissociated to the 1,2-a-c-)-clic carboniu~n 
ion (VII). Since direct rcplaceinrnts with retention of configuration arc not 
known, the a-pentaacetate cannot be expected to be lormed b ~ .  direct inter- 
action of this ion with the environment. I-Io~vevel-, the cliscovei-37 b! I-Iurd and 
Holysz (3) that  the 1,2-cyclic ltetals are forinecl in the reaction of tetra-0- 
acet-)~l-a-D-glucopyra~losyl broinicle with dia1l;yl caclmiunl she\\-s tha t  the 
l,2-a-cyclic carbonium ion (VII) can be foi-~necl from other carbo~lium ions. 
Since the reverse must be expected, the anomerization must follow to  some 
extent the route I1 I -, VI I -) IV -+ V. The  relative importance of these 

OAc 

0 0 0 

'6' 
A d )  

0 

VII 

theoretically plausible routes for the beta to alpha conversion cannot be 
assessed. Lemieux and Brice (5) have proposed similar reaction routes for the 
anomerization of P-glucopyranose pentaacetatc in chloroform catalyzed by 
stannic chloride. I t  was pointed out tha t  the rearrangement of the 1,2-a-cyclic 
ion (VII) to  the 1,6-p-cyclic ion (VIII) is a further stereochemically possible 
step for the reaction. 

In summary, evidence was obtained to show that  the substitution of chlorine 
atoms a t  the C2-acetosy group of P-D-glucopyranose pentaacetate greatly 
reduces the tendency for this group to  participate in dissociation of the C1  to 
acetoxy group bond. Thus, the fact that  the velocity constants for dissociation 
were 15, 5, and 1.5 times that  for P -+ a anomerization when the C2-sub- 
stituent was acetoxy, monochloroacetoxy, and trichloroacetoxy, respectively, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

11
8.

97
.2

11
.1

8 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



LEMIEUS ET .AI,.: EFFECT OF CHLORISE  SUBSTITUTIONS 145 

renders clear the reason why P-D-acetochlorogl~~cose and 2-0-trichloroacetyl- 
P-D-glucosyl chloricle triacetate yield illainly P-D-glucose pentaacetate (6) 
and 2-O-tric~lloroacet~i1-a-~-gl~lcose tetraacetate ('7) respectively, on reaction 
with silver acetate in acetic acicl. T h e  res~ilts coinprise direct evidence in 
support of the contention (4) tha t  participation of the C2-acetoxy group 
provides an in~por tan t  driving force for dissociatioi~ of a P-Cl-substituent. The  
fact tha t  2-0-ti-ichloroacetyl-P-D-glucopyranose tetraacetate underwent dis- 
sociation s is  tiines more rapidly than the a-anomer together with the previous 
observation (8) tha t  3,4,6-tri-0-acetyl-~-~-glucos~~1 chloricle is more reactive 
than the a-anomer shows tha t  the high reactivity of P-D-glucopyranose 
pentaacetate (4, 5) and p-D-acetoc1~loroglucop~;ranose (6) as compared to  
their a-anomers is not entirely clue to  C2-acetoxy group participation. Leinieux 
and FIuber (8) have suggested tha t  the higher reactivity of a P-compound may 
be related to the presence of cis  C3- and C5-substituents. 

EXPERIMENTAL 

&lethods 
T h e  samples were converted to barium carbonate for measurement of the  

radioactivities a t  "infinite thicliness" in a xvindowless counter operating with 
helium-isobutane. Appropriate resolving-time and bacl~ground corrections 
were made. Duplicate determinations did not differ by more than 3%. 

The  polarimetric measurements were made using a 2 dm. polarimeter tube 
and precision polarimeter. The  temperature was controlled within i O . l ° C .  

T h e  rates of reaction were measured as  follows. T h e  glucose derivative, 
2 mNI., was dissolved in 8 ml. of 50 : 50 acetic acid -acetic anhyclricle in a 
20 ml. volumetric flasli. Sulphuric acid, 1.026 gm. of 95.5% acid, 10 mM., was 
added to  8 ml. of the solvent mixture and the solution was cooled. T h e  solu- 
tions, brpught to 2Z0C., were mixecl a t  zero time and the volume was adjusted 
to 20 ml. with solvent mixture. This  could be done very rapidly by using 
syringes. T h e  polarimetric rates were determined in the usual may (1). I n  
order to  follow the rate of disappearance of radioactivity, 2 ml. samples were 
removed a t  various time intervals and plunged into 50 1111. of water. T h e  
product was isolated by extraction with chloroform. The  chloroform extract 
was washecl with bicarbonate solution, then with water and dried over sodium 
sulphate. The  chlorofor~ll was removed i l z  vaczlo and the sample was dried over 
phosphorus pentoxide in high vacuum before analysis. 

In  order to  determine the radioactivities of both the P- and a-forms in a 
reaction mixture to yieltl the clata listecl in Table 11, the illajor conlponent was 
isolated by crystallization ant1 the minor component was isolated by chroma- 
tography of the combined mother liquors on iVIagneso1-Celite (5 : 1) according 
to the proceclure of hlIciYeely e f  al. (12). The  materials were recrystallizecl 
several times to  achieve a very high degree of purity. 

The  isotopic dilution analyses listecl in Table 1 were carried out  b y  adding a. 
sufficiently large radioactive sample of the anonlei- to be estimated to a sample 
of reaction product to  allow the substance to be isolated from the resultant 
nlixture by fractional crystallization. T h e  amount of the anonler in the 
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reaction mixture was calculated from the expression, 

% anomer = (100x/y) [(ci -c,)/c,], 

when s gm. of radioactive anomer of ci c.p.m. was added to y gm. of reaction 
product to be analyzed and c, was the radioactivity in counts per minute of the 
pure anoiner isolated from the mixture. 

The specific reaction rates listed in Tables I1 and I11 were calculated from 
the polarimetric data  using the integrated rate expression, 

The rate of exchange, R, for a simple exchange reaction can be calculated 
from the relationship, 

where [A] is the concentration of the exchangeable group in one reactant (in 
the present case sugar acetate), [B] is the concentration of the exchangeable 
group in the other reactant (in the present case the acetic acid and acetic 
anhydride), and the fraction exchange a t  time t is, 

G O ,  c,, and c ,  are the radioactivities of the sugar acetate a t  zero time, infinite 
time, and time t ,  respectively. In the present case, the dissociation of the sugar 
acetate undoubtedly controlled the rate of exchange. Therefore, the specific 
rate of exchange, k,  can be calculated from the relationship, 

Since [B] was great as compared to [A], the specific reaction rates listed in 
Table I1 were calculated from the expression, 

which is sufficiently accurate for the present purposes. Analysis showed the 
presence of 180 acetoxy groups in the environment per mole of glucose deriva- 
tive. Thus, the radioactivity a t  infinite time would be expected to be 1/181 
of the original radioactivity. In practice, the agreement with this value was 
very good (compare Tables I1 and V). 

Materials 
The radioactive acetate was labelled in the carboxyl group with carbon-14. 
Cl-Acetoxji-labelled penta-O-acetyl-~-~-g1iicopj~ranose was prepared by 

treating acetobromoglucose with radioactive silver acetate in dry acetonitrile 
(5). The  product was recrystallizetl from ethanol until pure. Radioactive penta- 
0-acetyl-a-D-glucopyranose was prepared by anomerization of the p-anomer 
using stannic chloride in chloroform solution ( 5 ,  16). Purification was by 
recrystallization from ethanol. 
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The C1-acetoxy-labelled chloro-compounds were prepared by acylating 
the C1-acetoxy-labelled a- and p-1,3,4,6-tetra-0-acetyl-~-glucoses under the 
conditions described in a previous publication (7). The con~pounds were 
recrystallized from ethanol until pure. The C1-acetoxy-labelled glucose tetra- 
acetates were prepared as follows. A mixture of radioactive silver acetate, 
1.7 gm., 3,4,6-tri-O-acet)7l-a-~-glucosyl chloride, 3.24 gm., and 75 ml. of dry  
ether which contained one drop of acetic acid was shaken for 12 hr. a t  room 
temperature. The silver salts were removed by filtration. Evaporation gave 
3.1 gm. of product, m.p. 131-13j0C. Pure 1,3,4,6-tetra-0-acetyl-~-D-gluco- 
pyranose, m.p. 137-13g0, was obtained after two recrystallizations from 
ethanol. The 1,3,4,6-tetra-0-acetyl-a-~-glucose was prepared in the same 
manner starting from 3,4,G-tri-0-acetyl-P-D-glucosyl chloride except that  the 
reaction time was extended to 24 hr. and purification was achieved by crystal- 
lization from ether - petroleum ether. 
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T H E  ACETOLYSES O F  THE ALPHA AND BETA METHYL 
D-GLUCOPYRANOSIDE TETRAACETATES1 

BY R. U. LEMIEUX,~ W. P. SHYLUK, AND G. H U B E R ~  

ABSTRACT 
The acetolyses of the alpha and beta methyl D-glucopyranoside tetraacetates 

in 1 : 1 acetic acid - acetic anhydride 0.5 11d with respect to  sulphuric acid were 
followed a t  25'C. by isotopic dilution analysis of products isolated after various 
intervals of tirne. The reaction of the a-glucoside was found to  proceed mainly 
with inversion of the anomeric center. On the  other hand, the  0-glucoside was 
found to  undergo acetolysis with retention of configuration concurrent with 
anomerization. I t  was shown tha t  the polarimetric changes observed in the 
course of the reactions could be satisfactorily accounted for on the  basis of these 
reaction routes. Reaction mechanisms are suggested. 

Montgomery et al. (15) investigated the use of either sulphuric acid or zinc 
chloride in acetic acid -acetic anhydride as a reagent for the acetolysis of 
glycosides. I t  was shown that in many cases the glycoside was converted to a 
mixture of the anomeric sugar acetates in high yield and the procedure has 
been widely used for the cleavage of acetal bonds in carbohydrate chemistry. 
Studies on the acetolysis of the anomeric methyl D-arabinopyranoside tri- 
acetates showecl these reactions to be highly complex (15). A solution a t  20°C. 
of nlethyl a-D-arabinopyranoside triacetate in a mixture of 4y0 sulphuric acid 
in 7 : 3 acetic anhydride - acetic acid changed sharply in specific rotation 
from - lgO to - 114O in one minute and declined to an equilibrium value of 
-ZO at  the end of 20 min. The hexaacetate of aldel~ydo-D-arabinose and 
p-D-arabinopyranose tetraacetate were isolated in yields of soy0 and 12%, 
1-espectively, from the product. However, when the experiment was inter- 
rupted a t  the rotation peak of -114", a 14% yield of methyl /3-D-arabino- 
pyi-anoside triacetate was obtained. Thus, it was apparent that the rapid 
initial rise in rotation was d ~ ~ e  to the anomerization of the a-anoiner to the 
more stable /3-form. This possibility was strengthenecl by the observ a t '  loll 
that ~nethyl  @-D-arabinopyranosicle triacetate under the same conditions gave 
a solution which changed in specific rotation from - 184' to  a constant equi- 
librium value of - 17" in three minutes. The hcxaacetate and the p-tetraacetate 
could be isolated in 56y0 and 11% yields, respectively, after 24 hr. The occur- 
rence of the hexaacetate in the reaction products suggested that the C1 to 
ring-oxygen bond may cleave in preference to the C1 to methoxyl group bond. 
This idea was substantiated by the acetolysis of the p-arabinoside under the 
milder conditions of O.l6Y0 sulphuric acid in 7 : 3 acetic anhydride - acetic 
acid mixture. Both the anomeric forms of methyl hemiacetal pentaacetates 
(I) were isolated in good and approximately equal yields. I t  is to be notecl that 

l iL l~nz~scr ip t  received September 7 ,  1954.  
Contribzition frovz the National Research Council of Canada,  Prairie Regional Laboratory, 

Saskatoon, Saskatchewan. Isszced as Paper No .  177 on Ll~e Uses of Pla~zL Products and as h7.R.C. 
No. 3460. 

?Present address: Chemistry Departnzent, Unhers i t y  of OtLawa, Ottawa, Ontario. 
3iVn.tional Research Council of Canada Postdoctorate Fellow. 
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the high levorotation which was achieved in the 
HC(OCI3s)O:lc 

I 
AcOCH 

I 
HCO:\c 

I 
H C 0 . k  

case of the a-D-arabinoside indicates that the susceptibility to ring cleavage 
is a property of the p-D-anomer. 

More recently, Lindberg (1, 2, 13) has obtained further evidence that the 
acetolysis of an unstable 0-acetylated allcyl glycopyranoside is accompanied by 
anomerization. This was shown to be so for a variety of glucosides (13), galac- 
tosides ( I ) ,  and a xyloside (2) when treated in 10 : 3 acetic anhydride mixture 
containing sulphuric acid. Lindberg (13) obtained evidence for the presence of 
peracetylated aldehydo-sugar in the product of these reactions. A theory for 
the mechanism of the anomerization was formulated (13) on the basis of the 
presence of these open-chain coinpounds in the products and the polarimetric 
rates observed. 

The present authors undertook to elaborate in detail the course of the 
acetolysis of both the a-  and p-methyl D-glucopyranoside tetraacetates with 
the hope that  the results would provide a firmer basis for work in this complex 
field. The glucosides were subjected to acetolysis a t  25OC. in 1 : 1 acetic acid - 
acetic anhydride inixture 0.5 M with sulphuric acid since these conditions 
were chosen by Bonner (3) in a thorough lcinetic study of the anomerization 
of the glucopyranose pentancetates. Furthermore, Bonner's results were 
closely reproduced in this laboratory (9) in a study of the behavior of the 
glucopyranose pentaacetates and related coinpounds under conditions of 
acetolysis and it was desirable that the results of this study be of use in the 
present work. 

First of all, it is of interest to note the polarimetric changes which occurred 
when the acetylated glucosides were subjected to the conditions for acetolysis. 
The results of typical runs are plotted in Fig. 1. Superficially, these results 
would appear to indicate that  the two glucosides reacted a t  about equal rates, 
a 1-esult in complete disagreement with what could be expected on the basis of 
the rather great difference in reactivity noted for the glucopyranose penta- 
acetates under these conditions where p-anomer was found to dissociate 80 
times more rapidly than the a-form (9). Thus, it was clear from the beginning 
that in all liltelihood these polariinetric rates were complex expressions which 
were not susceptible to simple interpretation. 

Methyl a-D-glucopyranoside tetraacetate was subjected to the acetolysis 
and reaction products were isolated after a variety of intervals of time. The  
methoxyl contents of these samples were determined by  the procedure of 
Hoffman and Wolfrom (5). Care had to be talcen in the interpretation of these 
values since in view of the above described experiences of Montgomery et al. 
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I I I I 

I I I I I I I I I I I 
4 0 8 0 120 160 200 

TIME, (m1n .1  

FIG. 1. Polarimetric rates for the acetolysis of the alpha (curve 1) and beta (curve 2) methyl 
D-glucopyranoside tetraacetates in 1 : 1 acetic acid - acetic anhydride 0.5 nil with respect to 
sulphuric acid a t  25°C. 

(15) it was possible that  these samples contained aldelzydo-glucose methyl 
hemiacetal hexaacetate as well as methyl a-D-glucopyranoside tetraacetate. 
The following analytical method was designed to test for this possibility. The 
reaction proclucts were saponified to liberate methanol from the acetylated 
herniacetal group, and the methanol was removed from the reaction mixture by 
distillation fo1- estimation by conversion to formaldehyde with potassiunl 
permanganate and determination of the formaldehyde by the chronlotropic 
acid colorin~etric method (4). The results are listed in Table I. The clifferences 

TABLE I 
ASALYSES OF REACTIOX PRODUCTS AND VELOCITY CONSTANTS FOR T1.m ACETOLYSIS OF METIIYL 

a-D-GLUCOPYRANOSIDB TBTRAACETATE 
0.5 ~ l d  H?SO.t, 1 : 1 AcrO - AcOH, 25°C. 

Time, yo 'omethosyl, 7, methos)rl, c :L CE t k a + k ~ ,  k ~ ,  
min. total alli. labile n ~ i i ~ . - ~  rnin.-I 

Average 0.0082 0.0007 
f 0 . 0 0 0 7  f0 .00008  

ka = 0.0075 rnin.-1 

* A m o z ~ n t  of methyl a-D-glucopyranoside tetraacetate i n  the product. 
tAntount  of D-glucose methyl hemiacetal lzexaacetate i n  the product. 
IDeternrined by isotopic dilution analysis. 
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between these inethoxyl values and the total methoxyl content could be 
attributed to the starting material methyl a-D-glucopyranoside tetraacetate 
since, even though the anomerization of the glucosides is probably reversible, 
the amount of methyl p-D-glucopyranoside tetraacetate present a t  any time 
was undoubtedly negligible for the present purposes. This conclusion was 
substantiated by isotopic dilution analysis of the products isolated after 30 and 
90 min. reaction times for their methyl a-D-glucopyranoside tetraacetate 
contents. The results, listed in Table I, show a good agreement between the 
methyl a-D-glucopyranoside tetraacetate contents when determined in both 
ways. 

The reaction of methyl a-D-glucopyranoside tetraacetate (B) under the 
conditions for acetolysis could therefore be represented by the scheme 

wherein glucosidic cleavage yields a glucopyranose pentaacetate (C) with the 
velocity constant k3 and ring cleavage yields the aldehydo-glucose methyl 
hemiacetal hexaacetate (E) with the velocity constant kc. On this basis, the 
fraction of B (CB) in the product a t  any given time was 

[I1 
cB = e-(k3+ko) t 

The rate of the appearance of E is expressed by 

and integration of this expression yields 

Using expression [I],  the value for k 3 f k 6  could be calculated from the data in 
Table I and found to  be 0.0082 n1in.-I (average value). Knowing k 3 f  kc and 
values for CE a t  a variety of times (see Table I ) ,  the value of kc could be 
calculated using expression [2]. Thus, as shown in Table I ,  the average values 
k3 = 0.0075 min.-l and kc = 0.0007 mill.-' were obtaiiled for the acetolysis of 
methyl a-D-glucopyranoside tetraacetate in 1 : 1 acetic acid - acetic anhydride 
mixture 0.5 J4 with respect to  sulphuric acid a t  25OC. 

I t  was now of interest to determine which of the anomeric D-glucopyranose 
pentaacetates was the first product of the main reaction path. A decision was 
reached by accounting for the polarimetric change which took place in the 
course of the reaction. For the reaction sequence 

where C and D are the two D-glucopyranose pentaacetates, the change in the 
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fraction of C (Cc) in the product with time is expressed by 
dCc/dt = C B ( ~ B + ~ G )  - CBk6- Cck4+CDk~. 

Since CDkB = kS(l - CB - CC - Cx), this expression can be converted to 
dCc/dt = C B ~ S -  C c k 4 +  - C ~ k s -  Ccks- C~k5. 

Substitution of expressions [I] and [2] for CB and CE yields the following 
equation, 

Integration using the integrating factor exp S (k4+k6) dt and solving for the 
integration constant yields the following expression for the fraction of C a t  any 
given time : 

The value of Cc a t  any given time could be calculated using this expression 
since the four velocitjr constants were known. As was mentioned above, Bonner 
(3) has published velocity constants for the anomerization of the D-gluco- 
pyranose pentaacetates under the present conditions for acetolysis and the 
values were reproduced by Lemieux et al. (9). The average values obtained by 
the latter workers, kBja = 0.0306 min.-I and kmjs = 0.0043 min.-l, were used 
in the present calculations. The amount of the other D-glucopyranose penta- 
acetate (CD) was calculated by difference, 

Thus, the change in the conlposition of the reaction mixture could be calcul- 
ated on the basis that  P-D-glucopyranose peiitaacetate was the first product 
(C) of the reaction in which case k4 = kg+, and ks = kujB or, 011 the other 
hand, on the basis that the a-pentaacetate was formed first and k4 = kaj8 and 
k5 = kBja. The results of these calculations are plotted in Fig. 2. 

The contribution to the rotation of the reaction mixture a t  any given time 
made by the small amount of by-product E must have been small and, there- 
fore, the rotation of the reaction mixture (a1) was essentially completely due 
to  the presence of the three other components (B, C, and E). Since a t  unit 
concentration (0.1 M) methyl a-D-glucopyranoside tetraacetate, p-D-gluco- 
pyranose pentaacetate, and a-D-glucopyranose pentaacetate were found by 
extrapolation to possess rotations of +9.45', +0.4g0, and +8.7G0, respectively, 
i t  could be expected that  the rotation of the reaction mixture a t  any given time 
would be closely approximated by the expression 

at = 9.45 X fraction of a-glucoside+0.49 X fraction of P-pentaacetate 
+8.76 X fraction of a-pentaacetate. 
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l----l I I I I I I I I I I 

I I I I I I I I I I I I I 
0 50 100 150 200 250 300 

T I M E .  (min.) 

FIG. 2. Calculated curves (using equations 111, [2], and [3], and data listed in Table I )  and 
experimental points for the acetolysis of methyl a-D-glucopyra~~oside tetraacetate in 1 : 1 
acetic acid - acetic anhydride 0.5 M with respect t o  sulphuric acid a t  25OC. Curves 3 and 4 
are the result of calculations based on the assu~npt io l~  that p-D-glucopyranose pentaacetate 
is the first product of the reaction and curves 5 and G are the result of calculations based on 
the assumption that a-D-glucoppranose pentaacetate is the first product. 

Curve I-Methyl a-D-glucopyranoside tetraacetate content. 
Curve 2-D-Glucose methyl hemiacetal hexaacetate content. 
Cur\res 3 and 5-p-D-Glucopyranose pentaacetate content. 
Cur\.es 4 and 6-a-D-Glucopyrai~ose pentaacetate content. 

COI\IPARISON OF OBSERVED POLARILIETRIC RATE TT'ITH ChLCULATKD VALUES FOR THE ACOTOLYSIS 
OF METHYL a-D-GLUCOPYR.\NOSIDI;:OSIDE TBTRh:ZCETATE 

0.5 11f sulphuric acid in 1 : 1 acetic acid - acetic anhydride a t  25'C. 

Obser\.ecl Calculated'" Calculatedt 
f ,  ruin. -- -- 

a k ,  mi~~.-'$ as k, min.-I$ ah k ,  min.-I$ 

*Calczrlated on the basis that p-D-glzicopyranose pentaacefate is  the first react'ion product. 
tCalcz~lated 072 flze basis that a-D-glzicopyranose pentaacetafe is the first reaction product. 
$Calculated zcsing the expression k = (2.303/t) log [(a0 -am)/(ao-at)]. 
$The rotatio?~ of the D-glucose metlzyl henciacetal lzexaacefate was 1zeglecled. 
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The results of calculations made on this basis are given in Table 11. Further- 
more, Table I1 contains the polarimetric velocity constants which can be 
calculated from these results. A comparison of the calculated polarimetric 
velocity constants with that observed shows that,  while the results obtained 
on the basis that the P-pentaacetate was the first product agree fairly well 
with those observed, the results of calculations based on the assumption that 
the a-anomer was formed first are in strong disagreement. Thus, it was clear 
that  the acetolysis of methyl a-D-glucopyranoside tetraacetate proceeds mainly 
with inversion of the anomeric center to yield P-D-glucopyranose pentaacetate. 
I t  is noteworthy in this respect that a-D-glucopyranose pentaacetate undergoes 
mercaptolysis (7) and acetolysis (9) with inversion of the anomeric center- 
a stereochemical route which has long been recognized for the reaction of 
acetylated a-D-glucopyranosyl halides under conditions for the Icoenigs- 
I<norr type of reaction (6, 10, 16). 

The above information on the acetolysis of methyl a - D - g l ~ ~ ~ p y r a n ~ S i d e -  
tetraacetate allowed the consideration of the more complex reaction of the 
/3-anomer under the same reaction conditions. The reaction was folloived by 
isolating samples of the reaction product after various intervals of time and 
determining the amounts of unreacted methyl p-D-glucopyranoside tetra- 
acetate, methyl a-D-glucopyranoside tetraacetate, P-D-glucopyranose penta- 
acetate, and a - D - g l ~ ~ ~ p y r a n ~ ~ e  pentaacetate in the material by isotopic 
dilution analysis. This mas accon~plished by adding weighed amounts of 
raclioactive samples of these materials to a weighed sample of a 1-eaction 
procluct, separating the four components by chromatography on i\'Iagnesol- 
Celite (14), determining the radioactivity of the pure compounds thus isolated, 
and calculating the fraction of each substance in the reaction procluct using 
the expression 

fraction in reaction product = (x/y) [ci - c,)/c,] 
where x gm. of radioactive sample of c, c.p.m. was added to y gm. of reaction 
product and c, was the radioactivity in counts per minute of substance iso- 
lated. The results from these analyses are listed in Table I11 where the methoxyl 

TABLE 111 
~\N.ILYSES 01: REACTION PRODGCTS FROM THE ACETOLYSIS 01; METHYL 

/3-D-GLUCOPYRANOSIDE TETRA:ICET:IT& 
0.5 ill H?SO.i, 1 : 1 Ac2O-r\cOF1, 2j°C 

-- 

Content of Glucoside conte~it  by Content of 
Tirne, % A r n o u ~ ~ t  of 
min. methoxyl 8- a- methosyl isotopic B- a- product 

(total) glucoside* glucoside* analysis dilution penta- penta- accounted 
c A C B  analysis acetate* acetate-or* 

" B y  isotopic dilution analysis. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

11
8.

97
.2

11
.1

8 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



LEMIEUX BT AL.: ACETOLYSES 155 

contents found for each of the reaction products are also given. First of all, it 
is to be noted that for the first part of the reaction the nlethyl D-glucopyrano- 
side tetraacetate contents expected from the methoxyl values were in good 
agreement with those found by isotopic dilution analysis. Secondly, it is to be 
noted that the analyses for the four components accounted very well for all 
of the reaction products. Therefore, i t  could be concluded that  the a-glucosicle 
and the two glucose pentaacetates were the only isolable reaction products 
for~ned in appreciable amounts and that the reaction co~~lcl  be represented by  
the follo\ving scheme whel-ein A,  B, and C are the methyl P-D-glucopyranoside 
tetraacetate, methyl 

I 
a-D-glucopyranoside tetraacetate, and D-glucopyranose pentaacetate, respec- 
tively. For this reaction scheme, 

i 

[41 -dCJdt = (ki+k2) C.4 
and therefore, 

[5 I c - --(kI+k3) I 
A - e  

Knowing CA a t  a variety of times (Table 11) and using equation [4], an average 
value for kl+kz could be calculated (see Table 111). The rate of change in the 
amount of B a t  any given time is expressed by 

dCB/dt = - (dC,/dt) - (dC,/dt) - (dCD/dt). 

Since dC,/dt = Cnka+CDks- Cck4 

and dCD/dt = CAkl+ Cck, - CDks, 

then dCB/dt = kzCA- kaCB 

= kze-(%'+t') 1 - Cnka. 

Integration using the integrating factor esp S k3 dt and solving for the inte- 
gration constant yields 

The value for ka under the present reaction conditions was determinecl in the 
above described study of the acetolysis of methyl a-D-glucop>iranoside tetra- 
acetate. Thus, k3 and kl+kz being l<nomn, using equation [GI and the values for 
CB given in Table 111, values for ks could be calculated. The results of these 
calculations are given in Table IV. 
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TABLE IV 
VELOCITY CONSTANTS FOR THE zICETOLYSIS AND ANOMERIZ.4TION OF 

METHYL 0-D-GLUCOPYR~NOSIDE TETRAACETATE 
0.5 1bI HI SO^, 1 : 1 Ac20 - AcOH, 25'C. 

Time, min. k, +k2, 1rrin.-l'" k2, min.-If 
- - -  

4 0.047 0.040 
8 0.050 0.038 

12 0.054 0.039 
24 0.058 - 
36 0.057 - 
48 0.053 - 
50.5 - 0.045 

- 
Average 0 .053f0 .004  0 .0413~0.003 

k1 = 0.012 min.-I 

'Yalctllated front the data i 7 z  Table I1 and eqzralion [6]. 
iCulczilated front the data i 7 z  Table I I  a77d eyzralion 161. 

1 k I 1 k 4 
CHSOCH 

I 
t AcOCH HCOAc 

I I I 

Scheme 2 

0- 
I 

HCOfIc 

fil + I 
1-1 COAc 

I 

0- 
I 

AcOCH 
k 3 + I 

HCOAc 
I 
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I t  was now of interest to  attempt a decision on whether or not one of the 
anomeric D-glucopyranose pentaacetates was fol-med preferentially on the 
acetolysis of methyl /3-D-glucopyranoside tetraacctate. A decision was rcached 
by sho~ving that the reaction (scheme 1) which possesses /3-~-gl~copyl-ano~e 
pentaacetate ( C )  as the first product oi' the reaction can account for the 
experimental data  listed in Table I11 much more satisfactorily than that 
(scheme 2) which has a-D-glucopyranose pentaacetate as the initial product. 

Equations [5] and [B] \vhich 1-elate the amounts of the substances A and B, 
respectively, in the reaction product after a given reactioil time apply to  both 
the schemes 1 and 2. The rate of change of the fraction of compound C (Cc) 
in the reaction procluct for schenle 1 is given by the expression, 

dCc/dt = CAlzl+CBka+CDk5- Cck4, 
Since 
[71 CD = l-(CA+CB+Cc), 

Integration using the integrating factor exp S (k4+k5)dt and solving for the 
integration constant yields 

For scheme 2, the rate of change of the fraction of compound C (Cc) in the 
reaction product with time is expressed by 

Integration of this expression after the appropriate substitutions have been 
made in the general manner outlined above for scheme 1 yields the following 
equation : 

Thus, for scheme 1, the con~position of the reaction product after any given 
time could be calculated using equations [5], [GI, [7], and [8] and the same could 
be done for scheme 2 by employing equations [5], [B], [TI, and [9]. The results 
of these calculations are plotted in Fig. 3 as are the experimental values given 
in Table 111. I t  is seen that scheme 1 closely describes the reaction while scheme 
2 does not. Therefore, it is clear that  under the conditions for acetolysis, methyl 
/3-D-glucopyranoside undergoes glycosidic cleavage to a large extent with 
retention of configuration to yield P-D-glucopyranose pentaacetate simultan- 
eously with anomerization. The data  listed in Table V show that  the polari- 
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FIG. 3. Calc~~la ted curves (using eq~lations [S], [GI, 181, and [91, and data  listed in Table IV) 
and experimental points for the acetolysis of methyl P-D-glucopyranoside tetraacetate in 1 : 1 
acetic acid -acetic anhydride 0.5 116 with respect t o  sulphuric acid a t  2S°C. 

a-Methyl P-D-glucopyranoside tetraacetate content (curve 1-calculated). 
m-Methyl 01-D-glucopyranoside tetraacetate content (curve 2-calculated). 
0-p-D-Glucopyranose pentaacetate content (curve 3-calculated on basis of scheme 1; 

curve 5-calculated on basis of scheme 2). 
.-a-~-Gl~~copyrnnose pentaacetate content (c~lrve 4-calculated on basis of scheme I;  

curve 6-calcuIated on basis of scheme 2). 

TABLE V 
COMPARISON OF OBSERVED POLARIMETRIC RATE WITH CALCULATED VALUES FOR 

THE ACETOLYSIS OF METHYL 6-D-GLUCOPYRANOSIDE TETRAACETATE 
0.5 i1.I sulphuric acid in 1 : 1 acetic acid -acetic anhydride a t  25'C. 

Observed CaIc. for scheme 1 Calc. for scheme 2 
t, min. 

01 k ,  min.-'* 01 k ,  min.-1" 01 k,  min.-'* 

"Calculnled using the expression k = (&.303/t) log [(cuo-a-)/(al - a,)]. 
tThe rolation for the eqzlil,ibri?li?~ iniztllre of the a -  awl P-D-glz~copymnose pentoacelales. 

metric change espected on the basis of scheme 1 is in good agreement with tha t  
observed. I t  is also seen, however, tha t  the polarimetric rate based on schelne 2 
is not greatly different from tha t  based on scheme 1 and that  therefore a definite 
decision on the reaction route woulcl be achieved through polarimetric studies 
only with great difficulty. 
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In accordance with the mechanism proposed by Lemieux and Shylult (12) 
for the anomerization of acetylated alltyl glycopyranosides, the behavior of 
methyl p-D-glucopyranoside tetraacetate (11) would be accounted for as  
follows. Under the influence of the acid catalyst (A), the transition state 111 
is achieved. I t  is deemed necessary to postulate the participation of the C2- 
acetoxy group in the loosening of the C l  to ~nethoxyl group bond in view of the 
strong activation this participation appears to provide to the reaction (7, 8). 
Also, it \vould otherwise be difficult to rationalize the apparent high degree of 
anomerization which occurs when methyl a-D-arabinopyranoside triacetate 

CH,OCH - . I 

I - CI-130. ..C;: .Q. 
HCOAc I bC-CI-l3 

I / 1-1 L o /  I 
I I I I I 

0- 
Ic / * I /  : ( - )  .o- 

FILO\ CH:gO. . . : I  (+) 
/ (+)C-CHs CH 

MCO' 
I I 

t l  COAc 

I v 
I 

v 

0- 
I 

AcOCH 
I 

I4 COAc 
I 

is subjected to acetolysis with the high lability of the ring structure as displayed 
by the p-anomer (15). Winstein and Heck (17) have shown that  the 1,2-cyclic 
carbonium ion derived from participation of an acetoxy group shows little 
tendency for participation in an ion-pair. Consequently, i t  is conceivable 
that  the transition state 111 can readily lead to the ion-pair V (12). The col- 
lapse of the ion-pair could then result in the formation of the a-glucoside (VII). 
In the event that  the collision leading to the transition state 111 brought about 
separation of the ions, the 1,2-cyclic ion (IV) would result-an ion which 
is ltnown to lead to P-D-glucopyranose pentaacetate as is required by the 
experimental data. 
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The acetolysis of inethyl a-D-glucopyranoside tetraacetate with inversion 
of the anomeric center could, of course, be rationalized as a reversal of the 
above process. That  is, the reaction mould take place by VII + V - + 
111 - + IV -- + VI. However, in view of the fact that  evidence exists 
that 3,4,6-tri-0-acetyl-a-D-glucopyranosyl chloride appears to undergo solvol- 
ysis in acetic acid with a preponderance of inversion a t  the anomeric center 
(11) it  is conceivable that the acetolysis of methyl a-D-glucopyranoside tetra- 
acetate proceeds mainly by dissociation to a carbonium ion which possesses a 
strong tendency to  form P-D-glucopyranose pentaacetate on interaction with 
the environment. 

In conclusion, it is of interest to consider the implicatioil of these results on 
the procedure used by Lindberg in his studies on the mechanism of the ano- 
merization of acetylated alkyl glycopyranosides (1, 2, 13). First of all, the 
significance attached by Lindberg to the velocity constants which were cal- 
culated from polarimetric data only is questionable. The fact that the polari- 
metric change which accompanies a complex reaction is not readily amenable 
to interpretation is well illustrated by the data  obtained for the acetolysis of 
methyl a-D-glucopyranoside tetraacetate. Inspection of Fig. 1 might lead one 
to believe that the reaction was essentially over in 90 min. The fact was, 
however, that  the reaction was only 53.5% complete a t  this time. Thus, the 
common practice of following a carbohydrate reaction polarimetrically to  the 
first point of inflection would in this case have led to nearly the worst possible 
mixture of starting material and reaction products. The course of the polari- 
metric change in the acetolysis of acetylated alkyl P-glucopyranosides is 
obviously determined by a wide variety of factors such as the relative rates of 
acetolysis and anomerization of the P-glucoside, the relative rates of glycosidic 
cleavage and ring cleavage for the a-glucoside, the relative rates of glycosidic 
cleavage, the stereochemical routes of the glucosidic cleavages which need not 
be the same for all glucosides and the relative rotatory powers of all the 
reaction products formed. Secondly, Lindberg attached considerable impor- 
tance to presence of peracetylated aldehyde-sugars in the reaction products. 
I t  is to be noted in this respect that the present data  indicate the formation 
of these products to be the result of a property of the more stable 1,2-cis- 
glycoside, a conclusion which is in accordance with the above mentioned 
experimental results obtained by Montgomery et al. (15) on the acetolysis of 
the methyl D-arabinopyranoside triacetates. This is reasonable since the 
acetolysis of the ring must be expected to be more important in the case of the 
acetylated 1,2-cis-glucosides where anchimeric assistance for glucosidic 
cleavage through participation of the C2-acetoxy group is not possible. The 
following deductions are of interest in this respect. The cleavage of the C1 to 
methoxyl group bond of a methyl D-glucopyranoside tetraacetate may occur 
either before or after the pyranose ring has undergone acetolysis. I f  the fission 
occurred before the ring was opened the product should be a D-glucopyranose 
pentaacetate; if afterward, the product can be expected to be aldehyde-D- 
glucose heptaacetate. Bonner (3) has shown the pyranose ring of the glucose 
pentaacetates to be stable under co~lditions for acetolysis and Lindberg's 
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experiments (13) indicate the same stability for the heptaacetate. Therefore, 
the identification by Lindberg (13) of only about 8% heptaacetate in the 
product from the acetolysis of methyl a-D-glucopyranoside tetraacetate 
suggests that  for this coinpound the preferred reaction route was direct aceto- 
lysis of the C1 to methoxyl group bond. The C1 to acetoxy group bold of 
b-D-glucopyranose pentaacetate has been shown to be highly susceptible to 
dissociation as  compared to  the corresponding bond in the a-anomer (7, 8). I t  
would therefore be surprising indeed if conditions which readily cleave the C1 
to methosyl group bond of methyl a-D-glucopyranoside tetraacetate would 
not dissociate much Inore reaclily the corresponding bond in the b-anomer as is 
suggested by Lindberg's arguments in support of his theory for the mechanism 
of the ailomerization of acetylated glycopyranosides. 

EXPERIMENTAL 

The techniques used in carrying out the reaction and isolating samples after 
the various reaction times were the same as previously reported (9). In order 
to  remove the chloroform, the inaterial was twice dried in vacuo from solution 
in benzene before drying in a high vacuum first for several days a t  room tem- 
perature and then for several hours a t  GO°C. 

The methods used to prepare the radioactive compounds have already beell 
described (8, 12). The isotopic dilution analyses were carried out by adding 
weighed amounts, about 10 mgm., of the radioactive compounds to  a weighed 
sample of the reaction product before chromatographic separation, purifying 
the compounds from the chromatogram by several recrystallizations, and then 
determining the radioactivities of the pure compound as was described in a 
previous communication (9). The amount of the reaction product used de- 
pended on the amount of the material to  be analyzed which was present in the 
sample. Usually, about one gram of reaction product was used. The mixture 
was applied to the top of a col~iinn of NIagnesol-Celite (3 : 1) 120 gm., 50 mm. 
in diameter, and the chromatogram was developed with 1500 ml. of benzene- 
ethanol (250 : 1) (14). The methyl b-D-glucopyranoside tetraacetate was 
found about one third of the way down the coluinn and the remainder of the 
compounds were in the bottom quarter of the column. The a-D-glucopyranose 
pentaacetate occurred first and was well separated from the methyl a-D- 
glucopyranose tetraacetate which occurred nest. The latter compound was not, 
however, well separated from the P-D-glucopyi-anose pentaacetate and was 
usually obtained by crystallization from the mother liquors from the isolation 
of the p-pentaacetate. 

The contents of alkali-labile inethoxyl groups listed in Table I were deter- 
mined as follows. The sample, about 100 mgm., was dissolved in 1 ml. of di- 
ethylene glycol. Two milliliters of N sodium hydroxide solution mas added and 
the solution was left a t  room temperature for one hour. The solution was then 
washed into a standard micro-Icjeldahl distillation apparatus for distillation 
in the usual manner. The distillate was collected in a 10 ml. volumetric flask 
kept in ice water. After about 9 ml. of distillate was collected, the solution was 
diluted to 10 ml. and the methanol in 1-ml. aliquots was determined bj7 the 
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p r o c e d u r e  desc r ibed  by Boos (4). A s t a n d a r d  c u r v e  m a s  s e t  u p  by t r e a t i n g  
so lu t ions  w h i c h  c o n t a i n e d  Itnow11 a m o u n t s  of m e t h a n o l  in  t h e  s a m e  m a n n e r .  
T h e  resu l t s  w e r e  reproduc ib le  w i t h i n  9 5y0. 
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N O T E  

SUBUNITS IN TI-IE MOLECULE OF BOVINE PLASMA ALBUMIN' 

Oxidation of inti-amolecular clisulphide bridges in proteins, followed by 
determination of the n~olecular weight of the procl~icts, has been shown to  be a 
valid methocl of investigating subunit s t ruc t~~i -e  in these substances. Sanger 
has shown (8) tha t  such osiclation, if carried out  a t  room temperature ancl for a 
short period only, irreversibly separates the inolecule of insulin into component 
chains by oxidizing the cystine residues to cysteic acid, without attac1;ing the 
primary polypeptide bacltbone. Anfinsell and co-xvorl<e~-s (I) have confirmed 
the applicability of the method b y  their studies on ribonuclease. TiVe wish to 
give a preliminary report of the results of an application of the same techniq~ie 
to bovine plasma albumin (B.P.A.). 

After 20 min. oxidatioil of crystalline B.P.A. (Armour ancl Co.) by performic 
acid a t  room temperature, follo~vecl b y  hydrolysis, the cystine and cysteiile 
spots disappeared from the cl~romatogram of the  hydrolyzate (9). Repeated 
determinations of free a amino groups with Sanger's reagent (5, 7) shoived tha t  
no a amino groups in other than aspartic acid residues could be detected in 
either native or oxiclized B.P.A. These observations confirm those of Van 
Vunalcis and Brand (10) and indicate tha t  no significant hydrolysis of a peptide 
bond occurred during oxidation. 

The  weight average molecular weight of three preparations of oxidizecl 
B.P.A. a t  pH 7.4 in 0.2 Ad socli~~in chloride ancl 0.08 M borate buffer was 
determined by previously described light-scattering techniq~ies (6) as  
32 ,000f  2000. Under the same conditions, native B.P.A. gave a molecular 
weight of 77,000 in good agreement with previous results reported by Edsall 
et al. (3). Osmotic pressure measurements in the same buffer gave a number  
average molecular weight of 30,000 for oxidized B.P.A. and 66,000 for native 
B.P.A., the latter estimate being the same as  tha t  recently published b y  
Gutfreund (4). 

The  difference between the molecular weights obtained by light-scattering 
and os~not ic  pressure da ta  has usually been attributed to  the presence of n 
small fraction of high molecular weight material in the samples (3). We have 
detected this fraction in our samples of native B.P.A. by sedimentation in the 
ultracentrifuge but  have been unable to  find evidence for it in the oxidized 
material. During our preparations of oxidized B.P.A., this small fraction of 
high molecular weight therefore seems to have been lost, and its disappearance 
accounts adequately for the otherwise surprising agreement between the 
light-scattering molecular weight of oxidized B.P.A. and tha t  obtained b y  
osmotic pressure. 

' Issz~ed as N.R.C. No. 3449. 
2Nalio7ral Research Coztncil of Ca?zada Postdoclorate Fellow, 1953-54. 
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In contrast to previous suggestions of a single polypeptide chain for B.P.A. 
(2) these results demonstrate that  the molecule is made up of a t  least two sub- 
units (chains) which seem to be held together by -S-S- cross-links. The 
component parts are not clissociable, however, by variation of the pH of the 
solution (6). Full details of this work will be reported later in this journal. 
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C a n a d i a n  J o u r n a l  o f  C h e m i s t r y  
Issued by THE NATIONAL RESEARCH COUNCIL OF CANADA 

VOLUME 33 FEBRUARY 1963 NUMBER 2 

Symposium on Physical Adsorption of Gases by Solids 

FOREWORD 
The papers that follow were presented a t  a symposium on "Problems Relating to  the 

Physical Adsorption of Gases by Solids", held a t  the Royal Military College, Kingston, 
Ontario, September 10 and 11, 1954, under the auspices of the Physical Chemistry Subject 
Division of the Chemical Institute of Canada. A few of the papers presented are not being 
publisl~ed here, owing either to prior commitments or to  the authors' choice. The conveners 
of the symposium were of the opinion that  it \vould be u s e f ~ ~ l  a t  this time to bring together 
various points of view on experimental metllods and theoretical interpretations currently 
being applied to  the study of physical adsorption of gases by solids. T o  this end they arranged 
a program of contributions concerned with the state of physically adsorbed films, the structure 
and energetics of solid surfaces, and theoretical aspects of adsorption phenomena. No record 
of discussion was kept as  the attendant editing would have significantly delayed p~tblication 
of these proceedings. 

On behalf of the conveners of the symposiuln I should Iilce to  acl<nowledge the generous 
co-operation of the National Research Council, of the authorities of the Royal Military College, 
and of the Editor of the Canadian J o ~ ~ r n a l  of Chemistry. 

R. ~CINTOS~l ,  
CHEMISTRY DEPARTMENT, 
UNIVERSITY 01; TORONTO. 

SOME PROBLEMS IN SURFACE CHEMISTRY 

An Invited &qddress bl. P ~ i o ~ ~ s s s o ~ i  S I I ~  ERIC RIDEN,, F.1I.S. 

In 1917, Langmuir advanced the view tha t  in heterogeneous catalytic 
reactions, chemisorbed reactants were involved. Work since t h a t  time has  
fully substantiated tha t  view and a t  the present time enquiry is centering 
around the problem of distinguishing between two possible modes of reaction 
for the catalytic formation of a product by the interaction of two reactants, 
A and B, a t  the surface of a catalyst. These maj7 be depicted as  

A B A B 
I I + c  or I i - c 

M M M NI 
where - denotes a chemisorbed species and ---- a molecule in the  gas 
phase or in the van der Waals field. 

During the last quarter of a century we have been interested in the process 
of che~llisorption and have attempted to  examine it by a variety of methods. 
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Three of these have been successful in throwing a great deal of light on the 
process. These are very briefly ( a )  the use of a single wire on which the accom- 
modation coefficient of a rare gas in the absence and presence of a chemisorbed 
layer is measured; a field explored in great detail by Dr. J. K. Roberts, (b) the 
contact potential method in which two crossed wires are employed, one as an 
electron emittor and the other as an acceptor, the acceptor being coated at  
will by a chemisorbed layer; a method talten up by Dr. R. C. L. Bosworth 
and more recently (c) Mr. M.  McD. Baker has had some success in utilising 
the photoelectric threshold and its change on the adsorption of gases to 
investigate chemisorption. I might deal briefly with the main features of the 
results of these investigations. 

In the first place, it was found that chemisorption took place readily on 
clean wires frequently with no detectable energies of activation and that many 
cases of apparently slow adsorption could be attributed either to a displace- 
ment of a previously adsorbed gas or to a slow diffusion into the interior. This 
does not preclude the fact that there are well established cases of activated 
adsorption e.g. hydrogen and oxygen on diamond, oxygen on silver and 
hydrogen on copper, but it does serve to emphasise the danger of attributing 
all slow processes to an activation energy for adsorption especially where clean 
metals are involved. I t  is only natural that activation energies are involved 
when adsorption on and reaction with oxides and the like are under considera- 
tion. 

The second important point which emerged was that the molar heat of ad- 
sorption was not constant but varied as a function of the surface coverage from 
8 = 0 to 0 = I .  These molar heats of adsorption can be determined directly, 
calorimetrically, even on a wire or preferably on a metallic mirror following 
Beeclt's method, or calculated from the adsorption isotherms talten over a 
suitable temperature range. The form of the AH, 8 curve was of some interest 
in that AH was found to be neither independent of nor a linear function of 0 
as might be a t  first sight anticipated but consisted in those cases which were 
carefully examined of three distinct portions, a high AH for a small region of 
0 = 0 to ca. 0 = 0.1, a linear portion AH gradually falling from 0 = 0.1 to 
ca. 0 = O.G, and a more rapid fall after this point sinking to quite low values as 
8 approaches unity. I t  is evident that this fact can be interpreted by two 
entirely different concepts, firstly that the adsorbing surface is heterogeneous 
in character or that there exist both repulsive fields between the ad-atoms or 
ad-radicals and that the bonding energy falls with increasing surface coverage. 

The first view, viz. the assumption of heterogeneity of the surface, gained a 
good deal of support in the United States; we, however, were inclined to the 
alternative view, namely, that the phenomenon of chemisorption of gases a t  
metallic surfaces bore a closer similarity to those phenomena dealing with the 
modification of the thermionic and photoelectric properties of metallic surfaces 
in the presence of adsorbed monolayers. I t  was also easy to show that if the 
ad-atoms or ad-radicals did indeed resemble dipoles and as a result repulsive 
fields existed between them, then the general form of the AH, 0 curve for a 
dissociating gas such as hydrogen could be accounted for; if, in addition to this 
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hypothesis, the ad-atoms or ad-radicals could undergo surface diffusion and 
thus space themselves uniformly over the surface a t  a speed a t  least commen- 
surate with the rate a t  which the experiment of gas admission was being 
conducted. Dr. Roberts' work is widely known on both sides of the Atlantic 
and for that reason I have given only the briefest summary of the more impor- 
tant conclusions derived from his investigations. I t  is interesting to note tha t  
recently the accommodation coefficient method of attack has been queried as  
to its accuracy but I am glad to see that  recent work of Dr. Tompkins a t  
Imperial College has fully substantiated Roberts' work. 

Dr. Bosworth's work does not appear to be so well known so I am taking the 
liberty of giving this in slightly more detail. 

Langmuir and Kingdon studied the impact of caesium atoms onto a tungsten 
surface and noted that  when the surface was relatively bare every caesium 
atom evaporated as an ion. The electron work function of tungsten, 4, is 
4.53 volts whilst the ionisation potential of caesium, I, is 3.88 volts, thus the 
passage of the electron from the donor caesium atom to the acceptor tungsten 
is facilitated. When, however, the caesium layer begins to populate the surface 
more thickly, this layer continues to lower the work function of the surface 
until, when 4 has sunk to 3.88 volts, any further incident caesium atom will 
evaporate as an atom and not as  an ion. We might regard the surface phase as 
consisting of a mixture of ad-atoms and ad-ions, their proportion being given by 

where f l  and fz are the statistical weights of the ion and atom respectively in 
their ground states; or, we may regard the surface as  consisting entirely of 
ad-atoms, the polarisation or dipole moment of which varies for a bare surface 
from that  equivalent to an adsorbed ion to much smaller values as the surface 
becomes more crowded, evaporation from the surface taking place in the two 
stable states viz. atom and ion in a ratio defined by the energetics of the 
system. Langmuir obtained the following values for the dipole moment of 
caesium on tungsten : 

Bosworth investigated potassium on tungsten in a similar manner and 
obtained : 

We can note that the lattice constant of potassium is 5.25A and if we regard i t  
as a sphere with unit positive charge placed on an ideal plane conductor, the 
external field produced by an ion and its mirror image would be equivalent to 
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that of a dipole of electric moment 
5.25 X 4.77 = 25 Debyes, 

a value very close to  that  obtained experimentally for extremely dilute films. 
Bosworth extended this investigation to oxygen on tungsten and computed 
the following tentative values: 

Here again we note that  there is a fall in the apparent polarisation as the 
surface becomes more densely populated. I t  is interesting to compare the work 
functions of stable close packed monolayers of electronegative gases on tung- 
sten as determined by this method. 4 for W = 4.56 volts a t  300°A. Then a t  the 
same temperature we find 4 for WO 6.34, WY 5.92, WH 5.82, WD 5.80. For 
a thick oxide film WO, 4 = 6.24 volts. 

Bosworth also measured the rate of surface diffusion as a function of the 
surface concentration of potassium on tungsten. The  energies of activation 
for the surface diffusion were found as expected to be relatively large 
for dilute films falling to smaller values for more concentrated films. I cite the 
follo\ving values: 

0 E (electron volts) 0 E (electron volts) 

From these data it is possible to calculate the spreading forces and these can 
be compared with say the spreading forces of formic acid adsorbed on mercury. 

Potassium on tungsten Formic acid on mercury 
-- -- 

Ad-atoms Molecules 
per sq. cm. per sq. cm. 

(X lo-") F (dynes/cm.) ( X  10-l.1) F (dynes/cm.) 

The spreading forces for the strong dipolar system potassium on tungsten are 
far greater than those for formic acid on mercury. For very dilute monolayers 
where the distances are too great for appreciable dipolar interaction we note 
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tha t  the  spreading forces which are kinetic thermal in origin for the  two 
systems are of the  same order of magnitude. As the surface concentration rises 
the increased spreading forces for the potassium can be shown t o  be due to  the 
electrostatic dipole repulsion but  for concentrated films the values obtained 
fall below those calculated, another confirmation tha t  the magnitude of the  
dipole is falling with concentration. 

I t  is difficult t o  attain such a high accuracy when wires or thin ribbons of 
metal are employed as  can be attained with metallic mirrors. I t  also militates 
against the  accuracy of the  method when other extraneous metal has to  be 
present or when local high temperatures as  in thermionic emittors are em- 
ployed. For this reason Mr. NI. McD. Balter has been engaged in exploring the 
possibilities of using photoelectric thresholds in conjunction with freshly 
formed metallic mirrors derived by vaporisation from suitable filaments. So  far 
we have confined our attention t o  the 1800 line of mercury and have used a 
silica window t o  our vessel. We hope to  extend the method further into t h e  
ultraviolet so that  we can examine chemisorption on such metals as  copper. 
Mr. Balter has examined the chemisorption of hydrogen and of carbon monoxide 
on a variety of metals. I t  is interesting t o  note tha t  the A+, 0 curve pursues a 
curve similar t o  the A H ,  0 curve, namely on several metals there is an initial 
relatively large rise in A+ indicating a large dipole, this is followed by a steady 
linear rise and then the curve bends over indicating tha t  the magnitude of the  
dipole in the closely paclied film is very small. 

Finally by means of the  method of contact potentials i t  is possible t o  measure 
the latent heats of evaporation. T h e  experimental evidence suggests tha t  on 
tungsten oxygen evaporates as molecules formed by the combination of two 
chemisorbed atoms i.e. a bi-molecular surface action whilst nitrogen evaporates 
in a unimolecular manner i.e. either as  N2 or WN.  T h e  values obtained for 
these two chemisorbed gases on tungsten were as  follows: 

A v (volts) 
Oxygen, 

E (kcal./mole) 

I t  is from these experiments difficult t o  avoid the conclusions tha t  monolayers 
chemisorbed on uniform metallic surfaces vary markedly in properties as  their 
surface concentration is varied. Dilute monolayers are relatively firmly held 
and have large dipoles and large energies of activation for migration. As the 
paclting density increases the polarisation of the  dipoles decreases, the  lateral 
mobility increases, the spreading force increasing and the energy of activation 
for migrations decreasing and, a t  the same time, the  forces holding the ad-atom 
or ad-radical to  the surface suffer a considerable diminution. 
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I t  is interesting to determine the energy changes associated with the ionisa- 
tion of sodium, i.e. the reaction 

from Bosworth's data. For gaseous sodium vapour E = 5.1 electron volts; in 
a closely packed monolayer on tungsten it is E = 1.7 electron volts, whilst in a 
very dilute monolayer it  is E = -0.4 electron volts. 

I t  does not seem to  be unreasonable to apply similar considerations to, say, 
hydrogen on nickel. We may regard a nickel surface when sparsely populated 
as capable of dissociating hydrogen. The resulting surface hydride is relatively 
polar and the reaction is strongly exothermic. The repulsive forces between the 
ad-atoms ensure an even distribution over the surface. For these, the rate of 
recombination and re-evaporation as molecules is extremely slow and the 
equilibrium pressure of hydrogen above a nickel surface for small values of 0 
is vanishingly small. As 0 increases the interaction energy decreases and the 
reaction becomes increasingly less exothermic whilst the repulsive forces and 
the energy of activation for lateral migration become reduced, with the result 
that evaporation proceeds more readily and, as we have found with Trapnell, 
relatively large equilibrium pressures of hydrogen are necessary for 0 to attain 
unity. We might also assume that there may be substrates with which the 
interaction energy for hydrogen sinks to such low values that surface dissoci- 
ation ceases before 0 reaches unity resulting in a mixed atomic and molecular 
film. 

We have not succeeded in attempts to discover the mechanism of the surface 
migratory process. We could imagine it to take place by three different methods. 
If we regard each metallic atom as though it were a crater with the ad-atom in it 
then a migration might consist of a process of hopping from one crater to the 
next. Again there may be preferred directions, e.g. a t  an angle of 45" on the 
surface of a cubic crystal or a direction in which the lips of the crater are lower 
giving rise to directional migration. 

Finally, we may conceive the existence of migratory levels involving the 
supply of energy to raise the ad-atom into the migratory level and then the 
supply of a much smaller energy of activation in the travel over the migratory 
level. The energies for migration in the migratory levels being naturally smaller 
the greater distance the level is from the metal atom surface and the greater 
the original energy of activation necessary to raise the ad-atom to that level. 

This concept of chemisorption involves, as we have seen, electron transfer, 
either the ad-atom or ad-radical being the electron donor or acceptor, and I 
need only a t  this point draw your attention to the ever increasing amount of 
work now being devoted to the electronic structure of metals and to the pro- 
duction of p and n lattice defects to modify the electronic structure of 
catalysts. 

Finally, I would like to express my gratitude for the kindness which the 
National Research Council is always extending to me especially in so far that 
they have made my attendance a t  this meeting possible. I would also like to 
congratulate all those who have taken part in getting th,is meeting- together. 
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The meetings of the Faraday Society, deservedly some of us think, hold a high 
reputation in the world of science. The reason for the success of those meetings 
can be summed up in two words-hard work. I think those of us present here 

I 

who have attended meetings of that  society would consider this meeting as  
good as  the best. 
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INVESTIGATION OF THE PHYSICALLY ADSORBED STATE 
BY MEANS OF DIELECTRIC MEASUREMENTS' 

BY E. M7. CHANNEN~ AND R. IMCINTOSH~ 

ABSTRACT 

Dielectric data obtained for a variety of adsorbates on porous silica gel and 
on nonporous rutile are summarized. Four methods of computing the polari- 
zabilities or dielectric constants of the adsorbed matter are outlined and applied 
using the primary experimental data of capacitance change and volume adsorbed. 
All four methods contain sornevvhat arbitrary assumptions and a t  best are semi- 
empirical. None predicts values of the electrical constants of the adsorbed species 
which appear reasonable in all cases. I t  is concluded that  an  interpretation of the 
phenomena revealed by the primary data is not possible until improved methods 
of computing the polarizability of adsorbed material are developed. 

INTRODUCTIOhT 

Attempts to elucidate the state of physically adsorbed films of vapors on 
solids have been reported particularly by Higuti (7), Icurbatov (12), and by 
McIntosh and his associates (13, 14, 17, 18, 20). These investigators have dis- 
covered the very interesting fact that when the change of capacity of the 
test cell is plotted against the volume of gas adsorbed, a sudden change of the 
slope of this plot is observed a t  some particular quantity of adsorbed matter. 
Typical observations for a variety of adsorbates on a porous adsorbent, 
silica gel, and on nonporous rutile are given below. The interpretation of this 
kind of data and of the variation of the slopes of such plots with temperature is, 
however, a very difficult matter. 

In order to attempt an interpretation it  appears necessary to evaluate the 
polarizability of the adsorbed species. The dielectric which is being examined 
is, of course, a heterogeneous one, and it  is necessary to account correctly for 
such factors as the arrangement of the particles in the bed, the spaces between 
particles occupied by gaseous matter, and the contribution of the adsorbed 
matter. Up to the present the simpler situation of powdered solid and inter- 
vening space between particles has not been satisfactorily treated, although 
both Bottcher (1) and Kamiyoshi (9) have succeeded in developing formulae 
which yield reasonable values of the dielectric constant of the solid provided 
its dielectric constant is not above about 20. 

In the present paper the general nature of the experimental findings is 
reviewed and information from further studies recorded. A comparison is then 
made of the values of the polarizability of the adsorbed matter or of the 
apparent dipole moments of polar adsorbates deduced by a number of pro- 
cedures. I t  is thus shown that the values obtained are marltedly dependent 
upon the method of computation. As each procedure involves an empirical 
step and usually also an arbitrary assumption in the method by which the 

lA!fanuscript received Septenzber 16,  1954. 
Contribution from the Department of Chcwzistry, University of Toronto, Toronto, Ont. T h i s  

paper was presented at the Synzposium on Problenzs Relating to the Adsorption of Gases by Solids, 
held at Kingston,  Ontario, Septentber 10-11, 1954. 

2Graduate Student. 
3Professor of Chemislry. 
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polai-izability of the adsorbed matter is separated from that of the whole 
system, it has not been possible generally to assess the advantages of one 
method over the others. An obvious test is to rely upon the answer obtained 
for a nonpolar adsorbate, such as butane. In this case, however, owing pro- 
bably to the low dielectric constant of the adsorbate, discrimination among the 
methods is not readily achieved. The contribution of the paper, therefore, is to 
point out the nature of the problem and to emphasize that  the methods out- 
linecl are far from satisfactory. As these methods include that used by Icami- 
yoshi ( lo) ,  it must be concluded that all values of the polarizability or of the 
permanent moment so far published are unlikely to be reasonable approxi- 
mations to the effective molecular constants of adsorbecl molecules. 

SUMMARY OF EXPERIMENTAL OBSERVA'TIONS 

The experimental observations made in this laboratory are briefly summar- 
ized below. As Higuti (7) and Icurbatov (12) have also reported the type of 
result to be found using porous adsorbents, the validity of the findings appears 
established. 

I .  P o r o z ~ s  Silica Gel 

(a) A11 adsorbates studied reveal two well-defined linear sections of the plots 
of capacitance change versus volume of gas adsorbed. (b) These linear sections 
are separated by a short transition region, so that extrapolation of the two 
lines defines a critical value of the volume adsorbed a t  which a change of the 
apparent polarizability of the adsorbed phase occurs. (c) The second linear 
section always has a lower slope than the first. (d) Depending upon the adsor- 
bate, the critical value of the volume adsorbed may or inay not change with 
temperature over the range of temperature which has been studied. (e) The  
critical value of the volume adsorbed does not agree with the value of T<,, 
computed by the B.E.T. method. (f) Addition of water to the gel before 
admission of the second adsorbate may influence both the values of the slopes 
and the critical quantity of adsorbate. (g) The variation of the slopes of the 
linear sections with temperature depends upon the particular aclsorbate. 
Nonpolar butane shows a negligible temperature dependence of the slopes. 
Polar adsorbates, such as ethyl chloride and water, show a negligible dependence 
on temperature of the slope of one section, while the slope of the other section 
may vary either as is normal for a polar substance or anomalously. 

Details may be found in earlier publications, but typical plots for several 
adsorbates are shown in Fig. 1 as illustrations of the usual findings. 

I I .  Nonporozrs Rzctile 

The measurements are more difficult to make using this adsorbent because 
of its low adsorptive capacity (specific surface to N2 80 square meters) and 
the lower quantity which packs into the beds. The relative precision with which 
capacities are measured and the essentially similar results obtained with a 
different assembly (19) indicate that the results reported here are valid. 
I t  should be emphasized that linear sections of the usual type of plot are 
excellent, and in our opinion, it is justifiable only to draw straight lines through 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
1.

38
.3

6 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



174 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 33 

Ethvl Chloride on Si l ica A 

Volume Adsorbed - C.C. a t  N.T.P Volume Adsorbed - C.C. a t  N.T.P. ' 

~ n e  on Silica ,A Butc Butane on Silico + Wate r  

3.7 mc./sec. 

I 1 
o 0.0 C.C. Water 

a 89.1 C.C. 

Volume Adsorbed - C.C. a t  N.T.P. Volume Adsorbed - C.C. o t  N.T.P 

FIG. 1. Plots of capacitance change versus volume adsorbed for various adsorbates on silica. 

the experimental points of the several sections of the graphically represented 
data. 

The experimental observations may again be briefly summarized. ( a )  
Nonpolar butane shows no discontinuity of the slope of the usual capacitance 
change versus volume adsorbed plot. (b) Three polar adsorbates, namely, 
ethyl chloride, sulphur dioxide, and ammonia, reveal two linear sections in the 
plots. (c) In these cases the second linear section possesses a higher slope than 
does the first, a fact which is in striking contrast with the behavior of polar 
adsorbates on porous silica. (d) The temperature coefficients of the slopes are 
negligible over the narrow temperature range of some thirty degrees which 
was feasible for the adsorbates other than dichlorofluoromethane. (e) The  
critical value of the quantity adsorbed a t  which the apparent polarization of 
the adsorbate changes is in good agreement with the value of Vm computed 
by use of the B.E.T. (4) or Hiittig equations (8). (f) Critical examination of 
these primary data  shows that  the sudden change cannot be accounted for 
by the gaseous matter between particles. (g) Dichlorofluoromethane4 does not 

"he data for dichlorofluoromethane were obtained by Mrs. E. Petrie i n  this laboratory. 
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exhibit the sudden change of apparent polarization a t  20.2OC., but does so 
a t  -19.6'C., owing to a negligible temperature coefficient along the first 
section and a negative coefficient along the second. Representation of typical 
data is made in Fig. 2. 

Butane  on Ruti le 0 

8 5.3-C. 3.7 mc./sec. 
- 

6 - 

2 5  50  7 5  100 125 
I I I I I 

Volume Adsorbed - C.C. a t  N.T.FI 

Ammonia on Ruti le 

40 3.7 mc./sec. 

-22.9"C. 
o + 3.8" 

I I I I 
Volume Adsorbed - C.C. a t  N.T.P. 

I Su lphur  D i o x i d e  on Rut i le  
--. . 

Volume A'dsorbed - 6.c. a t  N.T.~? v o l u m e '  Adsorbed ' - C.C. a t '  N.T.l? 

FIG. 2. Plots of capacitance change versus volume adsorbed for various adsorbates on rutile. 

A comparison of these results with those obtained using silica suggests 
that  porous structure has a bearing upon the results found. Moreover, the 
agreement between the values of V,,, deduced from theories of adsorption and 
the critical values found from the electrical measurements using the nonporous 
adsorbent suggests that the change of apparent polarization occurs on the 
completion of the first molecular layer in the case of that  adsorbent. I t  should 
be noted from the C values of the B.E.T. or Hiittig plots that  the heat of 

I adsorption in the first layer is quite large for these adsorbates. 
1 

I General Theoretical Considerations 

If the value of the directing field a t  the site of an adsorbed molecule were 
I known, some theoretical knowledge is available to aid in the interpretation of 

the behavior of the adsorbed matter. Mclntosh, Rideal, and Snelgrove (14) 
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showed that the orientational contribution to the total polarization of an 
adsorbed dipole constrained to  rotate in the plane of the adsorbing surface is 
E r ( ~ ? / 3 k T ) ,  where E, is the directing fielcl. Kurbatov (12) treated the case of a 
dipolar molecule which can undergo rotational oscillations in three dimensions, 
and also the case of a rotating molecule constrained to rotate within a given 
cone angle. For the first case he established the important result that althougll 
the orientation of the oscillator may make an important contribution to the 
measured polarization, the temperature coefficient of the orientational effect 
will be negligible if there is a reasonable restoring force to the equilibrium 
position of the oscillator with no field applied. In the second case the usual 
inverse temperature relation should be observed. Snelgrove and McIntosh 
(18) applied this type of treatment to  molecules constrained to  move in the 
plane of the adsorbing surface with similar results. Although we have now 
shown ( 5 )  that  equation [el of their paper should be modifiecl t o  the forin 

the important result is still valicl, nanlelj., that a higher polarizability than is 
to be expected for a nonpolar adsorbate and a negligible temperature variatioil 
of the orientational part of the polarizatioil may be found. I t  is therefore 
not surprising that values of the polarizability of adsorbed n~olecules in excess 
of that predicted on the basis of refractive index data (or more properly, high 
frequency dielectric data) should be deduced from an), method of computation 
which may be employed, even when the primary data  appear independent 
of temperature. On the other hand, in our opinion, one should not expect to 
find an apparent permanent moment for an adsorbecl nonpolar species. This 
statement is based upon the view that although a dipole may be induced in a 
nonpolar adsorbate by the field of the solid, the random orientation of the 
adsorbing surfaces should cause the net effect of these induced clipoles to be 
zero. Moreover, since the direction of the induced dipole depends upon the 
direction of the field from the surface, there is no tendency for the inducecl 
dipole to  orientate with the applied field. When, therefore, a nonpolar aclsor- 
bate is found to possess a polarizability inarlcedly in excess of 00,  the distortioil 
polarizability, when the primary data have been treated by some proceclure 
such as those to be discussed below, we believe that this result merely demon- 
strates the inaclequacy of the treatment. A cliscussion of four procedures which 
we have employed with the type of data  recorded above will now be given. 
These four procedures are ( I )  extension of Bottcher's powder method, (2) 
Bottcher's solution formulae applied to the adsorbate-adsorbent system, 
(3) a cluster model of the powder in conjunction with Bottcher's several 
methods, (4) the procedure due to Kamiyoshi. 

METHODS OF OBTAINING DIELECTRIC QUANTITIES 

I .  Extension of Bottcher's Powder Method 
The extension of Bottcher's powder method has been described earlier 

(14). I t  is useful, ho\~~ever, to review the assumptions which are made in it. 
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I t  is assumed (a) that  the average field within the composite dielectric is given 
by the Clausius-Mosotti field 3 ( ~ + 2 ) E ,  where e is the average dielectric 
constant of the system and E is the applied field, (b) that the field in the 
interstices is given by the Onsager cavity field, namely, [3 e/(2 €+€,,)I E, 
where E is the dielectric constant of the composite dielectric and E ,  is the di- 
electric constant of the gas a t  the equilibrium pressure over the solid, 
(c) that the average field in the composite system is given b5- adding the 
average internal fields in each cons t i t~~ent  on a volume fraction basis, (d) that 
the total polarization of the coinposite dielectric is given by adding the polari- 
zation of each constituent on a volume fraction basis. I t  should be noted that 
an assumption concerning the density of the adsorbate is req~iired, and there 
is thus an adjustable parameter in the final eq~~a t ion  

First linear Second linear Iiefractive Dielectric constant 
Temp., "C. section section index sq~~arecl  from 

Onsager equation 

Butane-dielectric constant 
0 . 1  1.80 1.61 1.81 - 

15.0 1.58 1.58 1.59 - 
30.0 1.74 1.55 1.77 - 

Ethyl chloride-dielectric constant 
0 . 1  8.66 4.36 

15.0 7.89 4.14 
30.0 7.50 3.99 

Methyl chloride-dielectric constant 
0 . 1  9.40 5.05 1.86 12.0 

Water-polarization per c n ~ . ~  
-15.0 1.069 0.947 

9.0 1.052 0.944 
44.0 1.052 0.937 

Polarization from 
Onsager equation 

0.915 
0.908 
0.896 

where 83 is the volume fraction occupied by gaseous matter, ei is the dielectric 
constailt of the powder before addition of adsorbate, and C1 and C2 are 
respectively the volume average polarizabilities of the solid and of the adsor- 
bate. The correction terms for gaseous matter given here are of some signifi- 
cance in dealing with rutile systems. McIntosh, Rideal, and Snelgrove (14) 
have pointed out how dielectric measurements might be einployed to establish 
the value of the densit\. of the adsorbed phase for nonpolar adsorbates, or 
for polar adsorbates a t  very high measuring frequencies. Without such know- 
ledge the arbitrary assumpti011 that the adsorbate has the density of liquid 
a t  the particular temperature has been made. 
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TABLE I1  
DIELECTRIC CONSTANTS* FOR ADSORBATES ON RUTILE BY THE EXTENSION OF BOTTCHER'S 

POWDER METHOD 

First linear Second linear Refractive Dielectric constant 
Temp., "C.  section section index from 

squared Onsager equation 

Butane 
5 . 3  2.05 - 1.80 - 

Ethyl chloride 
0.6 6.2 7 . 2  1.90 10.9 

-10.1 6.1 7 . 8  1.92 11.7 
-19.2 6.2 9.2 1.94 12.3 

Ammonia 
3 . 8  

-22.9 

Sulphur dioxide 
3 . 8  7 . 8  

-20.6 8 .2  

*The  number of significant figures stated i s  to show a n y  variation with tenzperature. Absolute 
values of the dielectric constant of the adsorbate are not known. 

In conjunction with equation [b] the relation 

has been employed to  give the dielectric constant of the adsorbate. The use 
of this formula follows from the definition of Cz based upon assumption (d). 

The application of this method to systems consisting of porous silica and 
various adsorbates seems reasonable, in view of the fact that  the result 
obtained for the dielectric constant of the silica from the measured e i  is about 
6. On the other hand, as  may be seen from Table I the value obtained for 
water is too high, and cannot reasonably be accounted for on the basis of 
experimental error. Application to  systems of rutile and adsorbate is question- 
able, because the measured value of €; yields a wrong value for the dielectric 
constant of rutile (negative) while the known value is about 114 (11). I t  is 
not surprising, therefore, that  the value of the dielectric constant of ammonia 
is found to be greater than that  of bulk liquid. The  use of the field in a spherical 
cavity is one source of error, since this approximation is poor when the dielec- 
tric constant of the powder particles is large (2). Values for several adsorbates 
are given in Table 11. 

I I. Solution iMethod 

Bottcher (3) has also treated the case of solutions. The requisite equations 
are : 
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Here, ak, a k ,  and Nk are respectively the radius, the distortion polarizability, 
and the number of molecules per unit volume of the kth type of molecule. 
Eik and ETk are respectively the internal field and the directing field a t  the 
8th type molecule. If these equations for solution systems are combined with 
the equations of the Bottcher powder method, i t  follows that  a constant 
Ci for the adsorbed matter is now defined by the relation 

I t  can then be shown that 

where 6 4  designates the volume fraction of free space and the subscript 3 
designates the gaseous molecules. The symbols Cl' and C2' refer to the solid 
and the adsorbed matter, respectively. 

By this combination of equations the field within the solid is regarded as  
independent of the volume fraction of adsorbate and of gas, as in the extension 
of the powder method. Since the value of E changes only slightly with increasing 
quantity of adsorbate, this approximation is not very serious. 

Thus a plot of 

versus 

r-ri-4aN3-- 

should yield a straight line of slope 1 / 4 a C ~ ' .  The values of a: were taken from 
refractive index data, while the values of a were assigned from the van der 
Waals' constants of the adsorbate (6, 16). The value of Ci obtained from the 
data is independent of the value assigned the volume fraction of the solid, 
61, for changes of the order of 30%. Thus the apparent electrical character- 
istics of the adsorbate are not dependent upon whether or not a "free space" 
term should be included for the solid constituent. 

Finally, the relation between dipole moment of the adsorbate and Cq' is 
given by 
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Some justification for using a solution model may be derived from the fact 
that the adsorbent has a large specific surface, so that its subdivision is great, 
and the system approximates to a mechanical mixture on the molecular scale. 
Further, the term (p22/3kT)E,, is valid for a dipole constrained to rotate in 
the plane of the adsorbing surface (14), but would not be valid for a rotational 
oscillator. A liliely source of failure is the spherical form of the model implicit 
in the equations, a criticism already mentioned in the preceding section. I t  
should also be noted that the treatment implies a field within the solid inde- 
pendent of the numbers N 2  and N3 of adsorbed and gaseous molecules. 

I t  can be seen from equations [d l ,  [el, and [f] that the selected values of a 
and a will influence the number obtained. In the case of a nonpolar adsorbate, 
the relation 

shoulcl apply, and may- be used to test the measure of agreement between 
experiment and theory when the value of a:! is talcen from the van der Waals' 
equation of state. For butane the value of cr2 from refractive index data is 
8.2 X cc. per molecule. The experimental values of Cn' for butane on 
silica and rutile gave values of 5.7 X 10-2%ancl 7.1 X cc. per molecule, 
respectively. I t  may be remarked that adjustment of the parameter a2 may 
be made in a similar fashion to that mentioned in the preceding section. 
Examples of the numerical values of p for various adsorbates on silica and 
rutile are recorded in Table 111. The  value of E required in the calculations 
was talien about midway along the appropriate linear section of the plots. 

TABLE 111 

APPAREYT DIPOLE ~IOAIENTS FOR ADSORBATES OR SILICA AND RUTILE BY THE "SOLUTION" 
LILCTHOD O F  COXIPUTATION 

a per 
molecule Apparent Gaseous 

Substnr~ce Temp. ("C.) Adsorbent Molar from dipole dipole 
volun~e refractive momer~t moment 

index data X 10'" X 10lS 
X 1021 

SO? + 3 . 8  T ~ O ;  14.0 5.33 0 . 0  1.61 
CZHsCI + 0 . 6  TiO? 22.0 6.47 0.57 2.02 
CzH jCl 0 . 0  SiO? 22.0 G.47 0.52 2.02 

C a l o  0 . 1  SiOz 30.4 8.20 a 2  from C.' = 5.7 X 

C ~ H I O  5 . 3  T i 0  2 30.4 8.20 an from C.' = 7.1 X 10-Z1 

The most noteworthy feature of this method of computation is the terms 
arising from the presence of gaseous matter in the composite dielectric. This 
remark applies only to the rutile systems, where the relative quantities of 
adsorbate and gaseous material are s~ich as to make the contribution from the 
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gas important. In the cases of ethyl chloride and sulphur dioxide the discon- 
tinuities evident in the slopes of the plots of the primary data  disappear, 
or a lower polarizability is deduced for the second linear region. This suggests 
that an overcorrection is being made. As the correction terms are negligible 
for the first linear sections, the values of p for these sections are given in the 
table. 

I I I .  The ' Cluster" Method 

I t  was pointed out that  the application of Bottcher's formula to powdered 
rutile did not yield the correct value of the dielectric constant of crystalline 
rutile, namely, 114. As the specific surface of the sample is 80 square meters, 
the ultimate particles would be invisible and the particles seen are aggregates 
or clusters of these. Further, in packing the cell i t  was found that the volume 
fraction of solid always lay in the range 0.16-0.18. For powders of particle 
size of the order 0.005 cm. the volume fraction of solid is ordinarily in the range 
0.4 to  0.6. The existence of clusters could explain this difference in the volume 
fraction of solid in the beds of rutile. By assigning a value for the volume frac- 
tion of the ultimate particles within the clusters, the volume fraction of the 
clusters themselves, considered as a homogeneous phase, can be calculated. 
By an application of Bottcher's powder method, the mean dielectric constant 
of the clusters can then be calculated. From this number, in conjunction with 
the previously assigned value of the volume fraction of solid within clusters, 
a second application of Bottcher's procedure yields the dielectric constant 
of the ultimate particles of solid. 

This procedure was applied for two different values of the volume fraction 
within the clusters. The one corresponded with hexagonal close-packing of 
spheres, and gave a dielectric constant of 180 for the solid rutile. The other 
corresponded with cubical close-packing of spheres, and gave a dielectric 
constant of 50. I f  both the cluster model and Bottcher's equation are correct, 
the arrangement within the clusters must be something between the hexagonal 
and cubical close-packing arrangements. The volume fraction within the clus- 
ters can then be empirically adjusted to yield the correct value of the dielectric 
constant of the rutile. 

Having established the distribution of the powcler alone in this way, the 
dielectric data  for the adsorbecl gases may be treated in either of two wa>s 
on making the further assumption that the adsorbed matter is contained 
within clusters. These are: ( a )  Calci~late the mean dielectric constant of the 
clusters as a function of the volume of adsorbed gas and then, using those 
results, calculate the dielectric coilstant by the extension of the powder method 
clescribed earlier. ( b )  Calculate the mean dielectric constant of the clusters 
as in ( a )  above and then applj. the solution metho:l to the clusters to obtain 
the property of the adsorbed phase. 

iblethod ( a )  yielded values of E ?  approaching inhnity. hIethod ( b ) ,  led, in the 
case ol butane, to a value of a2 = 11.6 X 10-2'cc. per molecule, compared 
with 8.2 X lo-?' [rom relractive indes measurements. This corresponds with 
a prediction of a permanent moment of 0.5 X 10-l8 e.s.Li. for a nonpolar 
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adsorbate. As already argued, such a prediction illustrates some inadequacy 
of the treatment. The  apparent permanent moments of ethyl chloride and 
ammonia, as shown in Table IV, are in fair agreement with the ltnown mo- 
ments. On the other hand, a virtually infinite moment was deduced for sulphur 
dioxide. Furthermore, although both procedures (a) and (b) gave excellent 
straight lines over the entire range of quantity adsorbed they obscured the 
discontinuity of the slope of the primary data. On these grounds the method 
must be considered invalid. 

Kamiyoshi's Method 
Kamiyoshi (9, 10) starting with Rayleigh's formula for a cubical arral- of 

spheres (15) obtained expressions for the apparent dielectric constants of two 
types of region regarded as making up the composite dielectric. These regions 
were considered to  consist of spheres of dielectric constant 6 0  in space and of 
spheres of dielectric constant 1 in a medium of dielectric constant 6 0 .  Then, on 
the assumption that  the over-all dielectric constant may be obtained by com- 
bining these two types of region as a system of condensers in series and in 
parallel, a formula was deduced which would yield the value of the dielectric 
constant of the solid. Similar treatment would yield a value of the dielectric 
constant of solid plus adsorbed phase. If a porous adsorbent was employed an 
empirical correction factor had to be introduced to  obtain the correct value 
of the dielectric constant of the solid, much as the packing factor was selected 
in the "cluster" treatment outlined earlier. Such an empirical factor had to be 
introduced in the case of rutile. 

When the dielectric constant of adsorbent plus adsorbate is deduced by 
this method, some further means of separating the contributions of the two 
constituents must be employed. Kamiyoshi (10) used a solution model and the 
Debye equations for dilute solutions. Theoretically, this general procedure is 
hardly preferable to any of those with which we have already dealt. However, 
as each is semiempirical, Kamiyoshi's method was employed using ethyl 
chloride and butane on rutile. With ethyl chloride the value of p2 was found 
to be 1.41 X 10-la e.s.u. In the case of butane, however, a permanent moment 
of about 1.6 X 10-la e.s.u. was deduced, and on the arguments put  forward 
earlier this demonstrates the inapplicability of the method. This is not an 
isolated example, since Kamiyoshi himself has reported apparent permanent 
moments of 0.57 and 0.47 X 10-la e.s.u. for carbon tetrachloride and for 
benzene, respectively, adsorbed on silica gel (10). Owing to  the tediousness 
of the computations by this method other data were not tested in view of these 
unsatisfactory results. An application of our modified solution treatment was 
not attempted because in this case the value of 6  for the solid plus adsorbate 
varies appreciably over the range of quantity adsorbed. 

GENERAL CONCLUSIONS 

The  interesting phenomena which may be observed on measuring capacity 
increments with increasing quantity of adsorbate on a solid have been shown 
to  be of fairly general occurrence and to be specific to the adsorbent as well 
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as the aclsorbnte. Up  to the present however, no satisfactory way of obtaining 
the apparent electrical properties of adsorbed matter has been clevelopecl, and 
until this is achievecl no great clarification of the observations appears liltely. 

.~\PPARBNT DII'OLE 3IOhlENTS FOR ADSORBATES ON RUTlLE BY THE "CLUSTER" METIIOD OF 
COhlPUTATlON 

Substance Temp., "C. Apparent dipole Gaseous dipole 
moment X lox8 moment X 10's 

XH3 
C?HSCI 
SO. 

-22.9 1.67 1.47 + 0 . 6  1 .65 2 .02 
-22.9 c3 1 . 6 1  + 5 . 3  a? from Cz' = 11.6 X 

apparent moment 0.5 X 10-l8 

I t  is a pleasure to acknowledge the financial support of this work b?. the 
National Resaarch Council and by  the Advisor), Committee on Research, 
University of Toronto. 
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THE GROWTH OF CRYSTALLINE LAYERS ON 
FOREIGN SURFACES1 

ABSTRACT 

When the bulk phase of an  adsorbent is solid, i t  has been shown that adsorption 
often proceeds only to  a finite limit as  the pressure reaches saturation. A theory 
is developed for this finite limit, in terms of the excess forces a t  the surface and 
the incompatibility of the crystal lattices of the adsorbent and adsorbate. I t  is 
applied to the stepwise adsorption of krypton on graphitized carbon black. An 
extrapolation formula applicable to  smooth isotherms a t  high coverages is 
developed and shown to  be analogous to  the Harkins-Jura equation. I t  is applied 
to argon adsorbed on carbon black, on xenon preadsorbed on carbon black, on 
silver iodide, and on anatase. Theenergiesobtained are compared with a theoret- 
ical estimate based on the ICirkwood-Miiller equation. A theory for calculating 
isotherms on preadsorbed layers is developed and compared with the data for ar- 
go11 on xenon. 

In the temperature range of ordinary physical adsorption measurements, the 
adsorbate is usually a liquid in the bulk phase. I t  appears that,  a t  least in the 
typical case, adsorption proceeds without limit as  the pressure approaches 
saturation. At lower temperatures we have shown (8, 9) that there is a definite 
upper limit to the thicltness of the adsorbed layer in a number of cases. The 
technique used involved following the change in the argon isotherm as  the 
preadsorbed layer of the adsorbate was thickened. For the adsorption of xenon 
on anatase or silver iodide, only one or two atomic layers of the rare gas on the 
surface produced the saturation pressure of the bulk crystal. In the case of 
krypton on a graphitized carbon black, a definite upper limit was established 
between five and six layers. 

I t  is clear that for growth to continue, a supersaturated atmosphere of xenon 
would be required, and that the degree of supersaturation mould be related to 
the ability of the foreign surface to act as a nucleating agent for, in this case, 
xenon. Difficulties inherent in working with supersaturated vapors make 
it  desirable to develop a theoretical method of calculating the degree of super- 
saturation from equilibrium da ta  below saturation. 

A Theory Predicting a Finite Adsorption L im i t  
The adsorption of argon on graphitized carbon black has been interpreted 

as  evidence of surface homogeneity, because of the quasi-stepwise character 
of the isotherm. Our measurements with ltrypton a t  77OI<. on the same adsor- 
bent show much more pronouncecl steps. Champion and Halsey (1) have 
modified the treatment of Hill ( 5 )  for adsorption on a i~niforni surface. His 
theory is essentially a generalization to l z  layers of the crude treatment of 
adsorption with lateral interaction given by Fowler and Guggenheim (2). 
He took into account the condensation energy of the adsorbate but neglected 

111Ianl~script rcceivcd September 16, 1954. 
Cotztr~birtion f rom the Department of C l ~ e i n i ~ t r y ,  litriversity of Wnsl~i?tgto?~,  Seattle, IV-ash., 

U.S.A. This paper was presented at the Sympos i t ln~  O I L  Problenzs Relntilzg to t l ~ e  Adsorpt ioi~ of 
Gasps b y  Sol~cts ,  held at Kingston,  Ontnrio, Septerrzber 10-11, 195.f. 
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I 
the van der Waals forces transmitted from the surface to each succeeding 
layer. When these forces are included the isotherm that results is composed 
of a series of steps. 

In an attempt to suppress these steps, and thus produce an ordinary smooth 
isotherm on a uniform surface, Champion and Halsey introduced the idea of 
an incompatibility between the crystal lattices of the adsorbent and the 
adsorbate. I t  was possible to make the steps disappear, but in order to have 
adsorption continue out to several layers it  was necessary to increase the 
van der Waals forces and to change their decay law unreasonably. Thus, the 
theory developed was found not to apply to ordinary adsorption in the liquid 
range; however, it will now be applied to the problem of finite adsorption 
limits. 

Hill's equations were modified to read 

Here, p/$o is the partial pressure in equilibrium with the adsorbed layers, 
en the coverage in the nth layer, E,, the excess energy of adsorption transmitted 
to the nth layer, and w the lateral interaction energy. The last two are taken 
positive in sign for attractive interaction, which is the opposite of the usual 
thermodynamic convention. The compatibility factor, g,,, can vary from 
zero to  unity. If i t  has the value zero, the lateral interactions are completely 
suppressed. If the factor is unity, i t  is implied that  the lattices are completely 
compatibIe, and so the full energy of lateral interaction is operative. I t  wilI 
appear that  the degree of incompatibility necessary to suppress growth beyond 
a few layers is not large. Since w is approximately equal to one half the energy 
of sublimation of the bulk crystal, and since g,, will always be near unity, 
calculations using equation [:I.] will lead to a completely stepwise isotherm (1). 
In order to find the positions of the risers of the steps in terms of #/PO, the 
value one half is given to O,,, unity to 0,,-1, and zero to This yields a simpIe 
expression for the pressure a t  the nth step: 

This equation can be put into usable form by making two assumptions; 
first that the energy En is given by the cube law (1, 6) 

131 = E1/n3, 

and second that g,, has the constant value g in all layers. Thus 

We shall now use the positions of the steps for the second and third layers 
in the isotherm for krypton on graphitized carbon black to evaluate the 
parameters. The  data so fitted are shown in Fig. 1. The  values used to  achieve 
this fit are El /kT = 7.9 and (w/kT)(l - g )  = 0.09. The  heat of sublimation 
of solid krypton is about 2.5 kcal. and T is 70°1<. Thus  g is 0.99 or almost 
unity. This value of g causes the isotherm to cross the axis p/po = 1 a t  be- 
tween four and five layers, whereas the actual crossing was one layer higher. 
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FIG. 1. Comparison of steps calculated from equation [4] with experimental isotherm 
points of krypton on graphitized carbon black a t  77.1°1<. 

I t  appears that  a very slight disturbance of the structure of the bulk crystal, 
a t  least as  is reflected in its energy, is enough to halt the growth of the adsorbed 
phase a t  a definite limit. Note tha t  this disturbance is nowhere nearly equal 
to the heat of fusion (which is about 12% of the heat of sublimation) so that 
the surmise that  the adsorbed phase is "liquid" is definitely wrong. 

An Extrapolation Formula 
If the coverage on the surface is many layers thick, the integral layer number 

n in equation [4] can be replaced by the continuous variable, 6, the total 
coverage. An isotherm equation results: 

With g = 1, this equation reduces to a special case of an equation successfully 
applied to adsorption from the liquid phase: 

As we observed above, for the liquid, compatibility does not seem to present 
a problem. The  present equation is analogous to the equation used by Harkins 
and Jura (4) in connection with their relative method of evaluating surface 
area : 
[7I In(p/p,) = A - B/v2. 

Here A and B are constants and v is the volume adsorbed and is thus pro- 
portional to  6. The  change in power of 6 from the Harkins value of two to  
three in equation [5] attaches a definite meaning to the constants. The  analogue 
of A in equation [5] is a measure of incompatibility. The interpretation of El 
will be discussed in the next section. 
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FIG. 2. Extrapolation from data for argon adsorption on graphitized carbon blaclc using 
equation [5] (0 and 6 layers of preadsorbed xenon: 77.1°K.). 

.009 DIO nls .020 lleJ (O layer) 

The data for the adsorption of argon on the graphitized carbon black, and 
for the adsorption of argon on six layers of xenon preadsorbed on the black 
are plotted according to equation 5 in Fig. 2. Note that the points for the six 
layers of xenon extrapolate to the origin, which shows that the solid argon is 
fully con~patible with the preadsorbed xenon. I t  appears that  the points for 
the bare carbon surface also extrapolate a t  least very near to the origin, 

In WE 

1.5 

- S I L V E R  IODIDE 
b 0 toyers aenon 
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FIG. 3. Extrapolation from data for argon adsorption on anatase and silver iodide, using 
equation [5] (0 and 8, 0 atid 6 layers of preadsorbed xenon, respectively: 77.lDK.). 
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although, because of the bumpiness in the isotherm, the straight line plot is 
not perfect. 

In Fig. 3, some data that do not intercept the origin are presented. AArgon 
is thus not compatible with either anatase or silver iodide. On both surfaces 
the intercept on the ln(p/po) axis is a t  about 0.09, which corresponds to a 
supersaturation ratio of 1.1. Note that when the surfaces are coated with as 
much xenon as they will support, the intercept is reduced, and the super- 
saturation ratio decreases to 1.05 for silver iodide and 1.08 on anatase. Thus 
the xenon forms sort of a "graded seal". In harmony with the greater thiclc- 
ness of xenon layer on silver iodide, the decrease in the supersaturation ratio 
is greater. 

Comparison of El with the Kirkwood-Muller Formula 
When the extrapolation formula (5) is used to evaluate El it is clear that 

the value found is unlikely to agree with El values found experimentally 
using da ta  over the first-layer range. Short-range forces, heterogeneity, 
crystal lattice periodicity, and incompatibility all operate to affect the real 
value of El. The El evaluated using data  a t  high coverages represents only the 
long-range surface forces, with local disturbances more or less averaged out. 
I t  is thus more nearly the ideal quantity to compare with theoretical estimates 
of the London force than calorimetric data  are. Steele and Halsey (10) have 
calculated the energy of interaction of a single rare gas atom a t  a distance D 
from the surface using the following expression, which is based on a treatment 
due to ICirkwood and Muller (7): 

N 2  is the number of atoms per ~ m . ~  in the solid, mcqs  the mass of the electroil 
multiplied by the velocity of light squared, and a and x are the atomic polar- 
izability and atomic susceptibility respectively. The  subscript one refers to 
the adsorbed atom and two refers to the adsorbent atoms. 

Following Hill (6), we must now modify this expression so that i t  applies 
to an adsorbed atom surrounded by the other atoms of the adsorbed phase. 
E,, is defined as the excess energy available to the adsorbed atom in the nth 
layer because of the presence of the adsorbent n layers away. Because the 
absolute pressure, p, is divided by the reference-state pressure Po, the energy 
must be corrected by the extent to which the adsorbed layers deviate from the 
bulk structure. Part  of this deviation has been taken care of by the g factor 
of equation [5]. However, in introducing a semi-infinite slab of adsorbent n 
layers away, a similar slab of adsorbate has been removed. Therefore one 
must subtract this energy of self interaction from equation [8] to obtain the 
expression for E,,. 

N1 is the number of atoms per ~ m . ~  in the solid adsorbate. The distance D 
must now be evaluated in order to calculate El. Since the El determined 
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using the extrapolation formula equation [5]  refers to large distances from the 
surface, the appropriate distance is that between adjacent parallel planes of 
atoms in the bulk adsorbate. For the close-packed rare gas crystals, this is 
equal to 43 times the lattice parameter. 

Comparison of the Calculated and Experimental Values of E l  
The constants used to calculate E I / k T  are presented in Table I. The tein- 

perature was 77%. The density given was used to calculate the lattice para- 
meter. I t  will appear in the analysis of the argon isotherms on xenon which 
follows below, that  the argon isotherm on six atomic layers of xenon is 
sufficiently close to the calculated isotherm for an infinitely thick layer of 
xenon to calculate E l / k T  on this basis. The calculated value is 2.55 compared 
to the measured value 1.20. For argon on the bare carbon surface the calcu- 
lated value is 13.8 compared to 11 measured. For the case of krypton on 
carbon, which was analyzed using the formula, equation [4], the calculated 
value' is 15.3, compared to the measured value 7.9. 

The  calculated value for argon on silver iodide is 9.7; the experimental 
value is 11. No estimate of the diamagnetic susceptibility of anatase could be 
found. Since the theory is admittedly quite crude, the agreement, although 
not perfect, is satisfactory. 

TABLE I 

Density Atomic ;\t.on~ic 
(sm./ml.) s ~ ~ s c e p t i b i l i t ~  polarlzability 

x lo2Q x loz4 
Argon 
ICrypton 
Xenon 
Silver iodide 
Carbon black 

aParti?zgto?z, J .  R. An advanced treatise i?z physical chemistry. Vol. I I I .  Lo?zgma?zs, Greerz & 
Company, Inc., New York. 1952. p. 149. 

*International Critical Tables. Vol. I .  McGraw-Hill Book Conzbanv. I ~ c . .  New York. 1926. z a .  

pp. 102-174. 
CMann, K.  E. 2. Physik, 98: 548. 1936. 
dInternational Critical Tables. Vol. V I .  McGraw-Hill Book Conzoany, Inc., Nnu York. 1928. - - 

pp .  354-364. 
"Margenau, H. J .  Cltem. Phys. 6: 896. 1938. 
JCalczilated from refractive indices i n  International Critical Tables. Vol. I .  McGraw-Hill 

Book ~ o m p a n j ,  I~zc., ~ e w  York. 1926. p@. 102-174. 

A Theory for Adsorption on T o p  of Preadsorbed Layers 
The two different preadsorbates that we have studied exhibited layer forma- 

tion in the case of xenon and solution in the case of krypton when argon was 
subsequently adsorbed. I t  was possible to develop a crude theory for solution 
in preadsorbed layers (9) by modification of the regular solution theory of 
Fowler and Guggenheim (3) to include the free energy of adsorption. The  
essential assumption added to those of the bulk solution theory was that the 
presence of component B did not affect the molar contribution of component 
A to the adsorption energy, and vice versa. This amounted to  assuming that 
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the two species were the same size; an equivalent assumption will be required 
here for a given total coverage B A + B B ;  the adsorption free energy was calculated 
from a weighted average of the energy for the pure components. I t  was 
then possible to calculate the mixed isotherms from the isotherms for the single 
components and the bulk solution data. 

We shall now develop an analogous theory for the case (that of argon on 
xenon) where the essentially non-volatile component B forms an insoluble 
and distinct layer under the volatile A .  The problem is to calculate inter- 
mediate isotherms for A from the isotherm for the surface bare of B,  and the 
isotherm for the surface covered with an infinite number of layers of B. We 
shall see that this latter isotherm can be calculated although it may not be 
possible to measure i t  directly. Suppose that there are NA molecules of A 
and NB molecules of B adsorbed on the surface. (These numbers can be related 
to B by dividing by the number of molecules in a monolayer.) We shall denote 
the isotherm for A on b layers of B by (*/PO), and the isotherm for pure B 
on the otherwise bare surface by (*/Po),. The free energy of the adsorbent 
and its surface is a constant, F,. (Note that since the reference state is a solid 
there is essentially no volume change associated with the adsorption process 
and that therefore F, the Helmholtz free energy, equals G, the Gibbs free 
energy, and so no distinction need be made.) Then, the total free energy of the 
surface plus NA molecules of A and NB molecules of B is 

Then the chemical potential of A 

[ I l l  pf = aG/aNA = aF/aNA = kTln(p/po),, 

independent of F, and the isotherm for component B. 
We shall now divide the contributions to p t  into two terms; one from the 

underlying solid and one from a slab b layers thick of component B. If we as- 
sume that these b layers are exactly equivalent to the same number of layers 
of A in reducing the contribution of the surface forces, then the first term in 
pf is the chemical potential of argon on the bare surface p$ evaluated a t  
b+eA layers. To this term must be added the term for the slab of B of thick- 
ness b layers. This is equal to the contribution from a slab of infinite thickness 
pt(0,) minus the contribution from beyond b+BA layers, pt(BA+b): 

This relationship can be put in terms of the isotherm data by using equation 
[ll], but actually it is more convenient to carry out the calculations in terms 
of the p's. Note that for the relationship equation [12] to hold, the monolayer 
thickness of B must equal that of A ,  or else i t  will have a different effect in 
reducing the surface forces. This restriction corresponds to the restriction of 
regular solution theory that the molecules must be of the same size. 
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SINGLETON AND HALSEY: CRYSTALLINE LAYERS 191 

Calculation of the Limit ing Isotherm ( p / p o ) -  
If the known isotherm for argon on six layers of xenon, and thus p; is 

substituted into equation [12] a difference equation in the unknown p; results. 
As a first approximation, the value of p t  a t  6 + e A  can be used in place of 
p:(6+eA) to calculate p;(eA) .  This better value can then be used in the eclua- 
tion for a second approximation, etc. Throughout, the extrapolation formula 
equation [5] is used to obtain values beyond the experimental range. The  
result of this calculation is shown as an isotherm in Fig. 4. I t  is compared with 

1 EXPERIMENTAL POINTS 

? 6 layers  xenon 

& I 9  .. 
C A L C U L A T E D  I S O T H E R M  

- O )  l ayers  "enon 

/* 1 

FIG. 4. Comparison of the limiting isotherm for argon on preadsorbed xenon, calculated 
according to equation [1.2], with experimental points talcen a t  77.1°K. (graphitized carbon 
black). 

experimental points talien in the presence of enough xenon to make 6, 9.7, 
and 19.4 atomic layers. One can calculate from the extrapolation formula 
that going from 6 to 10 layers should change the upper part of the isotherm 
noticeably, and that the isotherm for 20 layers should be indistinguishable 
froin the limiting curve. I t  woulcl appear, then, that growth does stop between 
G and 10 layers. However, the continued change in the isotherm near a mono- 
layer of argon, upon going from 6 to 10 layers of xenon, suggests that the 
surface arrangement of the xenon is different in the last few layers. 

Calculation of the I~ztermediate Isotherms 
In Fig. 5 isotherms calculated from the limiting isotherms are presented. 

They are compared with some of the experimental data. Although agreement 
is not quantitative, the general features of the data  are well reproduced. 
Note that the calculated pressures are above the observed values, in keeping 
with the fact that  the atomic layers of xenon are presumably thicker than the 
argon layers. 

Previously (8), we had adjusted the monolayer volume of xenon by a 20% 
increase from the "point B" value, because when this volume was preadsorbed, 
a small "point B" appeared in the argon isotherm. No similar adjustment was 
made in the argon v,, and therefore the isotherms here are presented in terms 
of the estimated "point B" volume. However, the calculated isotherm on 
one layer of xenon shows a "point B" of 0.1 monolayer. This a t  least suggests 
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0 

E X P E R I M E N T A L  POINTS 
b .43 loyers xenon 

3- .1.0 I. I .  

1 3.0 - - 
C A L C U L A T E D  
ISOTHERMS 

2 - 

1 

0.2 0.4 0.6 0.8 
P/ Po 

FIG. 5. Calculated isotherms for argon on preadsorbed xenon, usingequation [12], compared 
with experimental points taken a t  77.1°1<. (graphitized carbon black). 

tha t  the true argon v, should be larger also. This is in keeping with other 
independent estimates we have made of the area of this carbon black, all of 
which are larger than the B. E. T .  area. 
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USE OF INTERPOLATION THEORY IN THE ANALYSIS OF 
GAS ADSORPTION ISOTHERMS 

I .  THEORY' 

ABSTRACT 

The theory presented in this paper permits the determination of estrenial 
bounds for a given adsorbate-adsorbent systeni within which the adsorption 
isotherms must fall if certain assulnptions pertaining to the nature of the adsorp- 
tion process are applicable. The use of interpolation theory in estimating lower and 
upper bounds on physical quantities of interest in adsorption theory is also 
discussed. 

INTRODUCTION 

The object of this paper is to present a new mathematical approach to the 
problem of surface heterogeneity and its effect on the physical sorption of 
gases by solids. In previous work of this type (1-5, 9,  13-16, 18) it has been 
customary to interpret a given isotherm in terms of a particular distribution 
of adsorption energies among the surface sites of the adsorbent. Several 
difficulties associated with this correlation procedure have by now emerged 
(6, 10, 11): First of all, the isotherin equation is quite insensitive to the choice 
of distribution function which characterizes the energy heterogeneity. Secondly, 
it is necessary to introduce a large number of simplifying assumptions in order 
to make the correlations mathematically feasible. I t  is often difficult to 
ascertain to what extent the simplifications are really applicable, the more so 
because the adsorption theories in themselves furnish no pertinent criteria. In 
view of these difficulties it would be instructive to estimate the maximum 
variation in the adsorption isotherm as the energy distribution is allowed to 
vary over all conceivable mathematical functions consistent \\.it11 the physical 
requirements. Further, it is desirable to have a t  hand some method of checking 
the validity of the restrictive assumptions. 

The present paper is devoted to a study of these subjects. I t  will be shown 
that by random selection of one or more points from a set of isotherm data one 
can construct lolver and upper bounds which define the maxinlunl possible 
variation in the isotherm data consistent with the siinplifying restrictions. 
Failure of the remaining points to remain within these bouilds is a clear 
indication that the restrictive postulates and the data are incompatible, a t  
least over certain ranges of surface coverage. Lastly, the theory lends itself 
to a determination, without resorting to curve fitting procedures, of lower and 
upper bounds on quantities of interest in adsorption theory. 

The mathematical theory is based on a publication by Rosenbloom (12) to 
which the reader is referred for verification of the theorems cited in the next 

'il.lartziscript received Septe7)tber 16, 1954. 
Contribzition from the Depart?nent of Cjtenzistry, Pzirdtie U t h e r s i t y ,  Lafayette, Indiana,  

and the Departntenl of Matken7atics, U~ziversity of AIinnesota, ~ l ~ i n ? ~ e a p o L l s  14, M,innesota. 
Th is  paper 7uas prcsentrd at tlte S y ~ n p o ~ i t ~ n t  on Proble7ns Relating to tlte Adsorption of Gases by  
Solids, lteld at Kingston, Outario, Scpte)nbcr 10-11, 1!)5,$. 
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sections. The relevant parts of this theory are also summarized ancl made 
plausible in an appendix. Examples illustrating the application of this theory t o  
experimental data  \\rill be presented elselvhere. 

FUNDr\hIENTAL CONCEPTS 

A .  The following assun~ptions are used as a basis for iurther discussions (see 
also ( 7 ) )  : (a)  Adsorption occurs on a fixed number of surface sites; (b) adsorption 
is limited to a  non no layer; ( c )  each site is associated with a fixed adsorption 
energy; ( d )  no lateral interactions occur between adsorbed molecules; ( e )  each 
adsorbed particle is held rigidly to its site of adsorption; ( f )  the distribution of 
adsorption energies remains unaltered in the adsorption process. Using these 
assi~mptions it  can be shown ( 1 ,  2, 4, 5 ,  9 ,  13-16, 18) that the fraction of 
surface sites covered, 8, is related to the gas pressure, p ,  and to the temperature 
T by the expression 

Here E is the adsorption energy associated with a given site ancl ~ F ( E )  = f ( ~ )  de 
is the fraction of all sites associatecl with adsorption energies in the range e 
to  E + ~ E .  The quantity P ( E ,  T )  is related ( 5 )  to the ratio of internal partition 
functions of molecules in the gas phase and on the surface; n ancl n, are the 
quantities of adsorbate present on the surface a t  equilibrium and when the 
surface is covered by a  non no layer. 

I t  is shown ( 7 )  that by use of the substitutions 

f f o  = 4 0 ,  t o ,  T ) ,  

the integral [ I ]  can be converted into the simple form 

In equation [31, L ( y ,  T )  = 8 ~ ( a o / ( y  - 11, T )  and 

Note that the above substitutions were introducecl in order to take into account 
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HONIG AND ROSENBLOOM: GAS ADSORPTION ISOTHERMS 195 

the possible dependence of P on 6 ,  and the possibility that  the lowest adsorption 
energy on the surface may have the value €0 > 0. 

B. According to theory (12), if L is a function of the form [3] and if F(6) is a 
nonnegative, nondecreasing function such that  G(0) = 0 then the function 
L must satisfy certain restrictive inequalities. Let us consider the class of all 
functions of the form [3] which are subject to  k + l  restrictions 

[51 L(yi, T)  = Ci, i = 0, 1, 2 , .  . . k, 

where yo < yl < . . . < yk and where the Ci are given constants. The11 there 
exist two uniquely determined functions La  and L b  in this class such that for 
any other functions in this class the following inequalities hold : 

L ~ Y ,  T)  ,< L(y, T) \< Lb(y, T)  for yk < y, yk-, < y < yk-,, yk-, < y < yk-,, 
[61 etc. ; 

L ~ ( Y ,  T)  >, L(Y, T)  >, Lb(y, T) for yk-I < y < yk, yk-3 < y < yk-,, etc. 

Thus, in alternate intervals between the selected reference values yi of equation 
[5], La  and Lb represent extremal functions, each forming lower and upper 
bounds alternately in the consecutive intervals marked off by the y,. La  and 

I Lb thus represent an interlacing structure on an L vs. y diagram. 
I Of the k + l  restrictions used in equation [5], k are obtained by arbitrary 

selection of k reference points O($i, T )  from the experimental isotherm data. 
An additional restriction arises from the normalization requirement 

[71 1 = I r n d ~ ( € )  = lim e($, T )  - O(m, T )  = L(1, T). 
I P-)m 

C. Having examined the existence of extremal bounds, we now turn to  a 
discussion of the conditions under which L(y, T)  assumes the limiting form 
La  or Lb. I t  can be shown (see (12) and appendix) that  the extremal functions 
La  and La are obtained from equation [3] if G(X, T )  is chosen to  be a step function 

A 6 ,  

A Go A 

A. A, A i A 3  A +  Ar 

FIG. 1. The step function G. 
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with a t  most k + l  jumps a t  the points X a ,  XI ,  . . . , XI;. (See Fig. 1). In the open 
intervals X i  < < Xi+l (i = 0, I ,  . . . , k), dG(X, T) = 0;  hence in these regions 
the integral vanishes identically. At each of the points of discontinuity, Xi,  
however, the function G increases by an amount AG; as shown in the figure, 
and the denominator in the integral [3] assumes the value X;+y. Thus, an 
increment A G ~ / ( A ~ + ~ )  is associated with every stepwise increase in G; equa- 
tion [3] is accordingly reduced to a summation of the form 

I t  is evident from equation [8] that the use of Stieltjes integrals lends itself 
particularly well to the type of interpolation theory described here. For a 
rigorous discussion of the theory and properties of such integrals the reader is 
referred to standard texts (17). In this connection it might be noted that  the 
clistribution density function g(X, T)  = aG(X, T)/aX, which corresponds to 
the step function G described above, is a linear combination of k+ 1 Dirac delta 
functions located a t  X = A,. 

D. To  determine La or Lb uniquely it is now necessary to fix (a) the number 
of terms in the summation [8], (b) the size of the jumps AG;, and ( 6 )  their 
location on the X scale. (a) The theory of Reference 12 req~~i res  that  we count 
each step in the function G that  occurs in the open interval 0 < X < XI, with 
weight 2 and that we assign weight 1 to a jump by G a t  either end point 0 or XI;. 
Let us define the order of a function of the form [8] as the total weight of all the 
steps. The theory of extremals (12) then demands that the order of La or Lb 
be a t  illost k+ 1. This requirement determines the number of properly weighted 
terms to be included in the summation. (b, c) The values of X; and of AGi may 
be determined from the conditions of constraint [5] imposed on the system. 
Detailed computational procedures for this step will be provided in the next 
two sections for the cases k = 1 (orcler two) and k = 2 (order three). The 
extension to larger k values is straightforward, but the mathematical complica- 
tions become excessive in the higher order calculations. 

I t  may be noted that La and Lb are continuous functions of the variable y. 
Since these extremals are also affected by the choice of reference values y;, it 
is clear that any experimental errors in the reference points $ ( p i ,  T) will dis- 
place the calculated limiting curves from their correct positions. The magnitude 
of this effect can be c o m p ~ ~ t e d  by the standard calculational procedures. 

E. To  suill up: I t  is possible to specify two limiting isotherms La and LI, 
which delineate the greatest possible variations in 6 as F(E) assumes all func- 
tional relationships which leave the integral [I] convergent. The specification 
of La and L,, requires that G(X, T) ,  related by eq~lation [4] to the distribution 
F(E) of energies over the surface sites, be a step function. This choice converts 
the Stieltjes integral [3] into a summation. The number of terms in that  sum, 
the size of the jumps in G, and their location in the X spectrum are all determined 
by the imposition of conditions of constraint. The latter are obtainecl from the 
normalization condition for F(E) ancl by selection of a limited ilumber of refer- 
ence points from the experimental data, through which the limiting isotherms 
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HONIG A N D  ROSENBLOOM: GAS ADSORPTION ISOTHERMS 197 

are required to pass. If the remaining experimental points fall outside the 
prescribed bounds, the observed isotherm data are not compatible with assump- 
tions (a)-Cf) . 

SECOND ORDER THEORY 

In the second order theory the two constraints on L are given by L(1, T)  = 1 
and L(yl, T)  = Cl. (See equations [7] and 151.) There are two extremal dis- 
tribution functions G which can be specified to be of order two. One of these, G,, 
is constant everywhere except for a jump AG1 a t  some point X1 in the range 
0 < X < A,. The  second distribution, Gb, is likewise constant everywhere 
except for a jump AGO a t  X = 0 and another jump AG,, a t  X = A,. In these 
relatibns A, represents the maximum value of X encountered for the adsorption 
system under study. 

Using the first of these distributions functions in equation [8] one obtains 

while use of the second distribution function in equation [8] yields 

The constants AGO, AG1, AG,, and X1 can be determined by application of the 
t\vo conditions of constraint which the extremal functions must satisfy. Thus 
from [9] one finds 

L,(l ,  T)  = 1 = AGi/(l+Xi), 
[ I l l  

L,(yl, T)  = Ci = AG~/(Y~+XI). 
Similarly, from equation [lo] 

Lb(1, T)  = 1 = AGo+AGm/(l+XTIL), 
1121 

Lb(yi, T) = Ci = A G O / Y ~ + A G ~ / ( Y ~ + X ~ ) .  

Solution of the two sets of simultaneous equations leads to 

[I31 

and 

~141 

Substitution of equations 1131 into [9] results in the extremal isotherm 

Similarly, use of equations [14] in [lo] yields the second extremal isotherm 
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4 s  a final step, it is only necessarj to  introcluce the I-elations for y ,  L ,  and C1 
frola equations [2], [3], ancl [ 5 ] .  This gives LIS the esplicit I-elations 

In the above relations 01 = O(p1, T )  where 01, pl is the reference point, 
arbitrarily selected from the isotherm da ta ,  through which the limiting curves 
0, and 06 are required to pass ; A,, = [ao/a(?l,,,, E ,  , T ) ]  exp (elrL- e o ) / k T -  1. 

The  labor of evaluating 01, can be considerably reduced by selecting a refer- 
ence pressure pl such tha t  a o / p l + l <  <A,,. Then in the pressure range for 
which a o / p + l  < < A,,,, equation [18] recluces to  

I t  is readily verified tha t  the exact functions [17]  ancl 1181 interlace a t  thc 
common points ( 0 ,  O) ,  (01, P I ) ,  and ( 1 ,  a ) ,  as  requirecl. Equation [19] fails t o  
meet the first requirement, which merely means tha t  this limiting function, 
together with [17] bounds a wider region than equations 1171 and 1181 and thus 
furnishes less precise information. 

I t  is instructive to  determine which of the two limiting isotherms represents 
the lower and the upper bounds in the two regions p < pl and p > pl. A mathe- 
matical analysis of this problem will be cleferred to  a later paper. One can, 
however, arrive a t  a decision by use of a qualitative argument. I t  is see11 tha t  0,  
represents the Langmuir adsorption isotherm; this is consistent with the 
assumption tha t  the associated function g(X,  T )  vanislles everywhere except 
for a Dirac delta peak a t  X = X I .  The  energy density distribution function 
f ( ~ )  has a corresponding peak a t  E = el .  In most experimental \\rork, however, 
one encounters a much wider distribution in E .  In particular, a t  very low 
pressures the  sites associated with adsorption energies near E,,, will be filled 
much more extensively than those associated with energies el < E, , .  I t  is thus 
t o  be expected tha t  a t  these low pressures the experimental isotherm will be 
greater than the calculated Langmuir isotherm associated with the energy e l .  

By selecting a pl from the higher pressure range and by noting the  interlacing 
properties discussed earlier i t  follows tha t  

0, < 0 < 01, for 0 < p < pl ,  
Pol 

0, > 0  >06 for pl < p  < a .  

'THIRD ORDER 'THEORY 

In this section we deal briefly with the problem of finding upper and lolver 
bounds on L ( y ,  T )  when three conditions of constraint are placed on L ( y ,  T ) .  
These are: L ( 1 ,  T )  = 1 ,  L(y1 ,  T )  = Cl ,  and L ( y 2 ,  T )  = C2. There exist two 
estremal distribution functions G ( X ,  T )  which can be specifieci to  be of order 
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three. The first, G,, is everywhere consta~lt escept for two jumps AG,,, ailcl 
4G1 located a t  X = XI,, aild a t  a point 0 < XI < A,?,. The second, Go, is every- 
where coilstant except for two juinps AGO and 4G? locatecl respectively a t  
X = 0 and a t  a point 0 < Xe < A,,,. Use oi the two distribution functions in 
equation [S] yields 

[a l l  LCL = AG,/(y+Xi) + ~ G , / ( Y  +X, rO ,  

Application of the conditions of constraint to equation [?I]  results in the set of 
equations 

AG1 = (yl+Xl) (ye +Xi) [Cl(yl +A,,,) - c~(Y? +X,,,)]/(h,,- XI) (ye -YI), 

Similarly, the use of the conditions of constraint in [22] yields the unl~nowns: 

(y1 -1 ) (~2y2~-1 ) -  (y2- l)(c1yle-1) X 2  = - 
(y2-1)(C1y1-1)- (y1-1)(C2ye-l) 

The extremal isotherms 0 ,  and O h  call now be found by setting L = 8, C1 = 81, 
C2 = 02, y = ao/p+l  in equatioils [23] and [24] ant1 substituting these quan- 
tities illto [21] and [22]. I t  is evident that  the limiting isotherms are very 
un~vielcly. 

Fortunately one obtains a muc11 simpler formulatioil whenever it is possible 
to select two reference pressures pl and p2 which satisfy the inequality 

If one now restricts the range of pressures to  values ac/p << XnI then 8, reduces 
t 0 

Likewise, using assumption [25], but i~nposing no restriction on p, it can be 
shown that O b  reduces to 

At sufficiently low pressures this limiting expression reads 

Oh = 
8182 (Pl -p2) 

PSI p1pz(81-8?)/$~+ (82p1-8172> ' 

I t  can be shown that  the exact relations [21] and [22] interlace a t  (0,  O ) ,  
(el, p l ) ,  (O,, p,), ( I ,  a ) as requiretl. The approximate functions [26] and [27] or 
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[28] do not meet a t  (0,O) or (1, m )  and thus bound a wider region on the 
0 vs. p diagram than the exact functions. In fact, it follows from [26] and [28] 
that 

lim O0 = 0, 
[a91 

P+O 

lim 8, = 
01 p~(l-O2)-82 Pl(1-01) 

P+O pz(1-02) -P1(1-01) 

Equation [29] shows tha t  lim 0, may be either positive or negative depending 
P+O 

on the magnitudes of the terms involved in the fraction. One cannot decide 
as to  which isotherm represents the upper and the lower bound in the various 
intervals until after numerical values have been substituted for the parameters. 

In comparing the results of the second and third order theories, it is seen 
that  use of the equations [26] and [28] does not require specification of numerical 
values for a0 or A,,. Moreover, equation [28] is independent of the choice of n,, 
as  may be verified by substitution of 0 = n/n,, on both sides. For these reasons 
equations [26] and [28] are quite useful in the actual computation of limiting 
isotherms. On the other hand, these relations are only approximate and should 
be applied only to  cases where it is known that  the restrictive assumption [25] 
is applicable and where for all experimental pressures, p << an. 

APPENDIX 

In this appendix we shall t ry to expound the relevant ideas of the article of 
reference 12, which is written primarily for mathematicians, in a less technical 
and more intuitive language. For this purpose let us consider an analogous 
problem with finite sums instead of integrals. Suppose we consider all sets of 
numbers gl . . . g ,  which satisfy the inequalities 

and the set of equations 

where the aii and the Ci are given constants. Here the sequence gi . . . g, 
corresponds to the nonnegative function g(X, T )  of equation [4], while the con- 
straints [31] correspond to the conditions L(yi, T)  = Ci of equation [5]. In 
fact, L(yi, T )  of equation [3] is the result of a linear operation (integrating 
(yi+X)-l g(X, T))  applied to g; the form of a linear operation applied to a 
finite sequence gi is given by the left-hand side of [31]. The function G(X, T )  
corresponds to the sequence of the sums gl; gl+gZ;. . . ; gl+. . .+g,,. Let us 
now interpret conditions [30] and [31] geometrically. 

If we think of (gl . . . g,) as  a point in n-dimensional space, then the linear 
equations [31] represent hyperplanes while the linear inequalities [30] represent 
half-spaces. Thus [30] and [31] together represent the intersection of a finite 
number of hyperplanes and half-spaces, i.e., a convex polyhedron. As an ex- 
ample, we may consider the three-dimensional space defined by three mutually 
perpendicular axes gl, g?, g3. The inequalities gl >, 0, g, >, 0, g3 >, 0 represent 
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three mutually intersecting half-spaces which define a semi-infinite volume in 
space: this is our polyhedron P. The polyhedral volume may be made finite 
by the specification of another half-space, such as  gl+g~+ga < I ;  the resulting 
polyhedron now has vertices a t  (0, 0, O), (1, 0, O), (0, 1, O), and (0, 0, I ) ,  each 
vertex being formed by the intersection of three triangularly shaped bounding 
planes. Note that  the bounding faces are described by replacing the inequality 
signs with equalities. If we now intersect the polyhedron with the plane z = 4 
the polyhedron will be projected onto this plane and form a triangle with 
vertices a t  (0, 0, +), ($ ,0 ,  +),  (0, 3, 3). This example illustrates the general 
principle that the intersection of an n-dimensional polyhedron with a hyper- 
plane results in a polyhedron of n - 1 dimensions. 

Suppose now we wish to find the maximum of a linear function 

If M is the maximum, then F(g) < M for all points in P, while F(g) = ilf for 
a t  least one point. In other words, the whole polyhedroil lies on one side of the 
hyperplane, F(g) = M, and has a t  least one point in common with this 
hyperplane. Such a hyperplane is called a supporting hyperplane. I t  is intuitively 
obvious in ordinary three-dimensional space, and is easy to prove in any n- 
dimensional space, that  a supporting hyperplane must contain a t  least one 
vertex of the polyhedron. 

In three-dimensional space a t  least three of the bounding faces (planes) 
meet a t  a vertex. Similarly, in n-dimensional space a t  least n of the bounding 
faces meet a t  a vertex; algebraically, in the defining equations and inequalities 
of the polyhedron, a t  least n of the equality signs must hold. If we apply this 
to the polyhedron P defined by the half-spaces and hyperplanes [30] and [31], 
we see that  since we already have k equality signs in [31], then a t  least n-k 
of the equality signs in [30] must hold a t  a vertex, i.e., a t  most k of the gils can 
be different from 0 a t  a vertex. Therefore, the maximum of a linear function 
on P is attained a t  some point with a t  most k nonvanishing co-ordinates, where 
k is the number of linear constraints in the definition of P. Note that  in the 
sequence corresponding to  G(A, T),  a nonvanishing gj corresponds to a jump 
from gl+ . . . +gj-l to gl+. . .+gj, so that  this sequence has a t  most k jumps 
a t  a vertex. The same reasoning applies to  the problem of minimizing F(g) 
on P. 

The maximizing vertex will be unique if no edge of the polyhedron is parallel 
to  the supporting hyperplane. This geometrical condition can be expressed 
algebraically in terms of the nonvanishing of certain determinants formed 
from the numbers aij and gj. 

The above reasoning can be extended to certain infinite dimensional spaces. 
Physicists are already familiar with one infinite dimensional space, Hilbert 
space, as representing the state of a mechanical system in quantum mechanics. 
In the present problem under consideration, the space involved has as its 
"points" the functions G(X, T) of bounded variation (17) on the interval 
[0, A,,]. 'The "polyhedron" P is now defined by the conditions 
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[321 
and 

G(A, T )  is nondecreasing in [0,  A,] 

Here [32] corresponds to [30] and [33] to [31],  with the  lternel K ( y , ,  A )  playing 
the role of the matrix (a,,). We have replaced k by k+l  constraints in order to 
malte the conditions agree with [5].  In our physical problemK(y, A )  = l / ( y + A ) .  
T h e  set of functions G(A, T )  satisfying [32] and [33] form a convex polyhedron 
P in the infinite diinensional space. The "vertices" of P are represented by  G's 
which have a t  most k+l  jumps. The  generalization of the  "edge" criterion 
for uniql!eness is as  follows: 
If K ( y ,  A )  is Cartesian, i.e., i f  the  number of zeros of any  linear combination 

2 uai K ( y i ,  A )  in the interval 10, A,,l], where yl < y2 . . . < y ,  is a t  most equal 
f=l 

to  the number of sign changes in the coefficients, then the G which malces a 

given integral of the form K ( y ,  A )  dG(A, T )  a maximum or a minimum Li"' 
under the conditions 1321 and [33] is a uniqziely determined step function. 
Furthermore, i f  the lternel is Cartesian, then we can narrow down the positions 
of the jumps of the extremal G. This is expressed in the conclitioil tha t  its 
order must be a t  most k + l .  The  details of the proofs are beyond the scope of 
this brief summary. The  kernel K ( y ,  A )  = l / ( y + A )  can easily be proved to  be 
Cartesian by  the use of problem 87 ( 8 ) ,  and the standard formula for  a Vander- 
monde determinant. (See also problem 48 (8) . )  

I t  is quite likely that  this method can be applied to  other problems of infer- 
ence from empirical data .  
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THERMODYNAMIC CONSIDERATIONS OF SURFACE REGIONS 
ADSORBATE PRESSURES, ADSORBATE RIIOBILITY, AND SURFACE TENSION1 

The flow of water through the ~nicropore system of activated carbon has been 
described in previous papers as a hydrodynamic flow of liqt~id water under high 
pressure gradients due to  surfacc forces. I t  is shown bclow that these high 
pressures are probably real and that the temperature coefficient of the flow rate 
is closely related to  the temperature coefficient of the viscosity of liquid water. 
Surface tcnsion is discussed. 

If t ~ v o  volumes consisting of a single fluid substance have the same total 
Gibbs free energy"er  nit mass and the same temperature, bu t  have clilierent 
positions in a scalar potential field, they will, in general, have clilferent intrinsic 
thermodynamic potentials, clilierent pressures ancl densities. They will, of 
course, be in a state of neutral equilibrium with respect to  transformations 
into one another, the  pressures ancl positions in the fielcl remaining constant 
during the transformations. 

The  conclitioil tha t  these two systems remain in reversible equilibrium with 
one another as the pressures are varied is tha t  v ldp l  = vzdp?, the positional 
coordinates x l  and x 2  and thc other variables remaining constant. This con- 
clition is necessary and sufficient regardless of whether the potential field is a 
function of pressure p1 or not. 

I f  a path of variation of the equilibrium pressure pl(n) is known as  a function 
of the mass of material constituting the second system, as this mass varies 
from zero to  n and the systems are in reversible equilibrium throughout this 
path,  then the change in Gibbs free energy AF1 a t  x l  can be determined and 
must be equal t o  AFr a t  x 2  along this path of variation of the  equilibrium 
pressure. Thus we can write for the process of filling the  two volun~es 

z,.p=p,,n=71 z>,p=p2,71=11 

A F =  s v r ( n ) d p l ( n )  = [ vr (n )dpz  (n)  
z ,  .p=0,11=fl z,,p=O,71=O 

and hence also 

The  positional 'potential difference' between the two volumes Q (x2 - x l )  
may be obtained from the following: 

lil.fa?z~lscript received Septeiizber 16, 1954. 
Contribz~tion from the Division of Ptire Chemistry, National Researclz Council, Ottawa, Canada. 

Issued as N.R.C. No. 3485. T h i s  paper was presented at tlze Syrnposiunz on Proble~~?s  Relating to 
llze Adsorption of Gases by Solids, held at Kingston,  Ontario, Septerrtber 10-11, 1954. 

2iVational Researclz C o ~ ~ n c i l  of Canada Postdoctorate Fellow. 
3The total Gibbs free energy, F ,  may be dejined by F = Fo+w ,= ?zpo+?zfi where FO i s  the Gibbs 

intrinsic free energy, o the potential of posztion, ?a the ntass, p ,  the z?ztri?zs~c tkernzody?zaiizic potential, 
rind 13 the potential of position of  zit nzass. 
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and 

71.P1 . Z x  

where vl is written for (aF/ap) , , ,  and f ( x )  for ( a F / a ~ ) ~ , , .  
Accordingly, 

1 Q(x2-XI,  p2) = -- 

and 

Q(xz-x l ,  P I )  = -- vzdP2 = 

If the last two expressions for D are the same, D is independent of p,  and v is 
independent of x or of the field. 

In the case of equilibrium between a uniform reference volume and an 
assembly of elementary volumes of the same substance where the elementary 
volumes of the assembly have varying values of the x co-ordinate, i.e., varying 
values of the force function of the field, the conditions for reversibility are 

I essentially similar and if p l ( n )  is known as a function of the mass of material 
in the whole assembly, then we may write 

I where 17, and pa represent respectively the volumetric mean pressure and 
density of the assembly of volumes, Zv,, = v,. 

I 

In adsorption reactions pl(n) is given by the isotherm, where n is the mass 
adsorbed and $ 1  the equilibrium pressure. If v,, the adsorbate volume, is known, 
pa and I ~ , / p l [  . p1 and hence 17, can be calculated. 

If the adsorbate can be regarded as an assembly of volumes of a single 
I component and if pl(n) represents a path of thermodynamic reversibility, pa 

as calculated from [I] will give the mean volumetric hydrostatic pressure of 
the adsorbate. 

Under the usual methods of measuring adsorption isotherms, pl(n) cannot 
represent a path of thermodynamic reversibility if it is anywhere a decreasing 
function of n. 

It is to be emphasized that Equation [I] is independent of the mechanism 
of adsorption and is equally applicable to adsorbate systems with or without 
menisci of various kinds, provided only that  pl(n) represents a reversible path 
and that the adsorbate behaves as  a single component substance in a scalar 
potential field. 

From the above relations i t  is easily shown (4) that  the change in volu- 
metric average state of stress of the adsorbent as a result of adsorption of n 

I where p,"s the volumetric mean state of stress of the adsorbent; v, and v, are 
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FLOOD AND HUBER: THERMODYNAMIC CONSIDERATIONS 205 

the void volume and solid volume of the adsorbent respectively; and a is 
defined by pa" dpl = a .  pl. 

From Hooke's Law for isotropic bodies 

where 61/1 is the length change per unit length, /3 is the bulk compressibility, 
and 6p' is the change in linear average state of stress along the length L. If the 
change in solid stress were due wholly to a change in hydrostatic pressure, 6Fc 
would be equal t o  615'. This would be the case if no surface field existed and 
the interaction of gas and solid were confined to an increase in hydrostatic 
pressure 6pl. Thus the change in state of stress of the solid may be thought of as  
consisting of two parts, one a change in hydrostatic stress, 691, and a second, 
6(pCy1, due to interaction. Accordingly, we may write 

6fjcv = 6p1+6(p,~))' and 6p" 6$1+6(p2)' 
where, in general, 6(pC0)' and 6(pz)' are not equal. Let 

6(p2)' = K 6(pcV)', 

then 

and putting v,/vc = 4,  the adsorption extension is given by 

I t  is found that  6L/L as calculated by Equation [2] describes the data very 
well in the cases examined, as shown in Figs. 1 to 5. 

FIG. 1. Adsorption extension: Water vapor on carbon, data of Haines and McIntosh 
Broken line drawn through experimental points. 0, adsorption; X, desorption. Solid 
calculated from 61/1 = jP+ Kapl = 3.43 10-7.0rpl. (OK = 4.76.10-7 p.s.i.; + = 2.16.) 

( 7 ) .  
line 
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100 e oo 300 400 500 

PRESSURE, MM. MERCURY 

FIG. 2. Adsorption estension: Dimethyl ether on carbon, data of Haines and Mclntosh (7) .  
Broken line drawn through experimental points. Solid line calculated from 61/1 = 3.43. 10-7.ap1. 

PRESSURE,MM. MERCURY 

FIG. 3. Adsorption extension: Water vapor on porous glass, data of Amberg and McIntosh 
(I). Broken line drawn through experimental points. 0, adsorption; X, desorption. Solid line 
ca lc~~la ted from bl / l  = +(3+ Xapl = 3.69, 10-7.ap1. ((3K = 5.76. lo-' p.s.i.; + = 1.92.) 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
1.

38
.3

6 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



FLOOD .4XD HUBER: T H E R M O D Y h r h M I C  C O K S I D E R h T I O S S  

t l l , l I I l I l 1 l I r  1 I l l  I l l  
200 400 600 800 1000 1200 1400 1600 I800 2000 

PRESSURE,  P.S.1 

1 FIG. 4. Adsorption extension: Carbon rod No. 1 (25°C.) (cf. (4)). A ,  nitrogen; B ,  liquid 
I water. Urolien line drawn through experimental points. 0, adsorption; X, desorption. Solid 

linc calculated from 61/1 = SB(l++K-+Ka)pL. (0 = 3.3. lo-' p.s.i.; K = 2.01; + = 1.65.) 

P R E S S U R E ,  MM. Hg 

FIG. 5. Adsorptio~l extension: Water vapor 011 Carbon rod No. 1 (25°C.). (cf. (4)). A ,  axial 
extensions; B, radial. Broken line drawn through experime~ltal points. Sol~d line calc~~lated. 
Axial, A ,  as for Fig. 8. Radial, R, as for Fig. 8, but K = 2.23. 
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The above relations may also be applied to permeability problems. I t  can 
be shown that  if surface forces within a small capillary condense a dilute vapor 
to  densities exceeding the saturation value and so cause a dense liquid film to  
form on the surface, and if the liquid film is greater than a few n~olecules deep, 
the flow rate can be written 

. ~ . - . .  - ,  

where pl, pa = pressures of gas and adsorbate, respectively; pl,  p, = clen- 
sities of gas and adsorbate, respectively; Q, = flow in gm./min.; 7 ,  = liquid 
viscosity. 

I t  has been shown that this formula represents the flow rate of water through 
the micropore system of some carbons fairly well (5). 

This formula indicates that  a t  equal values of the pressure ancl concentra- 
tion gradients, the relative flow rates a t  two temperatures (25" and 35°C.) 
can be expressed by 

cc. Pl 
where K = - - and Ps35 = saturation pressure a t  35°C. 

inin. Ap 

' TEMPERATURE DEPENDENCE OF 

MICROPORE ( AKI 
PLUG 29. 

Wafer Vapor 

solid line: 
crosses : 

FLOW THROUGH A 25OC. 
@@ 

- 
calculated 
experimental values 

3' 
35qc 
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Fig. G shows calculated and observed water flow rates for an active carbon 
where the macropores have been filled with a lead alloy, thus largely removing 
macropore flow. The  constant A is calculated from the flow a t  25OC. a t  the 
point p/p, = 0.89. The curves a t  25OC. and 35°C. are calculated using this 
value of A.  Incidentally, A is almost identical with the calculated value based 
on pore size distributions reported by Emmet for similar carbons, and is nearly 
the same as  the constant for unfilled carbon rods, when allowance is made for 
increased path lengths. 

Between the region of classical hydrodynamic and/or effusive flow through 
large pores (> lod5 cm.) and the region of slow diffusive flow through pores of 
molecular dimensions ( <lo-' cm.) where diffusion coefficients involve large 
activation energies and are often highly specific (cf. Barrer ( 2 ) ) ,  we should 
expect a pore size region (lo-' to  cm.) where the flow mechanisms are 
essentially classical but where fluid densities and pressure gradients within the 
pores are considerably increased by the surface forces. Our results strongly 
suggest that this is indeed the case. 

Surface Tension of Fluid Interfaces 
There appear to be some differences of opinion as to whether the Helmholtz 

free energy per unit surface and 'surface tension' are the same thing or not 
(cf. Shuttleworth (10)). Some authors treat the surface film as a separate 
thermodynamic system distinct from the material lying on either side of it, 
while other authors consider tha t  the 'surface free energy' is the change in 
Helmholtz free energy of the whole system when i t  is changed in such a way 
that  the surface increases while the volume of the whole system remains con- 
stant. 

In a fluid interface, the pressure in every elementary volume must be the 
same in all directions. Following Tolman (11) we may think of the interface 
as made up of laminae parallel with the surface and we must suppose a pressure 
gradient along the normal to  this surface. If the gradient extends a distance 
h along x, the normal to  the interface, and if P(x) is the mean value of the stress 
intensities of the various laminae parallel with the surface, the stress inten- 
sities being averaged over the interval h, then P(x) . h is the surface force 
exerted by unit length of the surface region. If P(x) is negative, -P(x) . h is 
literally a positive 'surface tension'. In this case, if h is constant and p(x) is a 
function of T only, then ( a A / a ~ ) ~  = -P(x) . h = y, and y is unambig~lously 
the Helmholtz free energy, A,  per unit of surface area a. 

If we consider a spherical or cubical shell of thiclcness h where the mean 
parallel stress intensity in the surface shell is P(x), and P o  is the uniform pres- 
sure outside of the body while p is that inside, then balancing forces, the 
pressure difference across the surface is given by 

where r is either the radius of the sphere or one half the side length of the cube. 
The reversible work of forming a drop of liquid within a large constant 

volume of gas is $ya as show11 by Gibbs (6). An assembly of drops (or cubes) 
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of various sizes contair~ecl within a constant volume does worlc w ((not reversible 
in this case) when small clrops are converted to larger drops, the \vorl; being 
verj. nearly equal to $ 7 ~ .  If \Ire had defined the surface tension as ( a ~ ~ / a ~ ) , ,  
for this process, this 'surface tension' \voulcl be only one third of the actual 
surface tension. In this case, as in the case considered by Gibbs, the tvorl; 
consists of t ~ v o  parts, the worl; clone by the surface, yAg, less the work clone on 
the interior mass, vAp. In some cases \\re cannot measure surface tension 
directly and cannot distinguish between the \vorlc clone by the surface and the 
work done simultaneously on or by the interior mass. 'Surface free energies' in 
such cases are 'surface clil'ferential free energies' of \\;hole systems wherein 
surface tension proper may play only a very small part. I t  is only when the 
system consists wholly of a single ltind of surface layer that (aA/ag) ,  is 
reasonably unambiguous and that 7 ,  the tension of the surface, measures the 
Helmholtz free energy of that surface. Eviclently, in the case of liquids the 
'surface tension' rather than the 'surface free energy' is the more clirectly 
observable quantity; ancl if there be any meaning to such distinctions, then as 
pointed out by Brown (3),  the surface free energy is to be regarclecl as the 
'useful fiction' ant1 the surface tension the 'reality' rather than the other \\ray 
about. 

When a liquid is separated from its vapor by a flat fluid surface of tension 
the following conditions prevail. The Gibbs free energy of every lamina is the 
same and inclependent of their positions along x ,  the normal through the sur- 
face. The hqydrostatic pressures are the sarne in the bull; liquid and in the gas, 
ancl densities of bull; liquid and vapor are constant. But within the interface 
density ancl pressure gradients exist. Thus, specific volumes, v(.v), ancl pres- 
sures, p ( x ) ,  of laminae are variable functions of s within the interfacial region. 
If we take xo as the end of the liquid region whose pressure is P o ,  ancl .2: = x0 
to x  = h as the interfacial region, and i f  Q ( x )  is the potential of field and f(.v) 
the force function of the field, we have the follo~ving necessary relations: 

ancl 

The functions v ( x ) ,  p ( x ) ,  Q ( x ) ,  f  ( x )  etc. must conform to the follo\ving 
equations: 

dF = ($:)?+(::) d p  = f ( x )  d x + v ( x ) d p ( r )  = 0 

ancl 

'These equations impose considerable restrictions on possible forms of the 
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various functions. Thus  i f  Q(x) have a single extreme, say a maximum a t  x,, 
the  minir-num pressure must occur a t  x,,,, ant1 siilce the meall value of the 
magnitude of dp(x)/dx in the  interval xo to  x, must equal tha t  in the interval 
x, to  h ,  and since from physical considerations the mean value of v(x) must be 
greater in  the later i:lterval, u(x) must have a maximum in the interval 0-x,, 

Gas Region 
I 

I I l i q u i d  Region I Gas Region 
I I 

Fig. 7 
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i.e., in the region of lowest pressures. Accordingly a ( x )  cannot have a single 
extreme4 when surface tensions have appreciable positive values and when 
vapor densities are low. Assuming a simple form for O(x) having a maximum 
and a minimum, and choosing a physically plausible form v (x ) ,  the relations 
which must subsist between the various functions can be illustrated approxi- 
mately (see Fig. 7a).  Evidently, this surface adsorbs its own vapor (cf. Wyllie 
(12)) .  For convenience of illustration the difference between the specific 
volumes of liquid and vapor has been talten much less than is the case with 
liquid-vapor systems such as water. The  magnitudes of the negative pressures 
are also much smaller with respect to vapor pressures than is the case in ordin- 
ary systems of appreciable surface tension. In the case of the water interface 
- @ ( x )  . h = 70 dynes cm.-I a t  room temperature. If the thickness of the 
interface, l z ,  lies between 10 and 1 a, the mean negative pressure or mean 
stress intensity must lie between 700 and 7000 atm. Evidently such large 
tensile stresses cannot be sustained in the more dilute regions of the fluid 
interface and hence, practically the whole contribution to p(x)  must come from 
the region where the fluid has high tensile strengths, high densities, and low 
compressibilities, i.e., from the liquid region of the interface. The  maximum 
tensile stress in this region will exceed the mean tensile stress by factors 
depending on the relative thicknesses of these regions, the factor being the 
greater, the smaller the ratio of the thicltness of the dense region to the thick- 
ness of the whole interface. In the case illustrated in Fig. 7a the factor is about 
five and correspondingly, the maximum tensile stress is between 35,000 and 
3500 atm. for total film thicknesses between 1 and 10 a. The film thickness as 
measured by the Rayleigh method will be the region of rapid change of refrac- 
tive index and thus will be the region of rapid increase in specific volume. The 
thickness of the water interface as measured by Raman and Ramdas (8) using 
the Rayleigh method is about 1 a. If the relative thicknesses of the various 
regions are as illustrated, the total film thicltness is somewhat less than 10 A 
and the maximum tensile stress of the order of 4 X lo3  atm. I t  seems very 
improbable that this figure can be much too low since it  is comparable with the 
measured tensile strength of some metals. 
Capillary Rise and Depression 

As a variation of the 'flat' interface illustrated by Fig. 7a we may suppose 
the whole system raised or lowered in a potential field independent of surface 
potential fields. If we impose the condition dF = 0 for this variation the con- 
ditions are analogous to capillary rise or depression. 

In order that  dF = 0 ,  the relative changes in liquid and gas pressures will 
be more or less proportional to densities. Accordingly the p(x)  curve must be 
distorted so that 

However, for small rises or depressions p(x) and O(x) will not be changed 
appreciably, since the magnitudes of p(x) ,  p(x,) etc. are large compared with 

' T h a t  ,is, = 0 at ,)lore than one value of x between xo and h. 
d x  
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the pressure changes introduced by the rise or depression. For large depressions, 
analogous to the effect of curvature on very small droplets, the pressure changes 
may be comparable with p(x). In such cases to retain constancy of surface 
tension either Q(x) must change or the surface thickness or both must change. 
A natural assumption is that the tendency of the surface to adsorb its own vapor 
becomes less on surfaces concave toward the dense phase and hence that Q(x) 
is changed. Fig. 7b illustrates a 'capillary depression' of the hypothetical 
system illustrated by Fig. 7a, the values of p(x) and h being unchanged, but 
v(x), P(X), and Q(x) distorted so that there is a net pressure difference between 
liquid and vapor. 

The energy of a vapor is in general much greater than the energy of the 
corresponding liquid. The heat energy or TS energy change from liquid to gas 
is somewhat greater than the corresponding internal energy change (i.e., by 
PoAv). In order that a positive potential of position exist in the interface 
[A(E+pov)/Ax] Ax must exceed (TAS/Ax). Ax. Since poAv is small, especially 
in the dense region of the interface, we may ascribe the positive potential of 
position to an increase in energy without a compensating increase in entropy. 
In the more dilute region the negative potential of position may be ascribed 
to the large increase in entropy associated with the large volume change, the 
entropy in this region becoming too large with respect to the energy. The energy 
of a single phase (lamina in thiscase) of onecomponent cannot vary continuously 
a t  constant p,  T, and P; consequently, strictly continuous density (energy) 
gradients must be associated with pressure gradients, i.e., potential gradients. 
Evidently surface potentials are in the main due to the very sharp density 
gradients in the neighborhood of the surface. Accordingly changes in surface 
conditions which tend to reduce density differences and which tend to equalize 
compressibilities will tend to reduce surface potentials. Thus, it would appear 
that the 'surface tension' of the flat surface is near the maximum and that 
either increasing or decreasing the equilibrium pressures by very large values 
will in the limit result in a vanishing surface tension. In the case illustrated in 
Fig. 7b, the mean potential of the matter in the surface region is increased by 
the distortion (cf. Rice (9)). 

A priinary objective of the inquiry outlined above is to obtain some notion 
of the physical factors controlling rates of flow of fluids through porous 
adsorbents. Evidence has been obtained that in the case of pores which are 
fairly large compared with molecular dimensions to 10-5 cm.), flow 
mechanisms are essentially those of classical laminar flow, but are controlled 
by density and pressure gradients (both parallel and normal to the direction 
of flow) that are functions of the surface forces. Generally, these gradients are 
not directly observable and accorclingly must be measured indirectly or 
inferred from measurements of adsorbate pressures, surface tensions, surface 
potentials, or other average properties. Where we can determine density 
gradients me can calculate corresponding pressure gradients and can make 
considerable progress in relating net flow rates to the physical structures of 
ultra fine grained porous adsorbents. 
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THE DETERMINATION OF PORE SIZE DISTRIBUTION AND 
SURFACE AREA FROM ADSORPTION ISOTHERMS1 

ABSTRACT 

Theoretical isotherms have been developed which when co~llpared to esperi- 
mental isotherms showing hysteresis, allow the calculation of pore size, pore size 
distribution, and surface area of the sorbent. Interpretation of some experimental 
isotherms obtained with porous vycor glass shows that this system call best be 
represented by the "inl; bottle" pore model with a Gaussian distribution of pore 
sizes. The mean pore radius of the porous glass is about two thirds of the Kelvin 
radius, and the surface area greater than that obtained from the B.E.T. theory. 
The Kelvin radius is interpreted a s a  weighted average, but the B.E.T. surface area 
appears more fundamentally different. 

INTRODUCTION 

The B.E.T. (4) theory which has been widely used for interpretation of 
adsorption phenomena fails to account for the types IV and V isotherms of the 
Brunauer classification (3). The more complete B.D.D.T. theory (3), which takes 
capillary condensation into account, applies only to those systems where 
there is no distribution in pore size or where the variation from an average 
pore size is not too great. 

Several attempts have been made to interpret adsorption, particularly a t  
high relative pressures where hysteresis is encountered, in terms of pore distri- 
bution and capillary condensation. The radii of cylindrical capillaries which fill 
a t  a given partial pressure may be evaluated by means of the Kelvin equation: 

In (P/Po) = -2 r  Vl/R Ro T 
where P = pressure, 

Po = vapor pressure a t  the temperature T, 
y = surface tension, 
V1 = molal volume of the adsorbed liquid a t  the temperature T, 
R = capillary radius, 
R O  = the gas constant, 
T = absolute temperature. 

The particular radius corresponding to the point of inflection on the hyster- 
esis loop is known as the Kelvin radius. This radius may be interpreted as the 
radius of that pore having the most probable volun~e. If, however, there is a 
distribution of pore radii, the pore which has the most probable volume will 
have a greater than average radius. Whether the adsorption or desorption 
branch of the isotherm should be used for the determination of the Kelvin 
radius will be considered below. A more basic capillary condensation equation 
has recently been derived by Icistler (8) : 
[I] dA/dV = -1n(P/Po)R0T/Mr, 

'iblanzlscript received Jzme 11, 1054. 
Contribzltion from the Department of Cl~etrristry, Afcibfaster Ufziversity, Hattziltofz, Ontario. 

T h i s  paper was presenled at the Syttzposinttz on Problems Relating to the Adsarptiofz of Gases by 
Solids, held at Kingslcn, Ontr~rio, Septe)trber 10-11, 1054. 
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where A = pore area, 
V = pore volume. 

I t  may be seen that this relation reduces to the Kelvin equation for cylindrical 
capillaries or spherical pores. 

From the experimental isotherm it is possible to obtain directly a plot of 
the pore volume distribution curve. Kubelka (10) has used a plot of 

d(Va/ Vt) /d log D vs. log D, 

where Va is the total volume adsorbed a t  a given relative pressure, 
V ,  is the total volume adsorbed a t  the saturation pressure, 
D is the pore diameter as calculated from the Kelvin equation for the 

relative pressure corresponding to Va. 
The curves obtained resemble typical probability curves and Kubelka inter- 
preted their maxima as corresponding to the capillary diameter that occurs 
most frequently in the adsorbent. Schuchowitski (13) has criticized I<ubelkals 
plot on the basis that  it did not differentiate between adsorption and capillary 
condensation. Foster (7) overcame this objection by plotting a function similar 
to that of Kubelka, but using only the hysteresis region of the isotherm. In 
either case, however, the peak of the distribution curve merely corresponds to 
the point of inflection on the original isotherm, and hence the "average" pore 
radius calculated from these methods is the Kelvin radius discussed above. 

Wheeler (15) has suggested an integrated theory combining multilayer 
adsorption and capillary condensation. Following the suggestion of Wheeler, 
Shull (14) has assumed that  multilayer adsorption reduces the pore size by an 
amount t a t  any given pressure. Thus one must use a modified Kelvin equation 
which relates the maximum pore that  will be filled owing to capillary condensa- 
tion a t  any given relative pressure: 

where t = thickness of the adsorbed film. I t  was concluded that a plot of 
V ,  - V against R - t ,  where R - t was evaluated by means of the above equation, 
should correspond to the integral : 

where L(R)dR is the total length of pores whose radii fall between R and R f d R .  
By assuming various forms of the distribution function L(R)dR, families 

of curves were obtained. Each member of a given family corresponded to a 
value of the most probable pore size. These theoretical curves could then be 
compared with experimental isotherms plotted in the same manner. Tha t  
member of a given family of the theoretical curves which most closely repre- 
sented the experimental curve would allow one to choose the type of distribu- 
tion and mean pore radius of the pores in the experimental system. Whereas 
the method of Wheeler and Shull is adequate for many systems, it makes no 
allowance for the influence of pore shape. In any system having a distribution 
of pores, most of the total void volume will arise from those pores which are 
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greater than average in radius. I t  follows that volumes of sorbed material as 
obtained from capillary condensation measurements might well be more 
adequately represented by a f (R3) ('ink bottle') type of pore volume function 
than a f (LR') (cylindrical type) volume function. The present work evaluates 
the theoretical form of capillary condensation isotherms for various pore 
shapes, sizes, and distributions. Further, it has been possible to obtain infor- 
mation about the thickness of the adsorbed film, and the surface area of the 
sorbent. The theory is discussed with reference to some experimental isotherms 
obtained by Barrer (2) and Emmett (6) for porous vycor brand glass. 

THEORETICAL 

Distribution of Capillary Condensation Radii 

The Kistler equation [ l ]  in the appropriate form indicates the relative 
pressure a t  which condensation will occur on a meniscus in a capillary of a 
given shape. Such condensation would also occur on an adsorbed layer covering 
the concave surfaces of a porous system. If such condensation leads to a reduc- 
tion in the radius of curvature of the surface, condensation will continue on 
this surface a t  constant pressure as long as the radius of curvature continues to 
reduce. In this discussion a pore will be considered as any void region in a 
porous material which by virtue of this process completely fills a t  constant 
relative pressure. Also the pore radius will be considered as the radius of 
curvature of that surface on which the above pore filling process started to  
occur. 

If a given porous system has a distribution of pore radii, one may expect 
that a t  a given partial pressure, pores of radius equal to or less than the value 
determined by the appropriate form of the Kistler equation [ l ]  will. be com- 
pletely filled. That is, if the volulne of a pore in the porous system is expressed 
by the function 

17 = f l(R),  

and if the number of pores having radii falling between Rand R+dR isgiven by 

then the volume of all pores with radii between R and R+dR is 

dV = Vdn = fl(R) xfz(R)dR, 

and the ratio of the sun1 of the volumes of all pores whose radii are equal to 
or less than R to the total volume of all the pores is given by 

PI V/V, = J R v 1 ( ~ )  - x ~ z ( R ) ~ R ) /  L r n ( f I ( ~ )  x ~ z ( R ) ~ R ) .  

In order to solve equation [2] it  is necessary to obtain explicit functions for 
f (R) and f z  (R). Various pore models may be assumed. 
(a) The cylindrical type pore model for which 

where K1 = shape factor (K1 = rr for cylinders), 
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and L = length of pore. 
(b) T h e  'ink bottle' type pore model for which 

where Kz = shape factor (K' = $a for spheres). 
I t  is most reasonable to assume that the distribution in pore size is either 

Maxwellian or Gaussian, although in some porous systems other types of 
distribution may occur. 
(a )  For a typical Maxwelliail clisti-ibution 

where N = number of pores per unit mass, 
and a = a constant. 
(b) For a typical Gaussian distribution 

i where A = normalization constant 
I 

P = constant. 
With both of these distributions a may be interpreted as the most probable 

radius, and ,f3 which occurs in the Gaussian function is a measure of the dis- 
tribution width. 

Four solutions to equation [2] may be obtained using the four possible 
combinations of the above pore models and distributions. 
(a) Cylindrical type pore model with Maxwellian distribution of pore radii 

where x = R/a. 
(b) Cylindrical type pore model with Gaussian distribution of pore radii 

n z 

where z = P(R -a)/a. 
(c) 'Ink bottle' type pore model with NIaxwellian distribution of pore radii 

where x = R/a. 
(d) 'Ink bottle' type pore model with Gaussian distribution of pore radii 
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where z = P(R-a)/a. 
Values of the functions V / V ,  versus R have been plotted in Figs. 1-6 

corresponding to  each of the various systems represented by equations [3, 4, 5, 
61. Each curve in a given figure is representative of a different value of the 
parameter a! (the most probable pore size). Two families of curves have beell 
plotted for each pore model with a Gaussian distribution, since these systems 
have a further parameter P. As P may have any positive value these are merely 
representative of a large number of families which may be plotted for these 
systems. The  plot of V / V ,  versus R for a particular value of a! (and P for 
Gaussian distribution) will be known as a theoretical or normalized capillary 
condensation isotherm for the given pore model and distribution. 

Distribution of Pore R a d i i  Including the Thickness of the Adsorbed Layer 

In addition to  capillary condensation true adsorption contributes to  the 
total amount of the sorbed material in a porous system. Since all adsorption in 
any pore must precede capillary condensation, the capillary condensation 
radii distributions evaluated in the previous section must be representative of 
pores which are reduced in radius by an amount equal to the thickness of the 

FIG. 1. Normalized isotherms-calculated for a Maxwellian distribution of pore sizes and 
cylindrical volume function as  given by equation [3]. 

FIG. 2. Normalized isotherms-calculated for a Gaussian distribution of pore sizes and 
cylindrical volume function as given by equation [4] with ,5 = 2. 
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FIG. 3. Normalized isotherms-calculated for a Gaussian distribution of pore sizes and 
cylindrical volume function by equation [4] with P = 1. 

FIG. 4. Normalized isotherms-calculated for a Maswellian distribution of pore sizes and 
cubic volume function as given by equation [5]. 

FIG. 5. Normalized isotherms-calculated for a Gaussian distribution of pore sizes and 
cubic volume function by  equation [6] with = 2. 

FIG. 6. Normalized isotherms-calculated for a Gaussian distribution of pore sizes and 
cubic volume function by equation [6] with 6 = 1. 
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adsorbed layer. If it is assumed that  a t  saturation the adsorbed inaterial is 
equally distributed on all surfaces, the ratio of the volume filled by capillary 
condensation to the total volume of the system is given by 

where fi(R) = f2(R) with R-a  replaced by R -  (a+t), 
and t = thickness of adsorbed layer a t  saturation if  equally distributed 

on all surfaces. 
Thus for the Gaussian distributions 

where n = 2 for the cylindrical type pore model, 
and n = 3 for the 'ink bottle' type pore model. 
Solving equation [7] we obtain: 
(a )  cylindrical pore model 

Vc be-"+(1+2b2)~ 
[81 - - - 

v, hue-'""" ((1 +2b2,') ~ ( t )  ' 

(b) 'Ink bottle' pore model 

Determination of Surface Area 

The surface area of a given porous system may be represented by: 

S, = surface area per unit weight of porous material, 
f 3  (R) = the surface area of a pore whose volume is fl (R), 
f2(R) = the particular distribution function determined above in which a is 

set equal to a+t. 
Thus the surface area per unit mass of sorbent for the 'ink bottle' model with 
Gaussian distribution of pore radii is given by 

where Ro = a+ t  (when assumption of equal distribution of adsorbed material 
is justified), 

K O  = shape factor (Kg = 4?r for spherical pores). 
To  solve equations of type [lo] requires a knowledge of the shape factor K 3  

and the number of pores per unit mass N. Since these quantities can not be 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

11
8.

97
.2

11
.1

8 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



222 CANADI:\N JOURNAL O F  CHEMISTRY. VOL. 33 

evaluated from sorption data  alone without further assumptions, it is consi- 
dered simpler to evaluate the surface area of the porous material from V,,, 
the volume of adsorbed material required to form a monolayer on the surface 
of the sorbent. This calculation allows the use of more generally recognized 
assumptions. 

I t  is apparent that  the evaluation of Vm is analogous to the determination 
of the thicltness of the adsorbed layer, except tha t  in this case the value of the 
thicltness mav be assumed to be one molecular diameter. Thus 

where rn = thicltness of monolayer = 1 molecular diameter of adsorbate. 
Solving equation [ I  I.] for: 
(a)  Cj.lindrica1 pore model (n = 2 )  

P P m m 

where 1 = -(Ro-rn), a and r = -Roy a I(1)  = S-:-"dX and I ( r )  = S---"dx. 

(b) 'Ink bottle' pore model (n = 3) 

where I(1) and I ( T )  have the same meaning as in [12]. 
Surface area may then be evaluated in the usual manner from the relation 

where S,, = surface area per gram of adsorbent, 
Nu = Hvogadro's number, 
A ,  = surface area covered by a molecule as obtained from the equation 

where iM = molecular weight of adsorbate, 
p l  = density of the liquefied adsorbate a t  temperature of the isotherm. 

EXPERIMENTAL INTERPRETATION 

In order to find the distribution of capillary condensation radii in an experi- 
mental system, it is necessary to obtain the experimental values of V/ 17, and 
plot these against A, where R is calculated from the Kistler equation [ I ]  in 
the appropriate form for the relative pressure corresponding to  V. That  is, 
for the 

Cylindrical pore model: adsorption-Cohan equation, 
desorption-Kelvin equation; 

KR3 pore model: adsorption-Kelvin equation. 
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(For discussion see below.) The pore model and distribution parameters may 
then be obtained from the theoretical isotherm that gives the best fit to the 
experimental curve. Before it is possible to  obtain these quantities from the 
experimental isotherm it  is necessary to understand the mechanism of adsorp- 
tion hysteresis. In some cases hysteresis is not reproducible. Zsigmondy (16) 
has suggested that  this type of hysteresis probably results from the effects of 
surface impurities. Where the branches of the hysteresis loop are entirely 
reproducible, two main theories have been proposed. The 'ink bottle' theory of 
Icraemer (9) which has been adopted by McBain (11) suggests that during 
adsorption, capillary condensation occurs on a relatively large meniscus in the 
'bottle' part of the pore, and tha t  desorption must occur froin the smaller 
meniscus of the 'neck' of the ink bottle pore. Although this theory has not yet 
been proved Rao (12) has shown that in a qualitative way it  will explain his 
experimental data. Proponents of this theory have considered the adsorptioil 
branch of the isotherm as most significant in determining pore radius. The  
'ink bottle' hypothesis does not necessarily imply that each 'bottle' has only a 
single neck, for the arguments would be equally valid for any porous network 
having larger pores connected by smaller ones. 

Cohan (5) has suggested a theory of hysteresis which turns out to be very 
similar to the 'ink bottle' theory, except that it is subject to a more quantita- 
tive treatment because of a simpler pore model. Cohan considers the pores to be 
cylindrical in shape and that  adsorption capillary condensation occurs as an 
annular ring on the wall of the pore rather than on a normal meniscus as 
required by the Kelvin equation. For these conditions the Kelvin equation 
must be modified, and Cohan has shown that  this modified equation is identical 
in form to the Kelvin equation except for the disappearance of the numerical 
factor 2. This modification of the Kelvin equation can also be obtained directly 
from the Kistler equation [I].  Therefore radii calculated with Cohan's equation, 
using the adsorption branch of the isotherm, are one half those obtained when 
the normal Kelvin equation is used. 

Desorption, on the other hand, occurs from the surface of a normal meniscus 
in a completely filled capillary, and the vapor pressure over the meniscus could 
therefore be represented by a normal Kelvin expression. Whereas Cohan has 
been able to obtain quantitative relations between adsorption and desorption 
for the cylindrical pore model, it is to be expected that in most systems the pore 
radii will vary from point to  point along their lengths and the 'ink bottle' 
model will more nearly represent most porous systems. No quantitative 
expressions, however, have yet been developed to relate the adsorption and 
desorption pressures in the more complicated but realistic 'ink bottle' system. 

There is, however, a good visual test which allows one to choose between the 
Cohan and the 'ink bottle' models. The  difference may be seen when the weight 
adsorbed, after the contribution of reversible adsorption is subtracted, is 
plotted against the log of the relative p r e ~ s u r e . ~  For the Cohan mechanism, 

3 T I ~ e  reversible adsorplio+z it1 the pressure regioz where hqsteresis occurs +nay be approxi l~rafely  
estimated frcnr the slope of the top qf the hysteresis loop ?~tltzch Amberz  and 11fcIntosh (1) have 
sho?un lo  be reversible. 
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adsorption and desorption branches of the isotherm should then be entirely 
symmetrical since the form of the adsorption, as well as the desorption branch, 
is determined by the same pore radii distribution. Their relative positions, 
however, are determined by differences in the shapes of the menisci. In the 
case of the 'ink bottle' model the shapes of the menisci are the same and it is 
the largest pore neck which determines the relative pressure a t  which desorp- 
tion occurs in a given pore. The  amount desorbed, however, depends more on 
the volunle of the pore than on the volume of the necks leading into it. The 
position and shape of the adsorption branch is then fixed by the distribution of 
pore sizes whereas the position and shape of the desorption branch is related 
to the radii distribution of the largest necks connecting the pores. Since there 
may be several necks to a given pore, the probability that  all of these are much 
smaller than the mean radius of the necks is greatly reduced, and hence one 
would expect the desorption branch of the isotherm to represent an apparent 
distribution of pore necks with greatly reduced numbers of small necks. This 
difference will manifest itself in a much steeper desorption isotherm, parti- 
cularly in the lowest relative pressure region where hysteresis is observed. 

Whereas this test ]nay allow one to  establish the Cohan mechanism, it can 
only show in a qualitative way the possible validity of the 'ink bottle' model. 
A quantitative test of the 'ink bottle' model may be obtained by comparison of 
experimental and theoretical isotherms, but as yet this comparison applies to  
only the adsorption branch. 

Further, it is necessary to interpret the form of the experimental isotherm in 
terms of the physical processes which give rise to  it. If the partial pressure of a 
sorbable gas over a sorbent is increased, this pressure increase may lead to  one, 
two, or three types of physical sorption: 
( a )  Complete filling of pores whose radii are equal to or less than the value 

required by the Icistler equation [l] in a form corresponding t o  the model. 
(b)  Adsorption on the surfaces of pores whose radii are larger than the value 

required for Kelvin condensation. 
(c) Capillary condensation into the corners of pores which are too large to  

completely fill a t  the given partial pressure. 
Types (a) and (b )  are self-explanatory, but type (c) is best illustrated with 
reference to  a specific model. For a boxlike pore capillary condensation may 
occur into the corners, but the addition of each layer of sorbate increases the 
radius of curvature of the menisci so that further condensation requires an 
increase in pressure. Gas condensed in this manner would show no hysteresis, 
and would be difficult to  distinguish from multilayer adsorption. When, 
however, the corners of the boxlike pore are completely filled and only a single 
spherical hole remains, further condensation reduces the radius of curvature 
of the meniscus and the slightest increase in pressure will result in complete 
filling of the pore. This pore filling process is the type ( a )  condensation which 
results in the 'ink bottle' type hysteresis. 

The value of V used in the theoretical isotherms corresponds to  type ( a )  
sorption only, while 17, is the value of V a t  saturation pressure. Since type ( a )  
sorption always leads to hysteresis, the maximum value that Vmay have a t  any 
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FIG. 7. Typical adsorption-desorption isotherm showing hysteresis. 

FIG. 8. Comparison of theoretical and experimental isotherms: experimental values from 
Emmett (6) usine ratio of V,/V,,, (FIG. 7). -, - -  \ 

A ~electe'd Gaussian isotherm of cubic type with P = 1 and a = 10A (equation 6). 
FIG. 9. Comparison of theoretical and experimental isotherms: experimental values from 

Emmett (6) using ratio of V,/V,, (Fig. 7). 
A Selected Gaussian isotherm of cubic type with 6 = 1 and a = 2 2 . ~ 4  (equation 6). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

11
8.

97
.2

11
.1

8 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



226 CAN.4DIAN JOURN:\L O F  CHEMISTRY. VOL. 33 

given relative pressure is equal to the total amount sorbed less the amount sorbed 
a t  the relative pressure where hysteresis becomes significant. Thus if only 
type (a) sorption occurs in pressure regions where hysteresis is observed then 
a plot of V/T/,, (see Fig. 7) should correspond to the theoretical isotherm. 
This ratio talcen from Emmett's experimental isotherm for nitrogen on porous 
glass (6) has been found to fit best the theoretical isotherm (equation 6) for 
f l  = 1 and a = 13 A (see Fig. 8). If, however, sorption other than type (a) 
is contributing to the total sorption in the pressure region where hysteresis 
occurs, it is necessary to lcnow what shape the adsorption isotherm ~vould have 
had if capillary condensation had not contributed. Test extrapolations of the 
region A-B (see Fig. 7) of the experimental isotherm for porous glass show that 
the actual form of this extrapolation makes relatively small differences in the 
fit of the 'experimental' V / V ,  and the theoretical isotherms. Thus the ratio 
V,/V,, (see Fig. 7) taken for the same nitrogen isotherm as  above still fits the 
theoretical isotherm (equation 6) with /3 = 1 and a = 15 A (Fig. 9). Compari- 
son of Figs. 8 and 9 shows that  the fit of the 'experimental' isotherin to  the 
theoretical isotherm is better in the case of Fig. 9 although the actual dis- 
tributions and mean pore radii are not significantly different. Since this choice 
is not critical for the porous glass system the ratio V,/T/,, (Fig. 7) has been 
used in this work as the experimental value comparable to  the ratio V / V ,  of 
the theoretical isotherm. In Table I the types of distribution, pore model, mean 
capillary condensation radius, and distribution width /3 are summarized for the 
experimental isotherms obtained by Barrer (2) and Emmett (6) for porous 
vycor glass. 

MEAN PORE SIZE A N D  PORE SIZE DISTRIBUTION IN  POROUS GLASS CALCULATED FROM VARIOUS 
ISOTHERMS 

Mean 
Character Mean Adsorbed radius 

Substance 'Type of of Distribution capillary layer after 
adsorbed distribution volunle width, condensation thickness, addition 

function B radius, 1, (A) of adsorbed 
layer 

thickness, 
Ra. (A) 

Argon 
(.Ref. 6) Gaussian Cubic 1 15.5 6 . 4  23.9 

Nltrogen 
(Ref. 6) Gaussian Cubic 1 15.0 4 .5  19.5 

Butane 
(Ref. 6) Gar~ssian Cubic 2 15.0 (2.2) 19 . . . 

Oxygen 
(Ref. 2) Gaussian Cubic 1 18.0 6.18 24.2 

h m o n i a  
(Ref. 2) Gaussia~i Cubic % 15.0 10.7 25.7 

*Layer thickness ussunzed to be one molecular diameter (4.9 A). 
DISCUSSION 

The typical comparison between an experimental isotherin and a theoretical 
isotherm shown in Figs. 8 and 9 indicates that  the adsorption isotherm in the 
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region where hysteresis is observed can for the porous system investigated be 
very closely represented by equation [6]. This tends to justify the assumptions 
which lead to this equation, i.e. 
(a)  There is a Gaussian distribution of pore radii; 
(b) The pore volumes can be represented by an R3 (ink bottle) function; 
(c) All pores of radius equal to or less than tha t  which is evaluated froin the 
appropriate form of the ICistler equation [l] will be completely filled a t  a given 
partial pressure, i.e., the assuinption tha t  capillary condensation is the pre- 
dominant factor in the region of hysteresis is valid. 

From Table I it is apparent that  the type of distribution, as well as the 
character of the volume function found for each gas, is very self-consistent. 
However, slight differences are found with respect to  the values obtained for 
the parameters /3 and a. This can possibly be ascribed to  the fact that  the sys- 
tem has a most probable pore size comparable t o  the molecular dimensions. 
Thus, the size and shape of the adsorbed molecule may be expected to  become 
influencing factors. 

The fit of the 'experimental' and theoretical isotherm, as might be expected, 
is slightly better in the case of Fig. 9 than Fig. 8, although the actual distribu- 
tion and mean radius obtained are not significantly different. I t  is apparent 
tha t  with the relatively large contributions of capillary condensation found 
with porous glass it  is the pressure and shape of the hysteresis region of the 
isotherm rather than the contribution of reversible sorption which are most 
significant in determining the fit of the 'experimental' and theoretical iso- 
therms. 

There are several differences between the theory introduced above and tha t  
described by Shull (14). Shull has only considered the cylindrical pore model 
whereas a better correlation between theoretical and experimental isotherms 
has been found with the 'ink bottle' model for the porous glass system. The  
present approach can, however, be used in cases where the cylindrical pore 
model might be desirable. Furthermore, i t  has been found convenient in this 
work to  evaluate a normalized isotherm (V/V,) rather than the inverted iso- 
therm (V,- V) used by Shull. The normalized isotherm not only allows the 
cancellation of arbitrary constants from the theoretical relations but also 
simplifies the necessary curve fitting. Shull has also used his method t o  deter- 
mine pore sizes from isotherms where hysteresis does not occur. The theoretical 
curves evaluated either by Shull or in this work may well represent some part 
of any experimental isotherm-as a matter of fact, they may in their strictly 
mathenlatical form be used for the evaluation of any physical phenomenon 
showing such functional correlation. But,  in the interpretation of such results, 
i t  must not be forgotten that  any parameters, dependent or independent, 
appearing in the equations are now mathematical symbols only and therefore 
have no relation to  the physical functions with which they were associated 
in the original theory. Thus, the evaluation of a mean or average pore size for 
a system that  does not show hysteresis is inadvisable. 

In the theoretical section, only the families of curves corresponding t o  
/3 = 1 and /3 = 2 have been plotted for the Gaussian distribution. Since there is 
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no limitation on the possible values of /3, there is an infinite number of such 
families that  can be drawn. Presumably an experimental isotherm which will 
not fit one of the theoretical isotherms which have been plotted in the theoreti- 
cal section may fit a member of a family of isotherms for a different value of 
/3. I t  must be pointed out here, however, that  Maxwellian distributions have 
the disadvantage of not by themselves allowing a decision regarding pore shape. 
For example, i f  the volume adsorbed can be represented by the integral of an 
expression R4e-u'R'dR, one cannot interpret whether this expression is either (a) 
KILR2 X R2e-a'R'dR or (b) K2R3 X R ecUaR' dR. The former case (a) would 
indicate a cylindrical pore volume whereas (b) would correspond to the 'ink 
bottle' pore. T o  distinguish between these two possibilities it is necessary to 
use further criteria such as the visual test described above. 

In  order to  obtain the total pore radius, it is necessary to find the thickness 
of the adsorbed layer which must be added to  the capillary condensation 
radius. This may be calculated from equation [9] which is the applicable 
relation for the previously established pore model and distribution. If, for the 
nitrogen isotherm of Emmett,  all the gas sorbed a t  the relative pressure where 
hysteresis becomes significant were equally distributed on the surfaces of the 
pores, the thickness of the resultant adsorbed layer could be evaluated from the 
ratio V,,/V, (Fig. 7). Using the previously obtained value of cr (i.e. 15 A) a 
value of 4.5 A is obtained for the layer thickness. That  is, if the layer is ecluallj. 
distributed, the amount adsorbed a t  the partial pressure where hysteresis 
becomes significant is approximately the amount required to form a monolayer 
(i.e. 4 A) on all surfaces. The  values of t obtained for different sorbates together 
with the mean pore radius including the thickness of the adsorbed layer are 
listed in Table I.  In the case of ammonia i t  is seen that  t is approximately equal 
to three molecular diameters. Barrer (2) has pointed out that  the high affinity 
of the ammonia molecule for the sorbent causes considerable swelling and hence 
the mean capillary radius obtained from the ammonia isotherm does not appear 
excessively large. For butane the calculated layer thickness is less than one 
molecular diameter and therefore the surface cannot be completely covered a t  
the pressure where hysteresis occurs. Since condensation begins only after 
monolayer formation it has been assumed that  the distribution of butane is not 
equal on all surfaces, and that  the thickness of the adsorbed layer is equal to  
one molecular diameter a t  the pressure a t  which a pore fills by condensation. 
All above radii are seen to  have values considerably less than the Kelvin values 
of 30-40 A given by Emmett (G),  which do not yet include the thickness of the 
adsorbed layer. This difference was to  be expected, however, since it was 
realized a t  the outset that  the Kelvin radius calculated from the relative 
pressure a t  the inflection point on the isotherm corresponded to the radius of 
the pore which has the most probable volume. That  is, the Kelvin radius is the 
radius such that  

d(dV/dR)/dr = 0. 

If, therefore, the volume distribution function is known, the Kelvin radius may 
be calculated directly. For the model found applicable to  the porous glass 
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system, the Kelvin radius is such tha t  

whence the Kelvin radius = 1.82 a when 0 = 1. 
Barrer (2) and Cohan (6) arrived a t  values similar to those obtained in this 
work by using the desorption branch of the isotherm. Barrer has corrected for 
the thickness of the adsorbed layer by the addition of two molecular diameters 
of the adsorbate. The highly polar molecules, however, give inconsistent 
values. Since these radii are calculated from the partial pressure corresponding 
to  the point of inflection on the isotherm they must correspond to  weighted 
values in the same sense as the Kelvin radii discussed above. The weighted 
radius obtained from the desorption isotherm happens to  almost correspond to  
the mean radius obtained from the adsorption isotherm after allowance is 
made for the distribution in pore size. However, the pore model corresponding 
to the desorption isotherm has not been found applicable so tha t  the apparent 
similarity seems largely fortuitous. 

The  model which most closely resembled the actual system was the 'inlc 
bottle' model. This conclusion appears in direct opposition to  that  arrived a t  
by Amberg and McIntosh (I),  who decided tha t  the cylindrical pore model 
was applicable to  this same system. This difference is partly one of definition 
in so far as they have shown the pores to  have a length to  diameter ratio of 
about two, which these authors would consider 'ink bottle' rather than cylin- 
drical type pores. Although this seems to be only a minor point of disagreement 
the relative forms of the expected adsorption and desorption isotherms are 
quite different for the two systems. The test described above which compares 
the relative shapes of the adsorption and desorption isotherms of the two 
models seems to  eliminate the Cohan mechanism and is also qualitatively in 
agreement with the 'inlc bottle' mechanism. The excellent correspondence 
between the theoretical cubic type isotherms and experimental adsorption 
isotherms over the complete applicable pressure range strongly indicates a 
basic equivalence between the 'ink bottle' model and the porous glass system. 

When the smaller pore radii evaluated from the above methods are accepted, 
it is apparent that  for a given pore volume a greater pore surface area should 
be expected. This may be calculated from VTn, the quantity of sorbate required 
to  complete a surface monolayer. The value of VTn may be obtained from 
equation [I].], which is the appropriate equation for the pore model established 
for the porous glass. Numerically, these values of VTn are greater than those 
obtained from the B.E.T. isotherm with the exception of ammonia (see Table 11). 
In order to  reconcile the differences, i t  is necessary to re-examine the postulates 
leading to the different Vmls. The  VTn evaluated in this work corresponds to  
one of the several definite models used, rather than the Vm of the real system. 

In order to evaluate the mean pore radius of the distribution i t  was necessary 
to assume the appropriate form of the Kistler equation [I]. In  porous glass, 
where the pores have been formed in a solid non-crystalline mass by a preferen- 
tial leaching process, it would appear that  after the smoothing out  of surfaces 
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by adsorption, condensation would occur on nearly spherical surfaces. This, as 
pointed out in the introduction, leads to the Kelvin relation. For capillary 
condensation causing hysteresis in the 'ink bottle' model this factor appears to 
be a maximum. Whereas altering this factor may change our conclusions with 
respect to the mean radius, it does not affect the conclusions with respect t o  the 
pore model and distribution. Any smaller value of the constant of the applic- 
able form of the Kistler equation [I] would lead to a smaller mean pore radius 
and larger values of V, and surface area. 

For the V, of the B.E.T. theory to be valid, it is necessary that  the surface 
of the porous glass be homogeneous. Barrer (2) has already shown that  the 
heats of sorption on the porous glass do not confirm this assumption and 
furthermore, the B.E.T. isotherm only fits the experimental data for the porous 
glass a t  low relative pressures. Kistler (8) has presented further arguments 
against the acceptance of the B.E.T. V,. 

COMPARISON OF CALCULATED V,'S AND SURFACE AREAS WITH THOSE OBTAINED BY B.E.T. 
METHOD FOR POROUS GLASS 

Vm Total surface B.E.T. B.E.T. 
as determined area of system as  v, surface area 

Substance from equation [13] calculated from (cc. a t  S.T.P. (m.2 gm.-l 
adsorbed (cc. a t  S.T.P. v m  per gram material) 

per gram (m.2 gm.-I material) 
material) material) 

Argon (at 90°K.) 
(Ref. 6) 37.5 

hritrorren 

Butane 
(Ref. 6) 24.6 

Oxygen (at 7g01<.) 
(Ref. 2) 46.7 

~ m m o n i a  
(Ref. 2) 40.6 138 59.9 204 

In view of these factors the surface areas shown in Table I1 which are 
calculated from the V, obtained in this work by means of equation [14] are 
considered more representative of the porous glass than those obtained using 
the B.E.T. V,. Thevariations in the surface areas obtained for the different 
gases may well result from variations in the pore structure of the sorbent which 
were neglected in the present theory. This approach, then, appears to be 
generally applicable to other porous systems except where appreciable amounts 
of reversible capillary condensations might occur (type c physical adsorption 
defined above). Even with fibrous networks or compacted solids, however, one 
would expect hysteresis to result from the filling of nearly spherical type pores. 
In such systems the 'pore radius' would require a different interpretation with 
respect t o  the pore structure. Furthermore, the reversibly sorbed material 
would not be equally distributed on all surfaces and the evaluation of the 
surface area by the method described above would lead to inaccurate results. 
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SURFACE ENERGIES OF THE ALKALI HALIDESL 

ABSTRACT 
Previous theoretical calculations and experimental measurements of the 

surface energies or enthalpies of the allcali halides are reviewed briefly. A new 
attempt to  determine the surface enthalpy associated with the (100j face of 
sodium chloride from a calorimetric study of the effect of particle size on the heat 
of solution is described. The result (305 e r g s / ~ m . ~  a t  25'C.) appears to  be larger 
than might be predicted on the basis of the classical Born-Mayer theory. 

1. INTRODUCTION 

The surface energies of ionic crystals have been considered theoretically a 
number of times during the past thirty years but very little work has been 
done on their experimental determination. A satisfactory comparison of 
experimental data with various theoretical models has not yet been achieved. 
Such a comparison is highly desirable since it  would yield information con- 
cerning the force fields and distortion of the lattice near the surface of the 
crystal. Furthermore, a t  moderate pressures the surface energy differs only 
negligibly from the surface enthalpy and Jura and Garland (6) have shown 
that,  in simple cases, a knowledge of this quantity a t  one temperature, together 
with the contribution of the surface to the specific heat of the crystal as  a 
function of temperature, makes possible a calculation of all the surface thermo- 
dynamic properties. 

In our laboratory a study of the surface energies of the alkali halides is in 
progress and the present paper is a report on the current status of this project. 
A brief review of some theoretical aspects of the problem is given in Section 11. 
This is followed by a summary of the attempts of previous authors to deter- 
mine the surface energies of the alltali halides calorimetrically. A description 
of our experimental work is given in Section IV and the preliminary results 
for sodium chloride are discussed in the last section. 

11. SURFACE THERMODYNAMIC QUANTITIES AND THEORETICAL CALCULA- 
TIONS O F  T H E  SURFACE ENERGIES O F  T H E  ALIWLI HALIDES 

The  variables, entropy, volume, and composition, are no longer sufficient 
to  specify the thermodynamic state of a solid body having a significant extent 
of surface, and introduction of other variables becomes necessary. In the 
simplest case one new variable, the area A ,  is required and a term ydA is 
added to the usual expression for the differential of the energy of the system. 
In  terms of more convenient variables, differential surface properties may be 
defined as  derivatives with respect to A a t  constant temperature T, pressure 
11, and composition n. On this basis y is identical with the surface Gibbs free 
energy (aG/aA)T,p,n. 

'Afanztscript received Septentber 16,  1954. 
Contribzttion from the Division of Pure Cl~enzistry, National Researclz Council, Ottawa, Canada. 

Th is  paper was presented at tlte Symposiunz on Proble?izs Relating to the Adsorption of Gases by 
Sol,ids, held at Kingston, Ontario, September 10-11, 1954. Issued as N.R.C. No. 3487. 

2Nntional Researclz Coztncil o f  Canada Postdoctorate Fellow 1952-61. Present address: Division - - .  

of Alechanical Engineering, ~ k t i o n a l  Researclz Council, Ottawa, ~ a n b d a .  
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Experimentally, surface properties are generally determined by comparing 
- - 

measurements on systems having different specific areas. The quantities 
obtained are really integral surface properties but when stated per unit area 
are identified with the differential properties. This involves the added assump- 
tion that 7 is independent of A .  

Theoretical calculations of the surface energy are usually based on atomistic -. 

models a t  zero pressure and temperature. In this case the surface energy, 
enthalpy, and various free energies become identical and are separately equal 
to the increase in potential energy of interaction between the ions when a new 
surface is formed by division of an infinite crystal as illustrated in Fig. 1. 

I 
I 
I 

I N I T I A L  STATE FINAL STATE 

(HOLO-CRYSTAL) (2 HEMI -CRYSTALS)  

FIG. 1. For~l la t io~l  of two new surfaces by division of a holocrystal into two hemicrystals. 

Thus the surface energy per unit area is given by 

where Uholo and Uhemt are the total energies of interaction for the initial 
crystal and for one of the hemicrystals respectively. A is the area of one of 
the newly created surfaces. 

In classical calculations these energies are evaluated by adding up inter- 
actions between pairs of ions, assuming that  these interactions call be represent- 
ed as a sum of coulombic, dipole-dipole, dipole-quadrupole, and repulsive 
terms. Various types of distortion in the region of the surface such as changes 
in lattice spacing and polarization of the ions have been considered, and it is 
generally concluded that significant distortion is limited to one or two layers 
a t  the surface and makes a contribution of 10 to  20y0 to  the surface energy. 

The dependence of the calculated surface energies on the various types of 
interactions and distortion assumed in the model is shown in the cycle of values 
given in Table I .  I t  will be noted that  the recent calculation of Shuttleworth 
gives almost the same value as that  of Born and Stern, though a number of 
refinements have been made in the model. One feature which appears in 
Shuttleworth's calculations is the relative importance of the van der Waals' 
attractive terms. Although these forces contribute only a few per cent to the 
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cohesive energy of the crystal, their contribution to the surface energy is 50% 
of the net value. 

TABLE I 
THEORETICAL VALUES OF THE SURFACE ENERGY OF A (100) FACE OF SODIUM CHLORIDE 

E8, 
Author Description of model erg/cm.= Ref. 

Born and Stern 1919 Coulombic and inverse 10th power repulsive 
forces 150 1 

Lennard-Jones and Coulombic and inverse 9th (Na-Na), 10th 
Taylor 1925 (Na-CI), and 11th (CI-C1) power 

repulsive forces 06 7 

Dent 1029 Same as L.-J. and T. but included polariza- 
tion and a 5% contraction a t  the surface 77 3 

Shuttleworth 1949 Coulombic, attractive van der Waals' and 
exponential repulsive forces; also included 
a correction for surface distortion 155 11 

Recently a quantum mechanical calculation of the surface energy of LiF 
has been described by van der Hoff and Benson (5). In this an attempt is 
made to consider the electronic density distributions of the ions in more detail 
and to avoid the introduction of semiempirical force laws. The value of the 
cohesive energy of the crystal calculated by this model is in good agreement 
with that  calculated in a classical fashion, but the surface energy is about 
two to  three times larger than the classical value. 

111. PREVIOUS EXPERIMENTAL MEASUREMENTS OF THE SURFACE ENERGIES 
OF T H E  ALKALI HALIDES 

Sutherland (12) has given an excellent review of previous attempts to  
determine the surface energy, enthalpy, or free energy of a solid. A method 
which seems very likely to yield useful results in this field is the determination 
of the surface enthalpy from the effect of particle size on the heat of solution. 
Lipsett, Johnson, and Maass (8) measured this effect for sodium chloride in 
water. Their original result was 400 e r g ~ / c m . ~  a t  25OC., but the salt in this 
experiment was exposed to  water vapor for a period of time before the solution 
process. In  a second paper (9) by the same authors, a new technique to avoid 
this exposure is described and a revised value of 386 ergs/cm.? reported. 
Boyd and Harkins (2) performed similar experiments and obtained a value 
of 395 e r g s / ~ m . ~  The areas in both these sets of experiments were obtained 
from photomicrographs and are generally considered to  be too small. Hence 
the values of the surface enthalpy are probably high. Wertz (13) working in 
Harkins' laboratory used a gas adsorption technique for measuring the area 
of the salt and obtained a value of 130 ergs/cm.Vor the surface enthalpy. 
Unfortunately this work was discontinued after a single determintion and 
the value cannot be considered as well established. In all these measurements 
the surface area of the salt used was in the range 1-5 square meters per gram 
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and no attempt was made to establish that the heat effect per unit weight was 
proportional to the specific surface area. 

IV. EXPERIMENTAL DETERMINATION O F  T H E  SURFACE ENTHALPY O F  
SODIUM CHLORIDE 

I t  is apparent from the brief survey of theoretical and experimental work 
given in the two preceding sections that  further investigation of the calorimetric 
method of determining the surface enthalpy would be of value. With this 
purpose in view, we have constructed an adiabatic calorimeter suitable for 
measuring heats of solution at  25OC. 

The calorimeter vessel (190 cc. capacity) is constructed from a corrosion 
resistant stainless steel. I t  is hung by nylon loops inside an evacuated space 
surrounded by a water jacket. The temperature of the latter can be varied 
to maintain adiabatic conditions. The sample of salt sealed in a thin-walled 
glass bulb is held in a guillotine arrangement. Breaking the bulb and stirring 
the contents of the calorimeter is accomplished by an intermittent rotation 
of the whole assembly through 180'. Further details of the design and operation 
of the calorimeter will be given in another publication. 

Emersleben (4) has deplored the failure of most workers to give information 
regarding particle size when reporting heats of solution and has criticized 
Wiist and Lange (14) in connection with their results for sodium chloride. 
I t  thus seemed desirable to carry out some measurements on "coarse" salt. 
At the same time this served to establish the accuracy of the calorimetric 
procedure. 

The coarse salt was Merck reagent recrystallized three times from conduc- 
tivity water. I t  was given a final drying in the sample bulb under vacuum a t  
300°C. for 12 hr. before being sealed off under a few millimeters pressure of 
helium. Attempts to measure the area of this salt by the usual B.E.T. nitrogen 
adsorption method a t  78OK. indicated that the area was negligibly small 
(i.e. less than 0.1 square meter per gram, which corresponds to an average 
particle size exceeding 3 0 ~ ) .  Equilibrium conductivity water was used in all 
solution experiments and no attempt was made to remove dissolved gases. 
Measurements were made in the concentration range 0.05 to 1.4 molal. 
The results appear to be more consistent internally than those of previous 
workers and fall between the values reported by Wiist and Lange (14) and by 
Lipsett, Johnson, and Maass (8, 9). The reproducibility of the present results 
is estimated to be about 0.1% down to 0.2 molal. Below this concentration the 
errors increase and are of the order of 0.5% a t  the lowest concentration studied. 
The solid curve in Fig. 2 was plotted from a table of our smoothed data. 
The calorie used in stating these values is defined as 4.1840 absolute joules. 
A more detailed analysis of the coarse salt results will be given in the paper 
on the operation of the calorimeter. 

The fine salt was prepared in an apparatus similar to that described by Young 
and Morrison (15) but some changes were made in the method of heating the 
salt. Also contact between the salt and brass parts of the apparatus was elimi- 
nated. Some signs of non-stoichiometry have been observed for salt prepared 
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1030 

MOLALITY 

FIG. 2. The curve represents the AH for solution of coarse sodium chloride in water a t  
25°C. plotted as a function of molality. The results obtained for fine salt are indicated by the 
points labelled with the areas in square meters per gram. The point marked with a cross is 
for unsintered salt; all other points are for sintered samples. 

by this method. Samples collected a t  high precipitator voltages sometimes 
have a slight blue color and give alkaline solutions when dissolved in water. 
This blue color probably indicates the presence of colloidal sodium produced by 
electrolysis or bombardment in the electrostatic precipitator. A careful check 
was kept on the pH of solutions of the fine salt and none of the material used 
in the present work showed this effect. 

Care was taken to minimize any exposure of the fine material to water 
vapor. B.E.T. areas were measured on the actual samples to be dissolved in 
the calorimeter. The original preparation yielded material with a surface 
area of about 48 square meters per gram. I t  was found that controlled sintering 
offered a convenient method of producing samples with lower specific surfaces. 
Thus samples of fine salt were heated under vacuum for 14 hr. a t  temperatures 
from 70 to 200°C. before the area was measured. Below 100°C. the sintering 
was negligible, while a t  200°C. nearly the whole area could be destroyed in 
the 14-hr. period. 

Heats of solution measured with the fine salt are indicated by the points in 
Fig. 2 labelled with the specific areas of the samples. The point marked with a 
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cross was obtained with the original unsintered material; all other samples 
were sintered. The fact that one area is higher than the unsintered material 
is due to a slight non-uniformity of the original preparation. 

V. DISCUSSION OF T H E  RESULTS 

Excluding the smallest area sample, the points for fine salt fall below the 
curve for coarse salt, indicating a positive particle size effect. A plot of the 
deviation (AH) ,  against surface area, given in Fig. 3, sho\vs a definite linear 

FIG. 3. Plot of the variation of the AH for solution of sodium chloride in water a t  25OC. 
as  a function of the surface area of the sample. The  point rnarlced with a cross is for ~~nsintered 
salt; all other points are for sintered sanlples. The length and breadth of the rectangles corres- 
pond to  f 1 square meter per gram and f 2  cal./mole respectively. 

trend but does not go through the origin. The slope of the least square line 
corresponds to a surface enthalpy H ,  = 305 ergs/cm.? a t  2 5 T .  Electron 
micrographs of the salt prepared by Young and Morrison show that the 
crystals are predominantly cubic; hence the above value of H ,  should be 
associated with the ( 100) face of sodium chloride. 

I t  is difficult a t  present to place limits on the accuracy of this result. The 
B.E.T. method applied to materials like sodium chloride is generally considered 
to give the surface area to about 5 to 10% though the reproducibility of the 
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measurement is much better than this. The accuracy of the individual calori- 
metric determinations of ( A H ) ,  is of the order of 2 or 3 cal./mole but variations 
from sample to sample are higher than this. The most disturbing feature is the 
negative value of ( A H ) ,  obtained for the smallest area sample. This is further 
confirmed by the negative intercept of the least square line. Unfortunately 
the measurements were made in the order of decreasing area and the sign and 
magnitude of the intercept was not apparent for sime time. Since then spot 
tests done on the fine salt have indicated the presence of nitrate and nitrite 
impurities. Presumably these were formed in the Cottrell precipitator. Since 
all the data reported came from one preparation of fine salt, it is quite possible 
that a reasonable correction could be made by moving the line with fixed 
slope until it passes through the origin. This assumes the impurities are fairly 
homogeneously distributed in the original preparation. In this case the surface 
enthalpy is unchanged but it is for impure sodium chloride. The influence of 
these impurities on the surface enthalpy will depend to a large extent on their 
nature and on whether they are preferentially concentrated in the surface 
region. 

The electron micrographs mentioned above also showed a broad distribution 
of particle size. Extremely small crystals may be expected to show deviations 
arising from the effects of edges and corners. Even for larger crystals surface 
structure such as steps and kinks may lead to irregularities in the apparent 
surface energy. In addition there is the further possibility of effects arising 
from strain energy in the small crystals. The present results with sintered 
samples indicate that if these effects are present and make significant contri- 
butions to the heat of solution they are proportional to the extent of surface 
and for practical purposes could be lumped with the ideal surface contribution. 
However, comparison of the result with a theoretical model requires a more 
detailed knowledge of these various factors. 

Until the uncertainties outlined in the preceding two paragraphs are investi- 
gated further, the value 305 e r g s / ~ m . ~  must be considered as provisional. 
Nevertheless, a comparison of this value with the theoretical and previous 
experimental results summarized in Sections I1 and 111 is of interest. Our 
value is roughly 85 e r g ~ / c m . ~  lower than the values reported by Lipsett, 
Johnson, and Maass and by Boyd and Harkins. This isin line with thecriticism 
of their area determination. Wertz's result is considerably lower but is based 
on an isolated measurement. The value of H ,  a t  0°K. is related to that a t  
298°K. by the equation 

298 

[21 H,(OO) = H,(29g0) - S C J T  
0 

where C, is the surface contribution to the heat capacity. Patterson and 
Morrison (10) are studying this last term in detail but their results are incom- 
plete as yet. At present all that can be deduced from [2] is that H,(OO) should 
be smaller than 305 e r g ~ / c m . ~  I t  seems rather doubtful that the temperature 
correction will reduce this to the classically calculated value of 155 ergs/cm." 

An equivalent way of stating the present result is 
[31 ( A H ) ,  = 11.8/1 cal./mole 
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where 1 is the length in microns of the edge of an average sized cubic particle. 
E~nersleben (4) has given a theoretical value of 13.0 for the numerical coeffi- 
cient. Although the derivation is based on a model assuming an ideal lattice 
and only coulombic forces, the expression does provide a useful approximation 
in the present case. 
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A LOW TEMPERATURE PARTICLE SIZE EFFECT ON THE HEAT 
CAPACITY OF SODIUM CHLORIDE1 

ABSTRACT 

.in effect of particle sizc upon the heat capacity of socliu~n cl~loricle has been 
found in the te~mperature range 9' to 21°1C. The euperiments were clone with three 
NaCl samples of specific surfaces between 38 and 59 sq. meters per gm. 'The 
observed effect has the temperature dependence predicted by theory but its 
111agnitude is three to  four times larger than expected. I t  is unlil<ely that adsorbed 
gases have made any significant contribution in the experiments. The accuracy 
with which the specific heat and surface area differences have been determined is 
not high enough to show definitely whether or not the surface specific heat is 
an  extensive property of the surface. 

INTRODUCTION 

The existence of an effect of particle size on the thermodynamic properties 
of a solid is evident from the Einstein model which considers the solid as an 
assembly of oscillators identified with the atoms. Atoms on the free surface 
are less strongly bound than those in the interior so that  their frequency is 
lowered, producing a change in thermodynamic properties which is propor- 
tional to the surface area. With the Debye or Born - von Karman models, 
however, the oscillators are identified with the normal modes of vibration 
of the whole solid. The effect of free boundaries is then not localized in the 
frequencies of oscillators associated with the surface but is spread throughout 
the frequency spectrum. Nevertheless, it may be shown that in particular 
cases the effect of finite particle size reduces to a contribution to  the thermo- 
dynamic quantities which is extensive in the surface area, plus other contri- 
butions (e.g. edge contribution) which can ordinarily be neglected. 

Brager and Schuchowitsky (2, 3),  Montroll (8), and Stratton (11) give the 
following relation (low temperature form) for the heat capacity of small 
particles of rectangular cross-section and with perfect faces, 

C, = 464.5 (T/6D)3+B(T/6D)'+ . . . cal./gm. atom deg. [I] 

where OD is the Debye characteristic temperature and B is a constant pro- 
portional to the specific surface area. According to  [I] the surface contribution 
becomes more important a t  low temperatures since it is decreasing as T2 
while the volume contribution does so as T3. If the density of modes in the 
frequency spectrum is too low, equation [I] breaks down and the specific 
heat is no longer an extensive property of the surface. This may occur if the 
particles are too small or if the temperature is too low, i.e. if (hvo/2kT) > 
(2N/a) (yo is the maximum frequency of the solid lattice and N3 is the number 
of atoms in the particle). 

' ibfanz~script received Seplenzber 16, 1964. 
Contribution fronz the D ~ v i s i o n  of Pure Clten~istry, National Researclz Laboratorzes, Ottawa. 

Isszied a s  1V.R.C. No .  3478. Th i s  paper was  presented al the Symposiunz on Prohlettzs Relating 
to the Adsorptzon of Gases b y  Solids, held at Kingston,  Onlarzo, Septeriiber 10-11, 1964. 

?iVationnl Research Laboratories Postdoctorate Researcl~ Fellow. 
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PATTERSON ET AL.: PARTICLE SIZE EFFECT 241 

Specific heat measurements on several samples of Ti02 between 12" and 
270°K. showed an effect of particle size above 50°K. (4) which could be ex- 
plained to an order of magnitude as an effect on the optical modes of vibration 
of TiOp (10). However, the low temperature increase predicted by equation 
[I], which has to  do with the acoustical modes, was not found. Since there were 
no grounds for doubting the theory, it was decided that  the low temperature 
effect must have been masked by other effects. Therefore, i t  seemed worth- 
while to try further experiments using the simpler solid, NaCI, about which 
more is known theoretically, and also to  carry the experiments to as  low a 
temperature as possible. With the NaCl, an increase of the specific heat with 
decreasing particle size has now been found a t  low temperatures. The tempera- 
ture dependence of the effect is that  required by theory but  the magnitude is 
three to  four times greater than anticipated. 

Apart from the intrinsic interest in the effect itself, two other considerations 
exist. Recently there has been some discussion (1, 5 ,  6, 7) as to  whether or 
not thermodynamic properties associated with solid surfaces are extensive 
properties of the surface in a real case, as has been predicted by [I]. An answer 
to this should be found in experiments such as  the present ones, bu t  unfor- 
tunately the accuracy achieved so far is not high enough to permit definite 
conclusions to be drawn. A further interest lies in the possibility of obtaining 
information about surface structure from measurements of particle size effects, 
but for this purpose the experiments must extend over a wide temperature 
range. 

EXPERIMENTAL 

Materials 

The small particles of NaCl (mean specific surfaces between 38 and 59 sq. 
meters per gm.) were prepared by the method described by Young and 
Morrison (12) and by a recent modification of this method. The methods 
involve volatilizing NaCl in a platinum crucible and sweeping the crystals 
formed from the vapor into an electrostatic precipitator with a stream of dry 
nitrogen. The samples were handled in an inert gas atmosphere in either a 
dry box or a desiccator. Each sample was about 30 gm. 

The specific surfaces of the samples were determined by nitrogen adsorption 
a t  liquid nitrogen temperatures. Determinations on the whole calorimetric 
samples and on aliquots (0.5 to  2 gm.) agreed to 10yo or better. 

Calorimetric Measurements 

The details of the calorimetric method are given fully in a preceding paper 
(9) so that  here it is only necessary to discuss special effects associated with 
the experiments on the small particles. 

In the experiments with bullr NaCl (9) i t  was found tha t  thermal equilibrium 
within the calorimeter vessel could be readily attained over the temperature 
range 2.5" to 20°1<. with moles of helium in the vessel. Further, this 
amount of helium did not malre a significant contribution to the specific heat 
of the system. On the other hand, with the small particles of NaCl in the 
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calorimeter vessel, moles of helium did not allow thermal equilibrium 
to be established in a reasonable time below about 9°K. Apparently the 
helium was being adsorbed on the large surface presented by the small par- 
ticles. One set of experiments was done with moles of helium in the calori- 
meter vessel but here also equilibrium times became much too long below 9°K. 
The heat capacity of this additional helium was very much less than it would 
have been if the helium had been present as a gas. This suggests that  the 
helium was being strongly adsorbed in a localized array on the surface. 

In principle, specific heat measurements such as these can be pursued to 
temperatures below 9"IC. simply by increasing the amount of helium until 
some is left in the gas phase a t  the lowest temperature desired. Practically, 
however, correcting for the effect of helium on the specific heat would prove 
difficult. The additional results which might be obtained would hardly justify 
the labor involved in determining the heat capacity of the adsorbed helium, 
the heat of adsorption, etc., over a range of temperature and of concentration. 

RESULTS AND DISCUSSION 

Since the heat capacity of NaCl changes by about a factor of 20 in the range 
9" to  20°K., the small observed dependence of the heat capacity upon par- 
ticle size cannot be shown conveniently in a graph of the primary data. 

. 
\ 
\ 

\ \ 
A Somple I.-30 m?/gm. 

\ Sample 2.-39 m?/gm. 

\ A Somple 3.-59m2/qm. 

- '\ 
---- Bulk No CI (reference 9 )  

\ - From equotion [I] 

5 % 0 f  C,  

- 

- 

I I I I I 

FIG. 1. The Debye characteristic temperature (eD) for small particles of NaCl as  a function 
of temperature. 
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Rather, recourse is had to a plot of the 'apparent' Debye characteristic tem- 
perature corresponding to each measured specific heat versus the absolute 
temperature. All of the results shown in this form in Fig. 1 were obtained 
with about moles of helium in the calorimeter vessel. The significant 
point is that each of the three samples of small particles of NaCl has a larger 
specific heat (lower OD) than that of the bulk over the temperature range 9" 
to 21°K. As will now be shown, the temperature dependence of the specific 
heat is of the expected form. 

The theoretical predictions are based on the Debye model, although it is 
recognized that it does not hold exactly for bulk NaCl, i.e. OD is a function of 
temperature. The consequences of the model are given by equation [l]. The 
two full curves of Fig. 1 have been calculated using the equation with the 
constant B fitted from the experimental points for samples 1 and 3 a t  15°K. 
There is a certain arbitrariness involved in this fitting but it seemed most 
reasonable to select fixed points abut the middle of the temperature region. 
Although there appears to be a small systematic deviation a t  the higher 
temperatures for sample 3 and a t  the lower temperatures for sample 1, the 
curves reproduce the experimental results quite well. The deviation a t  the lower 
temperatures is probably due to the difficulty of attaining thermal equilibrium. 

The actual values of B for samples 1 and 3 deduced from the experiments 
are 1.28 and 2.60 cal./mole deg. respectively whereas Montroll's theory (8) 
gives 0.42 and 0.64. The magnitude of the particle size effect is, therefore, 
three to four times larger than predicted. While no quantitative explanation 
for this difference can be offered as yet, the observed values might be increased 
by several things, e.g. by the presence of adsorbed gases or by surface rough- 
ness and non-stoichiometry. The effect of adsorbed gases must, however, be 
insignificant in these experiments. The excess of the specific heat of sample 
1 over that of bulk NaCl is approximately 0.0055 cal./deg. a t  20°K. Were 
this amount to be contributed by adsorbed atoms or molecules behaving as 
fully excited oscillators, nearly 10% of the surface would need to be covered. 
Such a surface concentration would seem unlikely because the weakly bound 
oscillators would readily desorb a t  room temperature. Any gases not removed 
by pumping a t  this temperature would be held to the surface so tightly as  to 
have high frequencies of oscillation, a t  least of the order of 1013 set.-I. Oscil- 
lators of frequency higher than about 1012 set.-I would make no significant 
specific heat contribution below 20°K. 

Surface roughness and non-stoichiometry may well explain the difference 
in results between samples 1 and 3 and sample 2. The former two were made in 
the same apparatus, the only difference in their preparations being the tem- 
perature of volatilization of the NaCl. Sample 2 was prepared in another 
apparatus with a somewhat higher potential in the electrostatic precipitator, 
and it shows a particle size effect which is much too large compared with that 
for samples 1 and 3. Sample 2 must have contained an excess of sodium as the 
pH of its solution in water was about 9 compared with pH's of 6 to 6.5 for the 
solutions of the other two samples. Since the specific heat for this sample has 
the same temperature dependence as that for the other two, one might specu- 
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late that the excess sodium was in the surface. However, no attempt has been 
made yet to deduce quantitatively the effect of such a surface excess. 

The ratio of the B's for samples 1 and 3 is 2.03, while the ratio of their 
surface areas is 1.55. The difference, approximately 25%, is just within the 
probable combined experimental error in determining the differences in 
specific heat and in surface area. The experiments, therefore, do not allow a 
definite decision as to whether or not the surface specific heat is an  extensive 
property of the surface. 
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REVERSIBILITY IN PHYSICAL ADSORPTION1 

ABSTRACT 

The question of reversibility and equilibrium is considered in relation to the 
physical adsorption of gases on finely divided solid surfaces. Conclusions are 
drawn from calorimetric measurements of (1) adsorption isotherms, (2) integral, 
differential, and isosteric heats of adsorption, and (3) heat capacity of the 
adsorbed phase for surface coverages of the order of a monolayer or less. In line 
with the preceding, results are presented and discussed for calorimetric studies 
involving (1) heats of adsorption and heat capacities of methane adsorbed on 
rutile between 80 and 14OoI<., (2) heats of adsorption of argon on rutile between 
60 and 90°K., and (3) the zero point entropy of krypton adsorbed on rutile a t  a 
coverage of about 0.57 of the monolayer capacity. 

INTRODUCTION 

The following paper will be directed towards the question of reversibility 
and equilibrium as related to the physical adsorption of gases on finely divided 
solid surfaces. Surface coverages under consideration will, in general, be of the 
order of a monolayer or less. The conclusions will be drawn from calorimetric 
measurements of (1) adsorption isotherms, (2) integral, differential, and 
isosteric heats of adsorption, and (3) heat capacity of the adsorbed phase. 

Some methods used in establishing the reversibility of the adsorption process 
are essentially empirical in character. Those deserving mention here are 
(1) the reproducibility of the adsorption isotherm and its invariance with time 
and (2) comparison of the heat of adsorption with the heat of desorption a t  the 
same surface coverage and temperature. In the case of the adsorption isotherms, 
difficulties arise because of the slowness of the equilibrium process and the 
necessary measurement of very low pressures with precision. These difficulties 
have been emphasized in the recent work of Young et al. (10) with n-heptane 
on various solid surfaces and Crowell and Young (1) with the argon-graphite 
system. If heats of adsorption and desorption agree within the experimental 
error, this agreement is an indication that the adsorption and desorption paths 
are the same. The method, however, is not generally feasible a t  low equilibrium 
pressures because of the slow rate of the desorption process of the adsorbate. 
This second method has been used under suitable conditions by Pace et al. (8) 
in a study of the methane-rutile system and by Morrison and co-workers (5) 
in studies of argon adsorbed on rutile. 

Some methods of establishing reversibility are fundamentally thermo- 
dynamic in character. I t  is possible by these methods to derive the same 
therinodynamic quantity from independent measurements of adsorptioil 
isotherms, heats of adsorption, and heat capacity a t  several coverages and 
temperatures. 

'dIa71 uscript received Scptenzber 16, 1.954. 
Co~zLr~bz~ t io?~  jro7iz i l lorley Chemical Laboratory, 1;Vesler~z Reseroe U~ziuers i ty ,  Cleueland, OIzio. 

T h i s  baber w a s  Presented at llze Svnibosizl?i~ on  Probleiizs Relat inp to  the Adsorpt ion o f  Gases b y  
~ o l l d s ' ,  held at I ~ ~ T Z ~ S ~ O T Z ,  Ontario, 3eitentber 10-11, 1054. 
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From the adsorption isotherm, we can obtain the isosteric heat (q,,) from 
tlie expression 

[ 3  1 q,, = RTYd In P/dT)N8 

in which P is the equilibrium pressure of the adsorbate, N,  is the number of 
adsorbed moles, and T is the absolute temperature. The isosteric heat q,, is 
related to  the molar heat content of the gas (HG) and differential molar heat 
content (considering adsorbed gas as one component system) of the adsorbed 
gas (H,) by the expression 

[a] qst = fIG-8,. 

The experimental integral heat of adsorption (QNs) is also related to  qst 
since 

Ns 

[3 I QN. = S nstdNs. 
0 

A differential heat of adsorption can be defined in terms of the integral heat 
as (dQNB/dN,)T. I t  can be evaluated either as the slope of the integral heat 
curve or by direct experimental measurement. If the increment of added gas is 
small enough, (AQN,/ANs)T is essentially the same as (dQNa/dN,)T. I t  is also 
obvious that  the differential heat of adsorption is identified thermodynamically 
with the isosteric heat. Icington and Aston (4) have pointed out that calori- 
metrically measured quantities can be interpreted without ambiguity in 
terms of the reversible thermodynamic properties of the system. 

The heat capacity of tlie adsorbed phase can be measured directly and also 
can be derived from the temperature coefficient of the various heats of adsorp- 
tion from the expressions 

[4 I 
and 

[51 

In the preceding expressions, CpG is the molar heat capacity of the gas, CAV3 is 
the molar heat capacity of the adsorbed gas, and CNB is the differential molar 
heat capacity. 

Finally, the zero point entropy evaluated from heat capacity, heat of ad- 
sorption, and heat capacity measurements provides the most complete criterion 
for the reversibility of the adsorption process. The zero point entropy So is 
calculated from 

in which SG(T,Po) is the molar entropy of the gas a t  temperature T and 
reference pressure Po and P is the equilibrium pressure of the adsorbate. 
A value of zero for So would be a strong indication that  the adsorption process 
was an equilibrium one. A non-zero value would have ramifications in terms 
of the configuration of the adsorbed phase, surface barriers, etc. Morrison and 
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co-worlcers (2, 5) have used this particular method very effectively in their 
study of the argon-rutile system. 

In line with the preceding observations we are presenting the results of 
some calorimetric studies on (1) heats of adsorption and heat capacities of 
methane adsorbed on rutile between 80 and 140°1<., (2) heats of adsorption of 
argon on rutile between 60 and 90°K., and (3) the entropy of krypton adsorbed 
on rutile a t  a coverage of about 0.57 of the monolayer capacity. 

EXPERIMENTAL 

methane-rutile system mas studied with a low temperature adiabatic 
calorimeter, the general features of which have been previously described (9). 
The adsorbate was Research Grade methane of 99.5y0 minimum purity 
obtained from the Phillips Petroleum Company. I t  was purified further by a 
one-step fractional distillation. The rutile was obtained from the National Lead 
Company. The monolayer capacity mas 0.0311 moles of methane by the B.E.T. 
method. 

The argon-rutile system was stuclied with a Nernst-Giauque type calori- 
meter. Some of the details concerning this calorimeter are to be found in the 
literature (7). The rutile sample, obtained from the National Lead Company, 
mas from a different batch than for the preceding study. I t  was 94.3y0 titanium 
dioxide, the remainder being adsorbed or coordinately bound water. The 
monolayer capacity was 0.0541 moles of argon. 

The entropy of the krypton-rutile system was determined with an adiabatic 
calorimeter which was almost identical mith the one used for the methane- 
rutile study. The lcrypton was obtained from Matheson Company. The 
analysis supplied mith the gas indicated a total impurity of 0.08 mole per cent. 
The rutile sample was talcen from the same batch as that used in the argon- 
rutile system. Its monolayer capacity mas 0.0283 moles of 1;rypton. 

The details involved in obtaining the calorimetric data on isotherms, heats 
of adsorption, and heat capacity, have been described adequately elsewhere 
(2, 5, 8, 9). 

DISCUSSION 

I t  has been pointed out that a certain internal consistency should exist 
between the heat capacity derived from the temperature coefficient of the 
integral heat of adsorption and the directly measured quantity if  the adsorp- 
tion is reversible. The heat capacity of methane adsorbed on rutile was 
measured a t  coverages of 0.00887, 0.01763, 0.02641, and 0.03463 moles of 
methane corresponding to the fractions 0.28, 0.56, 0.84, and 1.11 of the mono- 
layer. Integral heats of adsorption were measured a t  110, 120, 130, and 140°K. 
and the temperature coefficient used to evaluate values of C,~(C,~ = N,Cvs) .  
The results are presented in Table I. The direct measurement of the heat 
capacity a t  some coverages Mias not extended to temperatures as high as those 
used for the integral heats. In these cases, the heat capacity curve was extra- 
polated for the purpose of comparing results. The heat capacities froin the two 
sources agree well within the experimental error. Therefore, the adsorption 
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T A B L E  I 

HEAT CAPACITY OF METHANE ADSORBED ON RUTILE* 

C N ~  f r o m  direct 
Temperature C N ,  f rom ( ~ Q N , / ~ T ) N ~  measurement 

Moles adsorbed ( O I C . )  (cal. deg.-l) (cal. deg.-l) 

* A  sample (48.5 gm.) with monolayer capacity of 0.0311 moles. 
tExtrapolated from heat capacity curve. 

appears to be reversible for the methane-rutile system above llO°K. a t  all 
coverages. 

The  results of a study of the differential heats of adsorption of argon 
adsorbed on a rutile surface for coverages to  a maximum of the order of a 
monolayer are summarized in Fig. 1. The  measurements were carried out  a t  
temperatures of 63.5, 69.5, 73.0, 78.5, and 86.5OK. A warm thermal drift was 
encountered a t  69.5'1<. a t  low coverages which made the evaluation of the 
differential heat very uncertain. Therefore, the data a t  this temperature are 
not shown. The  data  a t  73, 78.5, and 86.5OK. were used with directly measured 
heat capacities to reduce the results to a single curve a t  63.5OK. The differential 
heats measured experimentally a t  63.5"K. did not fall on the preceding curve, 
even though, unlike the measurements a t  69.5OK., no prolonged thermal drift 
was observed within the limits of the sensitivity of the calorimeter (0.001 
calorie per minute). The values which were obtained gave the two lower 
curves in Fig. 1. The path of adsorption in this case appears to depend on the 
size and the order of the increments of gas which are added. When the values 
of the differential heat a t  63.5OK. are used with those a t  higher temperatures 
to  determine an average value for the heat capacity of the adsorbed phase, the 
results are entirely unreasonable. Consequently, we conclude that  the adsorp- 
tion has taken place reversibly for the argon-rutile system only a t  temperatures 
above 73OK. 

The results of a zero point entropy determination for a system consisting of 
0.01627 moles (0 = 0.57) of krypton adsorbed on rutile with a monolayer 
capacity of 0.0283 moles are presented in Table 11. The value is 0.4f 1.0 cal. 
deg.-' mole-'. 

The precision in the value of the zero point entropy would allow one to  draw 
two conclusions without a clear decision as to  which is correct. 

One conclusion is that  the zero point entropy is zero a t  absolute zero for the 
adsorbed gas (assuming no surface perturbation) and hence, the adsorption 
process is reversible. This conclusion has been reached by Morrison and 
co-workers (2, 5) in their study of the argon-rutile system. The other conclu- 
sion is tha t  the zero point entropy is a small, positive value. The appearance 
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1700 1 ' 1 1 1 1 1 1 1 1 1 ' ' 1 1 1 1  
0 4 8 I2 16 20 24 28 32 36 40 44 48 5 2  56 60 64 68 7 2  76 

M O L E S  OF A R G O N  A D S O R B E D  1 X 1 0 ' )  

FIG. 1. Differential heat of adsorption of the argon-rutile system. 

of such an entropy could arise from an appreciable number of molecules being 
present in a reasonably homogeneous but not completely filled group of sites 
a t  very low temperatures. The coverage which has been studied experimen- 
tally is a favorable one from this standpoint. A t  the lowest temperature of the 
heat capacity measurements, the group of sites a t  the peak of the distribution 
function, comprising about 10% of the total sites, is incompletely filled. 
Calculations of the type described by Hill (3) based on a unimolecular localized 
model show that this group of sites contributes a small configurational entropy 
(about 0.3 cal. deg.-1 mole-') which is essentially temperature independent 
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T A B L E  I1 

ZERO POINT ENTROPY OF KRYPTOX ADSORBED O N  RUTILE 

0.01627 moles adsorbed krypton; monolayer capacity 0.0283 moles; 0 = 0.57 

s ~ ( c ~ ~ ~ / T )  dT  2.39 cal. deg.-' mole-' 

Sa(126, Po) b y  Sackur-Tetrode equation 42.01 

SO for homogeneous surface 2 .4  

"Estimated wtcertainty f 1.0 cal. deg.-l mole-'. 

between 10 and 125°K. The details concerning this calculation will be pre- 
sented in a forthcoming publication (6) and so will not be discussed further 
here. Consequently, a zero point entropy of the order of that  observed would 
result with a continuous energy distribution provided that the energy barriers 
in the surface are not surmounted by the adsorbed molecules within the 
experimental time of approximately 15 min. required for a heat capacity 
measurement. A rough calculation shows that,  for energy barriers in the 
surface of the order of several hundred calories a t  the lowest experimental 
temperature, the time of passage over the barriers is of the same order as the 
time of the experiment. Without the "freezing in" of the adsorbed molecules, 
the observed zero point entropy could be accounted for by the existence of the 
distribution of energy among the sites, such that 10yo of the sites is contained 
in a peak of width smaller than XT a t  the lowest experimental temperature. 
This possibility must also be considered in view of the fact that the rutile 
consists of acicular crystals in which 100 and 110 planes predominate. 
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INTERACTION ENERGIES OF ORGANIC MOLECULES WITH 
RUTILE AND GRAPHON SURFACES FROM 

HEATS OF IMMERSION1 

ABSTRACT 

The heats of immersion of rutile in a series of short chain organic liquids are 
found experimentally to be an approximate linear function of the dipole moment 
of the wetting liquid. The significance of the relation is discussed in terms of the 
polar van der Waals force contribution which is primarily dependeut on dipole 
moment. The average distance of approach of a dipole to the rutile surface and 
the effective surface force held extending from the rutile surface are calculated. 

The net adsorption energy, which is calculated directly from heat of immersion 
data, is related to  the energy contributions resulting from the various polar and 
nonpolar van der Waals forces active in the adsorption process: These energy 
contributions which make up the total adsorption energy are calculated for the 
interaction of an alcohol and a hydrocarbon with both a heteropolar (rutile) and 
a homopolar (Graphon) surface. On the basis of the results obtained, the effects 
of chain length and functionality of the liquids on the heat of immersion are 
discussed. 

INTRODUCTION 

The heats of immersion of rutile and Graphon in a variety of organic liquids 
were reported in a previous paper (3). In particular the heats of immersion 
found with rutile for a series of n-butyl derivatives were shown to be a linear 
function of the dipole moments of the wetting liquid. From the slope of the 
line the average electrostatic field strength of the rutile surface a t  the position 
of the dipole was calculated. From this value, the distance from the rutile 
surface to the dipole center could be estimated. 

In the present paper the heat of immersion measurements are extended to 
include organic liquids with a wider range of dipole moment. From the esti- 
mated field strength the approximate contributions of the various van der 
Waals forces to the total interaction energy are calculated. In addition, the - - 
similarities in the heats of wetting of several heteropolar solids in a variety 
of liquids relative to their respective heats of wetting in water are considered. 

EXPERIMENTAL 

A p p a r a t u s  

The calorimeter, associated equipment, and general techniques were the 
same as those previously reported (3, 9). Special attention was given to the 
drying of the liquids and the interior of the calorimeter as well as  to maintaining 
anhydrous conditions during the course of each run. 

Sol ids  

The titanium dioxide (rutile), du Pont Ti-pure R-300, Lot 5550, was acti- 
vated a t  400°C. and 1 X mm. pressure for two hours before the samples 

'BCanzlscript received September 16 ,  1954. 
Contribution from Chemistry Department, Lehigh U?~iversity, Bethlehem, Pa. This  paper was 

presented at the Synzposiz~m o?z Problems Relating to the Adsorption of Gases by Solids, held at 
k'zngston, Ontario, September 10-11, 1954. 
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were sealed off for heat of immersion determinations. The surface area as 
measured by the conventional B.E.T. method from nitrogen adsorption data 
was 7.3 square meters per gram. 

The Graphon, Lot No. L-2808, supplied by the Godfrey L. Cabot Company, 
had a surface area of 95 square meters per gram. The activation of the Graphoil 
samples was carried out a t  25' and 1 X mm. pressure for 24 hr. More 
rigorous activation conditions for the Graphon did not influence the heat of 
immersion values appreciably (8). 

Liquids 
The properties and purification of most of the wetting liquids have been 

reported (3). The three new wetting liquids, n-butyl iodide (b.p. 129-131°), 
n-butyraldehyde (b.p. 73-75'), and 1-nitropropane (pract.) were stored and 
fractionally distilled over anhydrous magnesium sulphate before use. 

RESULTS AND DISCUSSION 

Heats of immersion of rutile and Graphon in a variety of organic liquids are 
given in Table I. Many of these values have been reported in a previous paper 
(3) where i t  was pointed out that the heat of immersion of rutile in a series 
of straight chain compounds was a linear function of the dipole moment of the 
wetting liquid. Heat data for the additional liquids shown in Table I fall close 
to the same line presented previously (3). 

TABLE I 
HEATS OF IMMERSIONAL WETTING OF RUTILE AND GRAPHON AT 25OC. 

( E r g s / ~ m . ~ )  

Liquid Rutile Graphon 

Water -55Of18 - 3 2 . 2 f 0 . 1  

Methyl alcohol -426f 11 - 102f 2 
Ethyl alcohol -397f3  -110f 4 
n-Butyl alcohol -410f 1 -114f 5 
n-Amyl alcohol -413f 8 - 120f  0 

?t-Butyl iodide -395f16 -- 

n-Butyl aldehyde -556f 10 - 

?t-Butyl amine -330f 40 -106f 6 

n-Butyl chloride -502f 8 -106f 2 

Butyric acid -506f 11 - 1 l 5 f  1 

Hexane 
Heptane 
Octane 

In systems which wet spontaneously (no contact angle) nearly the entire 
heat effect on immersion of the clean solid surface is due to the adsorption of 
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molecules in the first layer. Experimental proof comes from the fact that  the 
heat of immersion per unit area of solid having a preadsorbed monolayer of the 
wetting liquid is usually very close to the value obtained on immersing a unit 
area of the liquid surface, hL. A good approximation of the heat effect due to the 
adsorption of a monolayer is therefore given by (h I(SL) - hL), where hIcSL, is the 
heat of immersion of the clean solid surface. This heat effect is directly related 
(5) to the net energy of adsorption, (E,-EL), by the equation 

In this case (EA-EL) is the net integral energy of adsorption for a molecule 
in the monolayer and NA is the number of molecules adsorbed per ~ m . ~  in the 
monolayer. The net energy of adsorption thus represents the energy involved 
in removing a molecule from the bulk liquid and adsorbing it  onto the surface. 
If it is assumed tha t  interactions between molecules in the liquid are the same 
as in the adsorbed state, i t  follows that  (EA-EL) represents only the inter- 
action between the surface and an adsorbed molecule and does not include 
interactions between adsorbed molecules and themselves. 

The total interaction energy between adsorbed polar molecules and a hetero- 
polar surface consists of four principal parts: Ew, the nonpolar van der WaaIs 
contribution; E,, the contribution due to the polarization of the adsorbate by 
the surface; E,, the contribution arising from the interaction between a per- 
manent peripheral dipole in the adsorbate and the electrostatic field of the 
dielectric surface; and El,,, , the contribution arising from interaction between 
adsorbed molecules, thus: 

With the assumption that  the interactions in the adsorbed state are the same 
as in the liquid state, then 
[3 I Elnt. = EL-& 
and 
[41 EA-EL = Ew+E,+Ea. 

The various expressions developed for these energies are summarized by 
de Boer (1). The most useful forms of these equations for the purpose of this 
paper are 

In these equations a1 and a z  are the polarizabilities of the adsorbate and 
adsorbent respectively, 1 1  and I2 the corresponding ionization energies, N ,  the 
number of atoms of the dielectric per ~ m . ~ ,  ro the nearest surface ion, p the 
dipole moment, d the distance of charge separation in the dipole, and F is the 
average electrostatic force field of the surface. 
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The net energy of adsorption for a monolayer, NIl(Erl - E L )  is plotted in 
Fig. 1 as a function of the dipole moment for a number of straight chain com- 
pounds on rutile. The N A ( E A - E L )  values were calculated from the heat of 

0 I 2 3 4 

DIPOLE MOMENT 

'IG. 1. Ket interaction energy as a function of dipole moment of various polar moleculeson 
rutile. 

immersion data in Table I and a knowledge of hL using equation [I]. The  
dipole moments are those of Smyth (7) .  If it is assumed that the differences in 
the total adsorption energy arise primarily from E,, then, according to equation 
[7],  the slope of the line in Fig. 1 is a measure of the average electrostatic field 
strength of the rutile surface immersed in the liquids. Exact agreement of the 
heat data for all the liquids studied would be expected if the polarizabilities, 
cross-sectional areas, and distance from dipole to surface were the same. Since 
polar molecules a t  monolayer coverage no doubt have the polar end directed 
toward the rutile surface, these properties of the molecules probably do not 
differ markedly. The average effective field strength of the rutile surface was 
calculated to be 2.72 X lo5 e.s.u. 

The  contributions of the various interaction energies to the net adsorption 
energies for hexane and n-butyl alcohol on the heteropolar surface, rutile, and 
the homopolar surface, Graphon, are given in Table 11. Since Graphon has no 
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electrostatic surface field, E,  and E,  are both zero and the total adsorption 
energy is due primarily to dispersion forces alone. Any "image" force between 
the alcohol and Graphon must be negligible since the heats of wetting of 
Graphon were found to be independent of the dipole moment of the liquid. 
The values of E,  for the Graphon systems were taken to be equal to the net 
adsorption energy N,  (EA4 - EL)  and were not calculated because of both the 
approximate nature of the equation and the lack of reliable values for the 
physical constants of the surface atoms. 

'TABLE I1  
CONTRIBUTIOX O F  VARlOUS VAN DER \.\IAALs' FORCES TO THE ADSORPTlON ENERGY 

System Interaction energies (ergs/cn~.~) 
E, Em E, 

Hydrocarbon on rutile 62 30 0 
Hydrocarboll on Graphon 67 0 0 
Alcohol on rutile 94 21 246 
rZlcohol on Graphon 66 0 0 

The values of E, and E,  for alcol~ol on rutile were directly calculable from 
equations [ 5 ]  and [7] respectively from the ltnowledge of the field strength. 
The polarizabilities of the OH ancl CH2 groups were calculated from molar 
refraction data. The alcohol was assumed to be oriented perpendicularly t o  
the surface a t  monolayer coverage. Calculation of the contribution to E,  due 
to the polarizability of the nearest CH2 group showed this contribution to be 
negligible ( ~ 0 . 0 1  e r g ~ / c m . ~ )  since the distance of approach of this group from 
the surface is prohibitively large (ca. 3.5 A). The value of E,  was obtained 
here and in the case of the hydrocarbon on rutile by subtracting E,+E, from 
the net adsorption energy. The value of E,  calculated for alcohol on rutile by 
equation [GI agrees in magnitude with the value already obtained, but the 
approximate nature of the equation ancl the lack of Itnowledge of the physical 
constants of the surface atoms perillit only an order of magnitude to be cal- 
culated. 

For the hyclrocarbon on rutile, an average distance of approach of 2.3 A was 
estimated from considerations of bond distances and the geometry of the 
hyclrocarbon molecule assuming a horizontal orientation. T o  calculate E ,  
from equation [ 5 ]  the field strength corresponding to this distance was esti- 

. . 

. . mated from the exponential function of Hiicltel discussed in a later section. 
The calculation was made for the contribution for each CH2 or CH3 group 
since the number of carbon atoms in a monolayer is approximately the same 
for each of the hydrocarbons irrespective of the orientation of these molecules. 
For this reason also, E, will be about the same for any of the hydrocarbons 
regardless of chain length. 

For all the systems listed in Table I1 with the exception of alcohol-rutile, 
the contribution of the dispersion force is very nearly the same. Apparently the 
OH groups of the alcohol interact more strongly than the CH? or CH3 groups 
of the hydrocarbon owing, primarily, to the closer average distance of approach 
of the OH group to the surface. I t  is important to note that the direct influence 
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of the surface is negligible for the second layer in these calculations because 
of the large distance of second layer molecules from the surface, and thus the 
use of the term ( h I c S L ,  -hL)  to  approximate the heat of adsorption in the first 
layer appears to  be justified. 

Variation of Field Strength with Distance of Approach 

An equation for the field strength above an ion in a solid composed of singly 
charged ions has been given by Huckel (4) as 

F = 7 exp 

where E is the electronic charge, r ,  is the closest interionic spacing in the 
crystal, and ro is the distance from the center of a surface ion. The slope of 
Fig. 1 gave an independent measure of the field strength which was substituted 
in Huckel's equation to  determine whether a reasonable value of ro would 
result even though adsorption did not necessarily occur above an ion site and 
the crystal was made up of doubly charged ions. Using a value of 1.96 A for 
the r ,  distance in rutile ( 6 )  the value of 70 was calculated to  be 2.08 A. Esti- 
mates of the distance from the center of the alcohol dipole to the center of the 
surface oxide ions range from 2.06 to 2.37 A depending on the assumed 
orientation. 

If the exponential term in Hiickel's equation is used to  obtain the variation 
of the field with distance from the surface, it is found the field strength is 
negligible a t  the distance (ca. 3 . 5 A )  of the first CH2 group of an alcohol 
molecule oriented perpendicular to the surface. Thus there is essentially no 
contribution to E, from the carbon chain. 

A consideration of the factors in the equation for the various contributing 
energies emphasizes the dominant role of the OH group for adsorption of an 
alcohol on rutile. The  hydrocarbon portion of the molecule is too far from the 
surface to have any significant influence on the interaction energy. Thus, it 
would be reasonable to expect that  chain length would have a negligible effect 
on the heat of immersion or net adsorption energy. This is indeed the case; the 
lower alcohols have essentially the same heat of immersion values as n-amyl 
alcohol. The same result, of course, would be expected with other relatively 
short-chain polar homologues. Similarly, for hydrocarbons on a polar or 
nonpolar surface, the CH2 and CH3 groups contribute in an approximately 
equal manner to the total adsorption energy. Regardless of orientation, the 
number of these groups is very nearly the same and here too, as  was found 
experimentally, the heats of immersion would be expected to  be independent 
of chain length. 

Relative Heats of Immersion 

I t  was pointed out in the previous paper ( 3 )  that rutile and barium sulphate 
had identical relative heats of immersion in water and in alcohol even though 
the actual values for the two solids were widely different. Harkins (2) had also 
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FIG. 2. Relative heats of immersion of several hydrophilic solids in various organic liquids. 
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noted this similarity in the relative heat of immersion values for a number of 
different solids and liquids. Fig. 2 shows a plot of the heats of immersion of 
various solids in liquids relative to  their heats of immersion in water. The line 
was drawn through the values for titanium oxide, and the close agreement for 
the group of solids indicates that their relative interactions with the different 
liquids is the same. All of the solids are heteropolar and hydrophilic, and 
probably all present primarily an outer surface of oxygen ions. The similar 
behavior is, however, still surprising since such properties as polarizability, 
characteristic energies, and field strength all vary. A further study of the 
influence of crystal parameters on the various interaction forces is being 
undertaken to attempt to  explain the differences in the absolute heats of 
wetting of the different solids. 

The relative heats of wetting given in Fig. 2 show only a general correlation 
with dipole moment since the cross-sectional areas of the molecules are not the 
same and therefore the surface coilcentration of dipoles per square centimeter 
varies; also the polarizabilities are different. Thus nitrobenzene, with a very 
high dipole moment, has a relatively low heat of wetting indicating that the 
benzene ring is blocking off a considerable portion of the surface. 

Because of the similarity in relative heats of wetting the results obtained 
with one solid should be applicable to  all solids of the same type. Therefore, 
once heats of immersion of a reference solid in a series of liquids have been 
measured only one heat of immersion value for a new solid of the same type 
need be obtained in order to predict the values in the other liquids. 
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THERMODYNAMIC PROPERTIES OF HYDROCARBONS 
ADSORBED ON RUTILE 11' 

Integral molar heats and entropies of adsorbed methane and propane on rutile 
have been computed from data of isotherms a t  103.2' and 110.2"1<. for methane 
and 166.3" and 224.6'IC. for propane. Some resemblance has been found between 
these functions and those for argon, nitrogen, and oxygen adsorbed on rutile, 
reported by Drain and ilIorrison. The integral molar entropy of adsorption 
made possible a test of the model of a localized film without interactions on a 
heterogeneous substrate. The model was found to be a reasonable representation 
of the state of adsorbed methane up to about 0.5 of the monolayer and of propane 
up to about 0.3 of the monolayer. A unique heat of adsorptioll curve for the 
atlsorption of methane, ethane, propane, and n-butane has been derived and 
its significance is briefly disc~~ssed. The curve has been employed to derive func- 
tions for the distribution of energies among the adsorption sites of the substrate. 

INTRODUCTION 

In a recent publication, hereafter referred to as  I (8), the differential molar 
thermoclynamic functions of methane, ethane, propane, and 72-butane adsorbed 
on rutile were presentecl. These functions were conlputed from adsorption 
isotherms determined in a manner especially developed to provide accurate 
thermod>-namic data.  The  results were of comparable accuracy with similar 
data  obtained by caloriinetry (7). I t  was therefore decided to attempt a cal- 
culation of the integral thermodynamic functions of the adsorbates, and to 
utilize them in combination with a simple model of a localized iilin in the 
manner developed bj7 Drain and Morrison (1). Oilly the data  for methane and 
propane were sufficiently detailed to make the aclditional calculatioils feasible, 
ancl the discussion is largely limited to these two systems. 

The  value of the integral thermoclynamic functions has been amply stressed 
by Hill (4). A more significant description of the state of the adsorbed phase 
1naj7 be obtained from them, ancl the values of the integral molar entropy 
permit comparison with assumed models, the properties of which are com- 
puted by statistical methods. In this paper the integral heats ancl entropies 
of adsorption of methane and propane are presented and discussed. 

RESULTS AND DISCUSSION 

Tl~ermodynamic Analysis  

The integral molar thermodynamic functions of the adsorption process are 
obtained when the spreading force, 4, of the film is chosen a s  one of the inde- 
pendent variables describing the adsorbed phase. In order to  evaluate these 
functions, 4 must be ltnown accurately over wide ranges of surface concentra- 

lil/lan2lsci+ipt receiued Septenzber 16,  1954. 
Co?ilribz~tio~t froiit ihe Depart7izenl of Cltemisfry, U?tiversily of Toro?ifo, Toro?tio, Outnrio. 

Tltis paper was prese?z/ed a1 llze Syiitposiz~nz o?z Proble?izs Relaii?ig lo llte Adsorplio?~ of Gases by 
Solids, held a f  Ki?zg.~lo?z, 07zlario, Septe?izber 10-11, 1954. 

ZI'resen6 nddress: Division of Pzwe Clzeiizislry, i\Tational Research Council, Ollawa, Ca?zada. 
3Professor of Chs,i~zistry. 
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tion. The  values of +A were obtained according to the methods described by 
Hill, Emmett, and Joyner (6) .  The required equation is 

where V is the volume of gas adsorbed per gm., 
p is the equilibrium pressure, 
A is the surface area per gm. considered independent of TI and R and 

T have their usual significance. 
In regions of higher equilibrium pressures the integration was performed 

graphically. In the low pressure region the isotherms could be represented 
analytically by the equation 
[2] ~ = a p + b p $  

where a and b are constants, and the integration was performed using this 
relation. Values of +A were obtained a t  103.2, 118.2, and 133.2"K. for methane, 
and a t  166.3, 183.4, 197.6, and 224.6"K. for propane. The integral molar heats 
of adsorption were obtained from 

and the integral molar entropies of adsorption from 

[41 H, - II, + R T In p/pO = T(S ,  - S,). 

The subscripts g and s refer to the gas and the adsorbed phase, respectively. 
In several instances the integral heat of adsorption was evaluated from 

where qst is the isosteric heat of adsorption and I' equals V I A .  This serves 
as a check upon the correctness of the 4 values (6). In all cases the value of 
H ,  - H, so obtained agreed to  within 150 cal. mole-' with the values obtained 
from equation [4]. The rather large uncertainty is due to the fact that the 
errors in determining qst and 4 are combined here. I t  can be concluded, 
however, that the 4 values are free from gross errors. In general, the integral 
thermodynamic functions are less well defined than their differential counter- 
parts. This is because the correlation of the correct equilibrium pressure with 
some particular value of 4 is less certain than the correlation of the equilibrium 
pressure a t  some particular value of the volume adsorbed. This is especially 
true a t  low equilibrium pressures. Thus the error in the integral heats of 
adsorption is f 100 cal. mole-I and in the integral molar entropies 1.0 cal. 
mole-' degree-'. 

In order to make the entropy relationships easier to  interpret, the integral 
and differential molar entropies of the adsorbed molecules themselves mere 
evaluated and recorded herein. The entropy of the gas phase, necessary for 
this evaluation, was obtained by making appropriate corrections for the 
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pressure to the entropy in the standard state,  taken as  1 atmosphere pressure 
and the temperature in question. The  entropy in the standard state was taken 
from the literature (9). 

Methane 
The  integral heat of adsorption of methane a t  110.2OK. is shown in Fig. 1A 

as  a function of 8. For comparison, the corresponding isosteric heat curve is 
also represented. The  two curves show an expected similarity. T h e  integral 
heat values did not vary with temperature in the range 103.2 to 133.2OK. 
The  shape of the heat curves is that  generally considered to be characteristic 
of physical adsorption on a heterogeneous substrate. 

1 L A  
0'3 0.6 0.9 0.3 0.6 0.9 

8- 9- 
FIG. 1. A. Integral (-) and isosteric (- --) heat o f  adsorption o f  methane o n  rutile 

a t  110.2"1<. 
B. Integral molar (S,) and differential molar (g,) entropy o f  methane adsorbed o n  

rutile a t  103.2'1<. 

The  integral and differential molar entropies of methane adsorbed a t  103.2OK. 
are shown in Fig. 1B. At first, both S ,  and 8 ,  decrease continuously with sur- 
face coverage, but the curve of the integral entropy exhibits a shallow minimum 
in the vicinity of 8 = 1.0. A deeper minimum occurs in the plot of 8 ,  near 
8 = 0.6. Both S ,  and 8 ,  are initially greater than the entropy of bulk liquid, 
but  approach that  value a t  high surface concentrations. The  general shape of 
the curves is that  which has been derived by Hill, Emmett,  and Joyner(6) 
on the basis of the B.E.T. model for high values of the constant C. In this case 
the value of C was approximately 85. The  results are similar to those reported 
by Drain and iVIorrison ( I )  for argon on rutile. Thus  the initial decrease in 
the entropy may be interpreted as  being caused by restrictions in the con- 
figuration of the adsorbate as the number of sites available for adsorption 
decreases. The  increasing values of S ,  beyond 6' = 1 is then due to the forma- 
tion of multilayers. 
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Propane 
The integral molar heats of adsorption for propane a t  average temperatures 

174.8 and 210.3"K. are shown in Fig. 2, along with the corresponding isosteric 
heats of adsorption. I t  was pointed out in I that the shape of the isosteric 
heat curve might suggest a phase change in the adsorbed film a t  185°K. 
This is again suggested by the integral heat of adsorption curve. 

I I I I I 
0.5 1.0 1-5 

8- 

FIG. 2. Integral (-) and isosteric (- - -) heat of adsorption of propane on rutile. 

Below 185°K. the integral heat of adsorption curve is of similar shape to 
that  for methane, but a t  higher temperatures the plots are distinctly different. 
The  junction of the two branches of the plot occurs near 0.8 0 instead of 0.6 0 
as indicated by the plot of the isosteric heat of adsorption. 

I t  was suggested in I ,  on the basis of the plots of f l ,  - S,  a t  183.9 and 
197.6"K., that the adsorption of propane differed from the adsorption of 

FIG. 3. A. Integral molar (S,) and differential molar (s,) entropy of propane adsorbed 
on rutile a t  166.3'IC. 

B. At 224.6"K. 
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methane and ethane. This view may be more closely examined with the aid 
of Figs. 3A and 3B, in which both S ,  and s, for propane are plotted a t  166.3 
and 224.6"1<., respectively. I t  is evident from Fig. 3A that the curves of S ,  
and S ,  for propane a t  the lower temperature are similar to the curves for 
methane. On the other hand, both S ,  and 8, a t  224.6"K. vary with 0 in an 
entirely different manner. This fact again suggests a change in the physical 
state of adsorbed propane near 185°K. Unfortunately, the entropy values are 
dependent upon the heats of adsorption, and so cannot provide independent 
evidence of the validity of the postulated phase change. 

While the entropy curves for propane a t  166.3"K. are of the same general 
shape as those shown in Fig. l B ,  some differences should be noted. The 
minimum value of S ,  occurs near 0.4 0 ,  rather than near the monolayer. X 
comparable finding has been reported by Drain and Morrison (2) in the cases 
of oxygen and nitrogen adsorbed on rutile. I t  is difficult to interpret these 
differences in the entropy relationships. Contributions to the entropy from 
internal degrees of freedom of the adsorbed molecules as well as molecular 
interactions no doubt influence the shape of the curve. 

Test of Localized F i lm  lModel 
The values of the integral molar entropy permit a more detailed esamination 

of the systems along lines developed by Drain and Morrison (1, 2). These 
authors showed that the assumption of a localized film upon a heterogeneous 
substrate led to theoretical values of S ,  which agreed well with the experi- 
mentally measured values up to a surface coverage of 0.6 0 in the case of 
argon. The model was also successful in accounting for the behavior of oxygen 
and nitrogen, although the diatomic molecules offered a much more complex 
problem for treatment. 

In the present case no detailed statistical treatment has been carried 
through. In the first place, the accuracy of the S ,  values suffices only for semi- 
quantitative interpretation. Secondly, the increased complexity of the mole- 
cules makes the statistical problem virtually intractable. Finally, the problem 
of surface heterogeneity can only be satisfactorily resolved if isosteric heat of 
adsorption data can be derived for 0°K. Therefore heat capacity data are 
necessary, which will permit reduction of the q,, to O°K. These data were not  
available. 

In view of these limitations, it has been assumed that methane, adsorbed 
a t  103.2"K., and propane, adsorbed a t  166.3"K., form localized films. T o  
reduce difficulties in interpretation, discussion is essentially limited to surface 
coverages well below the monolayer, where molecular iilteractions can be 
neglected. The postulate of the existence of a heterogeneous substrate may be 
supported by the usual arguments (1, 11). The assumed presence of localized 
films may also be justified. If the temperature region in which some degree 
of localization is considered to persist is taken as 

where A U is the energy barrier between neighboring sites, and if A U  is 
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considered to be considerably less than 50% of the net heat of adsorption, 
the films of methane and propane may be considered as localized films. At 
0.3 0, for example, the net heat of adsorption of methane is 1300 cal. mole-' 
and 3600 cal. mole-' for propane. Hence, taking values of AU between 200 
and 500 cal. mole-' for methane, and between 500 and 1000 cal. mole-' for 
propane, the assumption of localized films a t  the designated temperatures 
appears justified. 

On the basis of the assumed model it becomes meaningful to split the molar 
entropy of the adsorbate into configurational and non-configurational parts 
according to the equation 
[61 Ss = Sc + S,,. 

Both S ,  and S,, may be calculated from theory and Hill (5) has given the 
necessary formulae. The  computations involve a knowledge of a distribution 
function for the energies of the sites of the heterogeneous surface, of the 
temperature dependence of the partition function of the adsorbate, and of the 
dependence of the partition function on the energy E ,  of the adsorption site. 
Owing to the complexity of the methane and propane systems, S ,  has been 
calculated by the use of the approximate equation due to Drain andMorrison 
( 1 )  
[71 S ,  = (7r2/3) R (d In V / d  In 9 )  

which is valid for energy distributions that  are wide compared with R T. 
S,, was then evaluated by means of equation [6 ] .  The behavior of the quantities 
so calculated is the sole criterion of the applicability of the chosen model. 
On the basis of the findings of Drain and Morrison (1 ,  2 )  it would seem that  
for simple molecules, the variation of S ,  with 0 should initially be determined 
largely by configurational effects. Furthermore, a t  a given temperature and 
over the initial range of surface coverage, the dependence of S,, on surface 
coverage should be determined largely by the variation of the vibrational 
frequency v of the adsorbed molecules with the site energy e .  If vaen where n 

FIG. 4. Configurational molar (S,) and non-configurational molar (S,,) entropy of methane 
adsorbed on rutile a t  103.2OIC. 
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is of the order of unity, as suggested by Drain and Morrison, S,,, may be expec- 
ted to  vary only slightly with 0. 

Methane 
The configurational and non-configurational entropies of adsorbed methane 

are shown as functions of 0 in Fig. 4. Comparison of Fig. 4 with Fig. 1B shows 
that the S ,  curve for methane resembles the curve for S ,  up to 0.5 8. Moreover, 
the greater part of the variation of S ,  with e is accounted for by the change of 
S ,  in this range of surface coverage. Beyond 0.5 0 the S ,  and S ,  plots begin to 
diverge and S,, varies rapidly with 8. In this region, molecular interactions 
should become significant and the postulated model no longer is suitable. 
Therefore the model of a localized film without interaction on a heterogeneous 
surface seems an acceptable representation of the state of the adsorbed 
methane up to 0.5 0. 

Propane 
The values of S,  and S,, for adsorbed propane are represented in Fig. 5. 

Comparison with Fig. 3A again reveals that there is some resemblance in the 

FIG. 5.  Configurational molar (5,) and noli-conhgurational lnolar (S,,,) erltropy of propa~le 
adsorbed on rutile a t  166.3'K. 

behavior of S ,  and S ,  up to about 0.3 8. However, the variation of S,,, is 
greater than in the case of methane. This is not surprising, in view of the 
fact that Drain and Morrison found that even for nitrogen and oxygen the 
complications caused by added rotational and vibrational degrees of freedom 
were of importance. I t  should also be noted that S,, for propane, unlike that 
for methane, has a minimum value near 0.5 0 and then increases rapidly. 
Thus, up to 0.5 of the monolayer the variations of the S,,, functions of the 
two adsorbates are similar, and the increasing rate of change between 0.4 and 
0.5 0 may be due, as  has been suggested in the case of methane, to interactions. 
The  rapid increase of S,, in the case of propane beyond this region indicates 
failure of the model from other causes. 
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T h e  Surface IIeterogeneity of the Ruti le  Adsorbent 

The effects of surface heterogeneity can be taken into account quantitativeljr 
in a model describing physical adsorption. Specifically, Sips has shown (10) 
that a function giving the distribution of energies anlong adsorption sites can 
always be obtained from a given isotherm. Drain and Morrison have evaluated 
such distribution functions (2) and, using them, have carried out successful 
statistical analyses for nitrogen, oxygen, and argon adsorbed on rutile. They 
found that up to monolayer capacity, the various isosteric heats of adsorption 
were linear functions of each other, so that a unique heat of adsorption func- 
tion could be reduced to O°K. Since the distribution function of the energies 

I I I 
10.0 20.0 

V ( C.C. N.T. P. ) 

FIG. 6. A. C o r n m o ~ ~  isostcric heat of adsorption for hydrocarbons on r ~ ~ t i l e  a t  the red~lced 
temperature T,  = 0.53. 

~;-bistrjb;tion of energies among the adsorption sites for methane and propane 
adsorbed on rutile. Broken line extrapolations are normalizing factors giving areas under the 
curves equal to the respective monolayer capacities. 
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of the adsorption sites is derived from the isosteric heat of adsorption curve, 
it also followed that the distribution functions had the same shape, although 
the range of energies varied with each adsorbate. They interpreted these find- 
ings as meaning that the same sites were involved in the adsorption of all 
three gases, but that the forces of interaction varied. 

The same treatment has been followed in this study involving the four 
saturated hydrocarbons. Owing to the lack of heat capacity data, it was not 
possible to correct the isosteric heat of adsorption curves to the absolute 
zero as Drain and Morrison were able to do. The data for each vapor were 
compared a t  the common reduced temperature T / T ,  = 0.53. This tempera- 
ture corresponded to the temperature of the lowest isotherm in each case and 
also the temperature a t  which the relative value of A U  and R T was about 
equal. Again it was found possible to construct a unique isosteric heat of 
adsorption curve for the four hydrocarbons up to nearly the monolayer 
capacity. The curve is represented in Fig. 6A. Only certain values for ethane 
between 0.3 0 and 0.6 0 depart appreciably from the curve. 

The unique heat of adsorption curve leads to a family of distribution curves 
of the same shape but of widths in the ratios 1:2.5: 4:15.4, if the width of the 
methane curve is taken as unity. Two of these curves, those for methane and 
propane, are shown in Fig. 6B. 

An interpretation of the existence of a unique heat of adsorption curve 
along the lines given in the case of the simpler molecules by Drain and 
Morrison is not ruled out. However, in the present case this interpretation 
tends to lose its simplicity because, for example, it is difficult to imagine that 
a "site" for the adsorption of methane should also serve as  a "site" for the 
adsorption of butane. If the existence of common isosteric heat curves is 
established for other series of complex molecules, the significance of curves 
such as that in Fig. 6A should be reconsidered. 
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AN APPARATUS FOR THE MEASUREMENT OF DIELECTRIC 
CONSTANTS OF ADSORBED GASES AT FREQUENCIES UP TO 

100 Mc./sec.I 

BY M. H. ~ T ~ ~ ~ h 1 . 4 ~ 2  AND R. ~ ' I C ~ N T O S H ~  

ABSTRACT 

The design of an apparatus suitable for the measurement of dielectric constants 
a t  frequencies LIP to 106 Mc./sec. is shcwn. The  apparatus was used to measure 
changes in capacitance with volume adsorbed for the system sulphur dioxide - 
rutile a t  about 3.5"C. and for frequencies of 13, 36, and 106 Mc./sec. The  results 
failed to reveal any dispersion due to the adsorbed matter in this frequency 
range. The dielectric behavior observed is the same, within experimental error 
of a few per cent, as that  found by Chamen and McIntosh for the same system 
a t  3.7 Mc./sec. 

INTRODUCTION 

From the work of Snelgrove, Greenspan, and McIntosh (6) and \Valdman, 
Snelgrove, and i\/IcIntosh (7), who measured dielectric constants of gases on 
silica gel and rutile at  radio frequencies, it became evident that it would be 
desirable to investigate these dielectric constants at  much higher frequencies. 
The reasons for making high frequency measurements were: 

(1) The method of calculating the dielectric constants from the primary 
data involved the knowledge of the density of the adsorbed matter. If the 
frequency of the applied field were made so high that the adsorbed dipole 
could no longerfollow the changes in the field, then the adsorbate would act 
as nonpolar material and the densities could be determined by appljcations 
of laws for nonpolar dielectrics. The determined density could then be used 
in the low frequency calculations. 

(2) I t  would be of interest to see whether the Debye dispersion range (2) 
of the adsorbed matter would correspond to the dispersion range, in magni- 
tude and position in the frequency spectrum, of the bulk liquid, or whether 
the dispersion phenomena characteristic of a rotational oscillator would be 
observed. 

Although the frequency a t  which dispersion would be found was unknown, 
the design and construction of a cell that would allow reliable measurement of 
dielectric constants a t  high frequencies up to about 100 Mc./sec. was attemp- 
ted. Previous to this, cells were used which consisted of three co-axial cylinders 
with the center cylinder a t  high potential while the other two were grounded. 
The space between the cylinders was packed with the solid dielectric. The 
change in capacity in this test cell due to adsorption of gas on the solid was 

1Man2iscript teceived September 16 ,  1954. 
Contribution from the Clzenzistry Departn~ent ,  University of Toronto, Toronto, Ontario. Th is  

paper was presented at tlze Symposium on Problems Relatdrtg to the Adsorption of Gases by Solids, 
Iteld at Kingston, Ontario, Septenzber 10-11, 1954. 

2Graduate Stz~dent and Dentonstrator i n  Chemistry. 
3Professor of Chemistry. 
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measured by adjusting a precision condenser connected in parallel with the 
test cell. 

This method was quite suitable for the radio frequencies used, but the 
corrections to be applied for the lead connections between the two condensers 
became excessive for frequencies higher than about four megacycles/second. 

I t  became clear, then, that  the main requirement was to construct a cell 
with the shortest possible leads between the test cell and the measuring con- 
denser so that  lead corrections would be negligible. A modification of an 
apparatus due to  Hartshorn and Ward (4) was used. In  principle, these 
authors made the measuring condenser part  of the test cell. In the present 
case, a very slight modification of the original test cell accomplished the same 
result. The  innermost cylinder was made movable so that  by raising or 
lowering this cylinder the capacity of the whole condenser was increased or 
decreased. The  powder, of course, was packed only in the space between the 
two outermost cylinders. The  changes in capacitance due t o  the movement of 
the innermost cylinder merely had to  be calibrated against a standard conden- 
ser a t  low frequencies. Since the dielectric in the space between this cylinder 

l and the next larger one was Teflon, its capacity would not alter with frequency. 

I The Principle of the Hartshorn and Ward Method 
I T o  grasp the principle of operation, consider an  ideal circuit as  envisaged 
I by Hartshorn and Ward (4). Schematically, this may be shown as  in Fig. 1. 

T. 
OSCILLATOR MEASURING CIRCUIT 

The only voltages considered are those between T I  and Tz which are com- 
mon to all the components of the measuring circuit. C1 is the test condenser 
containing the sample, and Cz is the measuring condenser which is used to  
compensate for changes in capacity in C1 and also to  obtain the resonance 
curves. 

Current considerations in the above circuit lead to an expression for C in 
terms of C,, the resonance capacity, G, the conductance across the cell, and q, 
the square of the ratio of the voltage a t  resonance to  the voltage a t  the 
particular capacity measured, as  follows 

[a I Gv'(ci-1) C = C, + 
W 

where w is the frequency, in radians per second, of the circulating current 
Assuming G does not change, this expression shows that  the resonance curve 
should be symmetrical about C, as  shown below. 
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0 

Thus, if one measures two values of C ,  Ca and Cb, for the same value of V 2  
(or q) the resonance capacity may be calculated by 

[bl cT = Q(ca+Cb),  

while the conductance of the system is given by 

The above considerations are for an ideal circuit where the leads have 
zero impedance. In practice, the leads to the various components never have 
zero impedance. As Hartshorn and Ward have pointed out, the only quantities 
which require further consideration are the resistance and inductance in the 
leads to C1 and Cz. The residual resistance and inductance are designated as 
R' and L'. 

Taking R' and L' into consideration, it may be shown that  the combination 
is equivalent to a capacitance C, in parallel with a conductance G, where C, 
and G, are given, after certain reasonable approximations, by 

[d I C, = C, ( 1  + L'C,w2 - RrT?o2) 

and 
[ '3 1 G, = G z  (1  - 2L'Ctw2 - R ' 2 C t ' ~ 2 )  + R'C?o2. 

If both L' and R' are not very small [dl should be written 

If R' is found to be negligibly small but L' quite large, then u] may be written 

[g 1 
C c = -2-. l - ~ ' c , ~ '  ' 

[f] is, of course, the most rigorous expression for C,. 
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WALDMAA' AND McIKTOSH: MEASUREMENT 

The equations [dl, Lf], or [g] are used to correct for asymmetry in the reso- 
nance curve. Once the curve is made symmetrical, G, may be calculated by 
use of [c]. 

In fact, in cases where R' is negligible, L' may be accurately found by 
determining the value of L' necessary to make an asymmetric curve symmetri- 

I 
1 cal by use of [ g ] .  With reasonable care in construction R' should be negligibly 
1 small a t  all frequencies so that [g] may indeed be used to correct for asym- 

metry. 
If, on trial, it is found that the resonance curve is completely symmetrical 

without correction, then it may reasonably be assumed that the L' and R' 
are both negligibly small. 

Further, even if there were appreciable lead corrections in this system the 
manner of operation would cause them to be cancelled out. 

Consider equation [dl. Any L and R in the leads could be lumped with the 
L' and R' of the cell. We have for the first condition, before gas is adsorbed 

C,, = E C ~ ,  ( ~ + w ~ L ' E c ~ ~  - R ' ~ w ~ E ~ c ~ , ~ )  

where E is the dielectric constant of the bare powder in the cell and C, ,  is 
the low frequency capacity of the empty cell determined from low frequency 
measurements and the reading of the calibrated micrometer. 

After gas is adsorbed we have 

Cn2 = E'c~, (1 +w~L'E'c~.  - R ' ~ W ~ E ' ~ C ~ , ~ )  

I where E' is the composite dielectric constant of the system and C t ,  would be 
the capacity of the empty cell a t  this setting. 

I By the method of operation C,, = C,,, since resonance is re-established a t  
I 
I the same frequency and for the same coil. Since the correction term is 
I thus the same in both cases, rCll  = E ' C , ~ .  C g I  and C,, are determined directly 
I from the positions of the piston as measured by the micrometer and E is 
I separately determined a t  low frequency by bridge methods. Thus, correct 
I values of r' may be measured by this method. This assumes that E ,  the dielectric 

constant of the powder does not change with frequency in this frequency range. 
The evidence a t  hand indicates that this assumption is correct. 

In order to show that  the operation of the cell is such that lead corrections 
vanish, i t  is best to consider a diagram of the cell. This is shown in Fig. 3. 

Design and Operation of the Cell 
As may be seen, the cell consists of a cylinder with a thick flange, on top of 

which a lid may be bolted. The cylinder and its flange were machined out of a 
single block of brass. Inside this cylinder and resting on a block of Teflon on 
the bottom is a smaller cylinder with a short lug a t  the top to which a high 
potential lead may be soldered. Since the wall of the outer cylinder is well 
grounded, we thus have a condenser of two coaxial cylinders. 

Fitting snugly inside the second cylinder is a cylinder of Teflon. Since the 
fit is quite snug, the second cylinder must be rigidly fixed if the Teflon cyl- 
inder is rigidly fixed. This is accomplished in two ways. ( 1 )  The Teflon disc 
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- - - - - - - - - - - - . - - 24 THREADS PER INCH 

- - - - - - . - - - - -. - 8 THREADS PER INCH 
- - - - - - - - - - - - . SUPERSTRUCTURE 

. . - - - . . - - - - . . - - - BRASS RING 
TEFLON GLAND 

-THERMOCOUPLE 

. ...-_G LASS-METAL SEAL 
H.F. CONNECTION 

CELL WALL 

TEST CELL CONDENSER 

FIG. 3. Test cell for high f r eq~~ency  measurements. 

a t  the bottom of the large cylinder has a raised circular portion over which 
the Teflon cylinder fits tightly. (2) The cell lid has a long sleeve extending 
down with three prongs cut out of the end of the sleeve. These prongs fit 
into three matching slots cut into the Teflon cylinder so that when the lid is 
tightly clamped the Teflon cylinder is held fixed. 

Passing down through the sleeve and the Teflon cylinder is a brass piston 
on a long rod. The rod and the piston were machined out of a single piece of 
brass to ensure that they rotated about a common axis without a trace of 
wobble. Further, the piston was made to maintain good contact with the 
sleeve a t  all times as it was moved up or down. I t  will be noticed that the sleeve 
itself has a collar near the lower end that makes good contact with the walls 
of the outer cylinder. Thus, the piston is always grounded to the walls of the 
outer cylinder by a grouncl connection, the length of which does not change 
as the piston is moved. I t  will now be clear that this movable piston makes a 
variable condenser system with the second high potential cylinder. Small 
holes were drilled through the sleeve and collar to allow free passage of 
gas. 

T o  ensure that no leakage would occur while the piston was moved, a 
superstructure was built on top of the lid. This superstructure consisted of a 
brass cup solidly soldered to the lid, and of a large heavily threaded brass bolt 
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pressing down on a brass ring resting on top of a Teflon gland a t  the bottom 
of the cup. The piston rod passed through the bottom of the cup, the Teflon 
gland, the brass ring, and the bolt. When the large bolt was screwed down 
tightly, the Teflon gland was squeezed out and made a very effective seal. 
If the operating temperature was lowered appreciably below room tempera- 
ture, the large bolt had to  be tightened further to prevent leaks. T o  accom- 
plish the movement of the rod the inside of the bolt and the top part of the 
rod were threaded and the piston could be screwed up and down by the use 
of a small rachet wrench. The movement of the piston was measured by a 
micrometer (not shown) which could be read to  0.0001 in. also fastened to  
the top of the lid. 

Taken as a whole, the cell is really a single variable condenser consisting of 
two parts, one of which is fixed, and one variable. The two parts have a 
common high potential plate so that ,  in effect, there is no high potential lead 
between them. Their respective grounds go to a common point and are very 
nearly the same short length. 

The height of the fixed condenser part was 3.5 cm. The inside radius of the 
outer cylinder was 1.58 cm. with a gap of 0.27 cm. Thus, the volume of the 
space in which the powder was packed was 8.46 ~ m . ~  and the capacity when 
empty was 10.53 ppf. When filled with powder the capacity of the space 
increased to about 33.5 ppf. which value varied depending on the density of 
packing. When completely assembled the cell had a total capacity of about 
50 ppf. with the piston resting on the bottom. The cell was operated a t  about 
47 to  48 ppf. capacity to allow resonance curves to  be taken a t  all points of 
operation. The total movement of the piston was 1 in. which could be meas- 
ured accurately to 0.0002 in. The total change in capacity brought about by 
this 1 in. movement of the piston was 7.5 ppf. 

With 48 ppf. total capacity, resonance could be obtained a t  106 NIc./sec. 
with an inductance consisting of a straight piece of copper wire 2.5 cm. long 
connected across the cell from the high potential lead to  ground. The lowest 
frequencies a t  which resonance could be made to occur would presumably 
be limited by the ability to  wind a coil with enough turns of wire. In practice 
the cell was used a t  a frequency of 13 Mc./sec. by use of 10 turns of copper 
wire on a form 3.15 cm. in diameter. 

T o  maintain a constant temperature, an outer jacket, through which coolant 
could be circulated, was built around the entire cell as shown in the diagram. 
In this case, it was felt to  be more convenient to  cause a low boiling liquid to  
boil in this outer jacket and condense in a coil immersed in a dry ice -acetone 
bath above the cell, and thus to maintain the temperature of the cell a t  that 
of the refluxing liquid. The temperature could be varied quite easily by 
altering the pressure a t  which boiling occurred. The temperature was checked 
by means of three thermocouples set into the boiling chamber. By this means 
the temperature could be kept constant to  O.l°C. with a temperature gradient 
of less than 0.2"C. from the bottom to  the top of the cell. 

I t  is worthwhile, now, to consider a certain aspect of the voltmeter used. 
This was a vacuum tube voltmeter employing two balanced tubes, as described 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

11
8.

97
.2

11
.1

8 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



274 CANADIAN JOURNAL OF CHEMISTRY. VOL. 33 

by Greenspan (3). The circuit diagram is given by Hartshorn and Ward (4). 
From this diagram it can be seen that  the operation of the voltmeter is that of a 
Wheatstone bridge of which the plate resistances of the two tubes form two 
equal arms and the two tubes form the other two arms. The internal resistance 
of tube I is altered by the input voltage from the test cell to the grid of this 
tube. This will cause an unbalanced condition with respect to tube I I  and 
current will flow through the galvanometer. In most cases the swing of the 
galvanometer in response to this current is very large, and the galvanometer 
spot travels far off the scale. For determining resonance capacities alone, this 
causes no trouble, since the capacity of the test cell is changed till the galvano- 
meter spot has swung through its farthest limit and has returned to the same 
position on the scale. When it is desired to determine an entire resonance 
curve, for the purpose of measuring the G of the circuit, however, the actual 
number of scale divisions traversed by the spot must be known. T o  accoinplish 
this, just before the spot moves off the scale i t  is returned to the low point of 
the scale by altering the bias on tube 11. Since the internal resistance of the 
tube is a function of the bias (viz. operation of tube I) ,  changing the bias of 
tube I1 would also change its internal resistance. This would change an arm 
of the Wheatstone bridge that was supposed to have remained constant. 
Therefore, depending on the number of times the spot had to be returned to 
scale during a measurement, the top part of the resonance curve would have 
been determined a t  a different bias than the bottom part. Furthermore, 
owing to the change in the tube resistance, the top part of the curve would 
have been determined a t  a different amplification factor of the tube. This 
disadvantage could, of course, be overcome by operating the apparatus a t  such 
a low sensitivity that the whole curve could be talten on one scale length, 

RUN 8-1 DOSE 7 

107rn~'sec. 111.49~~. ADSORBED 

I 

C(,,f > 
FIG. 4. Resonance curve for rLm B-1 addition 7. 
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or by using a scale of great length. Both alternatives were impractical. I t  was 
possible to show, from considerations of the galvanometer circuit, that the 
required change in bias on the grid of tube I1 did not change the tube con- 
stants to an appreciable extent. 

I t  now was shown that the residual inductance and resistance of the cell 
were negligible. Plots of V2 versus C, were obtained for a variety of frequencies 
and these curves were found to be perfectly symmetrical, even a t  the highest 
frequency used. These symmetrical curves were obtained for the empty cell 
and for the cell packed with powder and with gas adsorbed. A typical curve 
taken from one of the runs is shown in Fig. 4. 

Table I demonstrates the symmetry of the curve. As was pointed out 
earlier, such symmetry in the resonance curve can only mean no corrections 
need be made because of residual resistance and inductance. 

TABLE I 

I t  had next to be confirmed that true values of the dielectric constant 
could be obtained a t  all frequencies. For this test, glass was used as the di- 

I electric, since its dielectric constant remained unchanged in the frequency 
range. The following procedure was used. 

First, with the empty cell the resonance capacity was measured using a coil 
giving resonance a t  73 Mc./sec. The top was removed and a piece of glass, cut 
into a half cylinder that partly filled the space to be occupied by the powder, 

I 

was inserted into that space. The top was carefully replaced and the plunger 
moved until resonance was again obtained. Now the coil was changed to one 
that would allow resonance a t  13 Mc./sec. Resonance was obtained with the 
glass in and the plunger nearly in the same position as it was a t  73 Mc./sec. 
The top was removed, the glass taken out, the top replaced, and the plunger 
moved until resonance was again obtained. Thus the capacity change due to 
insertion of the glass could be compared for the frequencies of 13 NIc./sec. 
and 73 Mc./sec. since the position of the glass semicylinder was the same for 
both frequencies. 

As an added assurance, this value was checked against the value obtained 
a t  10.2 kc./sec. using a bridge method of measuring the capacity. The  glass 
semicylinder was not an exact fit so that it was not possible to insert it in ex- 
actly the same way as for the high frequency trial. T o  compensate for this 
error, 10 trials were made by the bridge method and an average taken. Table 
I1 shows the remarkably close agreement in the result of all three tests and 
adequately shows that  the cell will give true readings. 
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TABLE I1  

Frequency (Mc./sec.) A c ( w f  .) 
-- 

The cell was used to measure the change in capacity when sulphur dioxide 
was adsorbed on nonporous rutile a t  frequencies of 13,36, 106 Mc./sec. and the 
single temperature of 35°C. 

From the primary data a t  these frequencies (a typical set is represented in 
Fig. 5), no appreciable frequency dependence could be detected. The plot is 
seen to have the same general characteristics as those shown by a similar 

plot given by Channen (I)  a t  3.7 Mc./sec. with the apparatus described by 
Snelgrove, Greenspan, and McIntosh (6). The characteristic change in the slope 
of the plot was also found here as observed by Channen and McIntosh for 
sulphur dioxide. 

I t  is desirable to compare results obtained in this assembly with those 
obtained by Channen. Unfortunately, this comparison can not be made using 

SO, ON RUTILE 

3.7 mclsec 38°C. 

30- 

VOLUME ADSORBED (cc a t  NT P) VOLUME ADSORBED k c .  a t  N.T.B) 

- 2 a- 
! - 
I Y. - l Y .  

l h 0  1 d 5  I50 '0 2 5 M 7 5  100 125 15( 

SO, ON RUTILE 

36 rnc.1sec 3.5'C. 

SO, ON RUTILE 

3 7 m d s e c .  
I 

SO, ON RUTILE 

36 rnclsec 

Q80r 

075- - 
\- 

s 
k 

0 7W 

slope 0 4 8 5  

0 6  obs o;o 0 ; s  o i o  o i 5  0.30 o 0 0 5  010 015 a 2 0  0 2 5  0.3( 
E -  F' C -  E. 

FIG. 5. Plots of A C  versus volu111e adsorbed and f~~nc t iona l  plots for sulphur dioxide adsorbed 
on rutile. C
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the primary data, owing to the difference in cell geometry and packing den- 
sities of the powder. A comparison using some functional plot must be made. 
The various functional plots that it is possible to use are discussed elsewhere 
in a paper by Channen and McIntosh (1). The one used here is the original 
function derived by McIntosh, Rideal, and Snelgrove (5) with a small correc- 
tion for the material in the gas phase which was not necessary for silica sys- 
tems. Using this method, the results obtained in this investigation agree very 
well with those of Channen, as  a comparison of the slopes of the first linear 
sections of the functional plots given in Table I11 reveals. 

TABLE 111 

Frequency (Mc./sec.) Temp., "C. Slope 

From equation [c] one may obtain an expression for the power factor (or the 
loss tangent) of the adsorbed vapor in the form 

(Aci- Ace> 
tan 6 = 

2 Cr;d(¶-') 
where tan S is the loss tangent. 

ACi is the change in capacity needed to go from one side of the resonance 
curve to the other a t  any chosen q after the ith addition of gas. 

AC,, is the change in capacity under the same conditions but for the bare 
powder. 

Cri is the resonance capacity a t  the ith addition of gas. 
There was no detectable loss tangent a t  any of the frequencies used. This 

result is not, in itself, conclusive, since the adsorbed phase is such a small 
fraction of the total system that, though the adsorbed phase itself may have 
an appreciable loss tangent, its contribution to the loss tangent of the system 
as a whole may be undetectable. 

CONCLUSIONS 

The above results show that the apparatus, as designed, works well a t  
frequencies up to 106 Mc./sec. However, measurements a t  these frequencies 
have not shown any marked change in behavior of the adsorbed molecules 
from their behavior a t  low frequencies. Kevertheless, the conviction remains 
that some anomalous behavior, particularly the phenomenon of dispersion, 
must exist in some higher frequency range. 

Since neither the cell capacitance nor the inductance used to obtain reso- 
nance can be greatly reduced, the principle employed in the construction of 
this apparatus has probably been pushed to near its upper frequencli limit. 
If it is desired to investigate a higher frequency range, some other method, such 
as transmission lines or wave guides, will have to be tried. 
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ON THE CALCULATION OF THERMAL TRANSPIRATION1 

ABSTRACT 

The equation proposed earlier has been derived from a new kinetic concept. 
I t  is shown to  be a reasonable approximation of this new consideration. The 
equation is also shown to  be mathematically consistent with the general fact 
that  when the thermomolecular pressure difference is plotted against the nor- 
mally measured pressure, a single maximum is obtained. The  curves calculated 
from this equation are shown to  agree closely with those from the Weber 
equation using van Itterbeek and de Grande's data. The  practical use of the 
equation is discussed. 

INTRODUCTION 

The problem of the effect of thermal transpiration on pressure, or the thermo- 
molecular pressure difference, was observed and investigated by a number of 
workers both experimentally and mathematically (1, 4, 9). Although a 
practical solution was not obtained, the problem was neglected for many 
years. I t  was not even mentioned in most publications where it  was obviously 
important. 

Recently, Weber and his co-workers reinvestigated this problem and showed 
the extent to which a pressure measurement may be affected (11, 12). More 
recently, the problem was again brought to the general attention of this 
continent. I ts  practical importance was demonstrated by Liang (6) in the the 
case of vapor pressure measurement, and by Crowell and Young (2) in the case 
of physical adsorption. 

Until very recently, the only available equation by which the thermal 
transpiration effect may be calculated was a semiempirical one obtained by 
Weber and his co-workers. The equation was derived along the line given by 
Maxwell with modifications suggested by Weber, and took the general form 

in which y = R/X, R being the tube radius and X the mean free path of the gas; 
n was related to the viscosity q by the equation 

B ,  C, D, m, m', and m" were constants calculated from another three semi- 
empirical constants, kl, k?, and p, which in turn were evaluated from the 
experimental data. Weber and Schmidt (13) calculated the constants for 
helium. van Itterbeek and de Grande (10) found that  the values of kl, k?, and p 
were functions of the nature of the gas and that  separate determinations for 
different gases must be made. They extended the equation accordingly to cover 
the cases of hydrogen, deuterium, and neon. 

l d ~ a ~ z z ~ s c r i p t  received September 16 ,  1954. 
Co~ztribz~tion froli~ Research Laboratory, Donziniotz T a r  b Che~nical Co., Ltd., 5547 Allard 

Street, Ville LaSalle, Quebec. Tlzzs paper was presented at the Synzposiz~m on Problems Relatilzg 
to t l ~ e  Adsorption of Gases by S o l ~ d s ,  l~eld at K ~ n g s t o ~ ~ ,  Ontario, September 10-11, 1954. 
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Los and Fergusson (S), in attempting to extend the Weber equation to  the 
cases of nitrogen and argon, discovered that  equation [I.] was not applicable 
to argon. They also showed that  by following the same general argument as 
Weber, mathematically, another equation of the general form 

D - 3 Cm" -1 yl+ 3mf tan -- 1 yz++mr 
d d t a n  -)I 

is possible, where d = (m"-tm'2)~. The constants, while differing from those 
of equation [I],  may be calculated in a similar fashion to that  employed by 
Weber. This, of course, raises the intrinsic problem whether equation [ I ]  or 
equation [3] should be employed when a new gas is being considered. 

In the meantime, a different empirical formula was suggested by the present 
writer (5) in the form 

for the purpose of calculating the thermal transpiration effect R. Equation [4] 
was obtained by plotting R vs. pz, the normally measured pressu're. X = pz.d, 
d being the tube diameter. Rm = (T~/TZ)$ and f is the "pressure shifting factor" 
which was used to  correlate the different gases and was arbitrarily defined as 
f N z  = 1. The constants a and P were obtained by fitting the curve to  the 
experimental data. Equation [3] was later modified slightly (7) to take a more 
readily usable form 

by referring to  helium as the standard, and defining &, = 1. Equation [5] 
has been found to be applicable to a t  least eight gases, namely, helium, neon, 
hydrogen, argon, nitrogen, krypton, xenon, and ethylene; and it  is expected 
to be equally applicable to  others. 

Equation [5] can be reduced readily to 

The  practical advantage of equation [GI over the Weber equation and its 
variation (equations [ I ]  and [3]) is immediately obvious. I t  is therefore 
desirable to investigate whether there is any reasonable basis for its existence; 
and to examine whether, mathematically, i t  conforms to  all the known facts. 
Such is the primary purpose of this communication. 

DERIVATION OF EQUATION [5] 

The purely mathematical approach to the problem has been exhausted by 
Chapman and Cowling (I).  The final solution includes a cluster integral which 
is too complicated to solve for practical purposes. The recent thermodynamic 
approach made by de Groot (3) following the Onsager theory of reciprocal 
relations is deceptively simple. The  many terms included in the final solution 
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are so far from the conventional thermodynamics that its risefulness for 
practical purposes is rather doubtful. The physical approach outlined by 
Maxwell has been followed up by Weber and his associates (11, 12) to reach 
useful but cumbersome results. I t  is thus decided that an entirely independent 
approach, a new kinetic approach, however empirical it may be, should be 
adopted. 

We shall now consider the system composed of two regions a t  T1 and Tz, 
connected by a tube of diameter d, and filled with one gas. After infinite time of 
waiting, the pressures are p l  and pz. We shall proceed to solve the relation 
between p1 and pz. At the offset, it should be pointed out that the system under 
consideration is not, and will never be, in thermodynamic equilibrium. Con- 
sequently, the conventional thermodynamics is of no great help. When the 
pressures between two regions of different temperatures reach "equilibrium", 
a stationary state, not an equilibrium, is established. The boundary conditions 
are that,  a t  high pressures, i.e. X << d, $1 = pz, and a t  low pressures, i.e. 
X >> d, pl/pz = (T~/T,);. Furthermore, a t  high pressures the collisions for the 
transfer of energy take place predominantly in the gaseous phase while a t  low 
pressures the collisions take place predominantly via the wall. In the inter- 
mediate pressure region, the two types of collisions are both important, to  
varying degree as  a function of the pressures. We assume that  the collisions 
may be divided into the two types, each exerts its influence independently on 
the pressures, and the resultant effects are additive. Thus, 

[7 I Pi = [ N a ~ z + N m ~ z ( ~ i / ~ z ) ~ ] / ( ~ a + ~ w ) ,  

where N G  and N w  are the number of collisions via the gaseous phase and wall 
respectively. I t  must be emphasized that N G  and N, are not necessarily the 
physical numbers, but that  they may be the equivalent numbers. The assump- 
tion of additivity may therefore be justified. 

I t  follows readily that  NG = klplpz as NG depends on the concentrations of 
molecules in both regions, where kl is a proportional constant; and N, = k2pz 
(or kz1p1) where kz (or kz') is pressure dependent. 

Further, we will assume that  $1 may be represented by a polynomial of pz, or 

[81 p1 = a p ~ + b p 2 ~ + .  . . 
Solving equation [7] by substituting the functions for N, and N, we have 

Substituting equation [8] into equation [9], bearing in mind k2 as a function 
of p's, we obtain 

in which k(pz) = kl/kz. Equation [lo] may be rewritten in the form 
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when taking only the  first two terms of equation [8]. By  following the argu- 
ment put  forward earlier (5, pp. 150-151), equation [ l l ]  is transformed into 
equation [5]. 

DISCUSSION 

Comparison with Weber Equation 
T h e  merit of the  Weber equation cannot be denied. I t  has served well as  

far a s  accuracy is concerned. T h e  start ing point of Weber's treatment is very 
sound in principle. T h e  approach of considering a stationary state established 
by the balance of a n  axial flow and a tangential flow is quite rigorous. T h a t  the 
original Maxwell treatment is inadequate t o  solve this problem has been 
adequately discussed in textbooks on the  kinetic theory of gases and needs no 
further amplification. Weber, therefore, has t o  modify some of the  Maxwellian 
terms, and an approximation is made. When the equation for the  hydro- 
dynamical region is applied to  the  molecular region, Weber is forced t o  make a 
further modification. Much of the original rigorousness is lost after the  suc- 
cessive approximations, although the  mathematical expression does not 
become any  simpler. T h e  complete solution (equations [ I ]  and [3] )is cumber- 
some yet still empirical. Actually, equations [ I ]  and [3] are simple in appearance 
but  unwieldy in use. For y1 and yz are functions of X's which are in turn 
functions of pl  and p2. Thus  to  calculate p l  for a given value of p,, the operation 
becomes extremely complicated. T h e  alternative solution found by Los and 
Fergusson makes i t  even less attractive. 

T h e  present treatment gives a very simple formula and thus  eliminates all 
the  difficulties involved in the  Weber equation. Besides, it leaves no ambiguity 
when a new gas is t o  be considered. T h e  agreement between equation [6] and 
the experimental values is t o  be shown in the  discussion t o  follow. 

I t  might be questioned whether or not the rigorous start ing mathematical 
treatment of Weber is a strong point in its favor. Actually, if the  theoretical 
treatment is of interest, then those treatments given by  Chapman (1) and de 
Groot (3) should be followed b u t  not tha t  of Weber. 

Comparison with Experiments 
For all the  published cases known t o  the  writer, T z  and p? represent the  

conditions a t  room temperature, and T 1  and p l  those a t  lower temperatures; 
the  discussion will therefore be confined t o  this understanding. 

Generally, when Ap is plotted against p?,* the  curve exhibits a single 
maximum. Equation [6] will be examined for this point. A t  Ap = maximum 
or d (Ap) /dp ,  = 0, 
[I21 a ~ e  (dJoX)?mnx = lr 

* I n  Weber's type treatment, the czlstontary way  i s  to plot Ap against 3, where 3 = + ( P I +  p?). The 
net result i s  the same. 
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Equation [12] is of considerable practical importance. I t  not only indicates 
tha t  equation [6]  gives a single maximum, but also gives the pressure a t  which 
the maximum exists. Furthermore, for a given tube, a ie .d  is constant, for 
various gases; the value of (p,),,, is therefore a function of +, only. Experi- 
mentally, the value of (p,),,,, can be determined more accurately for a larger 
difference between TI and T?.  Once it is determined, it  may be used for the 
cases of small temperature difference when direct determination often involves 
high uncertainty. The accuracy in the determination of (p,),, ,  may also be 
increased by using tubes of small diameter, which correspond to high values 
of (p?),,x, and the (p,),,, so obtained may then be used for the cases of tubes 
of large diameters. 

Since +He -- 1, by measuring (p?)mnl for helium accurately, aHe may be 
obtained with good accuracy. This malies it  possible for +, for other gases to be 
obtained with low experimental uncertainty. 

Equation [GI also makes it possible for the experimental results obtained 
with the same gas, same TI and T ? ,  but different tube diameter, to be cross- 
checlted. Thus, i f  

Y = ( A p )  . d ,  
the equation [GI gives 

Or, if Y is plotted versus X, measurements of different tube diameters will 
fall in a single curve. 

The foregoing considerations are examined with the published experimental 
results. The equation is ltnown to be applicable to the coilditions for T I  = 78" 
and 195°K. ( 5 ,  6 ,  7 ) .  In order to test its applicability over wide temperature 
variations, the data  of van Itterbeek and de Grande ( l o ) ,  which cover the 
temperature range of T I  = 20-90°K. in a reasonably systematic way, are used. 
The constants for equation [ 5 ]  a t  various temperatures are determined, and 
the curves so calculated are compared with the experimental data and also 
with the curves obtained according to  the Weber equation by the original 
authors. The agreement is in general very close. One such comparison, the 
69°K. results, is shown in Fig. 1. The open and closed points are the two sets 
of published data for d = 1.236 and 0.860 mm. respectively. The full lines are 
the curves calculated from equation [5] .  In the case of helium, the dotted 
curve represents that  calculated from the Weber equation. In the cases of neon 
and hydrogen, the difference between the Weber equation and equation [5]  
is too small to be shown. Thus, for all practical purposes, the trvo solutions, 
both empirical, are equal. 

Substituting equation [12] into equation [14] gives 

Equation [15] gives the value of Y,,,/X,,, for all gases. Thus, once the con- 
stants aHe and PHe are determined, the value of Y,,,/X,,, in all gases for all 
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X ( mm.Hg mm.) 

FIG. 1. Comparison of the curves calculated from the present equation and the U7eber 
equation with experimental data (van Itterbeek and de Grande) for helium, neon, and hydro- 
gen, a t  TI = 6g°K. Tube diameter: open points, d = 1.236 mm.; closed points, d = 0.860 mm. 
Full lines, equation [5]; dotted line, the Weber equation. 

tube sizes and a t  all temperature differentials may be evaluated readily. 
Table I gives one set of values of Yrn,,/Xrn,, for helium, neon, and hydrogen a t  
T I  = 69°K. as  an example. 

TABLE I 

Gas y- x- ymm/xmm 
(mm. Hg mm.) (mm. Hg mm.) 

Helium 0.0730 0 .63  0.116 
Neon 0.0513 0.445 0.115 
Hydrogen 0.0480 0.41 0.117 

From equation [15], one may also obtain 

Thus, the B value for each gas may be calculated from experimental data for 
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LIANG: THERMAL TRANSPIRATION 285 

each individual gas through the use of equation [16]. The ratio Bo/BHe gives 
4, which may thus be determined experimentally. 

I t  should be emphasized that the thermal transpiration effect is a function 
of the nature of the tube. This has been pointed out previously (5) and has 
since been verified experimentally (8). The accommodation coefficient un- 
doubtedly plays an important role. Thus Los and Fergusson have found that  
the effect produced in a metal tube differs from that  in a glass tube. 

The question of what role the length of the tube plays has been raised on 
many occasions. I t  is sufficient to say that  as long as the length of the tube is 
such as  to permit the establishment of the two regions a t  T I  and TS, the length 
is immaterial. If the tube is too short, then the two distinct regions cannot be 
established. In that  case, of course, the basic conditions are not met, and i t  
becomes a different problem altogether. 
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THE ADSORPTION OF ARGON ON SOME 
VACUUM DEHYDRATED SALTS1 

BY H. W. QUINN,? R. W. R / ~ I S S E N , ~  AND G. B. FROST 

ABSTRACT 

Isotherms for the adsorption of argon 011 amorphous products formed by the 
.i,acuum dehydration of several hydrated salts have been determined. These have 
shown that the adsorption is physical and that dehydratiori results in the for- 
mation of products of large capillary volume. The probable clistributioll of 
capillary dianleters has been estimated and correlated with the efiect of water 
vapor a t  low pressures in catalyzing the crystallizatio~l of the amorphous inter- 
mediates. Consideration of these findings, in the light of data for the heats of 
transition from the anlorphous to the crystalline state, suggests that the X-ray 
amorphous character is not entirely due to the capillary structure but that other 
changes occur. The possible nature of these is discussed. 

INTRODUCTION 

When certain hydrated salts are dehydrated under vacuum or a t  very 101v 
pressures of water vapor, products are obtained which do  not cliffract X-rays. 
These products crystallize into the lattice of one of the crystalline lower 
hydrates in the presence of water vapor above certain limiting pressures which 
are specific for each salt but  which depend on temperature. Crystallization 
also occurs when the amorphous material is heated a t  moderate temperatures 
for various periods. Hydrated salts known to behave in this manner are 
copper sulphate pentahydrate, zinc sulphate heptahydrate, manganous sul- 
phate tetrahydrate, niclcel sulphate hexahydrate, magnesium sulphate hepta- 
hydrate, and inanganous oxalate dihydrate. There are probably others. 

Disc~lssion of the possible mechanism of formation of amorphous material 
under vacu~lin dehydration and its subsequent crystallization in the presence 
of water vapor has been given elsewhere (5, 9). I t  appears that  as  the parent 
lattice loses co-ordinated water molecules a t  the reaction interface, a slceleton 
lattice is formed which probably collapses a t  once into either a microcrystalline 
state (the microcrystals being below the limit in dimensions required for 
X-ray diffraction), or into some state of ionic randomness resulting in a 
disordered lattice of higher energy than its normal crystalline counterpart. 
The  effect of water in inducing crystallization may be due to  a catalytic effect 
wherebj- macrocrystals are formed from microcrystals (8), or to the effect of 
adsorbed water dipoles in lowering interionic attractive forces and diffusing 
into the strained lattice, thus increasing the mobility of the disordered ions 
and enabling thein to orient themselves into an  energeticallj? stable arrange- 
ment. 

'Manuscript received Septenzber 16 ,  1954. 
Contribz~tion front the Department of Chenzistry, Qz~een's University, Kingston, Ontario. This  

paper was presented at the Symposium on Problems Relating to the Adsorption of Gases by Solids, 
held at Kingston, Ontario, Seplenzber 10-11, 1954. 

ZPresent address: Holder of a National Research Cozmcil of Canada Studentship, University of 
Toronto, Toronto, Ontario. 

3Present address: Athlone Fellow i n  Chemistry, Cambridge University, Cambridge, England. 
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The limiting pressures of water vapor above which the formation of an  amor- 
phous intermediate is not observed vary from small fractions of a millimeter to  
a few millimeters. Observed values are given in Table I .  

TABLE I 

Salt t, "C. Approximate limiting pressure (mm.) 

MIIC.O.,. 2H.O 60 0 . 2  

The rate of dehydration of inanganous oxalate dihydrate a t  a series of low 
pressures of water vapor has been determined by Voliner and Seydel (11) and 
by Topley and Smith (10). Similar rate determinations for the dehydration of 
copper sulphate pentahydrate have been made by Frost and Campbell (4), 
who interpreted these rates in terms of the formation of an~orphous inaterial 
and its subsequent crystallization. Wheeler (12) and Ford (3) have studied 
the rates of dehydration of the other salts mentioned and found that  all were 
qualitatively similar in the dependence of rate on the water vapor pressure in 
the vicinity of the reaction interface. 

Certain salts do not yield amorphous products on vacuum or low pressure 
dehydration. Nickel nitrate hexahydrate ancl magnesium nitrate hexahydrate 
undergo a series of crystalline phase changes. The  rate of dehydration of 
chrome alum has been determined by Cooper and Garner ( I )  who made 
measurements of the rate of growth of nuclei on crystal surfaces. The  product 
obtained on vacuum dehydration shows a definite pattern of X-ray diffraction 
lines, ancl the dependence of dehydration rate on water vapor pressure is quite 
different from that  observed for hydrated salts which yield X-ray amorphous 
products. On vacuum dehydration, this salt appears to  form a crystalline lower 
l ~ ~ . d r a t e  of large internal surface due to capillary formation, whereas dehydra- 
tion in the presence of water vapor a t  low pressure yields normal crystal 
aggregates. 

Ford (3) has shown that  the dependence of rate of dehydration 011 water 
vapor pressure of cobalt chloricle hexahydrate is very similar to that of chrome 
alum, and that  the mechanism of dehydration is probably the same for the 
tfvo salts. 

Frost, Moon, and Tompkins (5) have calculated values for the heat of transi- 
tion from the amorphous to crystalline forms of copper sulphate monohydrate 
and zinc sulphate monohydrate from measurements of the heat of solution of 
the amorphous and crystalline forms. Jamieson (7) has made similar determina- 
tions for magnesium sulphate monohydrate and nickel sulphate monohydrate. 
He also found that  the heat of solution of vacuum dehydrated cobalt chloride 
differed from that  of the normal crystalliue monohydrate. Since all these salts 
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when dehydrated under vacuum have higher heats of solution than their 
macrocrystalline counterparts, regardless of whether or not X-ray diffraction 
lines are shown, it will be more convenient in what follows to use the term 
['active" rather than "amorphous" to  describe them. Values of the heats of 
transition are as follows: 

ZnS04 . Hz0 (active) -+ ZnSO4 . H 2 0  (cryst.) ; AH = -7600 cal. mole-', 
CuS04. Hz0 (active) -+ CuS04 .  H 2 0  (cryst.); AH = -7170 cal. mole-', 
MgS04 . Hz0 (active) -+ MgS04 . H 2 0  (cryst.) ; AH = '-6550 cal. mole-', 
NiS04. H2O (active) --t NiS04.  H 2 0  (cryst.); AH = -4720 cal. mole-', 
CoC12 . H2O (active) -+ CoC12 . H 2 0  (cryst.) ; AH = - 13.90 cal. mole-'. 

In view of the fact that  the formation of these energy active products is a 
reaction step in the dehydration mechanism, and since the conversion of these 
products into crystalline forms depends in a very marked way on the action 
of water molecules adsorbed a t  very low pressures, it appeared desirable t o  
study the adsorption of other gases on these intermediates. I t  was thought 
that a knowledge of such factors as the types of isotherms, the adsorptive 
capacity, the capillary structure, and the heats of adsorption might throw 
light on the nature of these products and on their role in the reaction mechan- 
ism. Preliminary experimental work has indicated a small but definite adsorp- 
tion of hydrogen, carbon monoxide, and carbon dioxide. This paper, however, 
deals entirely with the adsorption of argon on various vacuum dehydrated 
salts. 

EXPERIMENTAL METHOD 

Recrystallized samples of hydrated salts were placed in a container which 
consisted essentially of two concentric cylinders of 100-mesh copper gauze, 
the sample being contained in the annular space between the inner and outer 
cylinders. The  thickness of the sample so contained was about four milli- 
meters. Dehydrations under vacuum were then carried out for several hours, 
usually a t  40°C., preliminary experiments having indicated the time required 
to reach the stoichiometric monohydrate composition. Adsorption and de- 
sorption measurements were made following dehydration without disturbing 
the sample, the usual volumetric technique being used. Following these mea- 
surements, requisite weighings were made to determine the weight loss on 
dehydration and small samples removed for the making of X-ray powder 
photographs. 

Crystalline copper sulphate monohydrate was prepared by placing penta- 
hydrate crystals in the adsorbent container and allowing them to stand in an 
oven a t  110°C. and atmospheric pressure for 60 hr. The final weight corre- 
sponded to the monohydrate composition and X-ray lines characteristic of the 
crystalline monohydrate were obtained. 

Cobalt chloride hexahydrate, when dehydrated under vacuum as described 
above, yielded a crystalline product corresponding to the monohydrate 
composition. I t  is known, however, that ,  under such conditions a sequence of 
changes occurs which involves the co-ordination of chloride ion and the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
1.

38
.3

6 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BUINN ET AL.: ADSORPTION O F  ARGON 289 

ultimate loss of hydrogen chloride. In order to determine the extent of this 
reaction, a 5-gm. sample was dehydrated, the water being trapped, and the 
hydrogen ion and chloride ion concentrations determined. I t  was found that  
approximately 0.025% of the weight loss was due to the formation of hydrogen 
chloride. Some slight heterogeneity in composition may therefore have been 
introduced from this source. 

Isotherms were obtained a t  liquid air temperatures and a t  the boiling points 
of liquid oxygen and liquid nitrogen. The temperatures of these refrigerants 
were determined during the course of the adsorption measurements by means 
of a resistance thermometer. 

RESULTS 

Argon adsorption isotherms were obtained for several dehydrated salts. 
These are shown in Fig. 1. These isotherms were obtained a t  liquid air tempera- 
ture (approximately 85°K.) with the exception of that for copper sulphate 

5 10 15 2 0 2 '-0 5 3 5 
PRESSURE : CM. 

FIG. 1. Adsorption isotherms for argon on several vacuum dehydrated salts a t  approximately 
85°K. 

which was obtained a t  90°K. All samples were of approximately the same weight 
and were all dehydrated a t  40°C. to the monohydrate composition with the 
exception of nickel sulphate which retained about 1.5 mole of water. The final 
products showed no X-ray diffraction lines except in the case of cobalt chloride, 
where weak diffraction lines were observed. 

I t  will be observed that  the isotherms are similar in type. There is very little 
difference in adsorptive capacity between the active crystalline form of cobalt 
chloride and the X-ray amorphous copper sulphate. However, the adsorptive 
capacity of the other salts, which are also X-ray amorphous, varies widely. 

In Figs. 2 and 3 are shown isotherms for active and macrocrystalline copper 
sulphate monohydrate a t  78°K. and 90°K. respectively, both adsorption and 
desorption points being shown. The adsorptive capacity is much greater for 
the active form and there is a prono~ui~ced hysteresis loop in the isotherm a t  
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5 10 15 2 0  2 5  3 0  

PRESSURE: CM. 
FIG. 2. Adsorptio~l and desorption of argon on active and crystalli~le copper sulphate 

morlohydrate a t  '78'IC. 
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FIG. 3. Adsorption and desorption of argon on active and crystalline copper sulphate 
monohydrate a t  90°1<. 
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40 

0 ADSORPTION 

PRESSURE: CM. 

FIG. 4. Co~nparison of adsorption and desorptiorl isotherms for active cobalt chloride and 
active magnesium sulphate at 78'K. 

l2 1 0 ADSORPTION I / O DESORPTION 

PRESSURE: CM. 

FIG. 5 .  Comparison of adsorption ancl clesorptio~l isotherms for active cobalt chloride 
active magnesi~~m sulphate a t  90°1<. 
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78OK. The sharp rise of the isotherm for the crystalline monohydrate a t  78OK. 
is to be attributed to the condensation of argon a t  i ts saturation pressure. 

The isotherms obtained for active cobalt chloride and for active magnesium 
sulphate a t  78OK. are shown in Fig. 4. Those obtained a t  90°K. are shown in 
Fig. 5. Pronounced hysteresis loops were obtained in the 78°K. isotherms, that  
for magnesium sulphate extending over a greater range of pressure. 

Surface area values were calculated from the foregoing isotherms using both 
the B.E.T. method and the Hiittig method (2). These values are given in Table 
11. 

TABLE I1 
SURFACE AREAS 

Adsorbent Method T, OK. V,,, (cc. per gm.) Area (sq. m. Per gm.) 

CuSOa. H2O (C) B.E.T. 78 
CuSOa.H20 (C) B.E.T. 90 
CuSOa.H20 (A) B.E.T. 78 
CUSO;. H ~ O  (A\ B.E.T. 90 
CUSO;. H;O (A j Huttig 90 
CoC12. H20 (A) Huttig 78 
CoCI?. H20 (A) Huttig 90 
MgSOa. HtO (A) B.E.T. 78 
MgSOa. Hz0 (A) Hiittig 78 
MgS04. HtO (A) Hiittig 90 
ZnSOa.Ht0 (A) Huttig 85 
NiSOd.Ht0 (A) Huttig 85 
FeS04 .  HtO (A) Huttig 85 

The adsorption data obtained from the isotherms a t  78OK. for active copper 
sulphate, crystalline copper sulphate monohydrate, active cobalt chloride, and 
active magnesium sulphate were tested for specificity in the usual manner, by 
plotting the relative volume adsorbed (v/v,J against the relative pressure 
( p / p o ) .  The results obtained are shown in Fig. 6. There is a marked absence of 
any specific effect for values of v / v ,  up to and somewhat greater than unity; 

TABLE 111 
DISTRIBUTION OF CAPILLARY DIAMETERS 

Pressure, Diameter, Position on 
Salt cm. P/po V/Vm A hysteresis loop 

Lower limit 
Sharp break in 

desorption curve 

Upper limit 

Lower limit 
First break in curve 
Second break in curve 

Upper limit 

MgSOa. Hz0 Lower limit 
First breali in curve 
Second breali in curve 

Upper limit 
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FIG. 6. Comparative specificity curves for three active and one macrocrystalline salt. 

in other words, in this region, all the adsorbents differ in adsorptive capacity 
only by reason of differences in surface area. At  higher values there is a marked 
divergence indicating a distinct difference in the distribution of capillary sizes. 

Capillary diameters have been calculated assuming the validity of the  
Kelvin equation. Some values obtained are given in Table 111. 

From Table 111, it will be observed tha t  active magnesium sulphate contains 
capillaries which are much smaller in diameter than the smallest calculated 
for either active copper sulphate or active cobalt chloride, although it does 
have a t  its upper limit capillaries which are equal in diameter to the maximum 
size shown by copper sulphate. Active cobalt chloride, on the other hand, has 
capillaries which are nearly twice as  large a s  the maximum size exhibited by 
the other two salts. 

Differentiated structure curves, obtained by plotting dvldr against r, are 
shown in Fig. 7. For cobalt chloride, the greatest contribution to  the total 
capillary volume is made b y  capillaries of diameter of approximately 20 A. 
For copper sulphate, these curves show two peaks a t  capillary diameters of 
approximately 28 A and 53 A. For magnesium sulphate there are also two 
pealcs a t  11 A and 26 A. 
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CAPILLARY RADIUS a 
FIG. 7. Differentiated structure curves. 

0.4 0.8 1.2 1.6 2.0 1 

v/v. 

FIG. 8. Change in isosteric heat of adsorption with relative surface coverage. 
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Although the most frequently occurring capillary diameter for cobalt chloride 
is smaller than the diameters calculated for copper sulphate, the differentiated 
structure curve shows that the total number of these is approximately three 
times greater than that of the 28 A diameter capillaries and somewhat over 
five times the number of the 53 A capillaries of copper sulphate. For magnesium 
sulphate, the number of capillaries of either diameter which occurs most 
frequently is comparable with that  of either diameter for copper sulphate. 
However, with magnesium sulphate, these diameters are very much smaller. 
I t  follows that the total capillary volume of magnesium sulphate is much 
smaller than that  of either copper sulphate or cobalt chloride. Since there is a 
significant number of capillaries of wide diameter in copper sulphate, it is a 
little difficult, from the differentiated structure curves alone, to correlate its 
total capillary volume with that  of cobalt chloride. However, the surface 
areas of these two active salts are nearly the same and, therefore, their capillary 
volumes must be comparable. 

Isosteric heats were calculated from the isotherms a t  78°K. and'9O0K. The 
values obtained, plotted against v/vm, are shown in Fig. 8. In all cases, there is a 
rapid decrease in isosteric heat with the extent of adsorption. The values 
calculated for active copper sulphate decrease much more rapidly than those 
for the other salts and a t  lower values of v/v,. In the vicinity of the value of 
v/vm corresponding to the formation of a monolayer, these values pass through a 
minimum. I t  was not possible to carry the adsorption measurements into a 
range of pressure from which the existence of minima for the other salts could 
be ascertained. 

DISCUSSION 

The adsorption of argon on these vacuum dehydrated salts follows, in the 
main, the pattern of the adsorption of non-polar gases on gel-like structures, 
the over-all heats of adsorption being of the order of magnitude which has been 
observed for such systems. However, there are some points of interest which i t  
appears desirable to bring out in discussion. 

I t  has been shown that,  for the three salts most carefully studied, vacuum 
dehydration yields products of large capillary volume. The capillary volumes 
of active copper sulphate and of active cobalt chloride have been shown to be 
comparable, although the former is an X-ray amorphous product and the latter 
is a crystalline product of large internal surface. Active magnesium sulphate is 
X-ray amorphous but has a smaller internal surface. 

The over-all spread in capillary diameter for the three active salts is fro111 
about 11 A to nearly 200 A. The diameters most likely to occur are much 
greater than those observed for dehydrations of the zeolitic type where the 
capillary diameters are less than 5 A. I t  follows, therefore, that the loss in water 
is accompanied by a considerable contraction in volume in the reaction zone 
and that this contraction in volume continues as the reaction interface moves 
into the dehydrating lattice. Garner and Pike (6) have observed the shapes of 
the dehydration nuclei formed on the faces of copper sulphate pentahydrate 
crystals and have shown that  dehydration occurs most rapidly along certain 
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crystal planes. Cooper and Garner (I) photographed, a t  various stages of 
growth, the nuclei formed on the dehydration of crystals of chrome alum. I t  
was shown that, as the nuclei grow, radial cracks develop around a star-shaped 
hole a t  the center of the nucleus. In the absence of direct observation, it may be 
reasonably assumed that  some like process occurs in the cases under considera- 
tion. The observed differences in most probable capillary diameter are likely 
due to differences in crystallographic character. If the parent lattice and the 
crystalline end product of dehydration differ in crystal parameters and in 
specific volume, the capillaries are likely to be large. Relative rates of dehydra- 
tion along preferred planes may be a contributory factor in the distribution of 
capillary sizes. 

The relative adsorptive capacity of the various adsorbents studied is clearly 
related to the capillary structure. Active magnesium sulphate with a surface 
area of approximately seven square meters per gram and probable distributions 
of capillary diameter about the values of 11 A and 25 A presents a much smaller 
total capillary volume than active copper sulphate or active cobalt chloride. 
The adsorptive capacities of the latter two salts are about the same, whereas 
that  of magnesium sulphate is very much smaller. 

This immediately suggests a correlation between the internal surface and the 
characteristic limiting pressures of water vapor above which amorphous 
intermediates do not occur. Cobalt chloride hexahydrate dehydrates a t  zero 
pressure of water vapor into a crystalline product of large internal surface. 
Active copper sulphate with nearly the same adsorptive capacity adsorbs a 
sufficient quantity of water a t  approximately 0.25 mm. pressure to induce 
crystallization; active magnesium sulphate of much lower adsorptive capacity 
shows a much greater stability in the amorphous state and does not crystallize 
below pressures of 4.5 mm. Of the salts for which isotherms are shown in Fig. 1, 
active nickel sulphate fits well into this correlation; active zinc sulphate does 
not. However, this salt behaves in a more complex fashion on dehydration and 
requires closer study. Although an isotherm has been reported for the dehydra- 
tion product of ferrous sulphate heptahydrate, it is probable that this salt 
undergoes a series of crystalline changes on low pressure dehydration and 
consequently does not fit into the sequence under discussion. The behavior 
of manganous oxalate dihydrate with respect to this correlation should be of 
interest. 

I t  has been pointed out that  the heat of solution of vacuum dehydrated 
cobalt chloride hexahydrate is greater by 1390 cal. per mole than that of the 
normal crystalline monohydrate. This difference may be ascribed in part to 
the large internal surface. Since however, both active cobalt chloride and active 
copper sulphate have about the same capillary volume, it might be expected 
that  the heat of solution relative to the crystalline form (or, therefore, the 
energy liberated on the amorphous to crystalline transition) of active copper 
sulphate should be of the same order as that observed for cobalt chloride. This 
is far from being the case, the value being over 7000 cal. per formula weight. 
All of the values for the X-ray amorphous to crystalline transitions, given 
earlier in this paper, are higher than those which might be expected from the 
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surface area or capillary data found, unless it is assumed that large differences 
in surface energy exist. 

This suggests tha t  some change, other than increased surface or capillary 
volume, occurs during vacuum dehydration. If there is a lack of conformity 
a t  the reaction interface between the dehydrating lattice and its crystal end 
product, it is possible that the ions of the lattice will collapse into whatever 
energy levels happen to be available, ordered arrangement being realized (as 
was suggested a t  the outset) as mobility is given to the ions by the adsorption 
and inward diffusion of water dipoles. A state of internal strain would therefore 
result which would manifest itself by a relatively high energy release on 
crystallization. 

If such a state of internal strain were also a source of surface inhoinogeneity, 
it might be expected that  some specificity in adsorption would be observed 
for the active salts with reference to their crystalline counterparts. From Fig. 6, 
it is clear that no marlied specific effects occur with active copper sulphate in 
reference to the crystalline monohydrate, a t  least up to  the formation of the 
monolayer. However, the isosteric heat of adsorption falls off much more 
rapidly with increased adsorption for active copper sulphate than for the 
crystalline monohydrate and a minimum is observed a t  approxin~ately the 
completion of the monolayer. The existence of such minima has, of course, been 
predicted theoretically and observed experimentally for certain ionic crystals. 
In the present work, no minimum has been observed for crystalline copper 
sulphate monohydrate, although a slight extrapolation of the adsorption 
isotherms suggests that one occurs just beyond the range of calculated values. 
I t  is possible that the more rapid drop in isosteric heat values and the location 
of the minimum in a lower range of adsorption for active copper sulphate has 
significance in terms of the possible ionic disorder of the surface and the effect 
of this on the induced dipoles of the adsorbed atoms. However, this possibility 
must remain in the region of speculation until more comprehensive experiments 
have been made. 
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THE FORMATION OF THIN FILMS OF IRON OXIDE' 

ABSTRACT 

I t  is assumed that the free energy of a thin film of iron oxide is a function of its 
thickness. The effect on the dissociation pressure is calculated and the condition 
for stability of thickness is stated. A possible method for measuring the free energy 
change involved in oxide film formation on metal surfaces is presented which is 
based on measurements of the e.m.f. of the dry  cell metal (oxide(oxygen. 

INTRODUCTION 

At ordinary temperatures and pressures the system iron+oxygen is unstable 
and will go spontaneously to one or more of the various iron oxides. For 
example, the equilibrium dissociation pressure of a Fe203 is about 10-80mm. 
pressure of oxygen. Hence, when the process of oxidation halts i t  is natural 
to assume tha t  kinetic conditions have imposed a very slow speed on the 
process, slow enough to give the appearance of a halt. 

The influence of resistance to change can be seen very clearly in the forma- 
tion of iron oxide films on massive iron a t  pressures of around, say, 3 cm. 
oxygen and a t  temperatures around 370°C. In this region the clear-cut result 
is obtained, by a variety of methods, tha t  the rate of increase of the film thick- 
ness is inversely proportional to the thickness. The most reasonable interpreta- 
tion of this result is tha t  the rate is controlled by the diffusion of the reagents 
through the film. Subsidiary experiments on transport processes, such as 
conduction, in oxides have checked this conclusion directly. 

This simple diffusion mechanism holds over a very wide range of film 
thicknesses-under the conditions mentioned above, from 800 A up to  thiclt- 
nesses of the order of fractions of a millimeter where the film begins to  lift: 
from the metal and to scale off the surface. The range from 0 to 800 A behaves 
anomalously, not following the diffusion law. Fig. 1 shows an oxidation for 
which the diffusion law is valid; the weight increase varies linearly with the 
square root of the time which follows from the varying of the rate of increase 
with the thicltness. Fig. 2 can be regarded as  a "blown-up" view of the anom- 
alous region in Fig. 1; the data were obtained from observation of interference 
colors and the ordinate is plotted directly as Angstrom units since the inter- 
ference colors can be correlated with film thickness. I t  is seen that  the anomal- 
ous region has been divided into two stages. At any rate, from Fig. 1 it  is 
clear that given a certain thickness iron oxide will limit the rate of its own fur- 
ther growth. 

I t  is tempting to  apply this conclusion to the data on iron oxidation a t  
room temperature. At room temperature and below, iron will take up oxygen 
to form a film in the manner shown in Fig. 3. I t  is seen that  the rate slows 

'Manuscript received September 16,  1954. 
Contvibution from Division of Applied Chemistry, National Research C O Z L ? L C ~ ~ ,  Ottawa, Canadn. 

Issued as N.R.C. No. 3495. Th is  paper was presented at the Symposirtm on Problents Relating to 
the Adsorption of Gases by  Solids, held at Kingston, Ontario, September 10-11, 1954. 
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CAULE A N D  COHEN: FILMS OF IRON OXIDE 

800 

FIG. 1. Measurements of weight gain as a function of square root ofItime. Total area of 
specimen 15 ~ r n . ~  

- 
STAGE 3 

STAGE 2 

3 

TIME - MINUTES 

FIG. 2. Curve of oxide thickness as function of time; thickness derived from color observa- 
tions. 
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R O O M  TEMP. I 

\I t , minutes 

FIG. 3. Curve of weight gain as  function of square root of time. Total area of specimen 
15 c m Z  Specimen oxidized and reduced once previously. 

practically to zero in the time shown. I t  is natural to assume that the process 
here is exactly the same as the high-temperature diffusion process, modified 
and reduced in scale by the drop in temperature, since the diffusion process 
has been found to have an activation energy of about 40 kcal. This paper will 
present an alternative explanation of the low-temperature phenomena, which 
can be extended to explain the initial section of the high-temperature curve. 
I t  will be claimed ( a )  that the film initially formed on iron a t  any temperature 
attains an equilibrium thickness, whose magnitude is a function of temperature 
and pressure, and (b) that a process of recrystallization transforms the initial 
oxide to a second variety not possessing an equilibrium thickness and that  in 
this second form the diffusion process of the type shown in Fig. 1 takes place. 
Unless, then, process (b) occurs, growth of the film will cease entirely a t  a 
certain thickness which is truly stable in the absence of the second phase. 

The most striking fact to consider is that all of the iron oxide phase is 
concentrated a t  an interface, where it is subject to peculiarly unbalanced 
forces. From this consideration comes the first assumption, that the free energy 
of the iron oxide per unit of weight or volume is a function of the thickness. 

Let the free energy of the oxide phase, Fox, be divided into two parts, one 
the free energy of the equivalent amount of iron oxide in the bulk phase, 
Fb, and the other the amount of free energy attributable to the existence of 
the oxide a t  an interface, F,. 
[I] Then Fox = Fb+ F,. 

[21 Similarly, pox = pb+p,. 

The number of moles, N ,  of oxide can be related to the thickness, r ,  by the 
following equation : 
131 N = ~ . A . P / M  

where A is the area considered, p is the density, and M the molecular weight. 
From [3] there is obtained: 

dN = (Ap/M) .dr .  
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Consequently p ,  in [2] above can be expressed as a function of r :  

At a fixed pressure of oxygen, Po,, the condition for 
equilibrium is 

This assumes that  the oxide formed is FePO,, which below 550°C. is very 
probable. 
Hence 

~ P F ~ + ~ P : , + ~ R T  In p = 2p,, = 2pb+2p,, 

from which 

161 4pke+3p;,  - 2 p i  = 2 p 8 - 3 R T  In p. 

But the left-hand side of this equation is then -LIFO, which is equal t o  
RT In K .  
Hence 
[7] RT In K = 2 p , - 3 R T  In p.  

For bulk oxide equation [7] reduces t o  K = p-3 which gives the equilibrium 
pressure when the free energy is not dependent on the thickness of film. 
Here, because of the introduction of 2 p 8 ,  p will not have the value it would 
have for bulk oxide. If p a  has a positive value, 9 will have t o  have a more 
positive value-and correspondingly for a negative value of p,. 

There is a second important factor to be considered, namely, the slope of 
the p a  VS. r curve. (a) If a p / a r  is negative in a range, no equilibrium can be 
established in the range a t  a given value of applied oxygen pressure, since a n  
increase in r will result in a lower value of p and thus a lower value of equili- 
brium pressure. (b) On the other hand, a positive value of a p / a r  in a certain 
range does permit the system to  come to  equilibrium a t  definite values of p 
which then define values of r .  From the above considerations there are seen 

(iii) p ,  < 0 (iv) P B >  0 
a~ -> ar 0 .%> ar 0 

Equilibrium Equilibrium 
No equilibrium No equilibrium possible possible 

P <  h P >  lh 9 < Pb P >  fib 
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to be four possibilities which are shown in Fig. 4. In the caption to this figure, 
pb represents the dissociation pressure of the bulk oxide. I t  will be seen that  
the most probable situation is represented by (iv). 

In the discussion so far the definition of p ,  has been by means of the 
differential equation [4]. I t  is important that it be emphasized that p ,  includes 
not only the free energy connected with the formation of the top layer of oxide 
but also the "reorganization" energy of the inner layers and of the metal- 
oxide interface. 

Another major assumption must now be made in order to account for the 
experimental facts; the primary stable film is considered to be not a normal 
oxide, but one of higher total free energy content, perhaps amorphous in 
character. There are several reasons for this condition, one of which is that it 
is extremely difficult to obtain a definite and recognizable electron diffraction 
pattern from such thin films. Another is to be found in the results of high- 
temperature oxidation; a striking graph from a series of experiments is shown 
in Fig. 5 ,  where there is clearly an induction period between stages 1 and 2. 

TEMP. 32b0c. 

PRE5SURE 3 cms. 

FIG. 5. Color measurement of thickness as function of time. 

Mott (2) has obtained the same result for copper, by a method of direct 
weighing of oxygen uptake. In general, our results indicate that stage 2 can 
be explained on the basis of a nucleation and recrystallization process occurring 
to the oxide, assumed amorphous, formed in stage 1. The induction period 
demonstrates that the oxide in stage 1 is stable in the absence of the type of 
oxide formed in stage 3, which is the normal bulk crystalline a-ferric oxide. 
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At low temperatures the transformation does not occur readily and stable 
films are left on the metal. 

The assumptions brought into the discussion so far could be tested if  there 
were a direct method of measuring free energy as a function of thickness. 
Normally one of the most direct measurements is tha t  of e.m.f., which is, 
of course, related to  free energy by: A F  = -n FE.  There is a possibility of 
such a measurement here since the oxidation of iron is electrical in character 
and a current normally does flow in the oxide (3). An over-all equation showing 
the transfer of electrons can be written: 4(Fe-3e)+3(0?+4e) -+ 2FenOa. 
In Mott's theory of oxidatioil (2) electrons are emitted from the metal through 
the oxide to  combine with adsorbed oxygen on the oxide surface; the negative 
ions then set up a field across the oxide which pulls iron ions through the oxide. 
Unfortunately the electron current, which normally is in the external circuit, 
is here in the cell itself together with the ion current. This rules out direct 
measurement of the cell e.m.f. and destroys any simple analogy to  cells con- 
taining liquid solutions. 

There have been many measurements made, notably by Haclcerman (I) ,  
of the contact potential difference between a noble reference electrode and an  
electrode of iron or other metal undergoing oxidation. The resultant readings, 
while showing that changes are taking place, have not been able to be interpre- 
ted. I t  is possible to  set up a circuit which in most respects simulates the 
oxidizing system and produces an e.m.f. analogous to contact potential. 
Fig. 6 shows the proposed analogue. 

FIG. 6. Electrical analogue to  pair of contacting metals, one of which is osidizirlg in osygen. 

In  this circuit the contact potential would appear across C2, which is a 
condenser of very low capacity similar to the electrodes ordinarily used in 
contact potential measurements. Condenser C, represents the capacity of 
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the oxide film. R1 is the resistance to electron flow of the oxide film, and Iiz 
is the resistance to  positive ion flow of the same film. El is the e.m.f. responsible 
for electron flow and according to Mott  (2) is to be equated to  W+EO- 4 
where W is the binding energy of an adsorbed oxygen ion, E0 is the electron 
affinity of oxygen, and 4 is the work function of the metal against vacuum. 
Ez is the e.m.f. equivalent to the free energy change of removing an iron ion 
from the metal and bringing it to the outer layer of the oxide. I t  is equal to 
L- WFe, where L is the sublimation energy of an iron ion and WFe is the 
binding energy in the external layer. E3 is the contact potential difference 
between iron and the reference metal. 

Before the system comes to  equilibrium, growth occurs by the passage of a 
current around the circuit including El and E2. Growth will stop when this 
current drops to zero. The condenser C1 allows simulation of the building-up 
of the charge on the surface of the oxide which is a feature of Mott's theory. 
The potential actually measured across C2, the "contact potential", is the 
algebraic sum of e.m.f.'s around the circuit-it is the negative of the voltage 
which must be inserted to  cause no current to  flow when the capacity of C? 
is altered (which is the common method of measurement of contact potentials 
by the vibrating plate method). At equilibrium, then, the measured contact 
potential will be E3-El or E3-E2 since E2 and El must be equal and opposed. 
At other non-equilibrium stages, the measured contact potential will be 
E s  - E2 +potential drop across XI. 

The free energy change involved in the oxide growth is proportional to  the 
algebraic sum of E1+E2. At equilibrium this sum is zero; consequently the 
relative magnitudes must change as the thickness increases. 

The analogue is not too useful as yet but further study may prove its 
validity and increase its usefulness. The assumptions involved in the early 
part of this paper may be extreme and based on faulty experimental data, 
since accurate oxidation experiments are difficult to do. They too await Eurther 
trial and proof. 
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HEATS O F  ADSORPTION O F  KRYPTON O N  HIGHLY 
GRAPHITIZED CARBON BLACKIJ 

ABSTRACT 

Calorimetric heats have been determined a t  -183'C. for the adsorption of 
krypton on a highly graphitized sample of carbon black. This adsorption system 
is of particular interest because of the extreme step-wise nature of the isotherm. 
Both the heat-coverage curve and the isotherm appear to  be indicative of a high 
degree of homogeneity of the adsorbing surface. 

INTRODUCTION 

Graphitized carbon blacks are among the very few known solid adsorbents 
which appear to exhibit energetically homogeneous adsorbing surfaces. 
Schaeffer, Smith, and Polley (21) have described the preparation of a number 
of these blacks. These authors (19) found a development of steps in the argon 
isotherms a t  - 195'C. on carbon blacks heat treated a t  successively higher 
temperatures up to 3000°C. (notably the 'Spheron 6' and 'P-33' series), 
which they interpreted as indicative of increasing homogeneity of the surface. 
Steps were also observed with oxygen and to a lesser extent with nitrogen as  
the adsorbate. Champion and Halsey (8) have predicted step-wise isotherms on 
homogeneous surfaces on theoretical grounds. They made use of Hill's iso- 
therm equations (14) modified so as to include the influence of the surface 
force field of the adsorbent up to the nth layer. Conversely, they have shown 
that the smoothing out of such steps on a homogeneous surface requires 
untenable assumptions, and they have therefore concluded that the more 
coinmon smooth type of isotherm must be due to surface heterogeneity. 

A number of publications froin this laboratory concerning chiefly the ad- 
sorption of nitrogen and argon on carbon surfaces show evidence of a maximunl 
value in the heat-coverage curve a t  the monolayer (3, 6, 7). The evolution of 
what is thought to be a homogeneous surface is particularly well demonstrated 
by the adsorption of argon on a series of Spheron blacks (7). With heat 
treatment to increasingly higher temperatures causing both the removal of 
oxygen and also increasing graphitization, the initial high section of the heat- 
coverage curve is gradually both lowered and flattened out,  whilst the rise 
due to lateral interaction between the adsorbed molecules thus becomes more 
clearly delineated and the maximum value a t  the monolayer shows a slight 
increase. This behavior is reflected in the second layer, but to a lesser extent, 
probably because adsorption into separate layers is less pronounced a t  that  
stage. 

'11Canl~scr ipt received Septelllber 16,  1954. 
Contribz~tiottfrom the Chemistry Department, Anhers t  College, Amherst, iMass. T h i s  work was 

strpporled by the U.S. Ofice of ~ V a v a l  Research. T h i s  paper was presented at the Synzposilrn~ o n  
Proble}t~s Relating to the Adsorptiott of Gases by Solids, held at Kingston,  Ontario, Septe~zber 10-11, 
IS5.$. 

2Work opt the adsorption of s z ~ l p l ~ u r  dioxide and arrtmonia c n  carbon surfaces, presented together 
cuitlt t l ~ t s  material at the Kingston ~ ~ t e e t i n g ,  i s  described i n  O.N.R .  Reports iVos. 4 and 5frorrz this 
laboratory and wtll be sxbmitted for jolirnal pzlblzcatzorz in  the near firlzire. 
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Further indication that there may be an increase in surface homogeneity 
with heat treatment is given by the growth of crystallites as determined by 
X-ray diffraction (19). Furthermore, taking the black P-33 (2700") as an 
example, the particles appear to have a structure approaching that of graphite 
judging from their interplanar distance, which is 3.42 A (19) as compared to 
3.35 A for graphite (17). Planar regions, probably exposed basal planes of the 
graphite type, may be distinguished on the surface of the carbon black 
particles in the electron microscope and these may well be a decisive factor in 
producing those phenomena which we attribute to a homogeneous surface. 

In this connection, Crowell and Young (10) have shown that the potential 
energy calculated for an argon atom adsorbed on the basal plane of graphite 
is quite insensitive to position a t  a given distance from the surface. The 
experimental evidence from adsorption work also points towards surface 
homogeneity in the case of graphite. Thus, for instance, Gulbransen and 
Andrew (12) found a distinct step for the initial part (up to PIP0 = 0.4) of 
a krypton isotherm on graphite. 

Undoubtedly, the removal of oxygen from the carbon particle a t  the earlier 
stages of the heat treatment plays its part in removing more 'active' sites 
and thus rendering the surface more homogeneous, an effect particularly 
noticeable with polar adsorbates. A number of adsorption and heat of wetting 
studies have dealt with this subject (4, 24). 

Along with plausible indications mentioned above, there is as yet little 
direct experimental evidence available to link the 'operationally defined' 
degree of homogeneity of a surface to its fine structure. The well known work 
of Rhodin (20) on the adsorption of nitrogen on single crystal copper surfaces, 
also discussed by Halsey (13), presents one of the most telling demonstrations 
of the difference between homogeneous and heterogeneous surfaces. On single 
crystal faces, which were demonstrably flat on the atomic scale, clean and 
undistorted, the isosteric heat of adsorption curves started with nearly 
constant values a t  lower coverage up to about e = 0.5. On polycrystalline 
copper Rhodin found disproportionately high initial heats along with the 
masking of lateral interaction effects in the adsorbate. This must have been 
caused largely by the presence of intercrystalline boundaries. 

We are indebted to Dr. G. D. Halsey for calling our attention to the extreme 
step-wise type of isotherm for the system krypton - P-33 (2700") first obtained 
in his laboratory (23). As Dr. Halsey suggested, it would obviously be interest- 
ing to obtain calorimetric heats of adsorption for this system. Because we had 
been building up a considerable backlog of adsorption data for a number of 
adsorbates on graphitized carbon blacks, i t  seemed to us worthwhile to add 
the krypton - P-33 (2700") system to the list for the purpose of comparison 
and contrast. 

EXPERI MENT.IL 

il/laterials 

The adsorbent used was the highly graphitized P-33 carbon black, heat 
treated to 2700°C. I t  was kindly supplied by Dr. W. R. Smith of Godfrey L. 
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Cabot Inc., Boston. I ts  characteristics have been previousIy described in 
detaiI by Polley, Schaeffer, and Smith (19). I t  has a B.E.T. nitrogen surface 
area of 12.5 square meters per gram. The  calorimeter was loaded with 10.18 gm. 
of this material. 

Spectroscopically pure krypton furnished by the Air Reduction Sales Com- 
pany was used as the adsorbate. 

All runs were done a t  liquid nitrogen or liquid oxygen temperatures. The  
former were read with an argon vapor pressure thermometer and the latter 
with an open-ended oxygen vapor pressure thermometer. 

L 

fl 

FIG. 1. Calorimeter. 
A ,  Glass jacket; B, platinum cylinder; C, platinum hns; D, heater;'E, Kovar-pyrex seals; 

F, Icovar-platinum seal; G, brass caps; H, thermocouple leads; J, copper-constantan thermal 
junction; K, heater leads (side arms not fully shown); L, inlet tube; iM, top seal; N, connecting 
tube to  pump and helium reservoir. 

A p p a r a t u s  and  Procedure 
The apparatus used for the determination of isotherms was of the conven- 
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tional type which has been described in previous publications from this 
laboratory (6). 

Equilibrium pressures were read on a calibrated McLeod gauge up to 19 mm. 
mercury and above that on the constant volume mercury manometer using a 
Gaertner travelling microscope. Agreement between the two in overlapping 
regions was within 1%. 

The calorimeter used in the present work is shown in Fig. 1. I t  consists of a 
platinum cylinder B, 7 cm. long, 2 cm. in diameter and of 0.25 mm. wall 
thickness. Into this was close-fitted a set of six platinum fins, C, symmetrically 
spaced about a central platinum tube of 3 mm. diameter which serves as the 
housing for heater, D. A clearance of 2 mm. is provided between the fins and 
the bottom of the cylinder to facilitate gas distribution. A platinum lid was 
silver soldered onto the cylinder after having been joined, a t  F, to a Kovar- 
pyrex seal, E. The Kovar inlet tube is 19 mm. long and has an inside diameter 
of 5.5 mm. Surrounding the platinum cylinder is a glass jacket, A ,  the spacing 
between the two being about one centimeter. One copper-constantan thermal 
junction, J, is silver soldered onto the outside of the platinum cylinder. The 
thermocouple wires (B&S No. 30 and No. 31 for copper and constantan 
respectively) are connected to short sections of heavier wire (B&S No. 18) 
and these in turn are sealed through side arms in the jacket as shown on the 
diagram a t  G. The heater leads are similarly sealed through side arms a t  K 
(not fully shown in the diagram). 

Gas inlet L consists of a short section of 3 mm. capillary tubing, which was 
completely immersed in the constant temperature bath during runs; it is 
joined onto regular 8 mm. tubing. Thermal transpiration was thus minimized 
because of the relatively large diameter of the inlet tube in the region of the 
temperature gradient. The top of the instrument, M, was open for the purpose 
of inserting the adsorbent and installing the heater and was subsequently 
sealed off. The 15 mm. tube, L, is connected through stopcocks to the vacuum 
manifold as well as to a helium reservoir. Thus the calorimeter jacket may be 
pumped out during measurements or else helium may be admitted to it, if  
rapid heat exchange is desired, as it is between separate admissions of adsorbate. 

The 160 ohm heater was wound from B&S No. 34 enamel covered 'Advance' 
wire. The coil was covered with a thin layer of aluminum foil which was held 
in place by four narrow strips of platinum shaped so as  to provide a sliding fit 
with the heater housing. 

The reference thermal junction was housed in an 8 mm. glass tube which, 
in turn, was held in a copper cylinder of 2 cm. inside diameter by a rubber 
stopper. The whole unit, not shown in the diagram, was wired to the calori- 
meter jacket. For runs a t  - 195' the inner glass tube was filled with pump oil. 
This, however, was discarded for runs a t  liquid oxygen temperature with no 
apparent change in performance of the thermocouple. 

Before each run the whole calorimeter was outgassed overnight a t  200'. 
Next, the Dewar vessel containing liquid nitrogen or oxygen was raised around 
the apparatus and the system allowed to establish temperature equilibrium 
over a period of two to three hours. To  accelerate this process, helium was 
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admitted to the jacket to a pressure of about one centimeter or higher. Finally, 
the jacket was pumped out and the instrument was then ready for measure- 
ments. 

The methods used for the measurement of electrical energy input during 
calibrations and for amplification and recording of the thermal e.m.f. have 
been described in previous publications from this laboratory. A Perkin-Elmer 
d-c. breaker-amplifier was used in conjunction with an Esterline-Angus 
automatic recorder. The procedure outlined by Beebe and Dell (4) was 
followed. 

RESULTS AND DISCUSSION 

The results of two separate runs are shown in Figs. 2 and 3. Fig. 2 represents 
the isotherm of krypton on P-33 (2700") a t  - 183" plotted as volume adsorbed 
versus relative vapor pressure. Values for the saturation vapor pressures of 
solid krypton were taken from the data  of Keesom, Mazur, and Meihuizen (16). 

FIG. 2. Isotherm, adsorption of krypton on P-33 (2700") carbon a t  -183OC.: 
0, run 1; 0, run 2. 

The highly pronounced step-wise character of this isotherm had already 
been demonstrated by Singleton and Halsey a t  the boiling temperature of 
liquid nitrogen (23). There is no appreciable difference in the sharpness of 
comparable steps a t  the two temperatures. We have also determined a krypton 
isotherm on Spheron (2700") which is known to be less highly graphitized than 
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the P-33 (2700") sample. As expected the isotherm on Spheron (2700") had a 
somewhat less step-wise character. 

Singleton and Halsey argued that  the adsorption of krypton in their case 
reached a definite limiting value a t  the saturation pressure of bulk solid 
krypton somewhere between the fifth and sixth layers. This was supported by 
a model (22) which predicts a limiting value between the fourth and fifth 
layers a t  saturation. We have repeated their calculation for the -183" iso- 
therm with the same result. Unfortunately, our data near saturation are not 
sufficiently definitive to decide between an isotherm which crosses the P/Po= 1 
ordinate or one which proceeds to a very large value a t  saturation. The latter 
was assumed to be the case with the systems studied by Beebe, Beckwith, and 
Honig (2) who employed vapor pressures of liquid krypton extrapolated to 
below the triple point. 

In Fig. 3 the calorimetric heats for krypton on P-33 (2700") a t  -183" are 
plotted as a function of the volume adsorbed. As corrections for the heats of 
compression are negligible, the calorimetric heats may be said to represent the 
true isosteric heats of adsorption. 
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FIG. 3. Heats of adsorption, krypton on P-33 (2700") carbon a t  -183°C.: 
0, run 1; 0 ,  run 2. 

The curve shows the expected rise due to lateral interaction between 
adsorbate molecules in the first layer, amounting to about 600 cal./mole 
adsorbed. A steep drop of about 1600 cal./mole occurs a t  the completion of the 
monolayer and the curve levels off a t  200 cal. above the heat of sublimation of 
krypton. The latter was calculated by means of the Clapeyron equation from 
vapor pressures given by Mathias, Crommelin, and Meihuizen (18). (The 
analogous figures for argon on Spheron (2700°C.) (7) are about 400 cal./mole 
for the rise in the first layer and 800 cal./mole for the steep drop. These figures, 
of course, are not strictly comparable, since the two carbon surfaces represent 
a different degree of homogeneity.) The same pattern is reflected in the second 
adsorbed layer of krypton, although to a much smaller extent. The maximum 
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rises only 200 cal. above the minimum value in the second layer and the well 
defined drop into the third layer amounts t o  some 250 cal. A small rise in the 
second layer for argon was observed, but the descending part following i t  is 
more gradual than with krypton; this conforms well to  the picture of less 
sharp separation into adsorbed layers in the case of argon. There is an indica- 
tion of a third step into the fourth layer in our case. Since, however, heat 
values a t  coverages higher than those reported show an unreasonably large 
scatter (undoubtedly owing to condensation effects in the calorimeter) not too 
much reliability can be claimed for the third drop a t  the end of the curve. 

The heats of adsorption and the isotherm of krypton on P-33 (2700") were 
also measured a t  - 195". Our isotherm agreed well with that  given by Singleton 
and Halsey (23) except in the first low pressure region, where our pressure 
values were somewhat higher. This was due to our not having waited longer 
than two hours for the attainment of equilibrium. Our attention was focused 
on the measurement of the heat evolved during the first few minutes following 
the admission of a gas increment to the system and the exact equilibrium 
pressure was not a critical quantity in our heat determination. The observed 
heats in the first layer a t  - 195" are more or less constant with coverage, which 
leads one to suspect initial non-selective adsorption on the most readily 
accessible part of the carbon black, followed by a subsequent redistribution 
of the krypton too slow to be detected by our calorimeter (5). Beginning with 
the first steep drop in the heat curve, agreement between the heats of adsorp- 
tion a t  the two temperatures was excellent. This is plausible, as one would not 
expect a very large temperature coefficient of the heat of adsorption; thus, for 
instance, the heats of vaporization of liquid krypton differ by only 0.14% 
over the 13" range, as calculated from the equation given by Mathias, Crom- 
melin, and Meihuizen (18). 

For the same reason i t  appears valid to  employ the integrated form of the 
Clausius-Clapeyron equation over this temperature range in order to calculate 
the isosteric heats for an intermediate temperature from the two isotherms. 
I t  is worthy of note that  the agreement was quite good beyond a coverage of 
3.0 cc./gm., if we compared the heats obtained by calorimetry with those 
calculated from the isotherms. However, the calculated heats in the region 
0-3.0 cc./gm. are far from being in agreement with the calorimetric values; 
this was to be expected because of the known errors in the pressure measure- 
ments in the region of low coverage. 

Differential and integral molar entropies were calculated from the calori- 
metric heats and the isotherm a t  -183' (1) using the equations given by 
Drain and Morrison (11). The entropy-coverage curves follow the characteris- 
tic pattern found, for instance, by Hill, Emmett, and Joyner for the system 
nitrogen-Graphon (15). Crossing of the two curves takes place a t  the mono- 
layer, where there is a minimum in the integral entropy curve. Although the 
curves as  calculated do not actually cross a t  the completion of the second layer, 
a second minimum in the differential entropy approaches the integral curve 
very closely and the curves could be said to cross within the limit of error of 
these calculations. 
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In conclusion it may be said that both the isotherm and heat data point 
again to a highly homogeneous surface in the case of P-33 (2700"). 

In view of the X-ray and electron micrograph data cited in the Introduction 
one might argue that the surface of these carbon particles consists chiefly of 
crystallites whose basal planes are arranged in directions parallel to the plane 
faces of the irregular polyhedra of the kind detectable by means of the electron 
microscope. This still leaves unanswered the question of why a surface, where 
lattice defects, crystallites in the surface oriented in directions other than 
parallel to it, and edge effects are bound to be significant factors in its topo- 
graphy, shows practically none of the experimental signs of heterogeneity 
such as smoothed out isotherms (such as type I1 of the B.E.T. classification) 
and monotonically decreasing heat of adsorption curves in the first and higher 
layers. One must remember, that the original P-33 particle before heat treat- 
ment consisted of a random arrangement of crystallites. I t  is not likely that 
these have arranged themselves to form a perfect surface of basal planes. 
Even i f  that were so, one might still expect boundaries between adjacent 
planes to be the seats of higher energy sites. Possibly the explanation is to be 
sought in terms of favorable packing of the crystallites even within the 
imperfectly ordered particle. I t  should be pointed out in this connection that 
although the distance between nearest neighbours in the hexagonal structure 
of the basal plane of graphite is 1.42 A, or slightly less than half the distance 
between basal planes, the distance across the hexagon is of the same order of 
magnitude as that between planes. Thus a non-polar adsorbate atom or 
molecule placed over the center of a carbon hexagon may well be subjected to  
forces similar to those operative over the edges of a 'bundle' of planes oriented 
in a direction normal to a geometric plane which is tangential to the surface. 
In other words, if the distance between carbon neighbors on the surface 
nowhere exceeds the interplanar distance of 3.35 A by a significant amount, 
the model of Crowell and Young (10) (or in a simpler form by Crowell (9)) 
may still be applicable for argon and other adsorbates which approach the 
surface less closely. Adsorbates with a closer approach may well be more sen- 
sitive to irregularities in the surface. I t  is therefore not surprising to find that 
a graphitized carbon black shows the symptoms of homogeneity to a more 
marked degree for krypton than it does for argon. I t  would be interesting to  
have data available for adsorbates of smaller atomic or molecular cross-section, 
such as neon or helium, on a highly graphitized carbon surface. 

The authors are indebted to Dr. G. D. Halsey for making available, prior 
to  its publication, his manuscript containing krypton adsorption data (23). 
Our thanks are also due to Dr. J. M. Holmes for his helpful suggestions in 
working out some of the experimental details of this investigation. 
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PHYSICAL ADSORPTION STUDIES IN CARBON BLACK 
TECHNOLOGY1 

ABSTRACT 

The adsorption isotherms of n-butane and butene-1 on typical furnace and 
channel carbon blacks were determined over a range of temperatures, 55O-250°C. 
The adsorption of n-butane on carbon black surfaces is attributed to physical 
adsorption; however, the extent of surface covered per unit area of carbon black 
is considerably greater a t  a given temperature than for a silica. Butene-1 is also 
physically adsorbed on the furnace blacks. The presence of approximately 3% 
chemisorbed oxygen on the surface of the channel blacks induces an isomerization 
of butene-l to cis-butene-2. When oxygen is first chemisorbed on a furnace black 
surface, then that  surface also interacts with butene-l.,,Those blacks which 
participate in the isomerization of butene-1 respond or interact" in a cyclic 
heat treated Butyl rubber -carbon black masterbatch. 

INTRODUCTION 

In the field of carbon black technology, the properties that carbon black 
imparts to inks, lacquers, and rubber compounds are largely dependent upon 
the extent of surface and the nature of the carbon black employed. Of course, 
the extent of carbon surface is easily measured by low temperature nitrogen 
adsorption or by evaluation of electron micrographs. The former estimates 
the total surface area, while the electron micrograph pictures the external 
surface area. The nature of the carbon black surface, on the other hand, 
is not as easily defined but may be characterized by the concentration and type 
of chemisorbed complexes that reside on the carbon black surface. I t  is often 
the nature of the carbon black surface that is responsible for the marked 
effects some carbon blacks produce in application. The presence of chemisorbed 
complexes accounts for such effects as slowing the rate of cure in rubber 
compounds or developing flow in lithographic inks. 

One industrial development in which the nature of the carbon black 
surface plays an important role is in the cyclic heat treatment of Butyl rubber. 
This process was developed by the Esso Laboratories and is described by 
Gessler and co-workers (2, 3, 5, 8). The cyclic heat treatment of Butyl rubber 
produces increased modulus, increased tensile, increased elasticity, and 
increased abrasion resistance. The processing involved is simply the heat 
treatment of a carbon black - Butyl rubber masterbatch a t  160°C. followed 
by milling for five minutes. This is repeated for the desired n.umber of cycles. 
The improvement in reinforcement properties is associated with the chemi- 
sorbed oxygen present on the channel black surface. Furnace blacks or "de- 
volatilized" channel blacks did not show corresponding improvement. How- 
ever, if a furnace black was first oxidized before it  was compounded in Butyl 
rubber, it then responded to the cyclic heat treatment process. I t  was postu- 

'Manuscript received September 16, 1964. 
Contribution from the Research and Development Laboratories, Godfrey L.  Cabot, Inc., Cam- 

bridge, Mass. This paper was presented at the Symposizm on Problems Relating to Adsorption of 
Gases by Solids, held at Kingston, Ontario, September 10-11, 1954. 
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POLLEY ET AL.: CARBON BLACK 

PRESSURE, MM. 
FIG. I. The effect of unsaturation at  O°C., Spheron 6. 

0 
m 65 6 Dihydromyrcene 
'g 40- -- 676 n- Decane - 

I 1 

V / ~ r n  (average) 
FIG. 2. Differential heats of adsorption a t  10O0C., Spheron 6. 
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lated that this cyclic heat treatment produces: ( I)  enhanced anchorage of 
polymer-to-carbon clusters or particles, and (2) subsequent milling disaggre- 
gates these carbon clusters by virtue of the enhanced anchorage, making 
new surface available for further polymer-carbon linkage. 

If the reinforcement developed was due to this polymer-black interaction 
as suggested, then could this interaction be studied more simply by gas phase 
adsorption of hydrocarbons analogous to  the Butyl polymer? Earlier studies 
(I)  on the heats of adsorption of the four- and five-carbon hydrocarbons on 
carbon blacks a t  0°C. were typical examples of physical adsorption. No inter- 
action was apparent between any of the adsorbed molecules and the carbon 
blacks studied. In  Fig. 1, the isotherms for cis-butene-2, butene-I, and n- 
butane on Spheron 6 carbon black are shown. Spheron 6 is a channel black having 
about 3% chemisorbed oxygen on the surface. If these isotherms were plotted 
against relative pressure, they would be nearly superimposed. Later work 
(4) with n-decane and dihydromyrcene a t  100°C. did show evidence of some 
sort of interaction of the dihydromyrcene with Spheron 6 that  was absent 
with the "devolatilized" Spheron 6, absent with the "ion-exchanged" Spheron 
6, and absent with furnace black. The heats of adsorption in Fig. 2 illustrate 
the presence of this interaction, possibly a cyclization of the dihydromyrcene. 
Unfortunately, the reaction product was not identified. 

The present work describes adsorption research continued with the four- 
carbon hydrocarbons, n-butane and butene-1, a t  higher temperatures than those 
used earlier. The temperatures were chosen to coincide with those employed 
in the Butyl heat cycling process. 

EXPERIMENTAL 

The carbon blacks chosen for study were similar types to those used by the 
Esso Laboratories and could be separated into two main groups, i.e., those that 
do not respond to the heat cycling process and those that do. With the first 
group of blacks no interaction would be expected between the butene-1 and 
the carbon black surface. With the second group, if the response to  heat 
cycling is due to polymer-carbon linkage, then there may be evidence of 
interaction between the butene-1 and the chemisorbed oxygen on the carbon 
black surface. 

The apparatus and procedures were similar to  those used in earlier experi- 
ments (I).  A constant temperature bath containing various refluxing liquids 
provided temperatures of 55", log0, and 179°C. 

RESULTS 

Fig. 3 illustrates the type of adsorption isotherm that  is obtained for butene-1 
on a variety of adsorbents a t  109°C. or roughly 115" above the boiling point 
of the butene-1. The "devolatilized" Spheron 6 is simply a standard channel 
black which has been heated to 957°C. for one hour in a vacuum to remove 
most of the chemisorbed oxygen. The surface area was 109.7 sq. meters per 
gram. The Vulcan 3 and Vulcan 9 are oil furnace blacks containing less than 
1% chemisorbed oxygen. They differ principally in surface area-the Vulcan 
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POLLEY ET AL.: CARBON BLACK 

PRESSURE, MM. 
FIG. 3. The adsorption o f  butene-1 at  10g°C., open points-adsorption; solid points- 

desorption. 

3 having an area of 77 sq. meters per gram and the Vulcan 9 having an area 
of 134 sq. meters per gram. The Cab-0-Sil is a 99y0 pure silica formed in a 
high temperature flame process. I ts  surface area is 152 sq. meters per gram. 

I To  eliminate these surface area differences, the volume adsorbed has been 
expressed as cc. (S.T.P.) per 100 sq. meters. Surprisingly enough, the volume 
of gas adsorbed a t  10g°C. is as  much as  one sixth tha t  of the volume adsorbed a t  
0°C. for the carbon blacks. Like the 0°C. data, these isotherms were completely 
reversible and reproducible. Pressure equilibration was fairly rapid-generally 
in about 10-15 min. Although not illustrated on this graph, the n-butane 
isotherm on the Vulcan 3 sample lies very close to  the butene-1 curve for the 

1 same black. The most interesting feature in this set of isotherms is the large 
I difference in the magnitude of adsorption of butene-1 on a non-polar carbon 

black surface as opposed to a polar silica surface. Our earlier work (6) with 
butene-1 on silica gel a t  O°C. revealed heats of adsorption nearly identical 
with that  of carbon black, and the silica gel isotherms when plotted per unit 
area were only about 10yo lower than that  of the carbon black. However, 
Emmett (7) found for n-butane on a silica alumina catalyst an adsorption of 
0.04 cc. per 100 sq. meters a t  100°C. and one atmosphere pressure. This is 
even a lower order of magnitude than the data for the Cab-0-Sil. 

In the second group of pigments, i.e., those tha t  do show a response to  the 
Butyl heat cycling process, standard Spheron 6 is the most familiar. Fig. 4 
shows that  the adsorption per unit area has just about doubled in volume from 
the values of the blacks in the previous graph. The solid desorption points 
on the upper curve give evidence of hysteresis. The lower isotherm, which was 
a repeat run on the same Spheron 6 sample, shows the poisoning effect of the 
first experiment. In addition, the pressure equilibration time is now greater 
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i 
0 

0 40 80 120 160 200 240 
PRESSURE. MM. 

SPHERON 6 
BUTENE- I --0-- 
n- BUTANE -0- 

n- BUTANE - 
I l l  

I 1 1 - 7  

0 4 0  80 120 I& 260 240 
PRESSURE. MM. 

FIG. 4. The adsorption of butene-1 on FIG. 5. The effect of unsaturation at 
Spheron 6 at  10g°C. 10g°C., open points-adsorption; solid 

points-desorption. 

than one hour. These isotherms do not represent true equilibrium points, as 
the final pressure reading was generally taken a t  some 95% of equilibrium. 
Considering this fact, the agreement of the two runs on fresh black in the upper 
curve is quite good. Thus, with hysteresis, poisoning, and slow pressure equili- 
bration, it appears that there is evidence of some type of interaction occurring 
between the butene-1 and the chemisorbed oxides present on the Spheron 6 
surface. This interaction is not evident when n-butane is adsorbed on Spheron 6. 
The effect of unsaturation on the adsorption isotherms for the Spheron 6 
channel black as compared to the Vulcan 3 furnace black is shown in Fig. 5. 
The non-polar Vulcan 3 surface scarcely can differentiate between the two 
adsorbates, butene-1 and n-butane. 

If this interaction was not seen a t  0°C. either in the isotherms or in the heats 
of adsorption measurements, then a t  what point does it become evident? 
Fig. 6 illustrates the effect of temperature on the adsorption of butene-1 on 
Spheron 6. The desorption points are not plotted on the 0°C. isotherm, but a t  
the high pressures they were coincident with the adsorption curve. Hysteresis 
is seen a t  55°C. though the reaction is very slow a t  this temperature. Desorp- 
tion points were not obtained on the 179" and 250°C. runs, but in these experi- 
ments the reaction rate had increased markedly. 

Two other carbon blacks, in addition to Spheron 6, have been tested in 
Butyl rubber and did respond to the heat cycling process. They are oxidized 
Vulcan 3 and an experimental channel black. These two carbon blacks shown 
in Fig. 7 have about 3% chemisorbed oxygen on the surface, while the oxidized 
Printex U has about 9%. Volatile analysis experiments now in progress have 
shown differences in the type of volatile matter that  is contained on these 
various surfaces. 

Mass-spectrometer analysis has confirmed the purity of the original butene-1 
and also has identified the desorbed gas from the butene-1-standard Vulcan 3 
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6 20 4b 6b 8 b  180 120 
PRESSURE, MM. 

I ! ! ! ! ! !  
6 40 so IZO 160 260 240 

PRESSURE, MM. 
FIG. 6. The effect of temperature on the FIG. 7. The adsorption of butene-1 a t  
adsorption of butene-1 on Spheron 6. 109°C. 

isotherm as pure butene-1. The reaction product of the butene-1-Spheron 6 
isotherm contained a mixture of butene-1 and cis-butene-2. Thus, the inter- 
action is an isomerization reaction. 

The nature of the carbon black - polymer association in the heat-cycled 
Butyl rubber is still undefined, yet, here, by a relatively simple adsorption 
experiment, i t  has been possible to predict the performance of a carbon black 
in  a heat-cycled Butyl rubber compound. 
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CHARCOAL SORPTION STUDIES 

111. THE ADSORPTION OF ETHYLENE AND PERFLUOROETHYLENE 
BY AN ACTIVATED CHARCOAL1 

ABSTRACT 

The adsorption of ethylene and perfluoroethylene by an activated charcoal 
has been measured over a range of temperatures. Integral and differential heats 
have been calculated and compared for the two gases. The  heats of adsorption 
of perfluoroethylene are consistently higher than those of ethylene, but only by 
an amount to  be expected from the difference in molecular weights. The absolute 
entropy of adsorbed ethylene has been calculated and found to  be in agreement 
with a model in which the  adsorbed moleci~les are mobile and possess a t  least 
two degrees of rotational freedom. 

INTRODUCTION 

The factors influencing the adsorption of hydrocarbons on carbon surfaces 
have been exhaustively studied by Beebe and his co-workers (1, 2). Beebe 
et al. (2) measured the heats of adsorption calorimetrically for the adsorption 
of a series of hydrocarbons on a non-porous carbon black. The hydrocarbons 
chosen were paraffins and olefins containing four or five carbon atoms, and 
included geometrical isomers and one positional isomer. I t  was found that for 
any given coverage the differential heat of adsorption was directly propor- 
tional to the number of carbon atoms in the hydrocarbon, but was independent 
of the presence of unsaturation in the compound or of the arrangement of the 
carbon atoms in the molecule. In a subsequent paper, Beebe et al. ( I )  showed 
that the heat of adsorption per carbon atom of the adsorbate was diminished 
with respect to the value found for the linear isomers, if the molecular arrange- 
ment of the adsorbate was such that one of the carbon atoms projected into 
space when the others were in the plane of the surface. For example at  a 
coverage of 0 = 0.2, the differential heat of adsorption of neopentane was 
reported by these workers to be 1.6 kcal. per carbon atom compared with a 
value of 2.5 kcal. per carbon atom for n-pentane. The work of Beebe's group 
has demonstrated that with the exception of neopentane and cyclohexane the 
differential heat of adsorption per carbon atom of hydrocarbon a t  a coverage 
of 0 = 0.2 lies between 2.5 and 2.65 kcal. per carbon atom. 

The present work was undertaken to make a careful study of the adsorption 
of a simple hydrocarbon on a carbon surface and to investigate the effect of 
replacing all the hydrogen atoms of the hydrocarbon by fluorine atoms. 
To this end adsorption isotherms are presented for the adsorption of ethylene 
and perfluoroethylene by an activated charcoal. Thermodynamic quantities 
for the adsorbed phase have been calculated by the methods outlined by 
Hill (6). 

'Manzcscript received September 16 ,  1954. 
Contribution from the Defence Research Clzemical Laboratofies, Ottawa, Canada. Also isszred 

a s  D R C L  Report No. 173. T h i s  paper was  presented at the Synzposium o n  Problems Relating to 
the Adsorption of Gases by Solids, held at Kingston,  Ontario, September 10-11, 1954. 
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McDERMOT ET. .4L.: CHARCOAL SORPTION STUDIES 321 

PROCEDURE 

The charcoal employed in this study was a zinc chloride activated maple 
charcoal of extremely low ash content whose properties have been reported 
elsewhere (10). 

The ethylene was procured from the Ohio Chemical Co. I t  was reported to 
be 99.5% pure and was used without any further purification. The perfluoro- 
ethylene was made by the pyrolysis of polytetrafluoroethylene and purified 
by low temperature fractional distillation. 

The charcoal was prepared for adsorption measurements by evacuation a t  
200°C. for a t  least 12 hr. The perfluoroethylene isotherms were measured by a 
gravimetric method. A sample of charcoal weighing approximately half a 
gram was placed in a bulb fitted with a stopcock and a tapered joint so that 
the sample could be removed from the system and weighed. The adsorption 
isotherm was measured by admitting gas to the charcoal, allowing the system 
to equilibrate, and then removing the sample from the system and weighing it. 
The weight of gas adsorbed was simply the difference between this weight 
and that of the evacuated sample. With the exception of the isotherm a t  
273.2"IC. for which an ice bath was used, simple water thermostats were used 
for the measurements a t  all the other temperatures. Isotherms were measured 
a t  273.2", 290.5", 295.B0, 302.0°, and 308.5"1<. The isotherms are plotted in 
Fig. 1 and are reversible within the experimental error of the measurements. 

PRESSURE IN CENTIMETERS 

FIG. 1. ridsorption isotherms for perfluoroethylene on charcoal. Open symbols denote 
adsorption. Closed symbols denote desorption. 

T o  achieve greater precision than was attained in the perfluoroethylene 
isotherms, the ethylene isotherms were measured volumetrically in a standard 
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volumetric adsorption system. A slightly larger sample of charcoal was used 
than that employed in the perfluoroethylene measurements, but its treatment 
prior to adsorption measurements was the same. An ice bath was used for 
measurement of the isotherm a t  273.2OK. To attain the lower temperatures 
an ethylene glycol -water bath was used which was cooled by a copper coil 
through which liquid air was circulated a t  a rate controlled by a vapor pressure 
regulator. Sulphur dioxide was used in the regulator at  260.g°K. and methyl 
chloride a t  245.4OK. The ethylene isotherms displayed a small amount of 
hysteresis over the pressure range studied. The adsorption points were somewhat 
scattered and slightly displaced in the direction of higher pressures with ref- 
erence to the desorption points. I t  was also observed that on adsorption the 
system required extremely long periods of the order of eight hours to equilibrate 
compared with short periods of about 15 min. on desorption. The short equili- 
bration times on desorption and the exact reproducibility of the desorption 
points taken over many separate runs are believed to be convincing proof 
that the adsorption points are not at  true equilibrium, but represent metastable 
states due perhaps to slow diffusion of gas into the granules of the charcoal. 
Accordingly the adsorption points have not been plotted in Fig. 2, which 

O' ~b ;o ;o 40 ;o 6'0 ;O 
PRESSURE IN CENTIMETERS 

FIG. 2. Adsorption isotherms for ethylene on charcoal. 

shows the desorption points for the isotherms a t  273.2', 260.g0, and 245.4OK. 
The absence of corresponding hysteresis effects in the perfluoroethylene- 
charcoal system can possibly be accounted for by the following: (1) the 
gravimetric method is not as sensitive as the volumetric, and (2) removal of 
the adsorption cell from the thermostat for weighing tends to obscure hysteresis 
effects if the bath temperature is lower than room temperature. 
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Thermodynamic quantities were calculated by the methods outlined by 
Hill (6). Isosteric heats and integral heats were calculated by means of the 
equations 

where QST is the isosteric heat, HG-HS is the integral heat, and the other 
symbols have their usual meaning. The fraction of the surface covered, 8, was 
estimated from the area of the charcoal as measured by the low temperature 
adsorption of nitrogen and from the areas of the adsorbate molecules as 
calculated from their liquid densities. The isosteric and integral heats are 
plotted as a function of 8 in Figs. 3 and 4 respectively. As a check on the internal 
consistency of the calculations, the isosteric heat was computed also by means 
of the equation 

and compared with the isosteric heat calculated in the usual manner. The 
measure of agreement reached in the case of ethylene is shown in Fig. 5. The 
difference between the integral molar entropy of the adsorbed phase and that 

FRACTION OF SURFACE COVERED (0) 

FIG. 3. Isosteric heats for the adsorption of ethylene and perfluoroethylene by charcoal. 
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4 I I I 
0 0.1 0.2 0.3 0.4 

I/ 

FRACTION OF SURFACE COVERED (8) 

FIG. 4. Integral heats for the adsorption of ethylene and perfluoroethyle~le by charcoal. 

0 0.1 Q2 0.3 0.4 
FRACTION OF SURFACE COVERED (8) 

FIG. 5. Isosteric heats calculated in two different ways for the adsorption of ethylene by 
charcoal. 

of the gas a t  the equilibrium pressure was computed from the equation 
SG-Ss = ( H G - H S ) / P ,  

where P is the mean temperature of the isotherms. The quantity SG-Ss is 
plotted as a function of 0 for both gases in Fig. 6. 
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3 0  I I I 

2 0  

2 
z 
m 

v, 

?I0 
v, 

0 

I I I 
0 1 0.2 0.3 0.4 
FRACTION OF SURFACE COVERED (8) 

- 

- O Cz H 4  - 
C2 F4 

I I 
0.1 0.2 0.3 0.4 

FIG. 6. Integral molar entropy changes accotnpinying the adsorption of ethylene and per- 
fluoroethylene by charcoal. 

FIG. 7. Absolute entropy of ethylene adsorbed by charcoal. Circles denote experimental 
points. Solid lines are calculated values. 

The absolute entropy, Ss, of the adsorbed ethylene was calculated from the 

FRACTION OF SURFACE COVERED (8)  
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quantity Sa-Ss using the value of 51.1 e.u. (4) for the entropy of the gas a t  a 
pressure of 1 atm. and a t  the temperature p. Experimental values of Ss are 
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presented in Fig. 7 along with theoretical curves based on three adsorption 
models. 

DISCUSSION 

Experimental values of the entropy of adsorbed ethylene are presented 
in Fig. 7 along with theoretical curves based on three adsorption models. The 
theoretical curves were calculated by means of the following equations derived 
from simple statistical thermodynamics 

where S,,, is the translational entropy, A is the area available per molecule, 
Srot is the rotational entropy, a+b+c = n is the number of degrees of rota- 
tional freedom possessed by the molecule, IA, IB, and Ic are the moments of 
inertia, and o is the symmetry number. The area available per molecule, A, 
was calculated from the relationship A = 2/N, where 2 is the area of the 
adsorbent. The first curve, labelled Scn~cu~nted(I), represents the case where the 
adsorbed molecules possess two degrees of translational freedom and one 
degree of rotational freedom in the plane of the surface. In the second model, 
Scalculnted(II), the molecules are endowed with two degrees of translational 
freedom and two degrees of rotational freedom in the plane of the surface. 
The third curve, Scdc,uted(III), is calculated by assigning the molecules two 
degrees of translational freedom and all three degrees of rotational freedom. 

Kemball (9) has suggested that a molecule that has lost one degree of 
translational freedom may acquire in its place a vibrational degree of freedom 
which may result in an entropy contribution of from 0 to 5 e.u. The following 
equations given by Kemball (9) have been used to estimate the entropy 
contribution due to vibration of the ethylene molecule: 

= L V m -4 Tmf M-4 

and Svlb = R [ ( h ~ / k T ) ( e + ~ ~ l ~ ~ -  1)-l-ln(1 -e-hvlkT)], 

where v is the frequency, L is a constant having the value 2.8 X lo1?, Vm 
is the molecular volume, and Tm is the melting point. At 25g°K., Svib was 
calculated to be 4.1 e.u. 

If interaction exists between the adsorbed molecules, an entropy contribu- 
tion may be expected from this source. However in the present experiments, 
it is hoped that the coverage is sparse enough to lead to negligible interaction 
between adsorbed molecules. Some evidence exists to show that this is indeed 
the case. Graham (5) has suggested that adsorption systems may be char- 
acterized by the form of the curve obtained by plotting the quantity 
8/(1 --O)p, which he calls the equilibrium function, against 8, the fraction of 
the surface covered. If this is done for ethylene and perfluoroethylene it is 
found that the equilibrium function decreases steadily with increasing 8. 
According to Graham, this type of behavior is characteristic of adsorption 
on a non-uniform surface with no interaction between adsorbed molecules. 
Consequently, it is believed that the contributions arising from molecular 
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interaction may be neglected up to the highest coverage attained in these 
experiments, although they would undoubtedly become important a t  higher 
coverages. If Kernball's suggestion is accepted, then the theoretical values 
presented in Fig. 7 must all be increased by 4.1 e.u. I t  is a t  once apparent that  
Scalculated(III) will be appreciably above the experimental values over the 
whole range of coverage investigated and that  SCalCUIated(I) will still be con- 
siderably below the experimental values. Thus on this basis Model I11 may be 
ruled out and it may be inferred tha t  insufficient degrees of freedom were 
assigned to  the molecule in the case of Model I. Model I1 with the addition of a 
weak vibration remains as  the final choice, and indeed the values so calculated 
account for 93% of the experimentally measured entropy. The difference 
between Sc,cu,,,d(II) plus 4.1 e.u. and the experimental values is 2.4 e.u. 
over the coverage studied. The experimental values are accurate to  approxi- 
mately 1 e.u. and the method of calculating the vibrational entropy is an 
approximate one. Therefore, the agreement noted above is satisfactory. 
de Boer (3) has also calculated entropies of hydrocarbons adsorbed on charcoal 
and concluded that  the adsorbed films are mobile. Although the authors of 
this paper believe this is true on the basis of their own findings, they do not 
feel that  de Boer was justified in reaching this conclusion. In the first place his 
calculations were based for the greater part on work done by Ray and 
Box ( l l ) ,  which although adequate for the purpose intended is not accurate 
enough for making thermodynamic calculations. Secondly, de Boer calculated 
differential entropies, which Hill (7) has pointed out are unsuitable for com- 
parison with those calculated from statistical-mechanical models. 

The heats of adsorption and the entropies of adsorption for ethylene and 
perfluoroethylene have been compared in Figs. 3 ,  4, and 6. Over the range of - 
coverage studied the heat of adsorption of perfluoroethylene is consistently 
higher than tha t  of ethylene, although the entropies are almost identical a t  
the temperatures chosen. For example, a t  0 = 0.2 the differential heat of 
adsorption of ethylene was found to  be 2.65 kcal. per carbon atom compared 
with 3.10 ltcal. per carbon atom for perfluoroethylene. These values are in 
approximate agreement with values found by Beebe et al. (1,2) for the adsorp- 
tion of a number of hydrocarbons by carbon surfaces. In the discussion which 
follows, it  will be shown that  the mode of adsorption is the same for the two 
gases and that the differences in the heat of adsorption may be accounted for 
solely in terms of the difference in molecular weight between the two com- 
pounds. The physical properties of ethylene (8) and perfluoroethylene (12, 13) 
are listed below. 

Critical Mean temp. Ads. temp. Heat of Entropy of 
temp., of a$orp., vaporization, B.P., vaporization, 

'=I<. I<. Critical kcal./mole O K .  e.u. 
temp. 

Ethylene 283 259 0.92 3.33 169 19.7 
Perfluoro- 
ethylene 
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I t  is seen that  the mean temperatures of adsorption are close to  95% of the 
critical temperatures of the two gases. Since the forces which determine the 
critical temperature of the gas are similar to those active in physical adsorption, 
the agreement between the entropy curves of Fig. 6 a t  roughly the same 
fraction of the critical temperature is interpreted as meaning tha t  the mech- 
anisms of adsorption are identical for the two gases. This is believed to  be 
exactly analogous to the agreement of the entropies of vaporization a t  the 
boiling points, which occur a t  approximately 60% of the critical temperatures. 

The quantity HG-Hs-HL is plotted in Fig. 8 as a function of 0. The 
curves fall close to  each other indicating that  the forces responsible for the 

0 
0 0.1 0.2 0.3 0.4 

FRACTION OF THE SURFACE COVERED (8) 

FIG. 8. The difference between the integral heat of adsorption and the heat of vaporization 
for ethylene and perfluoroethylene. 

increase in the heat of vaporization of perfluoroethylene over that  of ethylene 
are also responsible for the observed increase in the heat of adsorption. Since 
these two substances obey Trouton's rule quite closely, i t  may be assumed that 
the liquids are monomeric and that  the increase in the heat of vaporization of 
perfluoroethylene over that  of ethylene is simply a result of its higher molecular 
weight. Consequently, the heat of adsorption of perfluoroethylene is larger 
than that  of ethylene by an amount that  would be expected from its higher 
molecular weight. I t  is concluded therefore tha t  there is no specific interaction 
between the fluorine atoms of the fluorocarbon and the carbon surface. 
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THE ADSORPTION OF ALIPHATIC ACIDS FROM 
AQUEOUS SOLUTIONS BY POROUS CARBONS1 

BY JOHN L. MORRIS ON^ AND DAVID M.  MILLER^ 

ABSTRACT 

The maximum adsorptions of the lower members of the mono- and di-carboxylic 
acids from aqueous solutions were determined for coconut charcoals of different 
degrees of activation. Based on these results, a method for estimating pore size 
was applied to  the more finely porous charcoals. T o  corroborate the pore sizes 
estimated from acid adsorption, pore size - area distributions were calculated 
from measurements of the water vapor sorption isotherms of the charcoals. An 
alternation in the maximum amounts of adsorbed acids was observed with the 
more active charcoals. Acids with an  even number of carbon atoms had larger 
adsorptions than acids with an  odd number. The alternation was much more 
marked for the di- than for the mono-carboxylic acids. A remarkable correlation 
between the alternation of adsorptions and of melting points of both acid series 
was observed. An explanation for the general phenomenon of alternation based 
on rotational motion of molecules in the solid state is given a s  an  alternative to the  
widely held one based on tilting of molecular chains. 

A determination of the nature of the adsorbed layer is one of the principle 
objectives of adsorption studies. In the selective adsorption by a porous 
adsorbent of one component from a binary liquid mixture, two alternatives 
have been considered possible, either molecular layer adsorption (6, 10, 11) 
or capillary condensation (4, 5, 8). The present work concerning the adsorption 
of aliphatic acids from aqueous solutions by porous carbons appears to be an 
example of the first alternative. 

Linner and Gortner (11) measured the adsorption isotherms of 31 organic 
acids from water solutions by one sample of Norite charcoal, and by applying 
the Langmuir equation, they calculated the maximum amounts adsorbed a t  
higher concentrations. In the case of acid adsorption, the present work ex- 
clusively involves the direct measurement of the maximum amounts adsorbed. 
As Idinner and Gortner suggest, this is "a more valid method of comparing the 
effect of molecular structure on adsorption". 

EXPERIMENTAL 

The coconut shell charcoal samples were obtained from the Standard 
Chemical Co. Ltd., Montreal. They consisted of two series of seven samples, 
each sample removed from the steam activator a t  approximate intervals of 
24 hr. Some data on the series Charcoals 1 to 7 have already been given (10) 
and data for the series charcoals 1B to 7B are given in Table I. 

l ~ l ~ a n u s c r i p t  received September 16,  1954. 
Contribution from the Department of Chemistry, University of Alberta, Edmonton, Alberta. 

Part of this paper i s  taken from a thesis submitted to the University of Alberta i n  partial fulfillnzent 
of the requirements for the M.Sc. degree. Th is  paper was presented at the Sympos ium on Problenzs 
Relating to the Adsorption of Gases by  Solids, held at Kingston, Ontario, September 10-11, 1954. 

 associate Professor of Chemistry. 
3Graduate student, 1946-46. Present address: Science Service Laboratory, Canada Department 

of Agricultztre, University Post Ofice, London, Ontario. 
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TABLE I 

Sample No .  V o l u m e  act ivi ty  Mercury d e n ~ i t y , ~  Nitrogen a d ~ o r b e d , ~  
gm./cc. V,, m M . / g m .  

lFor the ?nethods of obtaining these data, see Lerniez~x and il/lorrison (10). 
2Determined by J. L .  Morrisorz. 

Acid Adsorption 
The data of Lemieux and Morrison for the adsorption of the aliphatic 

acids from acetic to valeric by Charcoals 1 to 7 are used here. The measure- 
ments on caproic acid and the dicarboxylic acids oxalic to adipic on the same 
charcoal series are new, as are all the measurements on Charcoals 1B to 7B. 

Caproic acid was C. P., Fisher Scientific Co.; the other monocarboxylic 
acids and malonic, succinic, and adipic acids were chemically pure grade from 
Eastman I<odaIc Co.; oxalic acid was recrystallized from technical grade, 
Central Scientific Co.; glutaric acid was prepared from trimethylene bromide 
(14). 

The procedure already described (10) was followed with slight modifications 
for the dicarboxylic acids. The adsorptions were carried out in 250-ml. ground 
glass stoppered flaslcs which were sealed by paraffin wax. At least two days 
were allowed for equilibration. The measurements on the B series were made 
a t  25.0 & O.l°C., and the dicarboxylic acids were equilibrated a t  room 
temperature. 

Owing to the large solubilities of malonic and glutaric acids, smaller amounts 
of solution and larger charcoal samples than above were used. Here 25 ml. 
portions of acid solution were added to 4 gin. of Charcoals 1 to 4 and to 3 gm. 
of Charcoals 5 to 7. They were allowed to stand until gas evolution ceased 
(seven to eight days). Then two 10-ml. samples mere titrated. The two pro- 
cedures checked for succinic acid within the experimental error. 

The adsorptions a t  four or five concentrations were determined and averaged 
for each charcoal. The average deviation for the monocarboxylic acids adsorbed 
on the B series was ~ ! ~ 2 . 0 7 ~ ,  and for the dicarboxylic acids, excluding glutaric, 
&3.670. Glutaric acid had a deviation of 3 ~ 9 . 2 7 ~ .  In all cases, the deviations 
decreased with increasing charcoal activity; for example, with Charcoal 7, 
glutaric acid deviated by 3 ~ 4 . 7 7 ~  and the average of the other dicarboxylic 
acids was &2.6Y0. 

Water  Adsorption 
To obtain an independent measure of the charcoal pore sizes, the water 

vapor adsorption isotherms were measured by the method of Wiig and Juhola 
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(23). As in their case, dibutyl phthalate manometers were used. Because they 
exhibited a very small vapor pressure (approx. 5 X cm. Hg) on the 
McLeod gauge, they were replaced by Apiezon Oil B manometers for repeat 
determinations on two charcoals. No difference mas found in the isotherms. 

At least two hour and often overnight periods were used in the measurement 
of each point of an isotherm. Six to  nine points were determined on each of 
the adsorption and desorption branches for each charcoal. T h e  isotherms 
were measured a t  22.9 O.l°C. 

RESULTS AND DISCUSSION 

Acid Adsorption 
All the data fitted Langmuir isotherms, as is generally observed for this type 

of system (6, 10, 11). Hansen, Fu, and Bartell (6) have shown that  porous 
sugar charcoal in constrast with nonporous carbons exhibits a Langmuir 
isotherm with a value of 1 for the maximum number of adsorbed layers. 
The  maximum amounts of the various acids adsorbed by the two charcoal 
series are given in Table 11. Included for convenience are the corresponding 
results obtained by Lemieux and i\/Iorrison (10). 

TABLE I1 
~\"IAXIMU&I NUMBER O F  MILLIMOLES ACID ADSORBED PER GRAM CHARCOAL 

Charcoal number (first series) 
Acid 

adsorbate 1 2 3 4 5 6 7 

Acetic 2.15 2.55 2.85 3.22 3.25 3.70 4.00 
Prouionic 1.63 2.04 2.47 2.91 2.93 3.46 3.75 
~ u G r i c  1.24 1.66 2.06 2.63 2.74 3.43 3.84 
Valeric 0.88 1.31 1.75 2.40 2.41 3.18 3.66 
Caproic 0.75 1.10 1.32 1.96 2.04 2.63 3.00 

Oxalic 1.27 1.56 1.74 2.00 2.15 2.40 2.54 
Malonic 0.60 0.78 1.09 1.40 1.52 1.62 1.87 
Succinic 0.61 0.91 1.22 1.70 1.78 2.18 2.29 
Glutaric 0.23 0.42 0.82 1.10 1.15 1.49 1.69 
Adipic 0.43 0.68 0.99 1.48 1.44 1.88 2.08 

Cl~arcoal number (second series) 

Acetic 1.90 2,14 2.59 2.74 2.89 3.15 3.36 
Propionic 1.39 1.89 2.34 2.50 2.78 3.11 3.27 
Butyric 1.01 1.71 2.24 2.45 2.82 3.19 3.39 
Valeric 0.74 1.58 2.04 2.31 2.68 3.13 3.33 
Caproic 0.44 0.98 1.46 1.73 2.15 2.54 2.70 

Maximum adsorption occurs a t  about the following concentrations for the 
various acids: caproic-0.03 M ,  oxalic-0.09 M ,  malonic-4.8 M ,  succinic- 
0.5 M ,  glutaric-3.0 M ,  and adipic-0.05 M. 

Pore Size from Acid Adsorption 
The less activated members of the two charcoal series exhibit an inversion 

of Traube's rule when it is applied to  the maximum number of moles of mono- 
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carboxylic acid adsorbed. Although some workers ( 5 ,  8) interpret this by a 
capillary condensation mechanism, we interpret it on the basis of oriented 
unimolecular adsorption and a sieving of the molecules according to chain 
length. Moreover, the fact as seen in Figs. 2 and 3 that for the less activated 
charcoals the change in the amount adsorbed for successive acids is comparable 
to the absolute adsorptions suggests that most pores are comparable in size 
to the length of the acid molecules. This suggestion led to a method for estimat- 
ing the pore size of very finely porous carbon. 

Qualitatively, the results indicate that Charcoals 1, 2, and 1B have "an 
even distribution of pore sizes" (10). On this basis, assume that the pores are 
like a set of open-ended regular cones; also assume vertical orientation of the 
monocarboxylic acids a t  the water-charcoal interface. The model is given in 
Fig. 1. The amount adsorbed will be proportional to the number of cones n, 

end s i d e  

FIG. 1. Cone model of a charcoal pore. R-pore radius, 1-acid chainylength, 1%-slant 
height of cone radius (R-l), c-"cutolf" radius. 

and the lateral area of the cones of radius (R-1) and slant height h, where 
R = pore radius and I = acid chain length. Thus 

[:I- ] x, = knh n(R-1), 

where x, is the maximum number of millimoles adsorbed per gm. charcoal, 
and k is a proportionality constant. 

For different acid chain lengths, the change in x, for the same charcoal 
will be 
[2] dx,,,/dl = -knhn. 

Here, the product nh is assumed constant as a first approximation. By substitut- 
ing for nlz in Equation [I.] we obtain 

In Figs. 2 and 3, the xTjc,, values have been plotted against acid chain length, 
the latter having been estimated from the liquid molar volume by assuming 
a common cross-sectional area of 24.3 A2 for the acid molecules (19, 22). The 
pore radii given in Table I11 were obtained from plots similar to Figs. 2 and 3 
after a correction varying from 1.2 to 3.1% was made for the alternation 
effect (to be discussed later). This correction placed the first three acids, 
acetic to butyric, on the same straight lines respectively for Charcoals 1,2, 
and l B ,  with valeric lying somewhat above in each case. 
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- - 

a c e t i c  

a c e t l c  

4 5 6 7 8 9 
M O L E C U L A R  L E N G T H ,  1. 

FIG. 2. The change ill lnaxitnurn adsorption of monocarboxylic acids with chain length for 
the first charcoal series. 

4 5 6 7 B 9 

M O L E C U L A R  LENGTH, i. 
FIG. 3. The change in maximum adsorption of monocarboxylic acids with chain length for 

the B charcoal series. 

proplonl butyrlc 

propionic b u t y r i c  v o l r r i c  

valer lc  

coproic  

caproic  
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The radii in Table I11 are the largest radii of the cones in the model, and 
depend on the molecular chain lengths chosen for the acids. In a later section 
i t  will be shown that these radii may be low by about 2A. 

TABLE 111 

PORE RADII (A) OF CHARCOALS BY ACID ADSORPTION 

Charcoal number 
Acid 

1 2 3 1B 

Ace tic 9 .7  10.9 13.9 9 . 1  
Propionic 9 .7  10.9 14.2 9 . 1  
Butvric 9.7 10.9 13.6 9 .1  

The approximation assumption that the product 'nlz' in Equation [ I . ]  is 
constant apparently has some validity because of the constancy of the radii 
of particular charcoals for the first three acids. If the product 'nh' is approxi- 
mately constant, then, on the cone model, either or both of two possibilities 
are suggested. The number of pores, n,  may be the same to all acids, in which 
case the apical angle ~vould have to increase with increasing pore radius a t  
such a rate as to keep h approximately constant, or, the apical angle may re- 
main constant, in which case the number of pores would have to decrease 
with increasing pore radius. 

Pore Radii from Water Adsorption 

The water vapor adsorption isotherms are most conveniently reported in 
Table IV. These data are taken from smoothed curves drawn through the 
experimental points when the amount adsorbed was plotted against the rela- 
tive water vapor pressure. 

The  area of charcoal occupied by water rather than the weight adsorbed, 
a t  various relative pressures, was considered the more valid parameter by 
which to compare the water adsorption radii with the acid adsorption radii. 
The distribution of pore areas for various pore radii was found in the following 
way. 

The equation of Icistler, Fischer, and Freeman (9), 

was applied to the desorption branch of the water isotherms (2). Here, A is 
the area occupied by W grams of water of molecular weight M, and surface 
tension a, at  a relative pressure of PIP,. R is the gas constant and the cos 0 
term was added by us to take account of the partial wettability of charcoal by 
water. The distribution of area with the weight of water was obtained by 
graphical integration. 

Following Fineman, Guest, and McIntosh (2) and Wiig and Juhola (23), 
the Kelvin equation was used to calculate the pore radius R a t  various relative 
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TABLE IV 
GRAMS WATER VAPOR SORBED PER GRAM CHARCOAL 

Charcoal number 

Relative 1 2 3 4 5 6 7 
pressure 

A D A D A D A D A D A D A D 

Charcoal number d 
m 

Relative 1 B 2B 3B 4B 5B 6B 7B 
E 
ul 

pressure 4 
0 

A D A D A D A D A D A D A D 5 
d 

0.10 ,0075 .0075 ,0065 .0065 ,0055 .0055 .0050 .0050 ,0060 .0060 .0040 .0040 ,0025 .0025 o 
0.20 ,0170 ,0175 ,0140 ,0140 .0130 ,0130 .0110 .0110 .0130 .0130 ,0095 .0095 ,0085 ,0085 
0.30 .0275 ,0325 ,0230 ,0265 .0230 ,0260 .0190 ,0225 .0220 .0235 .0170 ,0195 .0190 ,0190 g 
0.40 ,0410 ,0560 ,0435 .0510 ,0465 ,0530 ,0410 ,0485 ,0405 .0485 ,0335 .0400 ,0370 ,0405 
0.45 .0630 ,0840 .0670 .0815 ,0695 ,0840 ,0660 .0750 .0610 ,0770 ,0535 ,0610 ,0590 .0725 
0.50 ,1040 ,1245 ,1025 .I360 ,1145 ,1560 ,1050 ,1600 .I080 .I600 ,0890 ,1380 ,1015 ,1650 
0.55 ,1280 .I485 ,1405 .I800 ,1560 .2025 ,1720 ,2200 .I745 ,2495 .I610 .2710 .I780 ,2960 
0.60 .I410 ,1540 ,1645 .I885 .I815 .2115 ,2025 ,2325 ,2200 .2665 ,2225 .2930 ,2505 .3255 
0.70 .I530 ,1625 .I835 ,1985 ,2040 ,2205 .2215 ,2425 .2535 .2775 ,2735 ,3070 ,3045 .3440 
0.80 .I625 ,1690 ,1955 ,2055 ,2170 ,2275 .2370 .2500 .2745 ,2865 ,2995 ,3190 ,3330 ,3570 
0.90 .I710 .I740 ,2065 ,2115 ,2280 ,2330 .250 .2565 .2895 .2940 .3190 .3280 ,3560 .3670 
1.00 .I785 .I785 .2170 ,2170 ,2380 .2380 .2620 .2620 .3010 .3010 .3350 .3350 .3740 .3740 

Note: A = adsorption; D = desorption. 
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R A D I U S .  i. 

FIG. 4. The distribution of pore area with radius for the first charcoal series. 

R A D I U S ,  i. 

FIG. 5. The distribution of pore area with radius for the B charcoal series. 
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pressures, and thus a t  various adsorbed weights. In both expressions, the cos 6. 
term for partial wettability was given the value of 0.65 following the work of 
McDermot and Arne11 (12). Areas were connected to radii by their relations 
to the adsorbed weights. Then, by graphical differentiation of the plots of the  
cumulative areas a t  various pore radii (Milligan and Adams (15) did the same 
for weights), the area - pore radius distribution curves were obtained for- 
each charcoal. These are given in Figs. 4 and 5. 

Two observations may be made. Confirming the qualitative picture of the- 
pores of Charcoal 1 and 1B given by the acid adsorption results, it is seen that 
these charcoals have a fairly even pore size distribution. Also, the values of the. 
radii from water adsorption compare reasonably well with those from acid 
adsorption. 

Water-Acid "Cutof' Areas 
The combined water and acid adsorption data give another confirmation of 

the proposed model. Contrary to the suggestion (4, 5 )  that the acids are 
leaving the water solution to fill the charcoal pores, density measurements 
(16) indicate that  water from the binary mixture can penetrate further into, 
the charcoal than any of the acids4 

The areas reached by water were compared with those reached by the various 
acids. The latter were calculated by assuming vertical orientation and a 
cross-sectional adsorption area of 24.3 A2 (10, 19, 22) for the acid molecules. 
The excess area penetrated by water compared with that  penetrated by a 
particular acid was approximately the same for the first four charcoals of each 
charcoal series. The "cutoff" radii (at c in Fig. 1) corresponding to the excess 
water penetration areas were determined from the composite Kistler-Kelvin 
data and are given in Table V. The radii are the average of Charcoals 1 to-4 
and 1B to 4B. 

TABLE V 

Acid Cutoff radius, Acid chain length, 
A A 

Acetic 
Propionic 
Butyric 

Caproic 10.3 f 0 .4  8 . 5  

The differences between successive "cutoff" radii are consistent with the 
differences in acid chain lengths. However, the "cutoff" radii are about 2A 
greater than the acid lengths. This is not unreasonable in such a dynamic 
system. If these radii are approximately correct, they increase the estimated 
acid pore radii given in Table I11 by about 2A. The revised values are more 

"Such penetration woz~ld reduce the apparent selective acid adsorption but a calculation for the 
most extreme case, ualeric acid solution on Charcoal 1 ,  showed that the effect was about 3% which i s  
within the experimental error. 
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compatible with the water radii results, considering that the acids give 
external pore radii. 

Alternation in Acid Adsorption 
Alternation in the maximum adsorption of the successive members of the 

monocarboxylic series to valeric acid was observed for Charcoals 5 to  7 
(Fig. 2) and Charcoals 3B to 7B (Fig. 3). The dicarboxylic acids exhibited a 
much more marked alternation in adsorption, as shown in Fig. 6. These 

orallc malonic aucclnic  glutar ic  ad1 I c  

2 3 4 5 6 
NUMBER OF CARBON ATOMS I N  ACID 

FIG. 6. The change in maximum adsorption of dicarboxylic acids with number of carbons 
in the chain for the first charcoal series. 

observations greatly extend earlier ones made by Linner and Gortner (11) 
for the same acids on a single Norite charcoal. In their case, the monocarboxylic 
acids showed a slight alternation, without alternately larger and smaller values, 
while the dicarboxylic acids gave sufficient alternation to exhibit such a 
fluctuation. However, the authors remarked that  "the results in themselves 
are not particularly striking". 

The alternation increases with increasing charcoal activity. In the lesser 
activated charcoals, the alternation is markedly reduced, being practically 
non-existent for the monocarboxylic acids, but still quite definite for the 
dicarboxylic acids. Apparently for these charcoals progressive sieving of the 
longer molecules masks the alternation effect, and where the alternation is less 
marked as in the case of the monocarboxylic acids, the effect becomes negli- 
gible. However, alternation is not really absent even for Charcoals 1 and 1B 
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and corrections were made for the effect when the pore radii were estimated 
from the acid adsorption data. 

Alternation in many of the physical properties of a number of long chain 
homologous series of compounds is well known and appears to be a characteris- 
tic of the solid state (18). In Fig. 7, the adsorptions of the two acid series on 

Z a 4 s (I 

N U M B E R  OF CARBON ATOMS I N  A C I D  

FIG. 7. A compariso~l of the alternation in melting points of mono- and di-carboxylic acids 
with their maximum adsorptions by Charcoal 7. 

Charcoal 7 are compared with their melting points (3, 18). The scales of the 
two acid series were displaced so that each series would appear separately. 
The arbitrary elements in the figure are the adsorption and temperature 
scales which were adjusted so that a successive pair of acids approximately 
overlapped. However, the scale intervals are respectively the same for each 
acid series pointing to a remarkable correlation between the alternations 
in adsorption and in melting point. 

On the basis of X-ray evidence, Malkin (13) suggests that  alternation is 
a property of crystals with tilted molecular chains, "alternate planes of odd 
chains being less closely packed" than those of even chains. In support of his 
explanation is t h e  fact that the dicarboxylic acid chains have an unusually 
large tilt in their crystals (1). Malkin's hypothesis requires association of 
the molecules along the long axis of the chain. However, the present adsorption 
results do not point to such association on the carbon surface. The internal 
consistency of the results appears to rule out that any mixture of associated 
and unassociated molecules is adsorbed. Dimers or higher associations may be 
ruled out by the calculations which, by assuming monomers, gave pore radii 
from the acid adsorptions that were consistent with those obtained from 
water vapor adsorption. Also, the monocarboxylic acids in water solutions 
give normal freezing point depressions (7). The molal freezing point of oxalic 
acid is 3.40°C. a t  0.02 molal concentration and that of succinic 1.99' a t  0.01 
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molal. So that  although the aliphatic acids are known to associate in nonpolar 
solvents (18), they do not do so in water. Thus, it is difficult to  reconcile the 
present observations with Malltin's explanation, and we must seek an alterna- 
tive one. In fact, Malltin's hypothesis has been "vehemently criticized" as 
Smith has pointed out in his review (21). 

Referring to Charcoal 7 in Fig. 6, the straight line drawn through oxalic, 
succinic, and adipic acids is nearly parallel to that  drawn through malonic 
and glutaric acids. The same holds approximately for Charcoals 4 to 6. Since 
Charcoal 7 probably is equally open to all the acids with the possible exception 
of caproic, it appears that  the addition of two methylene groups to the acid 
chain increases the molecular adsorption area (or section area) by a constant 
amount. However, the addition of one methylene group either decreases or 
increases the section areas by a much larger but  also approximately constant 
amount. 

Quantitatively, the addition of one methylene group as  such (calculated 
for Charcoal 7 and with a cross sectional area of 24.3 & per molecule) increases 
the section area by about 2.4 A2. On the other hand, the fluctuations cause 
changes in the section areas of 12.3 & per fluctuation. I t  would appear that  
alternation is a reflection of the amount of space occupied by the carboxyl 
groups on the carbon surface, which in turn may be determined by their rela- 
tive orientation in the chain. 

In other words, the even acids in which the terminal carboxyl groups are 
trans to each other fit together closer than the odd acids in which the carboxyls 
are cis. The basic reason for this may have very little to do with tilt, but  
rather may be due to rotation of the chains along their long axis. I t  seems 
reasonable that  the cis arrangement would sweep out larger areas than the 
trans arrangement. A similar explanation may apply to melting point alterna- 
tion. 

In the case of the monocarboxylic acids the similar but  smaller effect would 
be explained by the fact that  one of the terminal groups is smaller-a methyl 
replacing a carboxyl group. 

Rotation of molecules in the solid state is not an uncommon phenomenon. 
Pauling says that  "in general it is to be expected that  rotational motion of 
molecules and complex ions of sufficiently low moment of inertia will set in 
below the melting point of the crystals" (17). Moreover, he points out that  
"the moment of inertia along a staggered chain about an axis along the chain 
would be very small". Further, Rideal and Tadayon (20) have shown the 
ease of motion of aliphatic acids in the solid state. 

The  rotational hypothesis is better able to account for the much greater 
alternation of the acids of shorter chain length (18) than is Malkin's hypo- 
thesis. The longer the chain, the more readily it will be able to accommodate 
cis rotations, and the less the carboxyl groups will dominate the rotational 
motion. Over a certain range of chain lengths we might expect a transition 
from one dominant type to  the other. Such a transition is very apparent in 
the case of the monocarboxylic acids, both from melting point and adsorption 
evidence. 
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Caproic A cid 
Caproic acid behaves anomalously compared with the lower monocarboxylic 

acids. At  higher charcoal activities, its adsorption falls off sharply, as shown 
in Figs. 2 and 3. Linner and Gortner (11) observed a similar falloff in the 
adsorption of caproic acid on Norite charcoal. A possible explanation may be 
that  its molecular chain length is sufficient to be sieved appreciably even by 
the highly activated charcoals. 

An alternative explanation is suggested by the adsorption of caproic acid 
on Charcoals 1 and 2. In Fig. 2, the falloff in adsorption is not as great as would 
be expected from caproic acids behaviour with the other charcoals. This may 
mean that caproic acids' is partially curled up, thus reducing its effective chain 
length and permitting it to  penetrate finer pores. At  the same time, the 
concomitantly higher molecular adsorption area would reduce the number of 
moles adsorbed. 

The anomalous adsorption behavior of caproic acid is paralleled by its 
melting point behavior. In a plot of the melting points of the monocarboxylic 
acids (3) against the number of carbons, a straight line drawn through valeric 
acid parallel to the melting point axis divides the plot into two parts which 
are approximately mirror images. Thus, while valeric acid is the last member 
of one group, caproic acid is the first member of the other group of acids. 
Considering the close parallel already observed between the alternations in 
adsorption and melting point, i t  is not surprising to find caproic acid behaving 
anomalously. On the basis of the rotational hypothesis given above, it is 
suggested that  over the interval valeric to caproic acids, molecular rotation 
in the crystal changes from carboxyl dominance to hydrocarbon chain domi- 
nance. 
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THE RATE OF ADSORPTION OF SOME LOW BOILING 
GASES ON A MODIFIED SARAN CHARCOAL1 

ABSTRACT 

The pyrolysis a t  300°C. of vinylidene chloride monomer adsorbed on Saran 
charcoal alters the pore structure of the charcoal so that  low boiling gases such as 
nitrogen are adsorbed slowly. The rates of adsorption of nitrogen, argon, and 
methane have been measured. They were found to  vary with pressure and tem- 
perature, and from the temperature variation an  activation energy may be cal- 
culated. A new method of deter~nining this energy is described which involves 
changing the temperature during only one adsorption experiment. 

INTRODUCTION 

Previous work had shown that  pressed Saran (polymerized vinylidene 
chloride) gave, when pyrolyzed in  vacuo, a porous charcoal in which the pores 
were comparable in size with the size of simple hydrocarbon molecules (3). 
The pores were not cylindrical for although large bullcy molecules such as 
neopentane were only adsorbed slowly, flat molecules such as benzene were 
adsorbed very rapidly as were thin molecules such as n-pentane. I t  seemed 
therefore as though there were slot-like constrictions in the charcoal, perhaps 
arising from the presence of graphitic platelets. The  molecules which were 
adsorbed slowly diffused into the charcoal by an activated process, and the 
energy of activation, E, could be measured. I t  was suggested that  E corre- 
sponded to the energy required to move a molecule from one position to  
another over the carbon surface, though for larger molecules, the energy 
required to squeeze through a small constriction may also play a part. Un- 
fortunately the kinetic experiments, which were performed a t  temperatures 
ranging from about - 50°C. upwards, were not always precisely reproducible 
even with consecutive runs on the same piece of charcoal. After each run it was 
necessary to heat the charcoal in order that the desorption should occur in a 
reasonable time, and it  was thought that  changes in the charcoal might take 
place during this heating, accounting for the irreproducibility. T o  offset these 
difficulties an attempt was made to block the interstices of the charcoal to a 
controlled extent, so tha t  smaller and lighter molecules would be adsorbed 
slowly a t  low temperatures, desorption occurring a t  room temperature. The 
charcoal was successfully blocked, but the behavior was still not reproducible. 
A t  the same time a modified method of determining E during one adsorption 
run was devised. 

EXPERIMENTAL 
Materials 

Charcoal 

Saran charcoal was prepared in the manner previously described (3). 
Oxygen was used initially in an attempt to block the charcoal, which was 

1Manuscript received September 16,  1954. 
Co?atribution from the Departntent of Chentistry, Royal Military College of Canada, Kingston, 

Ontario. This paper was presented at the Symposium on Problems Relating to the Adsorption of 
Gases by Solids, held at Kingston, Ontario, Septenzber 10-11, 1954. 

2Present address: Bell Telephone Laboratories, Mztrray-Hill, New Jersey, U.S.A. 
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DACEY AND THOMAS: RATE O F  ADSORPTION 3-15 

hung from a quartz spiral and heated a t  300°C. in an atmosphere of oxygen. 
There was, however, no change of weight and the sorption of benzene was still 
very rapid, so the method was abandoned. 

Monomeric vinylidene chloride was adsorbed rapidly a t  room temperature. 
By pumping a t  300°C. all the monomer was desorbed. But if  the charcoal was 
heated a t  300°C. in the presence of excess monomer vapor for an hour or so, 
some reaction took place, for pumping did not then remove all the monomer. 
Further heating and pumping caused further weight loss. One such sample 
with a 10yo weight increase adsorbed benzene a t  a measurable rate (loyo of 
the weight of the sample adsorbed in 25 min.) and gave a saturation value of 
0.29 cc./gm. assuming the adsorbate to have the normal liquid density. 
Heating to redness essentially restored the charcoal to its original condition. 
Another piece, treated so that the weight increase was only 7y0, adsorbed 
n-hexane more slowly (5y0 in one hour) than benzene (5yo in 22 min.) a t  
20°C., and 2-methyl-pentane not a t  all. 

Sample No. 3, on which most of the work was done, was heated a t  300' in the 
presence of monomer for four and one-half hours and after pumping at  500°C. 
for 20 min. there was a weight increase of lGyO. In this condition even nitrogen 
was not adsorbed a t  liquid air temperature and so the sample was pumped a t  
red heat for five minutes, reducing the weight increment to llyo. Nitrogen 
was now slowly adsorbed a t  90°1<. (3y0 in one hour), but although desorption 
took place within a few minutes a t  room temperature the rate of adsorption 
steadily decreased from run to run. One per cent was adsorbed in 11 min. in 
the first run, but the third run required 19 min. to adsorb the same amount. 

A further pumping a t  red heat for 10 min. reduced the weight increment to 
9.0y0 and speeded the adsorption of nitrogen. Except for occasional heatings 
a t  300°C., which increased the rate of adsorption without affecting the weight 
of the charcoal, the sample was examined in this condition. 

Nitrogen - was commercially obtained 99.99y0 pure. 
Methane - was commercially obtained 99.7y0 pure. 
Argon - was commercially obtained 99.99y0 pure. 
Benzene -was Analar grade dried with phosphorus pentoxide. 

Apparatus and Procedure 

The techniques used were similar to those described in a previous paper (3). 
About 0.07 gm. of charcoal was suspended from a quartz spiral, and the ad- 
sorption was followed by measuring the increase in length of the spiral. The 
extension of the spiral was 15 cm. for the original 0.07 gm. of charcoal. Pres- 
sures were measured with a mercury manometer. For pressures above one 
atmosphere a large manometer was used and taps were held in with special 
clamps. As the quantity of gas adsorbed during a run was small compared 
with the amount in the apparatus, the pressure remained virtually constant. 

Temperatures were measured with a platinum resistance thermometer 
calibrated a t  the National Bureau of Standards. Commercial oxygen and 
nitrogen were liquefied, and when the liquefied gases were mechanically stirred 
in a Dewar Flask, they were found to remain a t  a constant temperature, to  
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within fO.OlO, over the period necessary to measure the rate of adsorption 
(about one hour). For temperatures slightly above the boiling point of liquid 
oxygen a Dewar Flask of Freon 12 was manually thermostatted by dropping 
liquid air into a copper tube immersed in the stirred Freon. Solid carbon 
dioxide and a bath of acetone cooled by occasionally adding solid carbon 
dioxide was also used as a thermostat. With the manually controlled thermo- 
stats the temperature control was only good t o  f 0.1' but  was adequate for 
our purpose. 

The  rate of adsorption increased rapidly with temperature and as before i t  
was concluded tha t  an activated diffusion process was the rate controlling 
factor. The  activation energy, E, could be obtained by plotting the logarithms 
of the slopes of the initial straight part of the plot of amount adsorbed versus 
the square root of the time against the reciprocal of the absolute temperature. 
However, since the desorption process which was carried out a t  room tempera- 
ture seemed to  cause some change in the charcoal it  was thought desirable t o  
obtain the E value by changing the temperature during a run. This method of 
determining E was developed and tested for validity using neopentane on 
ordinary Saran charcoal as is described below. 

The Determination of E by Changing the Tem#erature During One Run 
For the initial stages of adsorption, that  is before an appreciable quantity of 

the diffusing material has arrived a t  the center of the adsorbate, i t  can be shown 
that ,  

[:[I Q = k c o  Dit+ 

where Q is the total quantity of material adsorbed, k is a constant, CO is the 
surface concentration, D is the diffusion constant, and t is the time of adsorp- 
tion (1, 2). 

Consider now two runs performed a t  temperatures T-4 and TB.  In Fig. 1 
we see using equation [I],  

, 
Q~ = k c o A ~ ;  t i ,  = k c o B ~ L  t i ,  

Similarly 
Q: = k2CiADAtA, = k2COBDBtB,. 

We thus have two values for Q,"Qu2 a t  temperatures T A  and T B  and we 
may equate these: 

Co, = co, 
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where rA and rB are the times required to adsorb between the limits Q, 
and Q, a t  the temperatures TA and TB respectively. 

Suppose now that we begin the adsorption a t  T B  until Q is reached (Fig. I), 
and a t  Q abruptly change the temperature to Trl. We may then observe the 

time 7.~ required for adsorption from Q, to Q, a t  T..l, and we may safely predict 
the time T B  by extrapolating the initial straight line plot a t  temperature TB. 

The energy of activation for the diffusion process may now be obtained from: 

I t  is apparent that  so long as we remain in the region for which equation [I]  
is valid, several temperature changes may be made and the same analysis 
applied. 

I t  was observed that  for neopentane the rate of adsorption changed 4y0 on 
changing the relative pressure a t  constant temperature from 0.1 to 0.2. When 
the relative pressure was increased from 0.2 to 0.9 the rate increased by only 
2%. We therefore conclude that  above a relative pressure of about 0.2 when 
adsorbing hydrocarbons the surface approaches saturation and Co remains 
almost constant. With neopentane our measurements were made with a 
relative pressure above 0.2. With nitrogen the saturation concentration is not 
closely approached until higher relative pressures are reached. This is discussed 
further below. 

FIG. 2. The rate of adsorption of neopentane. The temperatt~re was changed twice during 
the run. 
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This method was tested for the adsorption of neopentane on Saran charcoal. 
The results are plotted in Fig. 2. The first portion of the curve was obtained 
a t  0°C. and this straight line was extrapolated to  higher values of x/m, the 
ratio of the weight of the adsorbent to adsorbate. After 12 min. the tempera- 
ture was increased to  9.g°C. TO" and 7 9 .  go were taken between the values of x/m 
of 0.025 and 0.035. A third portion of the curve was obtained by increasing the 
temperature to 19.g°C. after 32 min. TO" and ~19.9" were now obtained between 
x/m = 0.045 and x/m = 0.055. The E calculated from the first and second 
parts of the curve was 7700 cal./mole, and that  calculated from the first and 
third was 7600 cal./mole. In most such cases the E values agreed to within 5%. 
For satisfactory results it was necessary to have fairly slow adsorption so that 
the x/m values used were less than 0.3 of the saturation value. Best results 
were obtained if the temperature changes did not exceed 10°C. 

RESULTS 

We have already indicated that  by suitable treatment with monomeric 
vinylidene chloride the charcoal could be blocked to different degrees and that 
the adsorption in these different states was controlled by the shape and size 
of the adsorbed molecules. 

Sample No. 3, after treatment with the monomer as described above, was 
saturated with nitrogen a t  90.4"K. and gave 0.29 cc./gm. as the available pore 
volume assuming the nitrogen to  have the normal liquid density. In the 
untreated charcoal the corresponding figure is 0.46 cc./gm. Since during its 
treatment with monomer the original charcoal had increased its weight by 
about 0.1 gm./gnl., and as one may assume that the density of the material 
remaining in the charcoal is of the order of unity, we conclude that the adsorbed 
monomer does not block off large volumes but rather only bloclts off that vol- 
ume which it  occupies, this being consistent with the picture of slot-like pores 
offered in the previous paper (3). This is supported by the behavior of benzene 
on another piece of charcoal which had also adsorbed about 0.1 gm./gm. The 
volume available to benzene was 0.28 cc./gm., whereas the original charcoal 
had 0.40 cc./gm. available to benzene. 

The experiments described below were carried out on sample No. 3 which 
adsorbed nitrogen slowly and benzene and larger molecules not a t  all. 

Nitrogen 

For nitrogen the variation of CO with relative pressure was investigated in 
some detail. The pressure was changed in the middle of the run but the tem- 
perature was not altered; the time of passage between two values of x/m was 
determined in a manner similar to that described above. From the relation 
7*/7B = c ~ ~ D ~ / c ~ ~ D ~  assuming that the coefficient of diffusion is indepen- 
dent of pressure, we can arrive a t  a relative value of Co a t  the two pressures. 
A typical run is shown in Fig. 3. By several such experiments a t  a series of 
overlapping pressures it is possible to build up a relative isotherm. Such an 
isotherm is shown in Fig. 4 which was calculated from data obtained a t  - 183OC. 
except for one run a t  - 196°C. where the relative pressure was changed from 
0.29 to  0.99. I t  is seen to be of the Langmuir type without a large uprising as 
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Fig.4 NL .2 .4 .6 .8 

Relative Pressure 

FIG. 3. The rate of adsorption of nitrogen. The pressure was changed during the run. 
FIG. 4. The relative isotherm for nitrogen on the outer surfaces. 

P/pO approaches unity. At $/Po = 0.2 the surface was found to be only 75% 
saturated so it seemed best for the determination of E to make runs a t  different 
temperatures with p/pO close to unity where the surface concentration should 
remain reasonably constant if the differences in temperature were not too 
great. The results of several such runs together with other runs in which p/pO 
did not equal unity are presented in Table I. A typical experimental run is 
shown in Fig. 5. 

TABLE I 
ADSORPTION OF NITROGEN, ARGON, -4ND METHANE ON SAMPLE 3 

Run , . 1 emperatures, "I<. Relative pressure E, Slope of x / m  
hio. 7 - 1  Tz a t  T I  a t  T? cal./nlole against 1% a t  T I  

Heat of liquefactio?c of nitrogetz at i t s  6.p. = 1330 cal./mole'* 

Heat of liquefactio?c of argon at i ts  6.p. = 1500 cal./tnole 

Heat of liquefaction of methane at i t s  6.p. = 2210 cal./n7ole 

34 194.75 215.17 16.2 cm. 74.5 cm. 7160 ,00343 
35 194.71 215.27 44.0 cm. 74.0 cm. 2880 ,00619 
37 116.20 129.20 p/p" = .90 p/p" = .89 4350 .0014 

*Heat of adsorptiotz on Saratz cl~arcoal at satz~ration pressure = 3200 cal./mole (3 ) .  

Argon 
Argon a t  liquid nitrogen and oxygen temperatures was adsorbed a t  a rate 

comparable with the rate a t  which nitrogen was adsorbed. In Table I are given 
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FIG. 5. The rate of adsorption of nitrogen. The temperature was changed during the run 
while the surface concentration remained constant. 

the results of two runs on Sample 3. Between these runs methane had been 
adsorbed and the charcoal had been heated to 400°C. which had caused a loss 
in weight of 0.3y0. A saturation value a t  90.0g°K. gave a pore volume of 0.26 
cc./gm., assuming the normal liquid density for the adsorbed argon. This is in 
fair agreement with the nitrogen value. 

Methane 
Methane was adsorbed slowly. At first adsorption was studied above the 

critical temperature of methane (190.7"K.), then near its boiling point 
(111.7"K.). The results are given in Table I. 

DISCUSSION 

When vinylidene chloride is adsorbed on Saran charcoal it may be removed 
readily by pumping a t  room temperature and therefore does not polymerize. 
However, i f  the system is heated to 300°C. it cannot be removed. The adsorbed 
vinylidene chloride therefore polymerizes inside the capillaries of the charcoal. 
This polymer on further heating undoubtedly loses hydrogen chloride and would 
no doubt all eventually decompose leaving only carbon. 

The additional carbon-polymer complex does not block off large voids in the 
original carbon because as was shown above the total pore volume was reduced 
by an amount roughly equivalent to the space required for the weight increase 
observed. 

The carbon-polymer complex probably blocks off many of the entrances 
into the porous structure of the original carbon. At the same time the many 
entrances which musf remain unblocked are reduced in size. This is clear from 
the fact that  on the original charcoal both nitrogen and benzene were rapidly 
taken up while on the modified sample nitrogen was taken up slowly but ben- 
zene not a t  all. We therefore conclude the modification carried out as described 
above alters the slot-like constrictions which existed in the original sample, 
probably closing some of them completely while reducing the size of the others 
so that  a benzene molecule cannot enter while a methane molecule can. 

Unfortunately, a carbon with pores so small that small molecules could be 
adsorbed slowly a t  low temperatures and desorbed a t  room temperature did 
not overcome the difficulty of subtle changes occurring which altered the rates 
of adsorption from run to  run. This phenomenon was attributed, in the case of 
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ordinary Saran charcoal, to the heating necessary for desorption but i t  appears 
now that the act of adsorption and desorption without heating above room 
temperature is sufficient to bring about small structural changes in the 
adsorbent. 

However, despite this difficulty, methods were devised as described above, 
which make it possible to estimate the value of the energy of activation. The 
E values for nitrogen cannot be said to be entirely consistent though except 
for run 25 i t  appears that  when the relative pressure is high, so that the changes 
in surface concentration brought about by the temperature changes are not 
great, E has a value of approximately 2000 cal./mole. For those runs in which 
the relative pressure has been lcept nearly constant, a t  the two temperatures, 
a t  a comparatively low value, the E values are below 2000 cal. Presumably 
this is because the increase in temperature a t  the low coverage produces a large 
decrease in surface concentration which is not fully compensated for by the 
increase in pressure. This is to be expected if the heat of adsorption a t  low 
surface coverage is greater than the heat of vaporization of the liquid. 

In considering the data on argon it must be noted that between runs 33 
and 38 methane had been adsorbed and the charcoal had been heated to 400° 
which had caused a 0.3% loss of weight. This treatment seems to have sub- 
stantially altered the adsorption kinetics. E has increased and the rate de- 
creased, however, if E alone had changed, the slope of the x/m vs. .\/t plot 
should have decreased by a factor of 1300 where in fact i t  has only decreased 
by a factor of 5.3. I t  seems that although in run 38 the diffusion process re- 
quires a higher activation energy the steric limitations have become much less 
stringent. 

Considering Table I ,  the data on methane, the first two runs show that a t  
low coverage the surface concentration is very sensitive to temperature 
changes, which is to be expected since a t  low coverage the heat of adsorption 
will be high. Thus the E values for these runs are of little significance, but for 
run 37, in which the pressures were kept near the saturation pressure, the E 
value should be more meaningful. 

REFERENCES 
1. BARRER, R. M. Diffusion in and through solids. Cambridge University Press, London. 

1951. 
2. BARRER, R. M. and IBBITSON, D. A. Trans. Faraday Soc. 40: 206. 1944. 
3. DACEY, J. R. and T~oaias, D. G. Trans. Faraday Soc. 50: 740. 1954. 
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D~DOUBLEMENT DES a- E T  P-HYDROXYLAUDANOSINES1 

SOMMAIRE 

Les hydroxylaudanosines, a- e t  P - ,  ont 6t6 dCdoubl6es en leurs 6nantiomorphes 
e t  les constantes physiques de ces derniers d6terrnin6es. Dans des conditions 
identiques le papav6rinol ne s'est pas dCdoubl6 en ses antipodes optiques; a u  
contraire, il a donn6 de la papavhraldine lors des essais de d6doublernent avec 
les acides d-tartrique, 1-rnalique, e t  d-carnphresulfonique. 

INTRODUCTION 

Le papavkrinol (11) e t  les hydroxylaudanosines (111) sont obtenus, le 
premier par l'oxydation de la papavCrine (I) e t  les derniitres par la rCduction 

CH2 CH-OH H CH-OH 
I I I 

du mCthochlorure de papavCrino1 (4). 11s possitdent respectivement un et deux 
carbones asymbtriques laissant ainsi prCvoir l'existence de deux et de quatre 
isomsres optiques. Les quatres Cnantiomorphes des hydroxylaudanosines 
rCunis deux B deux donnent deux formes rackmiques connues sous le nom 
d'a- e t  de P-hydroxylaudanosines. D'autre part le papavCrino1 se prCsente 
Cgalement B 1'Ctat racCmique. Le but du prCsent travail Ctait de dCdoubler ces, 
diverses formes racbmiques. 

Parmi les multiples procCdCs utilisCs pour le dCdoublement des substances 
racCmiques nous avons choisi la mCthode de Ingersoll (2) qui se pr&te le mieux 
au dCdoublement de l'une ou l'autre des trois catCgories de formes racCmiques 
possibles. Par cette mCthode nous avons dCdoublC l'a- et la P-hydroxylaudano- 
sine en utilisant les acides d- et dl-tartriques comme agents de dCdoublement. 
Ce meme proc6dC appliquC au papavCrino1 avec les acides d-tartrique, 1- 
malique, e t  d-camphresulfonique n'a permis I'isolement d'aucun sel. Le dC- 
doublement ne s'est pas effectuk. Une base de p.f. 210°C. a cependant kt6 
obtenue lors des essais de dhdoublement avec les deux premiers acides e t  c'est 
la m&me qui prbcipite dans les deux cas; car il n'y a aucun abaissement du 
point de fusion si on melange les deux Cchantillons en proportions Cgales. Cette 
substance possPde une fonction cktonique comme le montre la formation d'une 

'Manz~scrit reGu le 29 septefnbre, 1954. 
Contribz~tion du De'partement de Ch,inzie de 1' Universite' Laval, Qz~e'bec, Que'. 
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FERRON ET L'ECUYER: DEDOUBLEMENT 353 

2,4-dinitrophknylhydrazone. Elle a kt6 dkfinitivement identifike comme ktant 
la papavkraldine. Comme le point de fusion du mCthiodure du composk is016 
(148-150°C.) diffkrait considkrablement de celui qui est donn6 par Menon 
(5), nous avons synth6tisk la papavkraldine selon la mkthode de Taylor (6) 
e t  prkpar6 son mkthiodure. Son p.f. est bien 148-150°C. et il ne varie pas 
lorsqu'on m6lange le mkthiodure avec celui qu'on obtient B partir de la base 
isolke au cours des essais de dkdoublement du papavkrinol. 

Cette transformation du papavkrinol en papavkraldine est sans doute due B 
une oxydation atmosphkrique du genre de celle que subit la dihydroyobyrine 
pour donner la yobyrone (3). 

Les pouvoirs rotatoires ont kt6 dkterminks sur des solutions B lye pour le 
d-tartrate de la d-a-hydroxylaudanosine, le I-tartrate de la l-a-hydroxy- 
laudanosine, le d-tartrate de la d-P-hydroxylaudanosine, et le 1-tartrate de la 
1-P-hydroxylaudanosine ainsi que pour les bases optiquement actives obtenues 
par la neutralisation de chacun de ces sels e t  les pouvoirs rotatoires spkcifiques 
ont Ctk calcul6s. 

PARTIE EXPERIMENTALE 

Dtdoublement de L'a-hydroxylaudanosine 
De l'a-hydroxylaudanosine (4.00 g., 0.011 mole) e t  de I'acide d-tartrique 

(1.605 g., 0.011 mole) sont dissous dans l'alcool kthylique absolu (40 ml.) B 
116bullition. Par refroidissement B la tempkrature ambiante on obtient une 
gomme dont la cristallisation s'amorce lentement e t  se continue pendant 
une semaine. Le d-tartrate bien cristallisk est alors filtr6, lav6 avec quelques 
millilitres d'alcool absolu, et le filtrat (a) mis de c6t6 pour I'isolement de I'autre 
isomPre. Le sel (4.965 g.) est cristallisk une premiPre fois dans l'alcool B 85y0 
(50 ml.) contenant un peu d'acide d-tartrique pour emp&cher la dissociation 
du sel e t  laissk pendant une semaine B la temperature ordinaire en contact 
avec les eaux-mPres. Les cristaux sont alors filtrks et le filtrat (b) est ajoutk au 
filtrat (a). Le d-tartrate de la d-a-hydroxylaudanosine (2.145 g.) est lav6 avec 
quelques millilitres d'alcool kthylique B 85y0 e t  recristallisk dans le m&me 
solvant (30 ml.). Cette deuxiPme cristallisation fournit le sel pur de p.f. 208- 
209°C. Rendement: 60% (1.68 g.). Calculk pour C,1H2,05N.C4H6O6: C,  57.4%; 
H ,  6.4%. Trouvit: C, 57.5%; H ,  6.3%. [a], = f76.2' (c, 1.004 dans l'eau). 
Le sel est ensuite dissous dans I'eau (35 ml.) et la solution rendue alcaline par 
addition d'un excPs de soude 3N. La base pr6cipite et fournit apr&s une cristal- 
lisation dans l'alcool absolu (6-7 ml.) la d-a-hydroxylaudanosine pure de 
p.f. 151°C. Rendement: 60y0 (1.19 g.). [a]D = f84.2" (c, 1.057 dans le chloro- 
forme). 

Les filtrats rkunis (a et b) sont kvaporks 5 sec sur bain-marie, le rksidu est 
dissous dans l'eau (30-35 ml.), et  la solution alcaliske par un excPs de soude 3N. 
La base prkcipitke est extraite au chloroforme. La  solution chloroformique est 
skchke, filtrke, puis 6vapori.e B sec sur bain-marie. Le r6sidu (2.84 g., 0.007 mole) 
est trait6 B 1'6bullition par de l'acide dl-tartrique (2.28 g., 0.014 mole) dans 
l'alcool absolu (20 ml.). Par refroidissement, un sel cristallise. On le laisse 
skjourner une semaine B la temp6rature ambiante. Le 1-tartrate (3.32 g.) est 
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ensuite filtrC, lavC avec quelques millilitres d'alcool B 85% (35 ml.) contenant 
un peu d'acide dl-tartrique. RecristallisC dans l'alcool B 85%, le I-tartrate de la 
I-a-hydroxylaudanosine est obtenu B 1'Ctat pur, p.f. 207°C. Rendement: 52% 
(1.49 g.). [a], = -75.9" (c, 1.001 dans l'eau). Le sel est ensuite dissous dans 
l'eau (35 ml.) e t  la solution neutralisbe B la soude N. La base qui prCcipite est 
filtrCe et lavCe B l'eau. Une cristallisation dans l'alcool (4-5 ml.) donne la 
I-a-hydroxylaudanosine pure de p.f. 151°C. Rendement: 47% (0.95 g.). 
CalculC pour C Z I H Z ~ O ~ N :  C, 67.5%; H ,  7.3%. TrouvC: C, 67.6%; H ,  7.1%. 
[a], = -86.4" (c, 1.209 dans le chloroforme). 

Un mClange B parties Cgales des deux inverses optiques, la d- e t  la I-a- 
hydroxylaudanosine, a un p.f. de 138°C. qui est le p.f. de la base radmique, 
l'a-hydroxylaudanosine. 

On proc2de avec les m&mes quantitCs de substances exactement comme 
prCcCdemment lors du dCdoublement de l'a-hydroxylaudanosine. Le d- 
tartrate de la d-/3-hydroxylaudanosine (3.32 g.) prCcipite d'abord. u n e  pre- 
mi2re cristallisation dans l'alcool absolu (35 ml.) et une deuxi2me dans l'alcool 
Cthylique B 9570 (30 ml.) fournit le sel pur de p.f. 190-191°C. Rendement: 
61.5% (1.76 g.). [a], = -19.5" (c, 1.000 dans l'eau). 

La  base obtenue par neutralisation du sel est cristallisCe une fois dans 
l'alcool B 50% (10 ml.) e t  donne la d-/3-hydroxylaudanosine pure de p.f. 104°C. 
Rendement: 47% (0.94 g.). CalculC pour Cz,Hz705N: C, 67.5%; H ,  7.3%. 
TrouvC: C, 67.270; H,  7.3%. [a], = f 11.2" (c, 1.030 dans le chloroforme~. 

Le I-tartrate est obtenu par l'action de l'acide dl-tartrique (1.74 g., 0.012 
mole) sur la base I-impure (2.16 g., 0.006 mole) dans l'alcool absolu (15 ml.). 
Le sel qui se dCpose par refroidissement est laissC au contact des eaux-m&res 
pendant une semaine B la tempCrature ambiante. Le sel (1.82 g.) est ensuite 
filtrC et lavC avec quelques millilitres d'alcool absolu. Apr&s une cristallisation 
dans l'alcool B goy0 (25 ml.) il donne le I-tartrate de la I-/3-hydroxylauclanosine 
pur de p.f. 189-190°C. Rendement: 50.5y0 (1.44 g.). CalculC pour CzlHZ705N. 
C~Hsos :  C, 57.4%; H ,  6.4%. TrouvC: C,  57.1%; H ,  6.4%. [a], = f20.0" 
(c, 1.000 dans l'eau). 

L'alcalisation de la solution aqueuse du sel par la soude 3 N  donne la I-/3- 
hydroxylaudanosine. Celle-ci a p r b  une cristallisation dans l'alcool B 50% 
(8-10 ml.) est pure e t  a un p.f. de 103°C. Rendement: 34% (0.68 g.). [a], 
= - 12.3" (c, 1.056 dans le chloroforme). 

La dbtermination du point de fusion d'un mClange B parties Cgales des deux 
antipodes, la d- e t  la I-/3-hydroxylaudanosine, donne 109°C. qui est le p.f. 
de la /3-hydroxylaudanosine radmique. 

Essais de dddoublement du papavt?rinol 

Du papavCrino1 (1.121 g., 0.003 mole) e t  de l'acide d-tartrique (1.00 g., 
0.006 mole) sont dissous dans l'alcool Cthylique absolu (10 ml.) B llCbullition 
e t  laissCs B la temperature ambiante durant quatre mois. Le produit cristallin 
qui s'est alors dCposC est filtrC, lavC avec quelques millilitres d'alcool absolu, 
et sCchC. Cette substance (0.46 g.) insoluble dans l'eau et soluble dans le chloro- 
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forme donne par cristallisation dans le dioxane (5 ml.) un produit (0.28 g.) 
de p.f. 210°C. Un autre essai Q partir de 2.0 g. de papaverin01 et de 0.946 g. 
d'acide d-tartrique a donne apr2s 22 jours 0.463 g. de produit brut. Si cepen- 
dant l'acide I-malique (0.38 g. pour 1.0 g. de papaverinol) est employe, la 
quantitC du produit de p.f. 209°C. obtenu n'est que de 0.10 g. La m&me sub- 
stance a kt6 isolee au cours de ces trois essais. C'est ce qu'ont montrC les deter- 
minations de points de fusion mixtes. Cette substance basique forme une 
2,4-dinitrophCnylhydrazone de p.f. 25&251°C. CalculC pour C26H2608N6: 
C, 58.3%; H, 4.7%. Trouv6: C, 58.3%; H,  4.4%. C'est donc une cetone. Un 
mhthiodure de p.f. 14&150°C. (dkc.) a Cgalement 6t6 prepare. I1 cristallise 
dans l'alcool Cthylique. CalculC pour C21H2606NI: C, 50.7%; H, 4.8%. TrouvC: 
C, 50.1%; H,  4.6%. 

Comme le point de fusion (148-150°C.) du methiodure ne correspondait pas 
Q celui (133-135OC.) qui est donne par Menon (5)' de la papaveraldine a 6tC 
prCparCe par la methode de Taylor (6). Cette papaveraldine synthetique a 
egalement un p.f. de 210°C. seule ou mClangCe au compose isole. Le point de 
fusion de son mkthiodure est aussi le m&me que celui du methiodure de la base 
isolee, soit 148-150' (dec.), et il n'est pas affect6 par le melange des deux sels. 
Calcule pour la papaveraldine C20H1906N: C, 68.0%; H ,  5.4%. Trouv6 pour 
le compose isole: C, 67.7%; H,  5.9y0. I1 s'ensuit donc que la base isolee est la 
papaveraldine. 
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KINETICS OF THE CUPRIC ACETATE CATALYZED 
HYDROGENATION OF DICHROMATE IN AQUEOUS SOLUTION1 

ABSTRACT 

In aqueous solution, cupric acetate was found to act as a homogeneous 
catalyst for the reduction of dichromate by hydrogen, i.e. 

Cr207-- + 3 H2 + 8 H++2 Cr+++ + 7 H2O. 
[Cu (OAc) 21 

The paper describes a kinetic study of this reaction. Rates were determined 
a t  temperatures between 80" and 140°C. and hydrogen partial pressures up to 
27 atmospheres. The rate is independent of the dichromate concentration but 
varies directly with the partial pressure of hydrogen and is nearly proportional 
to the concentration of cupric acetate. The activation energy is 24,600 calories per 
mole. Cupric acetate, apparently acting as  a true catalyst, activates the hydrogen 
through formation of a complex with it. An extension of the mechanism proposed 
earlier for the reaction of cupric acetate itself with hydrogen also accounts for the 
kinetics of the dichromate reaction. 

INTRODUCTION 

Dakers and Halpern (3) have recently shown that  cupric acetate reacts 
homogeneously in aqueous solution with molecular hydrogen as follows: 

2Cu(OAc)2+Hz+HzO -+ CuzO+4HOAc. [I] 

The kinetics of this reaction are described in an earlier paper (3). The rate 
can be expressed by the equations: 

-d[Cu(OAc)z]/dt = kz'[Cu(OAc)?] p H z  = ~z[CU(OAC)Z] [Hz] PI 
where PH2 is the partial pressure of hydrogen above the solution. 

kz', apparently independent of the hydrogen pressure and solution composi- 
tion, was given by : 

k2' = 6.15 X 101° exp [--24,20O/RT] atm.-' min-l. [31 

T o  account for this kinetic behavior the reaction was postulated (3) to 
proceed through the following sequence of steps, the first step being rate 
determining: 

k 
Cu(OAc)z+Hz -+ Cu(0Ac)z-Hz PI 

slow 
followed by: 

Cu(OAc)z.H2+Cu(OAc)z+H20 -+ cu~0+4HOAc.  [51 
fast 

Cupric acetate thus appears to have the property of being able to activate 
molecular hydrogen homogeneously, through the formation of a complex with 

1Manuscript received September 17, 1954. 
Contribution from the Department of Mining and Metallurgy, University of British Columbia, 

Vancouver, B.C. This  work was szrpported by a grant from tize National Research Council of 
Canada and a Fellowship award to one of the authors (E.  P.) from the Consolidated Mining and 
Smelting Conzpany of Canada Ltd. 
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it, as represented in equation [4]. Only two other instances of comparable 
homogeneous activation of hydrogen, one involving cuprous acetate (1, 2, 8) 
and the other dicobalt octacarbonyl (5, 9) as the activating species, have 

I previously been reported. This appears to be the first time that this type of 
I 

I activation has been observed in aqueous solution. The detailed mechanism of 
1 
I the process and its relation to the more common phenomenon of heterogeneous 

catalytic activation of hydrogen have not been resolved. 
The reaction sequence represented in equations [4] and [5] above implies 

that cupric acetate should also be capable of functioning as a homogeneous 
catalyst for the reactions with hydrogen of other compounds which are 
thermodynamically reduced more readily than cupric acetate itself, but which 
do not react with hydrogen in the absence of a catalyst for kinetic reasons. 

In accord with this it was found that the homogeneous reduction of dichro- 
mate salts by molecular hydrogen in aqueous solution, represented by the 
ea uation : 

Cr20~-+3H2+8H+ + 2Cr++++7H20, [GI 

would proceed only in the presence of dissolved cupric acetate, the latter 
apparently acting as a true catalyst. The present paper describes a kinetic 
study of this reaction, undertaken with a view to obtaining further information 
about the mechanism of the hydrogen activation process. 

? EXPERIMENTAL 
Sodium dichromate, cupric acetate, sodium acetate, and acetic acid, all of 

Reagent Grade, were supplied by Nichols Chemical Company. The solutions 
were prepared by dissolving weighed quantities of these chemicals in distilled 
water. Commercial hydrogen gas, supplied in cylinders by Canadian Liquid 

I 
Air Company, was used without further purification. 

The experiments were conducted in the stainless steel autoclave described 
in an earlier paper (3). Three liters of solution of desired composition were 
placed in the autoclave which was then sealed, flushed with nitrogen, and 
heated to the reaction temperature, maintained to within f 0.3"C. Hydrogen 
was introduced and maintained a t  a desired partial pressure with a standard 
gas pressure regulator. The solution was stirred with an impeller of 2.5 in. 
diameter which rotated at  900 r.p.m. Samples of the solution were withdrawn 
periodically for analysis. The concentration of unreacted dichromate was 
measured with a Becltman DU Spectrophotometer using the 3300 a absorption 
peak. Cupric acetate concentrations were determined electrolytically. 

RESULTS 

In the absence of cupric acetate, no reaction between dichromate and hydro- 
gen could be detected up to temperatures of 160°C. and hydrogen partial 
pressures of 30 atm. When cupric acetate was present, the reduction of di- 
chromate proceeded measurably a t  temperatures as low as 80°C. Spectro- 
photometric identification of the product, chromic acetate, confirmed that the 
stoichiometry of the reaction is represented by equation [6]. 
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I\! I I 

100 20 0 300 

TIME - MINUTES 

FIG. 1. Typical rate curves for the reactions of dichromate and cupric acetate with hydrogen. 
Temperature, 100°C. Hz partial pressure, 13.6 atm. 

The course of a typical experiment is depicted in Fig. 1. At constant tem- 
perature and hydrogen partial pressure, the concentration of CrzOT-- always 

TABLE I 
RATE OF REACTION BETWEEN HYDROGEN AND DICHROMATE IN  SOLUTIONS OF DIFFERENT 

COMPOSITION 

[Cu(OAc)z] = 0.1 M./liter, Temp. = 10O0C., Hz partial pressure = 13.6 atm. 

Solution composition Rate of CrzOi--reduction 

Expt. [NanCr?O,], [NaOAcl, [HOAc], ko X lo', k j  X lo4, k.,' X 10", 
No. M./liter M./liter M./liter mole .liter-' mln.-l atm.-'min.-' 

m~n.-1 

*Stirring velocity reduced to 600 7.p.m. I n  all otlzer experinzents stirring velocity was 900 ?.p.m. 
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decreased linearly with time, corresponding to  zero order kinetic behavior, i.e. 

I Values of the zero order rate constant, ko, determined from the slopes of the 
rate plots were reproducible to  within ~ 5 %  (see Table I). 

Further evidence for zero order kinetic behavior is provided by the results 
in Fig. 2 and Table I, which show ko to  be independent of the initial Cr207-- 
concentration. The  fact that  the rate was unchanged when the stirring velocity 
was varied from 600 to 900 r.p.m. indicates that  the reaction was not limited 
by solution of hydrogen. 

I 

TIME - MINUTES 

FIG. 2.  Rate curves for the reduction of dichromate by hydrogen. [Cu(0Ac)~], 0.10 PI. jliter. 
Temperature, 100°C. H? partial pressure, 13.6 atm. 

Fig. 1 shows that  the concentration of cupric acetate remained constant as  
long as dichromate was undergoing reaction. This was always found to  be the 
case and is in accord with the view that  cupric acetate is a true catalyst for 
the dichromate reaction. Only when the reduction of dichromate was complete, 
did the cupric acetate react with hydrogen to  form cuprous oxide according to 
equation [I]. The first order kinetic behavior of this reaction, shown in Fig. 1, 
is in quantitative agreement with that  reported earlier (3). Apparently the 
reduction of cupric acetate is not affected by the previous dichromate reaction 
or by the presence of small amounts of chromic salts in the solution. 

The dependence of the rate of the dichromate reaction on the concentration 
of cupric acetate provides further support for the catalytic role of the latter. 
The results in Figs. 3 and 4 show that the rate increases in a nearly linear 
manner with increasing cupric acetate concentration, i.e. 

Actually the relation is seen to  be not quite linear, k3 showing a tendency t o  
fall off slightly with increasing [CU(OAC)~]. Thus a t  100°C. and 13.6 atm. of 
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Cu(OAcle 

TIME - MINUTES 

FIG. 3. Rate curves for the reduction of dichromate a t  different concentrations of cupric 
acetate. Temperature, 100°C. Hz partial pressure, 13.6 atm. 

[CU(OAC)~] - M O L E S  PER LITRE 

FIG. 4. Dependence of the rate of reaction of dichromate on the concentration of cupric 
acetate. Temperature, 100°C. HZ partial pressure, 13.6 atm. 

hydrogen, the value of kg, extrapolated to zero [Cu(OAc)z] (see Fig. 4), is 
given by: 

k3O = 0.00101 mole Cr20,-/mole Cu(0Ac) ,/min. [91 

At the highest cupric acetate concentration investigated, i.e. 0.25 M./liter, 
the value of ks was found to be 0.00087 or about 14% lower. The significance 
of this decrease will be discussed later. 
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The reduction of dichromate was studied a t  hydrogen partial pressures 
ranging from zero to 27.2 atm. The results, plotted in Fig. 5, show the rate t o  be 
directly proportional t o  the partial pressure of hydrogen throughout this 

2 0  - 

I 
t 

2 
X 

0 5 10 15 2 0 2 5  

H, PARTIAL PRESSURE - ATMOSPHERES 

FIG. 5. Dependence of the rate on the hydrogen partial pressure. Temperature, 100°C. 

range. Assuming that the solubility of hydrogen follows Henry's Law (3, 7), 
this relation also implies that the rate is proportional to the concentration of 
molecular hydrogen in solution. 

The kinetics of the reaction are thus seen to conform to the bimolecular 
rate equation : 

- d[Cr2Oc]/dt = k;[Cu ( O A C ) ~ ] P H ~  = h[Cu (OAc) Z] [Hz]. [lo] 

The following relations are also seen to hold : 

and 

where a is Henry's constant denoting the solubility of hydrogen. 
There is evident a formal similarity between equation [lo] and equation [2], 

which expresses the rate of reaction of cupric acetate with hydrogen. Relations 
similar to equations [ l l ]  and [12] also apply in the case of the cupric acetate 
reaction (3). 

The rate of the dichromate reaction was measured a t  temperatures ranging 
from 80' to 140°C. The results were found to  give a good Arrhenius plot shown 
in Fig. 6. The activation energy, calculated from the slope of this plot, is 
24,600f600 cal. per mole, in good agreement with the value of 24,200f 800 
cal. per mole reported earlier for the reaction of cupric acetate itself with 
hydrogen (3). I t  should be noted that  in the series of experiments where the 
temperature was varied, the partial pressure of hydrogen, and not its con- 
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FIG. 6. Arrhenius plot for the c~rpric acetate catalyzed reaction of dichromate with hydrogen. 

centration in solution, was held constant. The apparent activation should 
therefore be corrected for the change in solubility of hydrogen with tempera- 
ture. This correction is probably small. 

In most of these experiments the solutions contained, in addition to sodium 
dichromate and cupric acetate, 0.25 M./liter of sodium acetate and 0.5 M./liter 
of acetic acid. The pH was thus buffered a t  a value of about 4.5 and changed 
ver>- little during the course of reaction. That  these values are not critical is 
indicated by the results in Table I which show that wide variations in the 
acetate and acetic acid concentrations were substantially without effect on 
the rate. 

DISCUSSION 

The kinetic similarity of the dichromate and cupric acetate reactions sup- 
ports the view that both have the same rate controlling step. In each case the 
pattern of kinetic behavior suggests that the rate is determined by a bimolecu- 
lar process involving one molecule of cupric acetate and one molecule of 
hydrogen. The hydrogen must become activated in this step so that its sub- 
sequent reaction with either reducible substrate to give the observed reaction 
products is rapid. 

A reaction mechanism incorporating such a rate controlling step has already 
been proposed for the reduction of cupric acetate (see equations [4] and [5]). 
An analogous mechanism can be written for the dichromate reaction, i.e. 

k 
3Cu(OAc)z+3H2 + ~ C U ( O A C ) ~ . H ~  [I31 

slow 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

11
8.

97
.2

11
.1

8 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



PETERS A N D  I-IALPERN: KINETICS 

followed by: 

3Cu(OAc)z.H2+Crz07--+8H+ -+ 2Cr++++7Hz0+3Cu(OAc)z. [14] 
fast 

The role of cupric acetate is seen to be that of a true catalyst, since it is regener- 
ated as long as dichromate is undergoing reduction. 

At 10O0C., the rate constant for the cupric acetate reaction, kz', was found 
to be 4.45 X lop4 atm.-I min.-I (3). From equation [9], the value of the corres- 
ponding rate constant for the dichromate reaction, kdl, extrapolated to zero 
cupric acetate concentration, is seen to be 7.45 X 10-5 atm.-I min-l. The ratio 
kzl : k4' is thus found experimentally to be 5.95, in agreement with the theo- 
retical value of 6.0, corresponding to the fact that the reduction of Crz07-- 
involves six electrons as compared with one for CU(OAC)~.  

Thus measurements of the dichromate reaction rate and of the cupric 
acetate reaction rate both yield the same value of k. I t  has previously been 
shown (3) that this value corresponds to a frequency factor of 4.8 X 1013 liter 
mole-' min.-I, or an equivalent activation entropy, AS;, of -6.5 e.u. These 
values are normal (3, 4, 6) for a simple bimolecular process such as that  
represented by equation [13]. 

The reaction mechanisms which have been proposed for both the dichromate 
and cupric acetate reactions thus appear to be in quantitative agreement with 
the kinetic results. In particular, this agreement may be taken as supporting 
the conclusion that cupric acetate rather than one of its reduction products 
(i.e. cuprous acetate or cuprous oxide) is the species responsible for activating 
~nolecular hydrogen. Other evidence for the same view has previously been 
presented (3). In the present case the evidence appears fairly conclusive, since 
no cupric acetate is reduced until all the dichromate has reacted. This is of 
special interest in view of Calvin's earlier work (1, 2), showing that cuprous 
acetate activates hydrogen homogeneously in q~iinoline solutions. I t  appears 
that the mechanism of activation in the two systems is not the same. 

I t  is probable that the observed slight decrease in k4' (and hence in the ap- 
parent value of the ratio k4' : kz') with increasing cupric acetate concentration 
arises from a secondary effect of cupric acetate, the most likely one being a 
lowering of the solubility of hydrogen (i.e. of a ) .  The mechanism which has 
been proposed above suggests that k.% is independent of the concentration of 
hydrogen. At constant partial pressure, any change in a would therefore be 
reflected in k4/ A lowering of the solubility of hydrogen in water is a well- 
known effect of many salts (7). 

kzl, which is also proportional to a, should vary in a similar manner with 
the cupric acetate concentration. That  the earlier work (3) did not reveal this 
variation is not surprising, since the values of kzl were determined by measuring 
the rate of disappearance of cupric acetate, usually down to very low concen- 
trations. The first order kinetics of this reaction would tend to mask a small 
change in the rate, apparent only in the first stages (i.e. when most of the 
cupric acetate was still unreacted). Recently more accurate determinations 
have been made of the initial rate of the cupric acetate reaction. The results 
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confirm that  k2' varies, in a similar manner to  k4', with the cupric acetate 
concentration, and thus that  the ratio k2' : k4' retains a constant value close to 
6. 

CONCLUSIONS 

Further evidence has been provided that  cupric acetate activates molecular 
hydrogen homogeneously in aqueous solution. One consequence of this is its 
ability to  function as a true homogeneous catalyst for the hydrogenation of 
other compounds. An extension of the mechanism, proposed earlier (3) for 
the reaction of cupric acetate itself with hydrogen, also appears to explain the 
kinetics of the catalytic hydrogenation of dichromate. 
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T H E  OXIDATION O F  3-(N-BENZYLACETAMIDO) - 1,2- 
PROPANEDIOL T O  N-BEIVZYLACETAMIDOACETALDEHYDE 
AND R I N G  CLOSURE O F  T H E  LATTER T O  ISOQUINOLINE1 

ABSTRACT 

Fischer's synthesis of isoqirinoline by the oxidative cyclization of benzyl- 
aminoacetaldehyde diethyl acetal with 20% oleum was found to give a yield of 
8.5y0, but  his isolation of the intermediate aldehyde could not be repeated. 
The N-acetyl derivative, N-benzylacetamidoacetaldehyde, however, was syn- 
thesized as a somewhat unstable oil, b.p. 129-131" (0.12 mm.), and was cyclized 
in 7.5% yield to isoquinoline. This synthesis involved the hydrogenation of 
3-benzylideneamino-l,2-propanediol to 3-benzylamino-l,2-propanediol, b.p. 
152-155" (0.5 mm.); hydrochloride, m.p. 92-94.5". The N-acetyl derivative, 
3-(N-benzy1acetamido)-1,2-propanediol, b.p. 188" (0.12 mm.), was thenoxidized 
with sodium metaperiodate; the behavior of other intermediates in the synthesis 
toward periodate, and also lead tetraacetate, was studied. The following addit- 
ional compounds were thought to be new: 3-veratrylideneamino-1,2-propanediol, 
m.p. 123-125"; 3-veratrylamino-l,2-propanediol, b.p. 207-214" (0.4 mm.); the 
hydrochloride, m.p. 151-152"; 3-(N-benzy1acetamido)-1,2-diacetosypropane, 
b.p. 196-199" (0.7 mm.), and N-benzylacetamidoacetaldehyde 2,4-dinitro- 
phenylhydrazone, m.p. 315-316". 

INTRODUCTION 

The  synthesis of isoquinolines from substituted benzylideneaminoacetals 
(I)  or benzylamiiloacetals (11) suffers from the fact that  the azomethine link is 
unstable in the sulphuric acid or polyphosphoric acid required for cyclization. 
While this difficulty is not great when simple aldimine Schiff bases are cyclized, 
it becomes serious with the more complex lietimine Schiff bases (12). In order 
to eliminate this difficulty, the azomethine group has been reduced to  the more 
stable secondary amine (111), which has then been cyclized with sulphuric acid 
in the presence of an oxidizing agent. 

In 1893 Fischer (10) reported that  the oxidative cj7clization of benzjil- 
aminoacetaldehyde with fuming sulphuric acid gave isoquinoline, isolated in 
low but  unstated yield a s  the platinichloricle. Since sulphur dioxide was evolved 

and no isoquinoline was obtained when cj7clization was attempted with con- 
centrated instead of fuming sulphuric acid, it appeared that  one of the inter- 

1Manuscript received October 7, 1954. 
Contribution from the Division of Industrial and Cellz~lose Chenzistry, 1McGi22 University, 

and from the Wood Chemistry Division, P z ~ l p  and Paper Research Institute of Canada, Montreal, 
Que. Abstracted from a PB.D. thesis submitted to the University i n  August, 1954 by A .  W. F. 

2Present address: Division of Pure Chenzistry, National Research Coz~ncil, Ottawa, Canada. 
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mediates, probably 1,2-dihydroisoquinoline, was oxidized by the sulphur 
trioxide. Fischer's method, however, was obviously inapplicable to many 
compounds substituted in the benzene ring because of the ease with which such 
compounds were sulphonated. An alternative method, developed by Riig- 
heimer and Schon (28) consisted of cyclization in concentrated sulphuric acid 
containing arsenic pentoxide as  an oxidizing agent. Although veratrylamino- 
acetal yielded 21y0 of 6,7-dimethoxyisoquinoline ( l l ) ,  the method failed when 
applied to myristicinylaminoacetal (26) and to N-(a-veratrylveratry1)- 
aminoacetal (2). Attempts to isolate the intermediate 1,2-dihydroisoquinolines 
in the cyclization of benzyl- ( lo ) ,  rnyristicinyl- (29), piperonyl- (20), and 
N-methylpiperonylaminoacetal (31) were uniformly unproductive. In addition 
to sulphuric acid in various concentrations, other cyclizing agents such as 
concentrated hydrochloric acid and phosphorus oxychloride were tried without 
success. 

Despite these disappointing results, the synthesis seemed to merit further 
study, because it offered a simple and direct way of preparing isoquinoline 
derivatives such as the alkaloid papaverine from readily available substances 
(2). In all save one of the cases cited, cyclization had to  await the hydrolysis 
of the acetal to a free aldehyde (or to a vinyl derivative), and i f  the delay 
happened to be lengthy there would be opportunity for undesired side-reactions. 
The exception was Fischer's claim (9) that benzylaminoacetaldehyde could be 
isolated as a pale yellow, crystalline hydrochloride by evaporating to dryness a 
solution of the corresponding acetal (111) in concentrated hydrochloric acid. 
The free base was reported to be a colorless, ether soluble oil which strongly 
reduced Fehling's solution and which gave the low but unstated yield of iso- 
quinoline when cyclized (10). Neither the base nor its hydrochloride was 
analyzed or assigned any physical characteristics other than those just stated, 
and the synthesis has apparently never been repeated nor applied successfully 
to  any other compound in the benzylaminoacetal class. A reinvestigation of 
the original work was therefore undertaken. 

Despite many attempts, Fischer's hydrochloride was invariably isolated as a 
black, gummy solid which could not be purified by recrystallization. Neutraliza- 
tion of these hydrochlorides gave no recognizable benzylaminoacetaldehyde, 
and Fischer's claim to  have obtained it was finally considered to be in error. 
On the other hand, cyclization of the black, solid hydrochloride with 20% 
oleum a t  room temperature for 24 hr. did give isoquinoline, which was isolated 
as  the picrate in 8.5y0 yield based on the original benzylaminoacetal. Stronger 
acid (30-35yo SOB) probably resulted in sulphonation, since the yield of 
isoquinoline decreased to only 0.07y0 of theory. The experiment with 20% 
oleum was then repeated with the acetal itself, and the yield of isoquinoline 
was 3.5%. When a solution of the acetal (111) in concentrated sulphuric acid 
was heated for 30 min. a t  160-170' and the basic portion of the product was 
distilled in steam, a copious amount of oil was recovered but no isoquinoline 
picrate could be isolated from it. Under these conditions, benzylideneamino- 
acetal (I) was cyclized to isoquinoline in 50y0 yield (24). An experiment was 
also carried out using arsenic pentoxide instead of sulphur trioxide as  the 
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oxidizing agent, but only an impure picrate was recovered in small yield. A 
condensation with concentrated sulphuric acid a t  100' for four hours yielded 
an  amorphous yellow solid softening a t  185' to 190°, and containing 9.7y0 of 

I nitrogen (calc. for isoquinoline: N,  10.9y0) ; another condensation with 72y0 

I sulphuric acid for four days a t  room temperature gave a viscous yellow liquid 
with 8.3y0 of nitrogen. Neither of these substances was the 1,2-dihydroiso- 
quinoline postulated by Fischer as a n  intermediate in the cyclization. A base, 
prepared by cyclizing be~lzylaminoacetal in cold concentrated sulphuric acid, 
according to Fischer's directions, was probably impure isoquinoline. The 
details of these negative experiments have been omitted from this article. 

The failure to confirm Fischer's preparation of benzylaminoacetaldehyde 
made it desirable to develop a new synthesis for this class of compounds, and 
advantage was taken of the fact that the structure IV (and from this, V) 
could be readily obtained by condensing benzaldehyde with 3-amino-1,2- - 

propanediol. The analogous veratryl derivatives were also prepared. Oxidation 

CH?OH CH2OH 

CHOH CHOH CHO 
\ \ \ 

of IV or V (R = H) with sodium periodate or lead tetraacetate would then be 
I expected to cleave the 1,2-glycol units giving the aldehydes corresponding to 
I the acetals I and 111. No previous reference was found to the oxidation of a 

Schiff base like IV by periodate, other than the oxidation of mannose phenyl- 
I hydrazone and of glucose phenylosazone (15), the latter giving a pyrazolone 

in which, of course, the C=K bonds were stabilized by resonance. Benzyl- 
idenimine was known to be dehydrogenated with lead tetraacetate in acetic 
acid to benzonitrile (€9, and the imines produced by the oxidation of 2-amino- 
alcohols were considered to be further oxidized to nitriles (8, 18). McCasland 
and Smith (18) recently reviewed the rather extensive literature dealing with 
the action of both oxidants on the aminoalcohols themselves. 

I t  was expected that the azomethine bond in 3;benzylideneamino-l,2- 
propanediol (IV) would be untouched by periodate in neutral or basic solution, 
but  might be readily hydrolyzed in an acidic medium. An aqueous solution of 
IV, however, was reported as strongly basic (5), a property not characteristic 
of a Schiff base, and also a t  once developed the odor of benzaldehyde. The 
compound, therefore, appeared to exist in aqueous solution as a mixture of the 
Schiff base (and its cyclic oxazolidine form ( 4 ) ) ,  benzaldehyde, and 3-amino-1,2- 
propanediol in equilibrium. In keeping with this view, the compound IV, like 
3-amino-1,2-propanediol (21), reduced 2 moles of periodate per mole both a t  
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pH 8 and pH 4, and 1 mole of ammonia was liberated. I t  was interesting to 
note that when 1 mole of periodate per mole of Schiff base was used, no less 
than 0.55 mole of ammonia was formed; the N-C-C-0 link in 3-amino- 
1,2-propanediol was therefore somewhat more sensitive than the glycol unit 
to cleavage by the periodate. Although Mead and Bartron (21) found that 
ammonia could not be reliably determined by the direct titration of solutions 
in which formaldehyde was present, accurate results were obtained in the 
present experiments by distilling the ammonia as in the standard Kjeldahl 
method. 

In order to  avoid hydrolysis, 3-benzylideneamino-l,2-propanediol was then 
oxidized with lead tetraacetate dissolved in benzene or in glacial acetic acid. 
Two moles per mole of diol was rapidly consumed in the former solvent, but 
in the latter the rate of consumption was slow enough to be followed by iodo- 
metry (13). The rate plot (Fig. 1) showed that 1 mole of the tetraacetate was 

FIG. 1. Oxidation of the aminediols with excess 0.05 ilJ lead tetraacetate in acetic acid 
at  26". 

A3-Hmi1lo-1,2-propanediol 
3-Benzylideneamino-1,2-propanediol 
03-(N-Benzy1acetamido)-1,2-propanediol (3.04 moles tetraacetate cons~uinecl after 47 hr.) 

consumed fairly quickly, while the second mole required about 20 hr. Fig. 1 
also shows that under the same conditions 3-amino-l,2-propanediol required 
3 moles of the tetraacetate, of which 1 mole was expended in slowly oxidizing 
one of the products, formic acid, to carbon dioxide (8, 23). Although it was 
plain that the consumption of 2 moles, instead of 1 mole, by IV was not caused 
by the solvolysis of the Schiff base group, no good explanation was found for 
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the anomaly. The fact that exactly 2 moles of lead tetraacetate were utilized, 
instead of a fractional amount, suggested that  a specific, ionic reaction was 
occurring, rather than a non-specific, free-radical process such as addition or 
dehydrogenation (3, 8). These oxidations were not pursued because they were 

I not likely to yield the desired product, benzylaminoacetaldehyde. 
I 

An easy hydrogenation of the Schiff base (IV) yielded 3-benzylamino-1,2- 
propanediol (V, R = H), which was found to  reduce 2 moles of periodate per 
mole a t  pH 4, but only 1 mole when the solvent was 5y0 sulphuric acid. This 
behavior was not unexpected, because Tompsett and Smith (30) observed that  
periodate produced formaldehyde from aminoalcohols like ethanolamine and 
serine in neutral, but not in acid solution. The consumption of periodate by 
2-aminocyclohexanol also decreased with decrease in pH (18). I t  seemed likely 
that  the conversion of the amine to the ammonium salt in acid media prevented 
the formation of a cylic ester with the periodate ion, which was probably an 
essential intermediate in the oxidation (6). Attempts were made to use the 
above results on a preparative scale by destroying any excess periodate in the 
acidic reaction mixture with ethylene glycol, and then extracting the neutral- 
ized liquor with ether. No N-benzylaminoacetaldehyde could be recovered 
from the black gums produced. Attempts to prepare this compound by 
deacetylating its N-acetyl derivative (see below) also ended in failure. 

3-(IT-benzy1acetamido)-1,2-propanediol (V, R = COCH3) was then pre- 
pared, either directly from 3-benzylamino-l,2-propanediol (V, R = H) by  

I acetylation in aqueous solution, or indirectly by the partial deacetylation of 
1 the O,O,N-triacetyl derivative. The consumption of periodate by the product 

(V, R = COCH3) was 1.3 mole per mole after 30 min., and did not increase 
during 24 hr. One mole of lead tetraacetate was consumed rapidly, but a slow 
utilization of a further 2 moles during 47 hr. also occurred (Fig. 1). In other 
aminoglycols the introduction of an N-acyl group such as acetyl, benzoyl, or 

I 

I carbobenzyloxy prevented the oxidation from exceeding 1 mole (7, 14, 22). 
I The oxidatioil of 3-(N-benzy1acetamido)-1,2-propanediol with periodate, 

however, led to a successful preparation of N-benzylacetamidoacetaldehyde 
(VI), which was a colorless oil soluble in chloroform but not in ether, and 
which darliened quite rapidly. The crystalline 2,4-dinitrophenylhydrazone of 
the aldehyde was prepared and characterized. 

When a solution of N-benzylacetamidoacetaldehyde (VI) in concentrated 
sulphuric acid was heated for 30 min. a t  160-170°, the product included 7.5y0 
of isoquinoline, but this yield decreased to 3y0 when the heating was only for 
five minutes. Cyclization in 20y0 oleum for 24 hr. a t  room temperature also 
gave isoquinoline picrate, but in extremely low yield. The odor of benzaldehyde 
was absent in these experiments, whereas in the Pomeranz (24) cyclization of 
benzylideneaminoacetal (I) a considerable amount of benzaldehyde was 
produced in a hydrolytic side-reaction. This difference suggested that the 
present reaction involved cyclization to 1,2-dihydroisoquinoline, or its N-acetyl 
derivative, followed by dehydrogenation or deacetylation. All attempts to 
isolate these supposed intermediates, or N-benzylaminoacetaldehyde, however, 
were in vain. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
1.

38
.3

6 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



370 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 33 

EXPERIMENTAL3 

Materials and Analytical Methods 
Glycidol (2,3-epoxy-1-propanol), prepared from 3-chloro-l,2-propanediol 

with alcoholic potassium hydroxide (25), was dissolved in aqueous ammonia 
(16) and the solution distilled 24 hr. later to give an 88.5y0 yield of 3-amino-1,2- 
propanediol as a colorless oil boiling a t  154156' (14 mm.). On redistillation 
the product boiled sharply a t  153' (13 mm.). The picrolonate melted with 
charring a t  216-218'. 

Lead tetraacetate was prepared by adding red lead (Pb304) to a hot mixture 
of acetic acid and acetic anhydride, as described by McClenahan and Hockett 
(19). The consumption of the tetraacetate was followed iodometrically (13), 
and that  of the periodate either iodometrically in acid solution, or by the 
arsenite-iodine titration near pH 9 (14). In order to  determine the ammonia 
liberated in the oxidation of 3-benzylideneamino-l,2-propanediol (IV), 
samples, 0.03675 and 0.04360 gm., were dissolved in 20 ml. of 0.05 M sodium 
metaperiodate. After one hour a t  room temperature, the solutions were trans- 
ferred to a semimicro Kjeldahl distilling apparatus, diluted with 10 ml. of 45% 
aqueous sodium hydroxide and steam distilled for 10 min., the distillates being 
collected in 25 ml. volumes of 0.8% aqueous boric acid containing five drops 
of methyl purple indicator. The distillates when titrated required 7.52 and 
8.94 ml. of 0.02660 N hydrochloric acid, respectively, or 98, 98% of the 
theoretical amount. These results were corrected from blanks containing only 
sodium metaperiodate. 

Benzylaminoacetaldehyde Diethyl Acetal (111) 
The  details, lacking in Riigheimer and Schon's (27) description, were as 

follows. A mixture of 53.5 gm. (0.35 mole) of chloroacetaldehyde diethyl acetal 
and 77.0 gm. (0.72 mole) of benzylamine was heated for 1.5 hr. a t  145-150' 
with mechanical stirring. During this time the solution became deep red in 
color, gases were evolved, and benzylamine hydrochloride separated in a mass 
of white crystals. After cooling, water was added to dissolve the salt, the 
solution was made alkaline with 500 ml. of 10yo sodium carbonate and extracted 
with ether. The extract was washed with water, dried over anhydrous sodium 
sulphate, and evaporated. The  residual oil when distilled a t  15 mm. pressure 
yielded 45.8 gm. (59%) of benzylaminoacetal boiling a t  150-160'; redistil- 
lation of this fraction furnished a pure sample boiling correctly (9, 27) and 
sharply a t  156' (15 mm.). Found: N, 6.22, 6.20y0. Calc. for C13H3103N: N, 
6.27%. 

In attempts to  prepare Fischer's benzylaminoacetaldehyde hydrochloride 
(9), 4.5 gm. of the above acetal was dissolved cautiously in 20 ml. of ice-cold, 
concentrated hydrochloric acid. After being heated for one hour a t  50-60°, 
the solution was evaporated to  dryness under reduced pressure. No crystalline 
material could be recovered from the black residue. 

In a typical cyclization to  isoquinoline the black hydrochloride from 4.5 gm. 
of the acetal was gradually added to  20 ml. of ice-cold oleum (20y0 SOa), 

SMelting points were not corrected. 
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solution being immediate and with the evolution of hydrogen chloride. After 
24 hr. a t  room temperature, the wine-red solution was poured onto 50 gm. of 
crushed ice, diluted with 50 ml. of water, and extracted with ether. The 
aqueous layer was made strongly alkaline by adding 40 gm. of sodium hydrox- 
ide dissolved in 200 ml. of water, and was distilled in steam until 300 ml. of 
distillate was collected. Extraction of the distillate with ether removed an oil 
which was diluted with a little ethanol and added to  a hot solution of picric 
acid, 2.5 gm., in 75 ml. of water. The picrate which separated, when recovered, 
washed with ethanol, and dried, weighed 0.61 gm. (8.5y0) and melted a t  
225-227.5". A mixed melting point with authentic isoquinoline picrate pre- 
pared from commercial isoquinoline was not depressed. When the mother 
liquors were concentrated to small volun~e 0.53 gm. of crude picric acid was 
all that  separated. 

3-Benzylideamino-I ,W-firofianediol (IV) 
Condensation of 77.7 gm. of 3-amino-1,2-propanediol with 98.0 gm. of 

benzaldehyde in 40 ml. of ethyl acetate (5) gave a 70y0 yield of the above 
substance as white needles, m.p. 80-82', from ethyl acetate. The reported 
melting point was 75-79' (17), but the almost quantitative yield, m.p. 72-78", 
found by Bergmann et al. (5) was never attained. Found: N,  7.80, 7.80%; 
neutralization equivalent, 177, 178. Calc. for C10H1303N: N,  7.82y0; neut. 
equiv., 179. This equivalent probably referred to  the 3-amino-1,2-propanediol 
formed by hydrolysis during the titration. 

The oxidations with aqueous sodium metaperiodate were carried out with a 
0.05 M solution and 10 to 30 mgm. samples of the Schiff base. One mole of the 
Schiff base yielded 0.98, 0.98 mole of ammonia when excess periodate was 
used; 0.56, 0.55 mole with 1.0 mole of periodate, and 0.49, 0.49 mole with 
0.9 mole. The oxidations with lead tetraacetate (Fig. 1) employed a 0.05 M 
solution in glacial acetic acid or benzene and 10 to  30 mgm. samples of the 
Schiff base. 

3- Veratrylideneamino-1,W-firofianediol 

The preparation was adapted from that of the benzylidene derivative. A 
mixture of 66.4 gm. (0.40 mole) of veratraldehyde, 31.9 gm. (0.35 mole) of 
3-amino-1,2-propanediol and 20 ml. of ethyl acetate was stirred until all the 
veratraldehyde dissolved. Within a few minutes, the solution suddenly became 
quite hot and solidified to a white, crystalline mass. After being mashed 
thoroughly with ethyl acetate and dried in vacuo, the product weighed 78.8 gm. 
(94.5y0) and melted a t  121-124'. Two recrystallizations from ethyl acetate 
left the melting point almost unchanged (123-125"). Found: C,  60.2, 60.3; 
H ,  7.2, 7.0; N,  5.71, 5.78; OCH,, 25.6, 25.6y0. Calc. for C12H1704N: C, 60.2; 
H ,  7.2; N,  5.86; OCH3, 25.970. 

3-Benzylamino-I ,W-firopanediol (V, R = H) 

A mixture of 17.9 gm. (0.1 mole) of 3-benzylideamino-l,2-propanediol, 
200 mgm. of Adams' platinum oxide catalyst ( I ) ,  and 100 ml. of ethanol was 
shaken under 2-3 atm. pressure of hydrogen until the consumption of the gas 
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ceased (three to five hours). The liquor was decanted and the recovered catalyst 
used in two or three similar hydrogenations until it became inactive. The 
combined ethanolic solutions obtained from 104.2 gm. of the Schiff base were 
filtered and then evaporated to an oil which was distilled a t  0.5 mm. pressure, 
the yield being 93.1 gm. boiling a t  130-160'. Redistillation furnished 80.7 gm. 
(76.5%) of a viscous, colorless oil boiling a t  152-155' (0.5 mm.). Found: 
C, 65.7, 65.7; H ,  8.1, 8.1; N, 7.44, 7.48%; neut. equiv., 181, 182, 181. Calc. for 
CloH1602N: C, 66.3; H ,  8.3; N,  7.73%; neut. equiv., 181. 

A solution of the amine in an excess of hydrochloric acid was extracted with 
ether to remove any non-basic impurities, and was then evaporated to dryness 
under diminished pressure. The residue of 3-benzylamino-l,2-propanediol 
hydrochloride melted a t  92-94.5' after two recrystallizations from isoamyl 
alcohol. Found: N ,  6.28, 6.29%. Calc. for C I ~ H ~ ~ O ~ N C ~ :  N,  6.43%. 

A 50 mgm. sample of the amine was dissolved in 15 ml. of 0.05 M sodium 
metaperiodate and a t  intervals 2-ml. aliquots were analyzed iodometrically. 
The consumption of periodate, 2.11 moles per mole after 30 min., was prac- 
tically unchanged a t  2.06 mole after one hour. In a second oxidation, a 50 mgm. 
sample was dissolved in 10 ml. of 10yo sulphuric acid and 10 ml. of the 0.05 M 
periodate. After 15 min., 1 hr., 3 hr., and 17 hr. the consumption of periodate 
was 0.74, 1.10, 1.12, and 1.24 mole per mole, respectively. 

3- Veratrylamino-I ,2-propanediol Hydrochloride 

3-Veratrylideneamino-1,2-propanediol, 23.9 gm. (0.1 mole) was dissolved in 
100 ml. of ethanol and hydrogenated over 200 mgm. of platinum oxide catalyst 
as  already described for the corresponding benzylidene Schiff base. The 
product from three such hydrogenations was dissolved in 100 ml. of water, 
50 ml. of concentrated hydrochloric acid was added, and the solution extracted 
with ether to remove any non-basic impurities. Evaporation of the aqueous 
residue to dryness under reduced pressure left the white, crystalline hydro- 
chloride. After one recrystallization from ethanol the yield was 64.7 gm. 
(89.5%) and the m.p., 151-152'. Found: N, 5.02, 5.01; OCHa, 22.1, 22.3%. 
Calc. for C12H?004NCl: N ,  5.04; 0CH3,  22.3%. 

The free base, 3-veratrylamino-1,2-propanediol, distilled with some decom- 
position a t  207-214' (0.4 mm.) as  a pale yellow, viscous oil. 

A mixture of 79.7 gm. (0.44 mole) of 3-benzylamino-1,2-propanediol (V, 
R = H) ,  400 ml. of acetic anhydride, and 40 gm. of fused sodium acetate was 
heated for several hours under reflux near 100°, and the solution was then 
decanted into 1300 ml. of water. After standing overnight to decompose the 
acetic anhydride, the clear solution was extracted with ether and the extract 
washed, twice with dilute hydrochloric acid and thrice with water. The residual 
oil remaining after evaporation of the dried extract was distilled, giving 
81.8 gm. (61.5%) of product boiling a t  196-199° (0.7 mm.). Found: C,  62.4, 
62.5; H ,  6.8,6.9; N, 4.49,4.47%. Calc. forC16H210~N:C,62.5;H,6.9;N,4.56%. 
The compound was soluble in ether and water. 
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3-(N-Benzylacetamid0)-1,2-propanediol (V, R = COCH3) 
(a) From 3-(N-Benzy1acetamido)-1,2-diacetoxypropane 
The above O,O,N-triacetyl derivative was selectively deacetylated by a 

procedure adapted from that  used by Carter et al. (7) to de-0-acetylate hexa- 
acetyl inosamine to N-acetyl inosamine. 

A 9.2 gm. (0.03 mole) sample, dissolved in 100 ml. of anhydrous methanol, 
was mixed with 150 ml. of methanol which had been saturated with ammonia 
gas a t  26'. After being kept for 40 hr. a t  room temperature, the solution was 
evaporated to dryness under reduced pressure, and the residue was held a t  
150' and 0.4 mm. pressure until the acetamide was removed by distillation. 
The still residue when fractionated yielded 5.1 gm. (76y0) of product boiling 
a t  190-193" (0.3 mm.). Found: N,  5.78, 5.79%. Calc. for C12H1703N: N,  6.28%. 

(b) From 3-Benzylamino-1 ,d-propanediol I'ydrochloride 

The hydrochloride from 49.5 gm. of the base was dissolved in 500 ml. of 
xvater, mixed with 83 ml. of acetic anhydride, and 39.0 gm. of sodium acetate 
trihydrate dissolved in 100 ml. of water was added a t  once. This solution was 
shaken for six hours a t  room temperature, then extracted with ether to  remove 
any triacetyl derivative, and evaporated to  dryness. The residue was mixed 
with chloroform and filtered to  remove the inorganic salts. The chloroform 
filtrate was shaken thoroughly with water, both phases were transferred to  a 
liquid-liquid extractor, and the aqueous layer was extracted with chloroform 
for 24 hr. The residual oil remaining after evaporation of the cl~loroform 
amounted to 35.5 gm. (58%). A small sample distilled as an extremely viscous 
yellow oil a t  182-188' (0.12 mm.), for the most part a t  188'. Found: C, 64.2, 
64.3, 64.2; H ,  7.6, 7.7, 7.7; N,  6.15, 6.117'. Calc. for C12H1703N: C,  64.5; 
H ,  7.7; N,  6.28%. This compound was soluble both in water and in chloroform. 
One mole reduced 1.30 mole of sodium metaperioclate in neutral solution 
within 30 min., and this amount did not increase after 24 hr. 

N-Benzylacetamidoacetaldehyde (VI) 
A mixture of 11.3 gm. (0.05 mole) of 3-(N-benzylacetamido)-1,2-propane- 

diol, 16.3 gm. (0.076 mole) of sodium metaperiodate, and 280 ml. of water was 
shaken vigorously for six hours and then extracted with chloroform. The resi- 
dual oil from the evaporation of the extract was clistilled a t  0.4 mm. pressure, 
the fraction boiling a t  136-139' weighing 5.6 gm. (58%). The sample redistilled 
for analysis hacl the boiling point 129-131' (0.12 mm.). Found: C,  69.1, 68.8; 
H ,  6.9, 6.8; N,  7.29, 7.31, 7.33y0. Calc. for CllH1302N: C, 69.1; H ,  6.9; N ,  
7.3370. The aldehyde was a colorless oil after distillation, but darlrened rapiclly 
even \\Then stored in a desiccator over potassium hydroxide or calcium chloride. 
The substance was soluble in chloroform, but was insoluble in ether and only 
slightly soluble in water. 

'The 2,-l--dinitropl1en~iIhyd1-azone of VI .was prepared by adding the aldehyde 
in slight excess to an acid so l~~t ion  of 2,4-dinitrophenfiycl~-azine in ethanol. 
Bricli red crystals, which separated slo~vly, were recovered after 24 hl-. and 
\\rere recrystallized from phenol containing a little ethanol. After being dried 
ovel-night in  vnczbo a t  78' to remove any traces of phenol, the crystals melted 
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w i t h  effervescence at 315-31G0, b e c o m i n g  black above 305". F o u n d :  N ,  18.5, 
18.9%. Calc. f o r  C17H1705N5: N ,  18.9%. The d e r i v a t i v e  was q u i t e  insoluble  in 
e t h a n o l ,  ethyl acetate, a n d  other o rgan ic  l iqu ids  t r i ed ,  b u t  dissolved in  ni t ro-  

benzene  a n d  in  hot pheno l .  

I n  a t y p i c a l  cyc l i za t ion  to isoquinol ine,  1.21 gm. of N-benzy lace tamido-  

acetaldehyde (VI) was dissolved c a u t i o u s l y  in  10 ml. o f  ice-cold c o n c e n t r a t e d  

s u l p h u r i c  a c i d  a n d  the so lu t ion  heated for 30 m i n .  at  160-170". A f t e r  cool ing,  

the so lu t ion  was p o u r e d  o n t o  50 gm. of c r u s h e d  ice ,  a n d  the isoquinol ine was 
recovered as in  the cyc l i za t ion  o f  benzy laminoace ta l .  T h e  picrate weighed 
0.141 gm. (7.5%) a n d  melted at 226-228'. A mixed m e l t i n g  p o i n t  with a n  

a u t h e n t i c  s a m p l e  o f  isoquinol ine p ic ra te ,  m.p. 226-227.5", was n o t  depressed. 
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AN ADIABATIC CALORIMETER FOR THE TEMPERATURE 
REGION BELOW 20°K.-THE SPECIFIC HEAT OF 

SODIUM CHLORIDEL 

ABS'I'RACT 

A simple adiabatic calorimeter lor specific heat measurements a t  very low 
temperatures is described. Liquid helium is made in the cryostat by the Simon 
expansion method. The calorimeter and adiabatic shield are cooled below 13"I<. 
by conduction of heat along the lead wires rather than by conduction with 
eschange gas. The worliing thermometer is a carbon resistor which has been 
calibrated against a helium gas thermometer. The assembly has been used to 
determine the specific heat of rock salt between 2.5" and 20°1<. The results are  
compared with the theoretically derived values of the specific heat and Debye 
characteristic temperature for sodium chloride. 

INTRODUCTION 

In recent years there has been an increasing interest in the specific heat of 
substances a t  very low temperatures to t ry to determine, for example, the 
electronic contribution to the specific heat or the effect of superconductivity 
on the heat capacity of metals (8). In many cases the substances used have 
been of such a form-bloclts or large single crystals-as to permit use of very 
simple calorimeter assemblies (11) in which the calorimeter vessel exchanges 
heat continuously with its surroundings. Such assemblies work satisfactorily 
where thermal equilibrium times are short, i.e. of the order of seconds. The  
present apparatus was designed especially for experiments with sa111ples of 
small particles where it was anticipated that equilibrium times of the order of 
minutes would be encountered. Hence, it seeined obligatory to malie the 
assembly of the adiabatic type. This had the further advantage of achieving 
uniform and continuous operation throughout the temperature region 2.5" t o  
2O0I<. Although designed primarily for samples of small particles, the assembly 
may be used equally well for experiments on bullr solids as will be shown by  
the results for bulk sodium chloride. 

Accurate values of the specific heat of bullr NaCl were needed for comparison 
with the specific heat of small particles of NaCI. Existing measurements by  
Clusius et a/ .  (5) were not adequate as they went no lower than 11°K. At the  
same time, however, the results which have been obtained are of interest for 
comparison with theoretical values of the specific heat deduced from a Born- 
von Icarman treatnlent of NaCl crystal (7), and with quantities deduced from 
elastic constants. As will be seen, the agreement between the experimental and 
theoretical results is gratifying. 

1Manziscript received October 14,  1954. 
Contribution frotn tlze Division o f  Pzire Clzernistry, National Research Laboratories. Ottawa. 

Canada. Issued hs 1V.R.C. No. 3472. 
2iVational Resenrch Laboratories Postdoctorate Researclt Fellow. 
3Present address: Dlvisio?~ of P l t y s i ~ s ,  National Researclt Laboratories. 
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APPARATUS AND EXPERIMENTAL TECHNIQUE 

The Cryostat 
The essentials of the calorimeter assembly are shown diagrammatically in 

Fig. 1. The outer part of the cryostat (the liquid nitrogen and liquid hydrogen 
stages) was patterned after a cryostat used for adsorption experiments which 

FIG. 1. The calorimeter assembly. A and B: vacuum spaces; 1: coil of copper tubing, 1 
meter long, ?r in. O.D., 0.035 in. wall thickness; 2: liquid hydrogen container; 3: anchoring 
ring for lead wires; 4: hydrogen vapor pressure thermometer; 5: coil of copper nickel tubing, 
1 meter long, in. O.D., 0.018 in. wall thickness; 6: helium vapor pressure thermometer; 
7: helium bomb (copper); 8: Nylon suspension cords; 9: adiabatic shield (& in. thick copper), 
10: calorimeter vessel; 11: high pressure helium line; 12: liquid hydrogen filling tube; 13: 
vacuum line; 14: gaseous hydrogen vent line; 15: soft glass seal; 16: platinum tube; 17: Wood's 
metal seal. 

has been adequately described elsewhere (9). In order to reach temperatures 
below 10°K. a liquid helium stage has been added, the liquid helium being 
made by the Simon expansion method (12). The helium bomb, 7, of about 
150 ~ m . ~  internal voluine, is hung by Nylon cords from the liquid hydrogen 
container, 2. An expansion of helium from a pressure of 130 atm. to 1 atm. with 
a starting temperature of 13°K. attained by pumping on the liquid hydrogen 
in 2 produces about 50 ~ m . ~  of liquid helium which has proved to be adequate 
for 12 or more hours of experiments. 

Previous experience showed that the use of exchange gas a t  liquid helium 
temperatures caused certain experimental difficulties. On the one hand, it  
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proved difficult to secure a satisfactory vacuum and on the other hand de- 
sorption of helium from the surface of the calorimeter vessel caused a percep- 
tible fall in its temperature. Consequently, in these experiments no exchange 
gas was used below about 13"I<. Temperatures below this were reached by 
conduction of heat from the calorimeter along the lead mires. This was, of 
course, a slow process and required three to five hours for liquid helium 
temperatures to be reached, but the advailtages of the method greatly outweigh 
this disadvantage. 

T h e  Calorimeter and Shield 
The adiabatic shield, 9, and the calorimeter vessel, 10, are hung below the 

helium bomb by Nylon cords, 8. Since the major heat exchange between the 
calorimeter vessel and shield was along lead wires, an elementary form of 
shield was permissible. However, experience showed that radiation exchange 
with the jacket was significant when extremes of temperature were reached, 
e.g. calorimeter a t  4' and surrounding can a t  20'. Therefore, a detachable 
cylindrical radiation shield (not shown in the diagram) of 0.001 in. thick copper 
foil which surrounded the calorimeter vessel was attached to  the shield. 

The lead wires from outside (No. 36 B. and S.D.S.C. copper) are brought in 
through the central tube and first make thermal contact with the anchoring 
ring, 3. Siinilar copper leads go between the bomb and the shield and make 
good thermal contact with each. Between the anchoring ring and the bomb, 
and between the shield and the calorimeter constantan leads (No. 30 B,  and 
S.D.S.C. 15 cm. long) are used in order to  reduce thermal conduction. The 
copper to constantan junctions were put close together a t  isothermal points 
in order to  minimize thermal e.m.f.'s. Residual e.m.f.'s in the circuits were 
of the order of 0.1 pv. and were quite steady. 

Adiabatic control was accomplished by manual regulation of the current 
passed through a heater wound on the shield. Temperature differences between 
the shield and calorimeter vessel were detected by a difference thermocouple 
made from two alloy wires-Ag - 0.37y0 Au/Au - 2.4y0 Co.* This thermo- 
couple has adequate sensitivity even a t  the lowest temperature -2.5'K. 
(e.g. 5 pv./deg. a t  4'). 

Since it was desired to do experiments with samples of particles of bulk 
density as low as 0.1, i t  was necessary to  use a large calorimeter vessel 
(approximately 300 cm.9. At the same time the mass of the vessel had to be 
kept small and this was accomplished by making the vessel of thin copper 
(0.007 in.) with light reinforcing rings on the cylindrical side. The bottom and 
top were made slightly conical for added strength. Light vertical vanes 
(0.001 in. copper) were attached to the inside wall of the vessel in order to 
enhance gross conduction of heat from the outer wall to  the center of the 
sample. 

Filling the Calorimeter 
The method of putting samples into the calorimeter requires comment 

because of the possible significance of adsorbed gases in the specific heat 
*Cf. Keesom, LV. 13. and Mattlzijs, C. J .  Physica, 9: 623. 1935. 
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measurements. I t  was important to be able to evacuate the filled calorimeter 
vessel and to seal it securely with a small amount of helium gas inside to assist 
in heat exchange. As may be seen from the diagram, the vessel is provided with 
a port approximately one-quarter inch in diameter through which the sample is 
admitted under an inert gas atmosphere. Connection to a vacuum line is made 
through a platinum-soft glass seal, 15,16, the platinum tube being fastened 
to the calorimeter vessel with Wood's metal, 17. Finally the glass tube is 
sealed off close to the platinum seal. In practice, the amount of glass in the 
seal averaged 100 mgm. with variations from experiment to experiment not 
exceeding 10 mgm. These variations were of no significance in the specific heat 
measurements. 

Thermometer and its Calibration 

The most important aspect of the calorimetry is the matter of a working 
thermometer and the temperature scale. I t  turns out that the accuracy of the 
specific heat measurements is determined by the accuracy with which the 
temperature scale can be fixed. No completely satisfactory thermometer exists 
for this temperature region, but recently carbon resistors have been tried. One 
of these (Ohmite, nominal value 10 ohms, 3 watt) was used for the present 
assembly. The resistor was attached to the bottom of the calorimeter vessel 
with a light copper clip. Thermal contact between the thermometer and the 
calorimeter was established through the thermometer leads (No. 28 B. and 
S.D.C.C. copper) wrapped twice around and lacquered to the cylindrical 
side of the vessel. Experiment showed that the time lag between the heater 
(200 ohms of No. 40B. and S.D.G.C. manganin, wrapped on the side) and the 
thermometer was less than two seconds. Resistances of the thermometer were 
determined with a Mueller bridge in which the current was varied from 10 pa. 
to 65 pa., depending upon the temperature. 

The attractive feature of using carbon resistance thermometers is the possi- 
bility of having to calibrate them only a t  the two ends of the temperature 
region, intermediate temperatures being obtained by a suitable interpolation 
formula. Two interpolation formulas have been suggested and as will be seen, 
one is much preferable to the other for the thermometer used in these experi- 
ments. Clement and Quinnell (4) have proposed the formula 

[]-I log R +  (Kllog R) = A +(BIT) 

while Brown, Zemansky, and Boorse (3) have suggested a four-constant 
formula 

[a1 log R = A +-(BIT)  +(C/T2) -KT2. 

The constants of the formulas were determined in the following way. First, the 
indications of the carbon thermometer were compared with temperatures 
deduced from the hydrogen vapor pressure thermometer, 4, a t  several points 
in the range 14" to 20". For the comparisons, exchange gas was admitted to 
space A and a t  least half an hour was allowed for equilibrium a t  each point. 
The vapor pressure thermometer was filled with normal hydrogen and tem- 
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MORRISON ET AL.: CALORIMETER 3'79 

peratures were deduced from the appropriate vapor pressure equation given by 
Woolley et al. (14). At the lower end of the temperature region the carbon ther- 
mometer was compared with the helium vapor pressure thermometer, 6. 
These comparisons had to be made with space A evacuated and therefore tem- 
perature differences between the bomb and shield and between the shield and 
calorimeter had to be taken into account. The latter was determined each time 
by means of the difference thermocouple but the former had to be deduced 
from a separate experiment in which a vapor pressure thermometer was 
attached to the calorimeter vessel. Small temperature differences (a few 
hundredths of a degree) were found which were due to small amounts of energy 
appearing in the calorimeter vessel as a result of vibration. I t  was not possible 
in practice to eliminate vibration completely. The observed vapor pressures of 
helium were converted to temperatures on the 'agreed' scale (13). The con- 
stants of the interpolation formulas were computed using comparison data a t  
about 4", 14", and 20°K. for formula [I] and a t  about 4", 14", 17", and 20°K. 
for formula [2]. The constants shifted each time that the thermometer was 
cooled from liquid nitrogen or higher temperatures. At 20°K. or below no shift 
in the constants could be detected over a period of two days. 

INTERPOLATION FORMULAE 

C L E M E N T  8 QUINNELL11952) --- ZEMANSKY 8 BOORSE (1951 ) 

FIG. 2. Deviation of the carbon thermometer scale from the thermodynamic scale. 

Finally in a separate experiment the carbon thermometer was compared 
with a helium gas thermometer (2 ~ m . ~  bulb, 0.4 ~ m . ~  external volume, ice 
point pressure approximately eight meters) attached to the calorimeter vessel. 
The results of the comparison are shown in Fig. 2 as  a deviation plot. The 
deviations of formula [l] are relatively modest over the whole temperature 
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range but formula [2] becomes seriously off a t  the low temperature end. The 
difficulty would appear to be that  the constant C in formula [2] turns out to  be 
negative, which leads to  a maximum in the R-T relation a t  low temperatures 
(at about 1.7" I<. in this case). I t  was found most convenient to  work out the 
experimental results on the scale given by formula [I] and as a last step to 
convert them to the thermodynamic scale using Fig. 2. 

The  matters of the precision and accuracy of the method are best discussed 
in connection with the specific heat results for NaCl. 

THE SPECIFIC HEAT OF SODIUM CHLORIDE 

Experimental Details 

For these experiments two samples were used-pieces broken from a single 
crystal made by the Harshaw Chemical Con~pany and fused lumps (Merck 
reagent grade). The Merck NaCl was fused in a platinum crucible and then 
poured onto a sheet of platinum in an inert gas atmosphere. Each sample was 
placed in the calorimeter under a helium atmosphere. The calorimeter vessel 
was evacuated to  a pressure of lopG mm. Hg a t  room temperature and finally 
sealed off with moles of helium inside as exchange gas. This amount of 
helium was so small as to not contribute to the specific heat even if it were all 
desorbed during one temperature increment. The samples were each about 
one-half mole and on the average contributed about one-third of the total 
specific heat. Temperature increments between 0.5" and 1" were used through- 
out. The equilibrium times following admission of energy to  the calorimeter 
vessel varied from about 30 sec. a t  the lowest temperatures to  about five 
minutes a t  20°K. 

0 PRESENT EXPERIMENTS (HARSHAWI 

e - (MERCK) 
KELLERMAN (THEORETICAL- 1941) 

X CLUSIUS, GOLDMAN B PERLICK(1949) 

X 
I I I I 

0 5  10 15 2  0 2 5  30 
T. ( O K . )  

Fig. 3. The Debye characteristic temperature (OD) for NaCl as a function of temperature. 
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Results and Discussion 
The results of the experiments are suminarized in Fig. 3 in the form of a plot 

of the apparent Debye characteristic temperature, OD, versus the absolute 
temperature. 0, was computed for each experimental value of the specific 
heat by means of the equation 

Cv = 464.5 (T/0D)3 cal./gm. atom deg. 

The difference between C, ancl Cv could reasonably be neglected in this tem- 
perature region. One notes that as T is reduced below 2O0I<. 0, increases a t  
first fairly rapidly but below about Sol<. much more slowly. This behavior is in 
agreement with the worlc of Blaclcman (2) who showed that an exact fit of the 
Debye model (0, practically a constant) was only to be expected a t  tempera- 
tures of the order of 0,/30 or less. The measured specific heat a t  20°K. agrees 
almost exactly with the theoretical value deduced by ICellerman (7). 

A limiting value of 0, a t  OoIC. can be decluced from the elastic constants of 
the crystal. Kellerman (7) gives the value of 313" which he con~puted by the 
Hopf-Lechner method (6) using theoretically derived elastic constants. 
Recently Ovei-ton and Swim (10) have determined the elastic constants of 
NaCl down to  60°K. and have estimated the values a t  0°K. by extrapolation. 
Using their values of the elastic constants and a simpler method of calculation 

I due to Bhatia and Tauber ( I ) ,  one derives the value of 321" for OD a t  O"I<., 

I which agrees with OD deduced from the experiments a t  the lowest temperatures 
within the experimental uncertainty. 

The agreement between the results for the two samples of NaCl is of interest 
i as one might expect that  imperfections in the fused sanlple could have a 

measurable effect on the low temperature specific heat. 
Using the criterion that the specific heat should be a smooth fuilction of the 

temperature, it was established that the precision of measurement of the total 
heat capacity was 0.3y0 a t  worst. That  is, for any one set of experiments the 
results were consistent with a smoothed function to  this extent. The accuracy, 
however, depends on the fixing of the temperature scale in an absolute sense. 
The possible errors involved in this can be estimated. Under the unfavorable 
condition of the NaCl contributing only one third to  the total specific heat, it 
would appear that the accuracy of the results for NaCl is lyo or better from 
20" down to about 7°K. Below the latter temperature the accuracy decreases 
to about 5% a t  the lowest temperature reached. Furthermore, the experi- 
mental and theoretical results for NaCl agree within these limits. 
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THE PHOTOLYSIS OF ACETONE IN THE PRESENCE OF 
HYDROGEN BROMIDE1 

ABSTRACT 

The presence of hydrogen bromide during the photolysis of acetone sharply 
inhibits the yields of carbon monoxide, ethane, and volatile methyl radical 
derivatives as measured by the function (CHtf2CzHs). The observed effects can 
be explained on the assumption that both acetyl and methyl radicals react 
rapidly with HBr. 

INTRODUCTION 

The photolysis of acetone has been extensively used as a source of methyl 
radicals. The subsequent reactions of these with other substances are accessible 
to study when mixtures of acetone and a substrate are photolyzed. These 
methods have recently been applied by Raal and Steacie (6) to halogen- 
substituted hydrocarbons. I t  has, however, been discovered that the photo- 
lysis of acetone in the presence of certain chlorine-substituted hydrocarbons is 
accompanied by complicating side reactions leading to the formation of 
hydrogen chloride (2, 7). Cvetanovic and Steacie (3) have studied the photo- 
lysis of acetone in the presence of hydrogen chloride and have shown tha t  
methyl radicals react rapidly with hydrogen chloride which is largely regener- 
ated by the abstraction of hydrogen atoms from acetone by chlorine atoms. 

The work of Anderson and Kistiakowsky (1) indicates that methyl radicals 
react rapidly with hydrogen bromide also. However, there are reasons for 
believing that the photolysis of acetone in the presence of hydrogen bromide 
may not proceed entirely analogously with the hydrogen chloride case. In the 
oxidation of hydrocarbons the presence of hydrogen bromide profoundly 
modifies the reaction, the effect being attributed to the abstraction of a 
hydrogen atom from hydrogen bromide by peroxy radicals. Hydrogen chloride 
does not exert the same effect. 

EXPERIMENTAL 

Apparatus 
The optical system was as  previously described and included a G.E. 935 

phototube so that the intensity of the incident light could be controlled (7). 
The light source was a Hanovia S-500, medium pressure lamp. The experi- 
ments were carried out using a Corning 0.53 filter (Pyrex) with a "cut-off" 
below 2800 A. The analysis system mas of the type usually used in this labora- 
tory and included a Le Roy-Ward still, McLeod gauge, Toepler pump, and a 
gas burette. Since hydrogen bromide reacts slowly with mercury, a reaction 

'~VFanziscript received August 3, 1954. 
Contribution from the Division of Pure Cltemistry, National Research Council, Ottawa, Canada. 

Isslied as N.R.C. No.  547.9. 
20tt leave of absence 1858-5.9 from the Division of Triboplzysics, Contntonwealtlt Scienti$c and 

Industrial Research Organization, Melbourne, Azistralia. 
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system was adopted in which taps greased with silicone grease were employed 
and contamination by mercury vapor was reduced to  a minimum. 

The  acetone was prepared as  previously described (7). Hydrogen bromide 
was prepared by adding bromine to tetralin. The crude hydrogen bromide was 
passed through a red phosphorus column to  eliminate excess free bromine, and 
through a bubbler filled with a concentrated aqueous solution of hydrogen 
bromide in order to  remove bromides of phosphorus. The gas was then sub- 
jected to  three bulb to bulb distillations from acetone dry ice to  liquid air 
temperatures, first and last thirds being rejected. The  fraction retained was 
kept frozen in liquid nitrogen and samples were talien by warming to dry ice 
temperature. The frozen solid was quite white. 

Preliminary Experiments 

In view of the "tail-off" towards longer wave length in the absorption 
spectrum of hydrogen bromide, some preliminary experiments wei-e carried 
out to  determine the effect on hydrogen bromide of light of the wave lengths 
passed by the filter. 

Hydrogen bromide, 635 mm., was admitted to the reaction vessel a t  150°C. 
Within the experimental error the intensity of the emergent bean1 as deter- 
mined by the phototube was unaffected by the admission of the reagent. In the 
pressure region of the photolysis experiments absorption could therefore be 
safely neglected. 

Hydrogen bromide, 101 mm., was illuminated for four hours a t  150°C. The 
fraction uncondensable a t  -19G°C. was found to  be negligibly small. In 
general, preliminary experiments inclicated that  decomposition of hyclrogen 
bromide could be neglected. This conclusion is borne out in the experiments by 
the virtual absence of hydrogen among the products. 

RESULTS 

Products of the Photolysis of Acetone in the Presence of Hydrogen Bromide 

The major products (Table I) were methane and carbon monoxide. A trace 
of hydrogen was detected in the run with 50 mm. hydrogen bromide, but none 
a t  all in the run with 20 mm. hydrogen bromide. In none of the remaining 
experiments (in which the analyses were carried out by conventional gas 
analysis methods) was there any indication of the presence of hydrogen, and 

TABLE I 

Concentration, 
micromoles/cc. Products, ~llicromoles 

--- 
Run Temp., Time, Acetone Hydrogen Methane Carbon Hydrogen Ethane 

"C. hr. bromide monoxide 

112 201 4 1.888 0.748 10.75 4.85 None 0.04 
detected 
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RIDGE A N D  STEACIE: PHOTOLYSIS 385 

it may therefore be disregarded as a significant product. With the quantities 
of hydrogen bromide employed here, ethane has been reduced to almost 
negligible proportions. 

Effect of Concentration of Hydrogen Bromide  
The effect of hydrogen bromide over a range of concentrations is shown in 

Table 11. The experiments were carried out with 50 mm. acetone a t  150'. 
Throughout the series the light intensity was maintained constant. 

TABLE I1  
THE EFFECT OF COXCENTRATION OF HYDROGEN BROMIDE ON THE PHOTOLYSIS OF ACETONE 

Time of irradiation 4 hr.; Temp. 150°C. 

Concentration, 
micromoles/cc. Products, microlnoles 

-- 
Run  Acetone Hydrogen Methane Carbon Ethane C H ~ + ~ C ? H G  

bromide monoside CO 

Table I1 shows that the addition of hydrogen bromide to acetone has 
resulted in a striking reduction of the carbon monoxide, volatile methyl 
radical (CH4+2CzHG) and ethane yields, the ethane yield being in most cases 
too small for accurate measurement. For small concentrations of hyclrogen 
bromide the effect is strongly dependent upon hydrogen bromide concentra- 
tion but becomes independent of hydrogen bromide a t  higher concentrations. 

Another striking effect of hydrogen bromide is the inhibition of the carbon 
nlonoxide yield. The addition of only 20 mm. of hyclrogen bromide (run 109) 
reduced the carbon monoxide yield to 10% of its value in the absence of 
hydrogen bromide. This behavior is contrary to that of hydrogen chloride, 
which produces no effect upon the carbon monoxide yield (3). 

Tlze Effect of Temperature o n  the Inhibi t ion by Igydrogen Bromide  
This is shown in Table 111. At each temperature two photolyses were carried 

out a t  the same light intensity. One of these was a blank with acetone alone. 
Throughout the series the time of irradiation ancl concelltration of reagents 

were maintained constant, except with runs 194 and 195 where longer exposures 
were used so as to increase the amount of products. An attempt to maintain 
the illunlination constant over the whole series had to be abandoned owing to  
difficulties arising from the fogging of the cell windows, which became inore 
pronounced as the temperature was raised. Experilnellt pairs with the same 
number outside the bracket were carriecl out a t  the same light intensity. 
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TABLE 111 

THE EFFECT OF TEMPERATURE ON HBr INHIBITION OF ACETOXE PHOTOLYSIS 
Time 4 hr. 

Concentration, 
micromoles/cc. Products, micromoles 

-- --- - 
R u n  Temp. Acetone Hydrogell CH4 CO CzHs CH4+2C?Ht 

bromide CO 

'kFi~ne s i x  Tiozirs 

Table IV shows for each temperature the carbon monoxide deficiency, -ACO, 
obtained by subtracting the carbon monoxide yield for the run with hydrogen 
bromide from the value for the run a t  the same temperature and light intensity 
with acetone alone, and the volatile metlzyl! radical deficiency, -ACH3, obtained 

TABLE IV 
CARBON MONOXIDE AND VOLATILE METHYL RADICAI, DEFICIENCIES RI?SULTING FROM THI.: 

ADDITION O F  HYDROGEIi  BROMIDE T O  ACETONE 

CO yield 
Te~np. ,  - ACO, -ACH:{, for acetone, -ACO -ACH:j 

"C. micromoles micromoles ~nicromoles CO -ACO 
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RIDGE A N D  STEACIE: PHOTOLYSIS 387 

in the same way from the function (CH4+2C2H6). The ratio of the carbon 
monoxide deficiency to the yield of carbon monoxide for the acetone photolysis 
is nearly unity up to 120°C. and then falls off as the temperature increases, 
but even a t  300°C. it is still 0.14. Over the whole range the value of -ACH3/ 
ACO is of the order of magnitude of unity. 

The absolute values of the carbon monoxide deficiency and the volatile 
methyl radical deficiency are significant only as  showing a general tendency, 
since illumination was maintained constant only over the pairs 113, 114; 
105, 109; and 119, 120. I t  is seen that they rise to maximum a t  150" and then 
fall away again. 

The Effect of Time of Irradiation in the Presence of a Small Amount of Hydrogen 
Bromide 

Table V shows the effect of increasing times of irradiation on 100 mm. of 
acetone a t  150" in the presence of 0.3 mm. of hydrogen bromide. The results 
of an experiment with the same pressure of acetone in the absence of hydrogen 

TABLE V 

EFFECT OF TIME OF IRRADIATION ON THE PHOTOLYSIS OF ACETONE I N  THE PRESENCE OF A 
SMALL AMOUNT OF HYDROGEN BROMIDE 

Acetone 100 mm.; hydrogen bromide 0.30 mm.; Temp. 150°C. 
- 

Concentration, 
micromoles/cc. Time 

Run of run. 
Acetone Hydrogen hr. 

bromide 
- 

130 3.779 - 3 
132 3.774 0.0113 3 
133 3.774 0.0113 6 
131 3.779 0.0113 9 

Products, micromoles CHI +~C~HO - CO - RCHa 

CO Time. RC:HB 
Methane Carbon Ethane m icromoles/ 

mono?tide hr. 
-- -- 

5 89 7.73 3.34 1.G3 2.58 1.7G 
9.89 7.18 1 .03  1 .66  2.39 9.60 

18.11 15.13 3.18 1.62 2.52 5.70 
24.73 51.28 4.93 1.03 2.37 5 .02  

bromide are included for comparison. Although the carbon monoxide yields 
show more scatter than usual, it appears that even this amount of hydrogen 
bromide has inhibited the carbon monoxide yield to some extent. 

The effect of the addition of 0.3 mm. of hydrogen bromide has been to 
increase the methane yield a t  the expense of the ethane yield, the ratio 
CH4+2CZH6/CO remaining constant. The ratio RCR4/RC2E6 (RCE4 = rate of 
methane formation etc.) shows a drop as the time of irradiation is increased, 
presumably indicating that hydrogen bromide is slowly spent as the photo- 
lysis proceeds. However, the magnitude of the effect produced is such that a 
large part of the HBr reacting must be regenerated. 

DISCUSSION 

The effect of hydrogen bromide on the photolysis of acetone is particularly 
striking. As little as 1.5 mm. in 50 mm. of acetone a t  150" practically eliminates 
the ethane yield (run 110, Table 11), reduces the carbon monoxide yield to 
almost half its value in the absence of hydrogen bromide, brings about a 
considerable increase in the yield of methane and an increase in the ratio 
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(CH4+2CzHG)/CO to a value well over 2. The last effect is a plain indication 
that  the reaction is not a simple case of photodecomposition of acetone to give 
methyl radicals and carbon monoxide, followed by the abstraction of hydrogen 
from the hydrogen halide by the methyl radicals, as appears to be the case in 
the photolysis of acetone - hydrogen chloride mixtures (3). 

That  hydrogen abstraction (2) is, however, involved 
CH3fHBr = CH4+Br [21 

is fairly clear from the results of the photolyses for various lengths of time, 
with very small additions of hydrogen bromide (see Table V). In this case the 
carbon monoxide yield was only slightly affected and the ratio (CH4+2CzH6)/ 
CO remained the same as for acetone alone, the drop in the ethane yield on 
addition of hydrogen bromide being accounted for by a corresponding increase 
in the methane yield. From the same series of experiments i t  is likewise clear 
that the reaction 

BrfCH3. CO. CH3 = HBrfCHz. CO.CH3 141 

occurs sufficiently rapidly compared with other reactions of bromine atoms for 
the hydrogen bromide to be partly regenerated, as has already been discussed. 
This result is of significance for the photolysis of acetone in the presence of 
bromine substituted hydrocarbons, as i t  indicates that the formatioil of even 
small quantities of hydrogen bromide will result in serious complications as 
far as interpretation of the results and derivation of activation energies 
concerned. 

Hydrogen bromide in greater concentration brings about a marked reduc- 
tion in the volatile methyl radical yield (CH4+2CzHG); for example, a t  150' 
the addition of 9.8 mm. hydrogen bromide to 50 mm. acetone reduces the 
volatile methyl radical yield to less than half its value in the absence of 
hydrogen bromide (run 107, Table 11). This indicates that  methyl radicals 
are either undergoing reactions not leading to methane or ethane produc- 
tion, or that the photolysis of acetone is so interfered with by the presence 
of hydrogen bromide, that there is a reduction in the number of methyl radicals 
produced. 

A striking feature of the effect of hydrogen bromide is the sharp suppression 
of the carbon monoxide yield. This is almost certainly due to a rapid reaction 
of acetyl radicals with HBr to  form acetaldehyde. 

Table IV shows that the ratio -ACH3/-ACO is approximately unity over 
the range of temperature studied. If the values most liliely to be in error are 
omitted, viz. for 300" where the degree of inhibition is small, and for 50" where 
the amount of products is small, the average value is 1.1. However, this ratio, 
as calculated froin the figures of Table 111, alone is of limited significance. I t  is, 
however, consistent within the experimental error with a ~nechanism in which 
the loss of CH, and of CO is due to loss of acetyl radicals. 

Attempts were made to detect acetaldehyde ainong the products of photo- 
lysis of acetone - hydrogen bromide mixtures, but these were not successful. 
I t  is felt, however, that  this is not a serious objection as there was a considerable 
amount of tarry products and acetaldehyde may well have been lost in these. 
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The Reaction Mechanism 
The observed effects are therefore accounted for by the following reaction 

scheme : 
CHS. CO. CH,+hv = CH3. CO+CH, [I41 
CH3. CO = CH3+CO I l l  
CH3+HBr = CH4+Br [2] 
CHZ.CO+HBr = CH3.CHO+Br [31 
Br+CH3.C0 .CH3  = HBr+CH2.C0 .CH3  [4] 
CH3+Br = CH3Br [5] 

~ince:the light used in these experiments was largely 3130 A, we assume tha t  
the initial decomposition of acetone proceeds predominantly t o  a methyl and 
an acetyl radical (5). The acetonyl radical will presumably disappear by 
association to  form bromoacetone or methyl ethyl ketone. 

From the above scheme 

d[CH3. CO]/dt = 14 - kl[CH3. CO] - k3[CH3. CO] [HBr] = 0. I 
Also d[CO]/dt = k,[CHz. COI, 
. . [CH3. CO] = d[CO]/dt . /kl. I I 

Substituting I1 in I and rearranging 

14 = d[CO]/dt+k3/kl. [HBr] . d[CO]/dt. 

Identifying 14 with Rco, the rate of carbon monoxide formation for acetone 
alone, and setting RE0 equal to  d[CO]/dt, the rate of carbon monoxide forma- 
tion in the presence of hydrogen bromide, we obtain on rearranging: 
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Fig. 1 shows log R C O / R ~ O - l  plotted against l /T .  The points lie about a 
straight line with a slope corresponding to  about -13 kcal./mole for the 
difference E 3 - E l .  The activation energy of reaction (I)  is not linown precisely 
but has been estimated a t  from 10 to  18 kcal./mole (4). E3 is unliliely to  be 
more than 5 kcal./mole. Thus, in view of the drastic approximations made 
in the above derivation the value of - 13 kcal./mole for E3 - El is a reasonable 
one, and to  this extent supports the mechanism suggested. 

If the inhibition of the acetone photolysis by hydrogen bromide is due 
entirely to  the reaction of acetyl radicals the yield of (CH4+2CzH6) for the 
inhibited reaction cannot be less than the carbon monoxide yield of the 
corresponding uninhibited reaction. However, reference t o  Table I1 shows 
that  the volatile methyl radical yield of the inhibited reaction falls appreciably 
below the carbon monoxide yield for acetone alone. This may be attributed 
to  reaction (5). As noted previously with the experiments with 0.3 mm. hydro- 
gen bromide, hydrogen bromide is gradually spent despite the regenerative 
reaction. With the higher concentrations of hydrogen bromide used in the . 
experiments over a range of temperatures, the production of bromine atoms 
must become appreciable. 
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THE EFFECT OF PRECIPITATION CONDITIONS ON THE FLOW 
PROPERTIES OF SILICA DISPERSIONS1 

ABSTRACT 

The pH of the solutio~ls in which silica is precipitated from sodium silicate has 
a marked effect on the flow properties of pastes prepared by subsequently dis- 
persing the silica in liquid hydrocarbons. The yield value of this non-Newtonian 
suspensioll exhibits a pronounced maximum when silica precipitated a t  about 
pH 6 is used. explanation based on the properties of the solid-liquid interface 
is proposed. 

INTRODUCTION 

When a dilute solution of sodium silicate is treated with acid, a sol of silicic 
acid is formed. On standing, this sol sets to a firm, transparent gel. Although 
the mechanism oi this change is still a subject of investigation, it appears to be 
due to the formation of poll mers froin the liberated silicic acid and the cross- 
linking of these aggregates to form a three-dimensional structure. Tlle time 
required for the sol-gel transformation to occur is termed the time of set and 
it is a function of the hydrogen ion concentration in the s>-stem when silica 
concentration and temperature are kept constant. The time of set and certain 
mechanical properties of the gel can also be altered b>- the use of chemical 
additives (12, 13). A number of substances show this effect, including alcohols, 

I aldehydes, ketones, and sugars. 
Since the time of set is an iildication of particle-particle interaction, it might 

I 

be expected that factors that change the time of set materially may also in- 
fluence the other properties of the gel that depend on interaction between 
particles. A recent and interesting use to which silica has been put is its addi- 
tion to liquid hydrocarbons to produce highly thixotropic pastelike dispersions. 

I Since thixotropy is caused by the interaction of solid phase particles, it seemed 
probable that the conditions of preparation of the original silica gel would 
influence the properties of the paste. The present communication describes 
part of the work undertaken in this connection, viz., the effect, on the flow- 
properties of the hydrocarbon-silica dispersions, of altering the pH a t  which 
gels of constant concentration are prepared. 

. . The silica aqua gels were prepared by adding sulphuric acid to an appropriate 
concentration of N grade sodium silicate produced by the Philadelphia Quartz 
Company. The following procedure was typical: 100 gm. of 41' Baum6 silicate 
were diluted to 450 cc. with distilled water in a 2 liter beaker. The silicic 
acid was precipitated during vigorous agitation by the addition of about 
550 cc. of dilute sulphuric acid. The pH of the sol was taken with a Beckman 
pH meter before gelation occurred, the quantity of acid being adjusted to give 

'Manuscript received in original form August 11, 1966, and as revised, October 25, 1954. 
Contribution from the Division of Applied Chemistry, National Research Council, Ottawa, 

Canada. Issz~ed a s  N.R.C. A7o. 3481. 
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gels that varied in pH from 1.0 to 8.6. Variations in the time of set of these 
sols were similar to those observed by other investigators. The concentration 
of SiOz in all the gels was approximately 2.8%. 

The gels were allowed to age for 24 hr. a t  25"C., after they had set. They were 
then washed until substantially free from soluble salts. This was normally 
accomplished with four 1-liter portions of distilled water, the gel and wash 
water being mixed in a Waring Blendor before filtering. In a few experiments 
the gel was extracted until no sulphate could be detected in the wash water. 
As subsequent experiments indicated no significant difference between these 
gels and those washed by the first procedure, the simpler method was used. 
Changes in pH of the gel during the setting period were small and in the 
expected direction (7). 

Silica may be dispersed in non-aqueous media and still retain much of the 
structure developed during the sol-gel transformation by either of the follow- 
ing methods. In the first, the water in the aqua gel is exchanged with a solvent 
miscible both with water and with the liquid medium in which the silica is to 
be dispersed. This may be done conveniently by a process of exhaustive 
extraction. In the present work acetone was used as the solvent. The  exchange 
was carried out in a continuous liquid extractor fitted with a fractionating 
column to deliver substantially dry acetone to the sample. Solvent replacement 
was considered complete when a test sample of silica did not shrink when 
placed in high boiling liquid hydrocarbon and the solvent flashed off. Silica- 
hydrocarbon dispersions could now be prepared by adding an appropriate 
quantity of silica-acetone gel to the hydrocarbon, flashing off the acetone, 
and subjecting the system to mild homogenization. 

The second method consists in first producing a silica aerogel by the method 
of Icistler (8) followed by dispersing a known amount of the aerogel in the 
hydrocarbon using a shearing device. 

The flow properties of the pastes produced by these methods could be 
examined using conventional apparatus. 

The pastes from solvent exchanged silica were made up to contain 5.76% of 
silica by weight in a highly paraffinic oil having a viscosity of about 0.65 poise 
a t  38°C. Pastes prepared from aerogels contained 5.0% of silica by weight. 
Owing to the similarity of refractive index of the two phases, the dispersions 
were quite transparent. Viscometric measurements were made using an 
extrusion plastometer that was equipped with a capillary having an orifice 
0.089 cm. in diameter and 2.45 cm. in length. Compressed nitrogen provided a 
source of variable pressure. The samples were degassed by being placed in a 
vacuum desiccator for about 20 min. and were charged into the viscometer 
under reduced pressure to lessen the danger of entrapping air bubbles. 

From the outflow time, weight of material extruded, and pressure used, the 
rates of shear and apparent viscosity were calculated for the various samples 
using Poiseuille's equation. The results were examined by plotting the apparent 
viscosities against the reciprocal of the rate of shear and by calculating the 
residual viscosity and coefficient of thixotropy or yield value from the inter- 
cept a t  infinite shear and the limiting slope of the graph a t  high shear rates. 
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RESULTS AND DISCUSSION 

Typical data showing the changes in the yield value of the silica-oil disper- 
sions with the variation of the pH a t  which the silica was precipitated are 
shown in Fig. 1. During a period of several years, more than 60 individual 

P 
FIG. 1. Depe~idence of the yield value of silica-hydrocarbon pastes on the conditions under 

which the silica is precipitated. 

experiments have been conducted using the silica obtained from several 
samples of sodium silicate and using both the solvent exchange and aerogel 
techniques in the preparation of the silica-oil pastes. With minor variations 
the flow properties of the dispersions follow the pattern indicated in Fig. 1. 
The maximum in the curve obtained with pastes prepared via the aerogel 
technique is usually displaced slightly to the left. However, by redispersing 
samples of the silicas in water, it was found that the pH of the dispersions 
prepared from the aerogels was higher than comparable samples prepared 
from solvent exchanged silica. The change in acidity apparently occurs during 
the preparation of the aerogel and compensates for the apparent displacement 
of the maximum. 

Comparison of the residual viscosities of these systems (1, 5, 15) indicates 
an apparent increase in the axial ratio of individual particles of silica in the 
vicinity of pH 5. This, however, may actually be an increased porosity in 
particles of cross-linked gel at this pH. No differences could be detected in the 
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various samples of silica when the pastes prepared from them were examined 
with the electron microscope. To determine whether or not thisapparent change 
in shape factor could account for the maximum found in the yield value, three 
silica aqua sols, adjusted to pH 5.0, 6.6, and 2.5 respectively, were prepared 
and allowed to gel. After the gels had aged for 24 hr., each was divided into 
three portions, extra water was added, and each portion agitated until a 
smooth slurry was produced. One of the portions from each batch was retained 
as a control and to each of the others acid or alltali was added to adjust the pH 
of the slurries to 2.9 and 7.1 for the first batch, 5.0 and 4.0 for the second, and 
5.0 and 7.0 for the third. After a further 24 hr. period of aging, the silica samples 
were washed, solvent exchanged with acetone, and dispersed in oil as previously 
described. When the flow properties of these nine dispersions were examined 
and the yield values plotted as a function of conditioning pH it was found 
that a reasonably smooth curve very similar in shape to Fig. 1 could be drawn 
through the points. The apparent viscosity a t  infinite shear was virtually 
independent of the conditioning pH values in each of the three batches. These 
results \vould seem to indicate that the phenomenon is due predonlinantly to 
the surface properties of the silica rather than to the shape of the particles. 

The maximum in yield value apparently bears no relation to the minimum 
time of set of silica gels since this occurs a t  about pH 8 (13), nor is it related to 
the rigidity of the aqua gels (11). I t  does appear to occur in a region where 
elastic recovery of the aqua gel is high and very near the isoelectric point 
determined by Batchelor (2). 

Schneiderwirth (14) has noted that aqueous dispersions of insoluble allt a 1' ~ n e  
earth salts show a maximum in thixotropy a t  pH 5 and the apparent viscosity 
of aqueous suspensions of T i c  and TiN have been observed to pass through a 
maximum a t  pH 6 (16). Mukherjee and Mitra (10) have reported a very 
pronounced maximum in the viscosity of suspensions of bentonitic clay a t  
about pH 6.5 and Hauth (6) has noted a similar phenomenon with aqueous 
alumina. Thus maxima in apparent viscosity with changes in pH do not appear 
to be uncommon with aqueous inorganic suspensions. No record of a similar 
occurrence with non-aqueous media was found, however. 

Since the maximum in yield value must be associated with a high degree of 
flocculation and instability of the system, this is to be expected a t  or near an 
isoelectric point. Although it has been pointed out recently (9) that while the 
usual double layer considerations may apply in a number of non-aqueous 
systems they would not be expected in such apolar liquid media as hydro- 
carbons. Garner, Nutt,  and Mohtadi have been able to demonstrate electro- 
kinetic phenomena with carbon dispersed in highly non-polar systems (4). 
Electroltinetic effects could not be observed with these dispersions of silica 
after suitable dilution. However, it is perhaps not unreasonable that a partial 
layer of acid or alkali sorbed on the silica surface on either side of the iso- 
electric point would confer a degree of stability to the system in proportion to 
the percentage of surface covered, with a consequent reduction in the yield 
value. This effect may be enhanced by the presence of oil soluble polar com- 
pouncls in the liquid phase. 
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S I R I A X S I  A N D  PUDDINGTON: SILICA DISPERSIOKS 395 

Chaudhury (3) has suggested the possible influence of the free energy a t  the 
solid-liquid interface on the stability of colloidal systems. The effect of screen- 
ing ions on the surface energy of quartz and its relation to the rheological 
properties of aqueous clay and sand suspensions has been emphasized recently 
in a review by Weyl (17). That  the effect may be even more pronounced in 
non-aqueous media is also indicated. Certainly the initiation of flow in a 
thixotropic paste involves the creation of fresh solid-liquid interfaces, since 
electrical properties of pastes indicate solid-solid contact in the unsheared 
condition. High interfacial surface energies might be expected to contribute t o  
the high yield values of the less stable systems, while the possible reduction of 
surface energies due to the adsorption of ions is in keeping with the greater 
stability found with the systems \irhere the silica was precipitated above and 
below pH 5 .  i\/Iany examples can be cited where spontaneous adsorption of 
n~olecules dissolved in the liquid phase has increased the stability of suspen- 
sions in hydrocarbon media. This process presumably taltes place with a 
substantial reduction of the free energy of the solid-liquid interface. 
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THE PHOTOLYSIS OF MIXTURES OF ACETONE AND SOME 
HALOGENATED HYDROCARBONS1 

ABSTRACT 

The composition of the products of photolysis of acetone in the presence of 
methyl chloride, methyl bromide, methylene chloride, and methylene bromide 
has been determined. These reactions are attended by complications not found 
with the photolysis of acetone-hydrocarbon mistures. Failure to take into 
account reactions resulting from the formation of halogen hydrides and to allow 
for the presence of ethylene invalidates the values obtained by Raal and Steacie 
for the activation energy for hydrogen abstraction by methyl radicals from some 
halogenated hydrocarbons. 

INTRODUCTION 

The photolysis of mixtures of acetone and some halogenated hydrocarbons 
has been investigated by Raal and Steacie (4), who found ethane, methane, 
and carbon monoxide as volatile products. Assuming that  all methane arose 
from hydrogen abstraction by methyl radicals from acetone and the particular 
halogenated hydrocarbon, and that  all ethane arose from the combination of 
methyl radicals, Raal and Steacie obtained values for the activation energy of 
a number of reactions of the type 

where X = C1, Br, or F. 
However, the photolysis of acetone in the presence of carbon tetrachloride 

and chloroform has been studied by Cvetanovic et al. (1) and with both sub- 
strates hydrogen chloride was found among the reaction products. In view of 
the rapid hydrogen abstraction from hydrogen chloride by methyl radicals (2), 
the formation of hydrogen chloride during the course of the reaction invali- 
dates the kinetic treatment applied by Raal and Steacie to the photolysis of 
acetone in the presence of chloroform. 

The present paper describes the results of an investigation into the coin- 
position of the products of the photolysis of acetone in the presence of methyl 
chloride, methylene chloride, methyl bromide, and methylene bromide. 

EXPERIMENTAL 

The apparatus was of the same general design as that used by Cvetanovic 
and Steacie ( 2 ) ,  with provision for the exclusion of mercury vapor from the 
reaction cell. Silicone grease was used as a stopcock lubricant. When constant 
illumination over a series of runs was required, the current through the lamp 
was adjusted to give constant intensity of the emergent light as measured by a 
phototube reading. In fact, the current through the lamp required to be con- 

'Manzlscript received Augzist 12, 1954. 
Contribution from the Division of Pure Chemistry, iVatio?zal Researclz Coz~ncil, Ottawa, Ca?zada. 

Issued as N.R.C. No. 3490. 
2 0 n  leave of absence 1952-53from the Divisio~z of Tribophysics, Conz~nonwealth Scientific and 

Indzlstrial Research Organization, Melbourne, Australia. 
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RIDGE A N D  STEACIE: PHOTOLYSIS 397 

stantly increased as the exposure continued, owing to the deposition of opaque 
matter on the windows of the reaction cell (chiefly on the front window). 

Two filters were used alternatively, viz.: 
(a)  A Corning 7.54, with a "cutoff" below 2300 A. 
(b) A Corning 0.53, with a "cutoff" below 2800 A (Pyrex Filter). 
Analysis of products was carried out by means of a modified Ward still (3) in 

conjunction with standard gas analysis methods. Analyses of fractions from 
the Ward still were also carried out by means of the mass spectrometer. 

RESULTS 

Acetone - iMethyl Chloride Mixtures 
The results of a number of experiments with acetone - methyl chloride 

mixtures are given in Table I.  The products are those to be expected from the 
photolysis of acetone or from hydrogen abstraction by methyl radicals from 

Concentration, 
/~M./cc. Products, /LWI. 

Run Time, Remarlcs 
Acetone CHaCl sec. CHI CO C?He CzH4 

38 3.890 3.685 7200 17.23 11.19 3 .0  2.36 
46 3.838 3.771 18,000 - - 
52 3.785 - 
53 3.816 - 

3600 3.39 5.92 1:IY d:ii 1 
7200 7.07 11.93 4.98 0.07 

58" 1.889 1.889 7200 36.51 25.60 1.88 1.45 Filter "A". 
59* 1.889 1.919 7200 35.15 25.72 2.04 1.37 IMercurv absent 

37.34 25.49 1.82 
36.14 24.58 1.89 f::: 1 
31.16 21.90 1.72 1.32 
6.02 22.19 16.37 0 Filter "A". 

0 0 0 0 Mercury present 
0 0 0 0 

(0.04) (0.04) 

28.34 24.08 1.33 0.85 
27.61 23.34 1.21 1.03 

Run No. 64 was 
carried out in the 
presence of 11 .54/~i\I. 
/CC. of CO2 

"Szrccessive r u m  at  savze intensi ty .  
t N o  illzr?t~ination. 
-Product not deter~nined.  

methyl chloride. However, ethylene is also an important product. Tests for the 
presence of hydrogen chloride among the reaction products were made by the 
method previously described (I) .  A series of experiments was made a t  150°C. 
When methyl chloride was irradiated alone, or when mixtures of acetone and 
methyl chloride were maintained a t  150°C. for 15 hr. without irradiation, no 
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hydrogen chloride was detectable. Hydrogen chloride was, however, always 
founcl in irradiated mixtures of acetone and methyl chloride. 

The following conclusions may be drawn: 
( a )  The formation of ethylene and HCI sho\vs that the reaction is complex 

and invalidates the kinetic treatment of Raal and Steacie ( 4 ) .  
(b) The presence of mercury vapor has no effect. 
(c) Runs 56 and 57 show that  the quantum yield of CO is not affected by the 

presence of a large amount of methyl chloride. 
(d )  KO appreciable quantity of gaseous products is formed on irradiating 

methyl chloride alone. 
(e) The presence of a large excess of COs (runs 64 and 65) does not affect 

the results. Surface effects or effects due to excited molecules are therefore 
unimportant. 

A few experiments were also made with deutero-acetone and methyl chloride. 
The C1 fraction consisted of CO, CD3H, and CD4. The  absence of CH4 and 
CH3D is further evidence that no direct decomposition of CH3CI is occurring. 
The ethylene fraction was mainly C2D2HP. This rules out the possibility of 
ethylene resulting from disproportionation of CHsCI or dimerization followed 
by decomposition. Ethylene presumably results from the decomposition of 
complex products perhaps formed from CHpCl and CI-13COCH2. 

Acetone - Methylene Chloride Mixtures 
Similar experiments were carried out with methylene chloride. Appreciable 

amounts of hydrogen chloride were found among the reaction products. Traces 
of HCI were found, however, when methylene chloride alone was irradiated. 

Acetone - ~Viethyl Bromide iliixtures 
Similar experiments were carried out with acetone - methyl bromide mix- 

tures. The results for a typical run were: 

Temperature: 150°C. 
Filter: "b" 
Acetone : 100 mm. 
Methj.1 bromide: 100 mm. 
Time : nine hours 

Products pRII. 

CH 4 24.37 
CO 16.48 
CzHs 1.11 
C2H4 0.19 

Ethylene was thus again formed, but in much smaller amount than with 
methyl chloride. Hydrogen bromide was not positively identified, since the 
unilluminated mixture gave a slight positive reaction. 

The complications are thus not as pronounced as with methyl chloride, but 
the results of Raal and Steacie (4 )  should be regarded with some suspicion. 

Similar results were obtained with methylene bromide. 
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ORGANIC DEUTERIUM COMPOUNDS 
XIII. THE MECHANISM OF THE NEF REACTION 

SYNTHESIS OF ETHANAL-1-dl 

ABSTRACT 
The mechanism of the Nef reaction was investigated with nitroethane-1,l-d2. 

The isolation of 95 mole % ethanal-1-d in 70% yield renders a mechanism 
proposed by Mahler untenable, but supports others submitted by van Tamelen 
and Thiede and by Nametkin. 

INTRODUCTION 

The conversion of a primary nitroparaffin into an aldehyde or of a secondary 
nitroparaffin into a ketone is known, after its discoverer, as the Nef reaction 
(9). Its scope was later investigated by Johnson and Degering (4) when 
nitroparaffins became readily accessible from the nitration of aliphatic hydro- 
carbons. Mahler (7) defined the optimum conditions for the preparation of 
propionaldehyde from 1-nitropropane and suggested "the highly tentative 
mechanism" shown below. 

I 
R-C-NHOH 

I 

I - 
R-CH +NH(OH): 

I 

lAfanz~script received October 65 ,  1964. 
Contribution from the Division of Pure Chemistry, National Research Laboratories, Ottawa, 

Canada. Issued as N.R.C. No. 3489. Presented at the 126th meeting of the American Chemical 
Society, New York City, September, 1954. 
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LEITCH: ORGANIC DEUTERIUM COMPOUNDS 40 1 

This mechanism hinges on the addition of a inole of water in one direction, its 
elimination in another, then addition of a second mole of water, followed by 
hydrolysis. The addition of water in the manner indicated is improbable on 
account of the charge distribution between carbon and nitrogen. Also, this 
mechanism cannot account for the formation of ketones from secondary 
nitroparaffins. 

An alternative mechanism which is shown below was recently advanced by 
van Tamelen ancl Thiede (11). 

These authors point out a parallel between the Nef reaction and the hydrolysis 
of oximes and present evidence strongly in favor of this scheme. 

i The correctness or otherwise of these mechanisms may be readily tested 
using deuterated nitroethane as a tracer; for, if the reaction proceeds as  

I 
\ proposed by Mahler, nitroethane-1,l-dz (CH3CD2N02) should give normal 

acetaldehyde because the hydrogen a t  C-1 is lost as water in step (c)  and acet- 
aldehyde is formed by hydrolysis in step (e). On the other hand acetaldehyde 
deuterated in the functional group should result if the reaction follows the 
course suggested by van Tamelen and Thiede (11). 

Nitroethane-1,l-d2 was prepared by exchanging nitroethane with deuterium 
oxide as described for nitromethane in a previous paper (5) but in the presence 

1 of a weak base. After two exchanges the bands a t  1330, 1255, 1132, 994, and 
811 cm.-I in the infrared spectrum of CH3CH2N02 were reduced in intensity 

. . . . .  . . . . . . . . . .  . . . . . . . . .  . . .  . . . . . . . . . . . .  . . . .  , 
. . .  . . . . . . . .  . . . . . .  . . . . . .  

while new ban'ds corresponding to CH3CDzN02 appeared a t  1305, 1289, and 
. . . . . . . . . . . . .  

. . . . . . . .  . . . . . .  . . . . . . . . .  I 
. . .  . . . . . . . . . . . . .  . . . . 1025 cm-I. The mass spectrum of nitroethane shows no parent pealc, but 

+ 
. . . . . . . .  . . measurement of the pealc intensity due to  CH3CD2 indicated that  the com- 

. . . . 
. . . . .  . . .  . . 

. . pound contained about 45 mole % CCH3CD2N02 and unknown amounts of 
CH3CHDN02 and CH3CH2NOZ. There was no peak corresponding to three 
deuterium atoms in the molecule so deuteration therefore does not extend to  
the H in the methyl group. The deuterated nitroethane was subjected to the 
Nef reaction essentially as described by Johnson and Degering (4) except tha t  
the acetaldehyde itself was isolated instead of its semicarbazone. The mass 
spectrum of the acetaldehyde indicated it  was largely CH3CD0. The mechan- 
ism of the Nef reaction as proposed by Mahler (7) is therefore incorrect. 
On the other hand, the present work supports the alternative andsimpler 
mechanism of van Tamelen and Thiede (11). 
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A minor shortcoming of their interpretation of the Nef reaction is its failure 
to  account for the appearance of a transient blue color in the reaction mixture 
prior to  the evolution of nitrous oxide. Nametkin (8) attributed this color to 
the formation of a nitroso intermediate.* I t  is possible to modify the mechanism 
of van Tamelen and Thiede (11) to  include a nitroso intermediate as shown below. 

R OH R 
\ -+/ \ /OH - H?O 
C=N --f C-N + 

/T \ 
R' 1 0- 

( I  \ 
R OH OH /v 

H H 

The Nef reaction is well adapted to  the syilthesis of ethanal-1-d and other 
aldehydes deuterated only in the formyl group on account of its simplicity 
and the high isotopic purity of the product, which is over 95y0 if we base our 
results on the theoretical calculation of Brinton and Blacet (3) for the mass 
ratio CDO/CHO obtained by mass spectrometry. 

The apparent discrepancy between the deuterium coiltent of the nitro- 
ethane and that of the acetaldehyde prepared from it inay be readily recon- 
ciled by reference to  da ta  in a paper by Wynne-Jones (12). According to  this 
author the relative rates of ionization of the hydrogen and deuterium atoms in 
nitroethane are in the ratio 10: 1. Therefore, assuming the deuterated nitro- 
ethane contained 50% of the isotopic species, CH3CHDN02, its ion, CH3CD= 
NO1 will be present to  the extent of 45y0; this, added to the 45y0 from 
CH3CD2N02, would lead to  acetaldehyde containing goyo CH3CDO. 

Ethanal-1-d has been synthesized by Blacet and Brinton (2) in five steps 
starting from butyne-2. Another synthesis from diacetyl was reported re- 
cently by Loewus et al. (6). The first is tedious and leads to  a product of low 
isotopic purity, while the second requires lithium aluminum deuteride which 
is both difficult to obtain and very expensive. Moreover, these methods are 
not suitable for the synthesis of other aldehydes deuterated in the functional 
group because the starting materials are not readily accessible. 

*This information was kindly supplied by Dr. W. E. Noland, Department of Chemistry, 
University of Minnesota, Minneapolis, .iMinn. 
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The ethanal-l-d reported in this work has since been used by others in 
these laboratories in spectroscopic and photocl~emical studies (1, 10). 

EXPERIMENTAL 

Nitroethane-I ,I-&, CHsCD2N02 
A mixture of nitroethane (25 ml.) and deuterium oxide (25 ml.) containing 

10 mgm. of dissolved anhydrous sodium acetate was heated overnight in a 
sealed tube in a rocking furnace a t  90°C. The tube containing the deep-yellow 
reaction mixture was opened, attached to a vacuum line, frozen, and evacuated. 
The supernatant layer of deuterated nitroethane was distilled off through a 
U-tube containing Drierite and condensed in a trap a t  -78OC. yield of 
colorless liquid was 19.0 ml. The loss is due to the formation of a water-soluble 
product by a side reaction which was not further investigated. 

The exchange was repeated with an equal volume of fresh deuterium oxide 
and sodium acetate. The yield of nitroethane-1,l-dz analyzing 45 mole % 
CH3CD2N02 was 11.0 ml. 

Nitroethane-1,l-d2 (3.0 ml.) was dissolved in 20 ml. of ice-cold 10yo sodium 
hydroxide in a small separatory funnel. The solution was added slo\vly drop- 
wise to one of 6 ml. sulphuric acid dissolved in 40 ml. of water, which was 
kept a t  0 to 5OC. and stirred continuously. The addition of the sodium nitro- 
ethane solution produces a characteristic blue color in the sulphuric acid which 
fades as  nitrous oxide is evolved. Any acetaldehyde entrained in the nitrous 
oxide was condensed in a U-tube coolecl to -40°C. ~vitll dry ice and acetone. 
Stirring was continued for 15 min. after all the sodium salt solution had been 
added. When the reaction mixture mas heated the acetaldehyde distilled and 
condensed in the U-tube. The product was then distilled from the U-tube 
into a graduated trap on the vacuum line. Yield: 0.8 ml. The mass spectrum 
gave the following principal peaks: 

46 (CH2D. CDO) 3.82 
45 (CH3CDO) 136.0 

30 (;DO) 200.8 

29 ( 6 ~ 0 )  24.83 

Evidently, ethanal-l-d is large1 y produced in this reaction rather than normal 
acetaldehyde. 

There is no advantage in dissolving the deuterated nitroethane in sodium 
deuteroxide. In fact, this leads to  a higher peak a t  46 due to CH2DCD0 
produced by the exchange: 
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THE BIOGENESIS OF ALKALOIDS 
XIV. A STUDY OF THE BIOSYNTHESIS OF DAMASCENINE 

AND TRIGONELLINE 

BY EDWARD LEETE,' Lf30 MARION, AND IAN D. SPENSER~ 

ABSTRACT 

Tryptophan-3-C1" was prepared from methyl labelled sodium acetate and fed 
to  mature iVigella darrtasce?ta L. plants. Radioactivity was translocated throtrgh- 
out the plant, but no activity was detected in the clamascenine isolated from it. 
Similarly the radioactive t r y p t o p h a ~ ~  \\,as fed to  pea seedlings and trigonelline 
detected in the plant extracts. This was also inactive, and these results are 
discussed. 

I t  has been suggested (23) tha t  trigonelliile (the n ~ e t h g ~ l  betaine of nicotinic 
acid) arises from proline by ring opening to 6-aminovaleric acid and thence to 
nicotinic acid by reaction with a one carbon fragment such as formic acid. 
Iilein and Linser (18, 18) injected various amino acids into the hollow stems 
of Dnlzlin vnriabilis and other plants which produce trigoilelline and they 
claimed tha t  the amount of trigonelline increased, relative to tha t  in control 
plants, after the feeding of ornithine, proline, glutainic acid, or 6-aminovaleric 
acid. No  increase was observed after feed-ing arginine, tyrosine, aspartic acid, 
or other ainino acids. Hexamethyleile tetramine produced increases in the 
amount of alkaloid, possibly by acting as a source of formic acid. These results 
have been critically examined by Jaines (15) \illlo raised doubts about the 
supposed increases in the arnount of alltaloid. 

Barger (3) was the first to place clamascenine (the methyl ester of 2-methyl- 
ai11ino-3-n1etl1oxybenzoic acid) amongst the alkaloids derived from trypto- 
phan by the oxidation of indole to anthranilic acid followed by hydroxylation 
and methylation. In  aniinals and rnolds it has been concl~~sively proved tha t  
3-h~~droxyanthranilic acid and nicotinic acid arise in the course of tryptophan 
metabolisnl (4, 6, 14, 20). RiIany biological reactions which occur in plants 
have been shown to be similar to if not identical with those occurring in 
animals and molds. I t  was thus conceivable that  tryptophan might be the 
source not only of damascenine, but  also of trigonelline. I t  was therefore 
decidecl to feed tryptophan labelled with C14 in the 3-position of the  indole 
n u c l e ~ ~ s  to  plants producing damascenine and trigonelline. If tryptophan were 
the precursor of these allialoids radioactivity would be expected in the car- 
boxyl group of both trigonelline and damascenine. 

T h e  preparation of tryptophan-3-C15n 5% yield from carboxyl labelled 
benzoic acid in 11 steps has been reported (14). In  the present work methyl 
labelled sodium acetate was converted to pyruvamicle-3-C19by the method 
described in the literature (2, 24) for the preparation of pyruvamicle-2-C1" 
from carboxyl labelled sodium acetate. This was converted to the phenyl- 
hyclrazone and quantitatively hydrolyzed to  pyruvic acid phenylhydrazone 

'ilTc~?tzlscrip! recei-ded i\Tovert~ber 4 ,  1954. 
Co1tlribtilio7l front the D~aisiotz of  Pure Che~ttistry, i\T(~tio?7nl Research Cou7zci1, Ottawa, Calzada. 

Issl~ed aJ !lr.x.C. Aro. 5496. 
2.\'(~tionnl IZesearcA Cozi?scil of Caf7ada Postdoctorate Fellow. 
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which was esterified with diazomethane and cyclized to methyl indole-2- 
carboxylate (7). The ester was hydrolyzed and the indole-2-carboxylic acid 
decarboxylated in quinoline in the presence of cupric oxide. The indole-3-C14 
was converted via gramine to tryptophan-3-C14 (1, 13, 23). The over-all 
radiochemical yield from pyruvamide to tryptophan was 670. Direct ring 
closure of pyruvic acid phenylhydrazone to indole-2-carboxylic acid failed 
completely (11) while cyclization of pyruvamide phenylhydrazone to indole- 
3-carboxamide was accomplished in 12y0 yield only. Attempts to synthesize 
pyruvic acid phenylhydrazone according to Japp and Klingemann (16) in two 
steps from methyl iodide and ethyl methylmalonate (10) or from methyl 
iodide and ethylacetoacetate (9) led to the desired product in poor yields only. 

The labelled tryptophan was fed to mature five-month-old NigelZu damascena 
plants via the roots and after eight days the darnascenine isolated from the 
whole plant by ether extraction. The amino acid was also fed to five-week-old 
pea seedlings and after seven days trigonelline was detected in the extracts of 
the aerial parts of the plant. No trigonelline was found in the roots. Neither 
alkaloid, however, was radioactive. 

E X P E R I M E N T A L 3  

Synthesis of Tryptophan-3-C14 
Pyruvamide-3-C14.-This was prepared from methyl labelled sodium acetate 

by the same method as that described for the synthesis of pyruvanlide-2-C1" 
(2, 24). 

Pyrzwic acid-3-C14 pheny1hydrazone.-Pyruvamide-3-C14 (0.834 gm., 0.0096 
mole) of activity 2.78 X lo8  disintegrations per minute was dissolved in 
water (30 ml.) and a solution of freshly distilled phenylhydrazine (0.95 ml., 
0.0096 mole) in 2 N hydrochloric acid (5 ml.) was added. The mixture was 
kept a t  0' for one hour and the product filtered ofi and washed with water 
(100 ml.). I t  was wetted with a little methanol, dissolved in boiling water 
(100 ml.), 2 N hydrochloric acid (150 ml.) added, and the solution kept on the 
steam bath for two hours. The solution was cooled and the crystalline pyruvic 
acid-3-C14 phenylhydrazone filtered, m.p. 173-174', wt. 1.382 gm., yield 81%. 

Ind01e-3-C~~-2-~arboxylic acid.-The pyruvic acid phenylhydrazone was 
suspended in ether and treated with excess diazomethane. The solvent and 
excess reagent were removed by distillation, the residual ester dissolved in 
glacial acetic acid (6 ml.), and after cooling concentrated sulphuric acid 
(0.7 ml.) was added. The resulting solution was kept a t  80' for one hour when 
crystallization of ammonium acetate was complete. I t  was filtered, the filtrate 
cooled, water (250 ml.) and 2 N ammonium hydroxide (50 ml.) added, and 
the mixture kept a t  0' for 48 hr. The supernatant liquor was sucked off and 
the crude methyl indole-2-carboxylate transferred to a sublimation tube and 
distilled a t  120-140' a t  0.001 mm. The white sublimate together with a small 
amount of yellow oil was washed out with methanol, taken to dryness, and 
hydrolyzed with hot N sodium hydroxide (10 ml.). 2 N-Hydrochloric acid 
(12 ml.) was added, the mixture cooled for 36 hr., and the acid filtered. After 

3All melling poinls are correcled. 
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drying over concentrated sulphuric acid the crude indole-2-carboxylic acid, 
m.p. 176-17g0, wt. 0.371 gm., was obtained in 29.7y0 yield based on pyruvic 
acid phenylhydrazone. 

Indole-3-C14.-The active indole-2-carboxylic acid was refluxed with cupric 
oxide (20 mgm.) in quinoline (6 ml.) in an atmosphere of nitrogen for 16 hr. 
The mixture was cooled, diluted with ether (200 ml.), filtered, and the filtrate 
washed with aqueous sodium hydroxide and then with dilute hydrochloric acid. 
The ether solution was dried over sodium sulphate and evaporated in vacuo a t  
room temperature. I t  left a residue consisting of crude indole-3-C14 (0.290 gm.). 

DL-Tryptoph~n-3-C~~.-The crude active indole was converted to gramine 
by reaction with formaldehyde and dimethylamine. The gramine (0.214 gm.) 
was diluted with inactive gramine to give a weight of 1.59 gm. which in a 
Mannich reaction yielded tryptophan-3-C14 acetate (with 1 mole of acetic acid 
of crystallization), wt. 1.342 gm., with a specific activity of 1.24 X lo4 
disintegrations per min. per mgm., or 4.02 X 10"djsintegrations per min. 
per millimole, representing an over-all radiochemical yield of 6% from 
pyruvamide. 

Pyruvamide Phenylhydrazone 

In the course of the radioactive synthesis this compound was not isolated. 
Pyruvamide (1.09 gm., 0.0125 mole) in water (10 ml.) was added to a warm 
solution of phenylhydrazine (1.35 gm., 0.0125 mole) in 2 N hydrochloric acid 
(6.3 ml.). A bullcy crop of crystals separated almost immediately. After being 
allowed to stand for 10 min. the product was filtered off and recrystallized froin 
hot water containing a little sodium hydroxide. Pyruvamide phenylhydrazone 
separated as shiny plates (1.95 gm., 88yo yield), m.p. 143-144'. The literature 
reports m.p. 144' for this compound prepared by another method (12). Calc. 
for CgH110N3: C, 61.00; H ,  6.26; T\T, 23.72. Found: C, 61.21; H, 6.33; N,  
23.34y0. The substance is only very slowly hydrolyzed by 2 N aqueous sodiuill 
hydroxide, but is readily converted to pyruvic acid phenylhydrazone by 
dilute aqueous hydrochloric acid. 

Indole-2-carboxamide.-Ring closure of pyruvamide phenylhydrazone could 
not be effected by means of a mixture of acetic and sulphuric acids, nor by dry 
ethanolic hydrogen chloride. Boron trifluoride gave the product in poor yield. 
Pyruvamide phenylhydrazone (0.89 gm., 0.005 mole) in glacial acetic acid 
(3 ml.) was treated with boron trifluoride dietherate (1 ml.). The mixture was 
heated for 20 min. on the water bath, cooled, poured into water and the sus- 
pension extracted with ether. The dried ether extract was distilled a t  0.01 mm., 
yielding two products. The first fraction was an oil (0.31 gm.) which on stand- 
ing for two months set to a glass and was not further investigated. The second 
fraction, a crystalline sublimate (0.10 gm., 12% yield), m.p. 232.5-235.5', 
was the desired product. Calc. for CgHBONz: C, 67.48; H ,  5.03. Found: C, 
67.53; H, 5.0970. 

Administration of the Tryptophan-3-C14 to Nigella damascena L. 
Nigella damascena L. seeds were germinated in soil and allowed to grow for 

five months. Eighteen mature plants were transferred to a hydroponics set up 
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with the roots dipping into the nutrient solution. The  nutrient solution con- 
tained, per liter, potassium nitrate (505 mgm.), calcium nitrate tetrahydrate 
(1180 mgm.), magnesium sulphate heptahydrate (495 mgm.), potassium 
dihydrogen phosphate (272 mgm.), ferrous sulphate heptahydrate (2 mgm.), 
plus traces of micronutrients (B, IVIn, Zn, Mo,  Cu). After two weeks in the 
nutrient solution new roots were being produced and some of the plants were 
flowering. A t  this stage the tryptophan-3-C14 acetate (580.1 mgm., with a 
specific activity of 4.02 X lo6 disintegrations per min. per millimole, and a 
total activity of 7.21 X 10"isintegrations per nlin.) was equally divided 
between the plants. The  tryptophan was talren up by the plant as  shown by 
the day to  day decreasing activity in the nutrient solution. The  first day after 
feeding the total activity remaining in the nutrient solution was 5.9 X 106, 
second day 4.4 X 10" third day 2.9 X lo6, fourth day 2.0 X 10" fifth day 
0.8 X lo6, sixth day 0.2 X 10" seventh day 0.1 X l o6  disintegrations per min. 

Isolation of Damasce~zine 

On the eighth day the plants were harvested, dried a t  50-GO0, and ground in 
a Wiley mill. The  ground inaterial (18.8 gm.) was extracted with ether for 
three days in a Soxhlet extractor. This ether extract had a total activity of 
1.07 X 10" disintegrations per min. The  green solution was evaporated to 
dryness and a small sample of the residue chromatographed on Whatman 
No. 1 paper (buffered to  pH 8 with phosphate - citric acid), with a mixture of 
n-butanol (80 ml.) and water (15 ml.) a s  the developing solvent. Authentic 
specimens of 3-hydroxyanthranilic acid, damascenine (obtained from Nigelln 
damascena seeds according to the procedure of Ewins (8)), and danlasceninic 
acid were run on the same chromatogram and had RFvalues of 0.15, 0.88, and 
0.76 respectively. The  hydroxyanthranilic acid was detected by its pronounced 
fluorescence in ultraviolet light and the other two compounds with Dragen- 
dorff's reagent (21). Only damascenine was found in the plant extract. The  
residue from the ether extract of the plant was dissolved in N hydrochloric 
acid (100 ml.) and the solution extracted with ether. The  aqueous layer was 
made a l l d ine  with ammonia and the alkaloid extracted with ether. The  
fluorescent extract was dried and the ether removed by distillation under 
diminished pressure leaving a residue which was distilled in  vacuo. Damascen- 
ine distilled as  a colorless oil, b.p. 120" a t  0.001 mm., wt. 5.6 mgm. This was 
completely non-radioactive. 

The  ground plant was further extracted with methanol, but  no more alkaloid 
was obtained. T h e  methanol extract was radioactive (1.6 X lo5 disintegrations 
per min.) presumably owing to the extraction of uncombined radioactive 
tryptophan from the plant. After extraction with ether and methanol the 
plant had a total activity of 2.1 X lo5 disintegrations per min. 

Adnzinistration of Tryptophan-3-C14 to Garden Peas 

Garden peas (Laxton's Progress) treated with fungicide (Semesan) were 
allowed to germinate in soil. After two weelis 48 plants were transferred to  a 
hydroponic solution of the same composition as that  used for the Nigella 
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damascena and the labelled tryptophan acetate (573.7 mgm. with a specific 
activity of 4.02 .X lo6  disintegrations per min. per millimole) was administered 
as in that  case. The  rate a t  which the amino acid was taken up  by the plant 
was followed by determining the total activity of the nutrient solution every 
day. The  plants were harvested on the seventh day and the roots and the 
aerial parts worked up separately. No trace of trigonelline was found in the 
roots. The  aerial parts of the plant (64.9 gm. fresh weight) were extracted with 
water. The extract, having a total activity of 1.4 X 10; disintegrations per 
min., was treated with 20% lead acetate solution to  precipitate the protein 
and then with hydrogen sulphide to  remove the excess lead. The  filtrate 
(having a total activity of 0.5 X lo5  disintegrations per min.) was concen- 
trated to  250 ~ n l . ,  made alkaline with ammonia, and treated with an excess of 
ammonium reineckate (3 gm. in 10 ml. of methanol) to precipitate the choline. 
The precipitate was centrifuged off after cooling overnight and the solution 
acidified with 1.0 N hydrochloric acid and kept cold for 24 hr. The  precipitated 
reinecltate was filtered off, washed with n-propanol, and dissolved in acetone. 
This acetone solution contained negligible radioactivity; i t  was chromato- 
graphed on Whatman No. 1 paper using the one phase system 95% ethanol- 
5% ammonia of d.  0.880 (5) which separates choline (RF 0.45) from trigonelline 
(RF 0.22), and the chromatogram developed with Dragendorff's reagent (21). 
The  trigonelline spot on the chromatogram was not radioactive. Trigonelline 
reiileckate was decomposed with silver sulphate and barium hydroxide (17), 
bu t  only a trace of free base was obtained. 

! DISCUSSION 
If the synthesis of damascenine and of trigonelline occurred in the plants 

while they were in contact with the radioactive tryptophan, the results would 
indicate tha t  tryptophan was not utilized for the production of the bases. 
Since damascenine and trigonelline are methylated derivatives of 3-hydroxy- 
anthranilic acid and of nicotinic acid respectively, both well established trypto- 
phan metabolites in animals and in molds (4, 6, 14), and since methylation in 
plants has been shown to  be a general and facile process, the present results 
would lead to  the conclusion that  tryptophan metabolism in the plants studied 
differs radically froill tha t  prevailing in animals and molds. 

In feeding experiments with mature plants, there is the danger that  alkaloids 
are no longer being actively produced a t  the time of the experiment. In our 
experiments, however, the labelled amino acid was fed while the plants were 
flowering and producing seeds. In  both Nigella damascena (8) and peas (22) 
the alltaloid is present in the seeds, and while it is conceivable tha t  it may be 
translocated there from other parts of the plant and that  actual synthesis no 
longer takes place a t  the time, this seems unlikely. 
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ABSORPTION SPECTRA OF METALS IN SOLUTION1 

BY H. BL.IDISS' AND J. W. HODGINS" 

ABSTRACT 

Measureme~lts of the absorption spectra were made on solutions of allcali and 
allcaline earth metals in ammonia, methylamine, ethylarnine, and ~nixecl solvents. 
I n  ammonia, a single absorption band was measured which is common to all the 
~neta ls  esamined. I n  the arnines and in mixtures of arnlno~~ia  mith methylamine, 
ho~vever, bands were found which were characteristic of the metal employed. h 
hypothesis has been advanced to explain the existence of the different types of 
energy traps responsible for the variations in spectra. 

The alliali metals ancl some of the a l ld ine  earth metals dissolve in liquid 
ammonia without reaction; it  is thought that  simple dissolution occurs, 
yielding metal ions and electrons xxrl~ich are trapped or solvated in the liquid (5). 
Various physical properties have been examined whiclz are consistent mith 
this postulate, although a concise model has not yet been formulated for the 
electron traps. For example, the expansion exhibited on dissolving the metal 
has been attributed to  the formation of holes in the liquid which represent 
energy barriers for the escape of electrons (8). The electrical conductivity in 
dilute solution is greater than can be explained by simple ionic transport, but  
less than mould be expected by electronic conduction (5). Magnetic sus- 
ceptibility measurements indicate that  the metal is ionized, but some difficulty 
is experienced in explaining the variation of the susceptibility with tem- 
perature (3). The measurements of paramagnetic resonance absorption are 
consistent with the existence of trapped electrons (4). Finally, the absorption 
spectra of a number of the solutions have been measured, and the observa- 
tion made that  in ammonia there is a single absorption maximum whose 
position is independent of the particular metal in solution (1, 9). This maxi- 
mum is in a region where none appears in the spectrum of bullr sodium metal; 
ancl in the spectrum of atomic sodium, very strong absorption occurs a t  
5889 i% (D line), which does not appear in the solution spectrum. Since the 
maximum observed is also absent from the spectrum of sodium ion and of 
liquid ammonia, it has been ascribed to  the trapped electrons. 

Primary amines will also dissolve some of the metals; sodium, cesium, 
potassium, lithium, and calcium are soluble in methylamine, ~vhile ethylarnine 
dissolves a t  least lithium and potassium. Although these solutions have been 
exaininecl lcss exhaustivelj. than the ammonia solutions, their behavior is 
similar. Thus the variation of electrical conductivity with concentration in 
metal solutions in methylamine is similar to  that  in anhydrous alnmonia (2), 
and the absorption spectra, although exhibiting maxima a t  a different wave 

l11hnzrscript received October 18, 1954. 
Contribz~tion fro?n Debnrlvzent o f  Clzenzistrv a?id Clrenzical Enpi71eerin~.  Roval Militarv -, . 

College of ~ a n a d h ,  ~ i n ~ s i o n ,  ~ n t a r i o .  Issued a s  D.R.B. Report No. SW-2. 
?Present address: DzrPont de iVenzozrrs Company,  Wilmington,  Delaware. 
3Present address: Royal Military College of Canada, ICingston, Ontario. 
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length, were shown to be independent of the metal for a limited number of 
solutions ( I ) .  

The experimental observations of the absorption spectra are limited to 
quite early work done with a visual spectrophotometer ( I )  and to some work 
by Vogt (9). Because the solutions in methylamine had maxima in the absorp- 
tion spectrum a t  visible wave lengths, these were observed by the early 
worlters, but the peaks for ammonia solutions were missed as they occur in the 
near infrared. Vogt describes the spectra of lithium and sodium in ammonia 
solutions of unspecified concentration. The dearth of spectrophotometric 
data is probably explained by the difficulty of manipulating the solutions, 
their very high absorbance, and the awltward spectral region in which the 
absorption maximum for ammonia is located. 

In the present paper, absorption spectra are presented for solutions of 
lithium, sodium, potassium, and calcium in ammonia and in methylamine, 
lithium and potassium in ethylamine, sodium and potassium in mixed am- 
monia and methylamine, and sodium in mixed ammonia and ethylamine. 

EXPERIMENTAL PROCEDURE 

The main experimental problems associated with the measurement of 
liquid ammonia and amine spectra arise from the instability of the solutions, 
their low boiling points (which necessitate constant refrigeration), and the 
very high molar absorbancy index which malte dilute solutions and very thin 
cells necessary. 

The spectra were determined in two parts, the region from 0.3 to 1 . 0 ~  
on a Beckman D.U. ultraviolet spectrophotometer and from 1.0 to 2 . 5 ~  on a 
Becltman IR-2 infrared spectrophotometer. Quartz cells of thickness 10, 1.0, 
and 0.1 mm. as supplied by the American Instrument Company were ~isecl. 
In both instruments the effective band width is considerably smaller than the 
half-height width of the maxima being investigated so that the shape of any 
spectrum was not affected by the dispersion of the instruments. 

The cell was contained within a thick-walled Lucite box with quartz 
windows on either side for the passage of the light beam. The absorption cell 
was removed from the light path by moving it upwards. I t  was kept a t  the 
desired temperature by a stream of cold dry air, which entered the box by 
the ducts shown in Fig. 1 (at G). The air was dried with silica gel and cooled 
by liquid air. The outside windows of the box were kept clear of frost by jets 
of warm dry air. 

The cold box made a light-tight fit into either spectrophotometer, and fogging 
of the instrument optics was prevented by the warm dry air which continu- 
ally swept the volume outside the box. Temperature was controlled manually 
both by regulating the flow of air through the box and by regulating the 
temperature of the air entering it. A thermocouple cemented on the cell wall 
near the face showed fluctuations of two to three degrees. 

The apparatus for manipulating the solvents and preparing the solutiolls is 
shown schematically in Fig. 1. Solvents were stored in a detachable trap A .  
Solutions were prepared in trap B by various methods and were transferred to 
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BLADES A N D  HODGINS: ABSORPTION SPECTRA 

To 
storage volumes 

t t 

To pump 

u 
FIG. 1. Apparatus for preparing solutions and filling absorption cell. 

the cell by admitting nitrogen from D thus forcing the liquid through the siphon 
into the cell. Excess liquid in the neck of the cell was removed by pumping 
off the nitrogen and distilling the solvent back into B. 

The cell was disconnected a t  the ground glass joint E for measurements in 
the spectrophotometer. At  the completion of these measurements the cell 
could be reconnected a t  E and the solvent distilled off. Another solvent could 
then be distilled into the cell thus avoiding the necessity of forcing over-all 
combinations of metals and solvents. 

A saturated solution of potassium in methylanline was found to be quite 
stable, could be successful!y forced over, and was just the correct concentration 
for spectral measurements in the 0.1 mm. cell. Solutions were thus prepared 
simply by placing a piece of potassium in trap B and distilling in a suitable 
quantity of methylamine. I t  thus became possible by the proceclure described 
above to obtain spectra for any solvent in which potassium was more soluble 
than in methylamine. 

A similar procedure could be used for sodium solutions although for this 
inetal the combination of a saturated solution in methylamine and the 1.0 mm. 
cell was most convenient. 

For more soluble metals it was necessary to resort to  a dilution technique 
where a piece of the metal was placed in trap C and solvent added by distil- 
lation. Trap C could then be rotated on its ground glass joint until drops of 
solution poured from C into B where a relatively large volume of solvent 
diluted the drop to a suitable concentration. 
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Since lithium and calcium metal are relatively stable in the air, solutions 
of these metals were prepared either by the above dilution procedure or by 
placing a small piece of the metal in trap B. However, solutions of these metals 
are much less stable than those of sodium and potassium and hence greater 
difficulty was experienced in forcing them over. 

When a solvent was distilled into the thin cells containing metal residue the 
first few drops of solution were sufficient to cover the whole cell face since the 
liquid rose by capillary action. Thus the concentrations of solutions prepared 
in this manner were not reproducible. Mixed solvents mere condensed from a 
large g-as storage bulb F in order to prevent preferential condensation. Table I 

TABLE I 

Metal Solvent Method of preparation 

Li Methylamine S~nal l  piece of metal placed in 
trap, or by diluton 

Li Alnmoilia Residue from methylamine 

Li Ethylamine Dilution 

Na Methylamine Saturated solution 

Na Ammonia Residue from methylamine 

Na Mixed solvent Residue from methylamine 

I i  Methylamine Saturated solution and dilution 
of saturated solution 

I< A m ~ u o ~ l i a  Residue from methylamine 

I< Ethylamine Saturated solution 

Ca Ammonia Small piece of metal placed in 
cell 

Ca R/Iethylami~le Saturated solution 

shows the specific fashion in which the various solutions were prepared. 
Solvents were distilled, before use, in a Podbielniak type of column and a t  a 
pressure of 300 to 400 mm. Hg. All the amines as received had ammonia 
fractions in them but the separation of this fraction was quite sharp on the 
still used. Only a middle fraction was used for the experiment. The  solvents 
were dried over one of the alkali metals but  ultimately it was found that lithium 
was the best drying agent probably because it is the most soluble. 

No attempt was made to purify the metals used. I t  was observed, however, 
in the case of sodium and calcium tha t  these metals did contain something 
which made it difficult to produce a solution in methylamine. This material 
could be removed in one of two ways. The metal could be fused in trap B 
under vacuum (feasible only for sodium) or a solution could be first made in 
ammonia and the ammonia subsequently evaporated. The latter method was 
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used for calcium, but either method left the metal in a finely divided state 
which caused some trouble because metal particles tended to  remain suspended 
in the liquid. 

The absorption spectra of liquid ammonia and methylamine are shown in 
Fig. 2. From these spectra it can be seen that little difficulty will be en- 
countered from solvent contribution to solution spectra, down to about 
7000 cm-I. At frequencies above this almost any cell thickness is acceptable 
while below this a cell 0.1 mm. in thickness is desirable. Spectra of sodium 
solutions in the inixecl solvent and in ammonia have a band a t  about 7350 cm.-I 
which for ease of preparation were measured in the 1.0 mm. cell. Consequently, 
measurements of this bancl are more uncertain than   no st of the spectra 
reported. 

Considerable variation of absorbance was observed froin solution to solution 
even in the case of those which were originally saturated. This was probably 
due to change in concentration which occurred when the liquid was forced 
over. I t  is possible that sufficient water and oxygen remained adsorbed on the 
surface of the vessels to affect the dilute solutions slightly, particularly in the 
region between the windows. 

Variations in absorbance were also observed when the temperature of a 
specific solution was changed, particularly in the case of the saturated solu- 
tions. This variation followed no regular pattern and i f  the solubility changed 
with temperature and some suspended particles of metal were present such 
behavior would be predicted. However, when the temperature was held steady, 
absorbance measurements on solutions in pure solvents were reproducible 
throughout the time required for determination of the spectrum. 

No detectable facling was observed in sodium or potassium solutions in 
methylamine up to -20°C. Lithium and calcium solutions in methylamine 
tended to fade a t  temperatures as low as -40°C. Solutions in ammonia 
were stable without exception but in this case the temperature was not allowed 
to rise above -40°C. 

MATERIALS USED 

Ammonia h4atheson Anhydrous 
Methylamine Matheson An hydrous 
Ethylamine Matheson Anhydrous 
Sodium Merclc Reagent grade 
Potassium Balcer and Adamson Reagent grade 
Lithium Metalloy Low sodium, reagent grade 
Calcium Purest grade Dominion Magnesium Limited 

EXPERIMENTAL RESULTS 

The  spectra ol lithium, sodium, potassium, and calciun~ in ammonia are 
identical, having a single broad band with a maximum a t  6650 cm.-I (-60°C.)* 
and a half-height width of 2950 cm-I. The  specific observations are shown in 

*LVIren n bazd was not deterrizined at -60°C. n ualzie has been estimafed zrsitrg the femperatz~re 
coeficielrts gi.de?z belozv. 
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TABLE 11 
SPECTRA OF LI, NA, I<, AND CA I N  AMMONIA, METHYLAMINE, ETHYLAMINE, 

AND MIXED SOLVENT 

Temp., Position of Half-height Density a t  Cell 
Solution "C. maximum, width, maxlmurn thickness, 

cm.-' cm.-' mm. 

ammonia 
ammonia 
ammonia 

Li in methylamine 

Na in methylamiile 

I< in methylamine 

Ca in methylamine 

I< in ethylamine 
Li in ethylamine 

Na in 1:l ammonia- 
methylamine 

Same 
Same 

I< in 1:l ammonia- 
methylamine 
Same 
Same 

" L o w  freqzrency nzaximum only. 

Table 11. Calcium does not appear there because the solution used was too 
concentrated, so that it was possible only to show that no additional bands 
appeared and that  the maximum was located similarly to the other three 
metals. 

In methylamine different bands were observed for the various metals. This 
is illustrated in Fig. 4. Lithium and calcium have a single band each, which 
is the same for both inetals and appears a t  7680 cm.-I (-60°C.). Sodium has a 
single band a t  15,300 cm-'. Potassium has two bands close together with the 
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BLADES AND HODGINS: 

I.0 Methylamine 

1 0 l_i." 8000 6000 4000 

ABSORPTION SPECTRA 417 

Fig. 2. Absorption speclra of pure solvents. Fig. 3. Pofassium in ammonia.  

Fig. 4. Metals  in methylamine. 

0.1 mm. cell  A ' 
0.~1 A 1.0 mm. cell 

Fig. 5. Potassium in methylamine - 
cancentrat ion e f f e c t .  

I I I I 
16000 14000 I2000 20000 10000 

0- 

Fig. 6. Lithium in methylamine - Flg. 7. Metals  in ethylamine. 
dilute salutian. 

WAVE NUMBER, (cm.-'1 - 
result tha t  the  observed position of either band is somewhat affected by the  
other. I t  seems likely, ho\vever, t h a t  the high frequency band is identical with 
that  found for sodium. 
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The effect of concentration on the potassium spectrum was investigated by 
adjusting the concentration, in three separate cells of 10, 1.0, and 0.1 mm. 
thickness, to  give nearly constant absorbance. This will produce a change in 
concentration of about 100-fold. The resulting spectra are shown in Fig. 5. 
I t  will be noted here tha t  the relative height of the two maxima varies with 
concentration and this indicates that  absorption occurs by two independent 
processes. 

In  ethylamine only lithium and potassium were successfully dissolved. Their 
spectra are shown in Fig. 7. Two different bands are observed, the high fre- 
quency band being very similar to the high frequency band produced in 
methylamine. The low frequency band as  observed for lithium, however, has a 
much greater half-height width than the comparable bands observed in methyl- 
amine. 

The spectrum of sodium in a mixed solvent of methylamine and ammonia 
(molar ratio 1 : I ) ,  shown in Fig. 8, exhibits two main absorption bands. The 
position of the high frequency band was established a t  14,700 cm.7'; its 

15,000 10,000 5,000 
- I  

WAVE NUMBER, (cm. ) 

FIG. 8. Sodium in mixed ammonia-methylamine. 

precise location was made difficult by the large variation of absorbance wit11 
temperature. The position and half-height width of the low frequency band arc 
shown in Table 11. From these i t  can be seen that this band is essentially thc 
same as tha t  observed for pure ammonia. Although its position is slightly 
shifted, its half-height width indicates that  i t  does not contain a new hidden 
band. The temperature dependence of the absorbance a t  the maximum is 
shown for both bands in Table 111. 

The  absorption spectrum of potassium in mixed methylamine and ammonia 
(molar ratio 1 : 1) reveals one band. The location and half-height width of 
this band serves to  identify it with the low frequency band observed for sodium 
in the mixed solvent. This spectrum was obtained in the 0.1 mm. cell so that 
the concentration of potassium is probably about 10 times that of the corre- 
sponding sodium solution. 

A solution of sodium in a mixture of ethylamine and ammonia (molar ratio 
1 : 1) was examined for its absorption spectrum. This showed two bands, one 
a t  7500 cm.-l and one a t  14,800 cm-l. The high frequency maximum can 
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TABLE 111 

Temperature, Absorbance of the low Absorbance of the high 
"C. frequency maximum frequency maximum 

probably be ascribed to sodi~lm effectively dissolved in ethylamine although 
no solution is formed in the pure solvent. 

From the data in Table I1 it might be expected that the position of the band in 
thespectrum of sodium in methylamine would be affected by both temperature 
and concentration. The effect of temperature on a specific solution for which 
the absorbance remained fairly constant is shown in Table IV. A plot of these 
data gives a temperature coefficient of -13 cm.'I/degree. If the data in 
Table 11 for socli~lm in methylamine are now adjusted to a single temperature, 
using the above temperature coefficient it  can be demonstrated that a change 
in position of the maximum is produced as the absorbance (i.e. concentration) 
is changed. The variation is 330 cm.-'/unit of absorbance. 

TABLE IV 
'I'HE EFFECT 017 TEMPER.4TURE ON T H E  POSITION O F  THE MAXIMUM FOR A SOLUTION 

01; SODIUM I N  METHYLAMINE 

Temperature, Posifion of rlbsorbance a t  
"C. maxlmunl maximum 
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The position of the maximuin for potassium in ammonia varies with tem- 
perature in a similar fashion, and the temperature coefficient for this system 
is - 9 cm.-'/degree. 

The temperature coefficients for the half-height widths are 12 cm.-l/"C. for 
potassium in ammonia and 14 cm.-I/OC. for sodium in methylamine. As would 
be expected these coefficients are positive but the data  are not precise enough 
to test the fit of a plot of d T  against band width. 

The spectra of sodium and potassium in methylamine were observed for 
saturated solutions in a 1.0 mm. ancl a 0.1 min. cell respectively. An attempt 
was made to determine the solubility of these two metals in methylamine. This 
was clone by preparing saturated solutions a t  -80°C. and filling a small bulb 
with the solution in a manner similar to that usecl for filling the absorption 
cells. The solvent was then evaporated ancl the resiclual metal deter~nined by 
measuring the hydrogen evolved on reacting it with water. The method of 
preparation of sodiu~n solutions was such that the production of small par- 
ticles of suspended metal was very likely. While this is not important in the 
measurement of spectra it does make analysis for the metal in solution difficult. 
Solutions were allo\ved to stand for some time before a sample was drawn olf 
for analysis but this does not preclude the possibility of particles being swept 
ofi the delivery tube. With potassium the problein was not so severe because 
the metal was not in a finely divided state and particles were much less likely 
to be formed. Thus figures obtained for potassium are more liltely to be 
accurate. The best estimates of concentration were 8 X moles/liter and 
1.9 X moles/liter for saturated solutions of sodium and potassium 
respectively. I t  is suspected that the figure for sodium is somewhat high. A 
value of about 10' is thus observed for the molar absorbancy index of sodium 
in methylamine. The molar ratio of potassium to methylamine as usecl in the 
0.1 mm, cell was thus about 5 X lop5; that for sodium to methyla~nine as used 
in the 1.0 mm. cell was probably 10-5 or less. 

Originally it was hoped that information about the electron traps in l i q ~ ~ i d  
ammonia and amines could be obtained by observing spectra in mixtures of 
ammonia and an amine. I t  had been established that the spectrum in ammonia 
had a band a t  about GOO0 cm.-I (9) and that a corresponding band occurred for 
methylamine a t  about 15,000 cm.-I (1). If traps exist in the structure of the 
liquid rather than in the form of a molecular orbital about a given molecule of 
solvent then it was reasoned that,  in mixtures, intermediate bands between the 
two parent bands would appear. Indeed there was the possibility of only the 
internlecliate band appearing. 

The present observations confirm previous conclusions regarding the spectra 
in ammonia but the spectra for potassium, lithium, and calcium in methylamine 
are new ancl unexpected. At first glance it would appear that it is necessary 
to postulate a trap which \ilill involve the metal ion as well as the solvent. But 
since ic1ent;cal bands appear for more than one metal (i.e. 7680 cm.-I band for 
lithium and calcium mnd the 15,500 cm.-I bancl for sodium ancl potassiunl) it is 
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evident that  a given metal ion does not produce a unique trap. This is adequate 
evidence for rejecting a metal ammoniate or solvent metal complex as the 
location of the trap. I t  will be shown below that  i t  is possible to fit all the 
observed facts into the presently held theory that  the electron trap is formed by 
a hole in the liquid which has a more or less regular structure. 

I t  is suggested by Lipscomb (6) that  the density of metal ammonia solu- 
tions is consistent with the hypothesis of a hole in the liquid of 3 radius. 
The solvent molecules a t  the edge of such a hole will have their more positive 
ends, in this case the three hydrogen atoms, directed inwards thus forming a 
region of low potential in which the electron is trapped. By analogy with F 
centers and impurity phenomena in solicls such a trap might be expected to  
have an excited state with an attendant energy transition which is manifested 
by the absorption spectrum. 

The positive end of the ammonia molecule is made up of three hydrogen 
atoms and is symmetrical so that the array of molecules a t  the edge of any 
hole will be identical. This will make the configurational co-ordinates and 
consequently the transition levels for each hole identical, with the result that  
a single maximum is observed for all the solutions in liquid ammonia. As the 
temperature is changed the intermolecular associatioil will be disturbed with 
the result that  the configuration of the hole is slightly altered. This leads to  a 
slight change in the transition levels in the trap and is manifested by a shift 
in the position of the absorption maximum. 

The methylamine molecule is not symmetrical about the nitrogen atom and 
hence it is possible that two different aspects of the molecule may be presented 
a t  the boundary of a trap. These two orientations may or may not be mixed 
depending on how readily they fit around the hole, the size of the hole, and on 
what other forces are a t  work in the rest of the liquicl. On the basis of this model 
the methylamine spectra can be broken into two groups, called for convenience, 
amine bands and aliphatic bands. The former represents the condition where the 
methylamine molecules are oriented so that an ammonia-like trap is produced. 
This case is probably represented by the spectra of calcium and lithium where 
a band is observed a t  about 7680 cm-I. The small difference in position of the 
maximum from that observed in ammonia is accounted for by the effect of the 
methyl group on the intermolecular forces and hence on the configurational 
co-ordinates. Aliphatic bands arise from traps in which the methyl group taltes 
part in the formation of the trap boundary. Such a trap would be expected to 
have quite different configurational co-ordinates and a different set of transi- 
tion levels. Such a situation is in fact observed for the sodium and potassium 
spectra in methylamine where a band appears a t  about 15,500 cm-I. 

In potassium solutions in methylamine an intermediate band is produced 
which must arise from a third trap because the relative height of the two 
bands observed varies with concentration and temperature. Such behavior 
would not be observed iE two transition levels in a single oscillator were being 
represented. The fact that there is a discrete additional band and not a diffuse 
broadening of the original implies that a fixed combination of the two possible 
orientations exists. 
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Aliphatic bands in ethylamine are represented by the spectrum of potassium 
in solution. A mixture of the orientations producing aliphatic and ailline traps 
is probably represented by the lithium spectrum in ethylamine. The single 
band is very much broadened and close inspection shows that  the broadening 
is largely on the high frequency side which is what would be expected for mixed 
traps where the amine orientation predominated. 

The particular trap which is formed in the amines depends on the metal ion 
which is present in the solution. This implies that the metal ions have a rela- 
tively long range effect on the orientation of solvent molecules so that  one trap 
or the other is formed depending on the strength of this influence. Thus as the 
potassium solutions were made more dilute the number of pure aliphatic 
traps tended to increase a t  the expense of the other mixed trap. In very dilute 
lithium solutions in methylamine (Fig. 6 )  there is definite evidence that  a 
weaker band a t  about 15,000 cm.-I exists which was not observed in the more 
concentrated solutions. In even more dilute solutions this band presumably 
would become relatively stronger and in fact Gibson and Argo (1) report a 
definite band in that  position. I t  wouId appear that  aliphatic traps would 
normally form in methylamine but the influence of certain metal ions favors 
the amine type trap to  a degree depending on their concentration. 

Further evidence for the long range effect of the metal ions is presented by 
the concentration effect on the position of the maximum in sodium solutions in 
methylamine. Here it  was observed tha t  even in very dilute solutions a vari- 
ation in concentration shifted the position of the maximum to a significant 
degree. 

I t  will be shown below tha t  the difference in depth of traps of the two kinds 
is only about 0.1 ev., so tha t  even a very weak influence from the metal ion may 
be sufficient to favor the orientation producing one trap or the other. 

In mixed ammonia and methylamine, the following six types of trap may be 
expected : 
Amine type Mixed type Aliphatic type 

1. Pure ammonia 3. Ammonia+methylamine 6. Pure methyl- 
(amine oriented) amine 

2. Pure methylamine 
4. Ammonia+methylamine 

(aliphatic oriented) 

5. Methylamine (amine oriented) 
i-methylamine (aliphatic oriented) 

In pure methylamine, a trap of type 5 above is represented only in the 
potassium spectrum; from this it  can be predicted that  traps of type 4 and 5 
will be rare in the mixed solvents. In fact no corresponding bands have been 
observed. 

Traps of types 1 and 2 have maxima which lie quite close together (Table V). 
In the mixed solvent an intermediate band is observed, probably due to traps 
of type 3. A similar band could of course be produced from the sum of two 
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TABLE V 
AVERAGE VALUES, INDEPENDENT OF METAL, FOR BAND POSITION AND HALF-HEIGHT WIDTH 

FOR T H E  LOW FREQUENCY BANDS 

Solvent 
- 

1:1 Ammonia 
Measurement Ammonia methylamine Methylamine 

Band maximum 6650 7310 7680 

Half-height width, cm.-I 3080 3460 4420 

separate bands each representing the spectrum observed in the pure solvents, 
but  such a band would be wider than either of the two parent bands. This, 
however, is not observed since the band width also is intermediate as shown in 
Table V. I t  is therefore concluded that  the intermediate band observed results 
from the formation of combination traps involving both solvents. 

The band of the pure aliphatic type is observed only for sodium in the 
mixed solvents. A corresponding band does not appear in the potassium 
solution. This is consistent with the pattern in pure methylamine where i t  is 
observed that potassium has a stronger directing influence towards the 
formation of amine type bands than does sodium. 

The relative depths of traps of the two kinds, i.e. those involving the amine 
group only and those involving only the aliphatic group, can be estimated 
from the effect of temperature on the height of the two maxima appearing in 
the sodium solution in mixed methylamine and ammonia. Heights of these two 
maxima as a function of temperature are given in Table 111. By plotting the 
absorbance of the two maxima against temperature i t  can be shown that  the 
one maximum gains a t  the expense of the other when the temperature is 
changed. 

If it is assumed that  the activation energy for the formation of traps is 
zero, we may write: 

[ll B /A  = a e-(Eb-Ea)IRT 

where A = concentration of traps of the amine type, 
B = concentration of traps of the aliphatic type, 
a = constant, 

E, = energy of formation of Trap A ,  
Eh = energy of formation of Trap B. 

If i t  is further assumed that Beer's Law holds for the maxima, i t  follows tha t  
B1/A1 .c B/A  

where B1 = absorbance a t  maximum of high frequency band when the con- 
centration of aliphatic traps is B, 

A' = absorbance a t  maximum of low frequency band when the con- 
centration of amine traps is A .  

Thus the plot of log B'/A1 against 1/T should permit an estimation of 
Eb - E,. 
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Such a plot is shown in Fig. 10 and from this a value of -0.17 ev. is obtained 
for Eb-E,. Traps of mixed amine and ammonia types are thus slightly deeper 
than the aliphatic type. Because of the great similarity of these bands it  is 
suggested that  ammonia traps, methylamine traps of the amine type, and 
mixtures of the two will have approximately the same depth. The difference in 
depth between traps in ammonia and methylamine for a metal such as sodium 
then is about 0.2 ev. 

FIG. 9. Sodium in methylamine. 
FIG. 10. Effect of temperature on peak height in spectrum of sodiunl in mixed ammonia- 

methylamine. 

The separation of the two bands for spectra in methylamine and ammonia is 
about 1 ev. This value is much larger than the difference between the potential 
energies of the two traps so that i t  must be concluded a t  least for the low fre- 
quency bands that  the absorption process involved in producing the bands is 
not one resulting in dissociation of the traps but  rather is a transition between 
two energy levels of the trap. 

Fig. 9 shows a more detailed representation of the absorption spectrum of 
sodium in methylamine. If this spectrum be compared with tha t  found for 
potassium in ammonia (Fig. 3) it  will be noted that  for the high frequency band 
in methylamine there is a rather high level of continuous absorption on the 
high frequency side. In ammonia the level of absorption falls off much more 
quicltly in the corresponding region. 

By analogy with F centers in alkali halide crystals (7) it  is suggested that 
the continuous absorption in the solution spectrum in methylamine represents 
a dissociation continuum which begins in the neighborhood of the main band. 
This implies a dissociation energy of about 2 ev. for the high frequency trap. 

SUMMARY 

1. A single band in the absorption spectra a t  6650 cm.-' was found for all 
the solutions of metals in liquid ammonia which were studied. 

2. The absorption spectra of solutions of metals in methylamine have a 
single band with the exception of potassium which has two. The position of the 
single band may be a t  one of two points, 15,300 cm.-' or 7680 cm.-I (-60°C.) 
depending on the metal. 
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3. The absorption spectrum of potassium in ethylamine has a single maxi- 
mum in the 15,300 cm.-' region. 

4. A solution of sodium in mixed methylamine-ammonia solvent has an 
absorption spectrum with two bands, one in the 15,300 cm.-I and one in the 
7300 cm.-I region. 

5. From the sodium in methylamine absorption spectrum it is argued that a 
dissociation continuum begins in the neighborhood of the band, which permits 
the estimation of 2 ev. for the depth of traps represented by bands in the 
15,300 cm.-I region. From temperature effects in the mixed solvent it was 
shown that the trap represented by the band in the 7300 cm.-I region is about 
0.2 ev. deeper. 

6. Since the separation in trap depth is much less than the separation of the 
two bands it is argued that the absorption bands result from energy transitions 
and not from dissociation of the trap. 
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SOME OBSERVATIONS ON CYANIC ACID AND CYANATES' 

ABSTRACT 

Various reactions of cyanic acid and the cyanate ion have been examined. 
Cyanic acid, in the presence of added hydrochloric or nitric acid, decomposes 
quantitatively according to  the equation: HNCO+H30f -+ C02+NH.if. The 
rate constant for this reaction was measured over a range of temperature and 
ionic strength, and was found to  be 0.86 mole liter-' min.-I a t  unit ionic strength 
and 1.5"C. The activation energy is 144 kcal. The effect of ionic strength on the 
reaction with hydrochloric acid closely parallels that  on the activity coefficients 
of the acid itself. Without added acid cyanic acid decomposes by a first order 
reaction: HNC0+2H20-+NH.,HCOs, followed by a rapid second stage: 
NH.~HCOP+HNCO-+ NHaNCO+H2C03. This reaction has a rate constant of 
0.011 min.-I a t  O°C., and a n  activation energy of 16 Itcal. There is also a few 
per cent of some side reaction. Cyanate ions in alkaline solution decompose thus: 
OCN-+2HzO-+ NH.if +Cox--. This reaction was examined over a range of tem- 
perature and ionic strength: it is first order with k = 3.0 X min.-I a t  IOO°C. 
(0.3 ionic strength) and 23: kcal. activation energy. The  rate is somewhat 
dependent on hydroxide concentration, when this is fairly low. The reaction is 
catalyzed by carbonate, but not by a number of other anions that  were examined. 
The rate of the catalyzed reaction is proportional t o  the carbonate concentration, 
but independent of cyanate, a t  least over a considerable range. The ionization 
constant of cyanic acid has been measured by a method tha t  avoids errors from 
hydrolysis; the value obtained was 2.0 X The oxidation of cyanate by 
hypochlorite and by chlorine was examined more briefly. 

Past worlters have established with reasonable certainty the qualitative 
aspects of the decomposition reactions of cyanic acid and the cyanate ion. 
However, quantitative measurements have not been too systematic, and it is 
hoped that  the present work will give a more complete picture. Besides the 
decomposition reactions in aqueous solution, which are really hydrolyses, 
some observations are included on the oxidation of the cyanate ion. 

I. DECOMPOSITION O F  CYANIC ACID I N  ACID SOLUTION 

This acid decomposes fairly rapidly in dilute aqueous acid according to the 
equation : 

HNCO+H30+ -+ CO,+NHsf. 

Cyanuric acid only results to any great extent in concentrated solution. The 
ammonium ions could react with cyanate ions to give urea; but this reaction 
is much slower, so that in acid solution it is negligible. Quantitative measure- 
ments on this reaction are rather limited. Taufel, Wagner, and Dunwald (8) 
report a reaction first order with respect to cyanic acid, and with a rate con- 
stant of 2.4 X min.-' a t  25OC. We have studied this reaction over a 
range of conditions with the following results. 

Experimental Method 
A good grade of potassium cyanate was recrystallized from a mixture of 

10% water, 50% ethyl alcohol, and 10% methyl alcohol. A solution of this 
salt in water was made up; a sample was pipetted into a flask immersed in a 

'Manuscrifit received October 26, 1954. 
Contribzction from the Department of Chemistry, University of Toronto, Toronto, Ont. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
1.

38
.3

6 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



LISTER: CYANIC ACID A N D  CYANATES 427 

bath a t  the temperature being investigated. A sample of hydrochloric acid of 
known concentration was similarly pipetted out and to this was added sodium 
chloride solution to give the desired ionic strength. This also was brought to 
the correct temperature. The solutions were mixed and after a given time the 
reaction was stopped by adding excess sodium hydroxide. The actual reaction 
temperature was read from a thermometer graduated in O.l°C. immersed in 
the reaction mixture. 

The ammonia formed was estimated by distilling it into a ltnown amount of 
standard acid, and titration. The distillatioil was brief enough so that  only a 
very small amount of ammonia was formed by decompositioil of cyanate 
during this operation; ho~vever as this reaction was also measured (see Part 3), 
this error could be allowed for. The solution was always distilled for the same 
length of time. Traces of ammonium ion initially present in the cyanate (or 
elsewhere) were estimated in a reagent blank run. The cyanate initially present 
was calculated from the strengths of the stock solutions, which were determined 
by silver nitrate titration (see Part 3 for details). At subsequent times it was 
assumed that  the cyanate concentration was given by the initial concentration 
minus the ammonium ion formed. I t  was checlted that  if the reaction was 
allowed to  go to virtual completion the ammonium ion formed was equal to  
the initial cyanate; i.e. side reactions are negligible. The same point was 
checlted in another way. A potassium cyanate solution, containing some car- 
bonate from its decomposition, mas titrated with hydrochloric acid, and the 
pH followed. An inflection point was found a t  a pH of about 7.8. At this point 
the carbonate is just converted to bicarbonate. After this the pH meter was 
removed, and bromcresol green added. The solution was warmed and acid run 
in to maintain the color of the indicator a t  yellowish-green. Eventually the 
color did not change even on boiling, and a t  this point the reaction is just 
complete. 

KOCN+2HCl+HzO + KCl+NH4Cl+COz 
This is a method of estimating cyanate in the absence of interfering substances, 
and the results agreed with those of silver nitrate titration. Hence side re- 
actions during the titration with acid are negligible. 

Results 

This reaction was examined a t  various temperatures and ionic strengths. 
Table I gives results all a t  an ionic strength of 1.0. This ionic strength is de- 
rived on the assumption that no cyanic acid is ionized; the value for the ioniza- 
tion constant obtained later shows that the fraction ionized would be less 
than 0.001. The reaction itself will not change the ionic strength. 

Table I also gives values of the rate constant assuming that  the reaction is 
first order with respect to cyanic acid and hydrogen ions; i.e. that 

-dx/dt  = k x y  
where x = (HNCO), y = (Hf), and k is the rate constant. The most conven- 
ient integrated form of this equation is 
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where xo and yo are the initial values of x and y, and c = yo -xo. k was calcula- 
ed from this equation. The values of k so obtained are reasonably constant, 
though a t  25°C. the rate is too great for very accurate measurements. I t  can 
readily be checked that no other rate equation fits the results anything like as 
well. Run 12 differs from the others in being done with nitric acid; it gives 

TABLE I 

Run Temp., Initial (H+), Time, (HNCO), k, moles I.-1 
No. "C. A[ sec. 114 min.-I 
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the same rate as with hydrochloric acid, showing that chloride has no catalytic 
effect. 

Table I1 shows the effect of altering the ionic strength. These runs are all 
a t  1.5"C. The constants were calculated as before, except for Run 8 where 
cyanic acid was in slight excess. Here if b = xo-yo, then 

but as  b is small this can be expanded as a series: 

1 xo-x b (xo-x)' . . . .  
= ~ [ x o ( x - b ) - ~  x:(x-b) 2 +  1 

For Run 8, k was calculated from this formula. 
The results of these runs give the following average values for the constants. 

Firstly a t  an ionic strength of 1.0 we get: 

T 1 .5  13.1 25.5 "C. 
k 0.86 2.44 7.45 moles liter-' min.-I 

These give an activation energy of 14.5 ltcal./gm-mol. 
At 1.5"C. the dependence of k on the ionic strength, p ,  is as follows: 

p 0 .2  0 . 5  1 .O 2 .0  3 .0  
k 0.73 0.73 0.86 1.07 1.25 moles liter-' min.-I 

TABLE I1 

Run Ionic Initial (H+), Time, (HNCO), k, moles I.-' 
No. strength M sec. 11C min.-I 

I t  is interesting to note that this change closely parallels that of the activity 
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coefficient Cf) of hydrochloric acid a t  similar ionic strengths (7): 
P 0 . 2  0 . 5  1.0 2 .0  3 . 0  
logf -0.116 -0.121 -0.091 0.008 0.120 
10gk -0.137 -0.137 -0.066 0.029 0.097 

The next question is whether this is the same reaction as that examined by 
Taufel et al. (8). Cyanic acid itself could provide hydrogen ions; from the 
rate constants given above and that  obtained by these authors, the observed 
rates would be the same if the pH were 3.5, which is a reasonable value for 
partially hydrolyzed cyanic acid. However if cyanic acid provided the hydro- 
gen ions the rate would not appear to be first order, as reported by Taufel 
et al. In fact the reaction should follow the equation: 

xo/x -ln(xo/x) = 1 -2k.kat 
where x is the cyanic acid concentration, initially xo, k is the rate constant, 
and k, the ionization constant. I t  was therefore decided to investigate the 
decomposition of cyanic acid in the absence of added acid. 

2. DECOMPOSITION OF CYANIC ACID WITHOUT ADDED ACID 

The reaction here goes in two stages: 

HNCO +H2O+ NH,+C02, 
NH3+HNCO+ NH,++NCO-. 

The first stage is, of course, the slower 

Experimental Method 

Cyanic acid solution was prepared in the usual way by passing the gases 
formed by heating cyailuric acid through a red-hot tube and thence into 
ice-cold water (e.g. 1, 10). A slow stream of nitrogen was used to carry over the 
gas. The resulting solution of cyanic acid was used as soon as possible. I t  was 
contained in a flask immersed in a water bath of the desired temperature, and 
samples for analysis were talcen a t  intervals. 

The chief difficulty in following this reaction is to find an analytical method 
that  distinguishes between cyanic acid and cyanate ions. As it is necessary to 
stop the reaction by the addition of alkali, only an acid-base titration seemed 
to offer much hope of a successful method. I t  was found that  if a sample of 
partially decomposed cyanic acid were run into excess sodium hydroxide 
solution, and the mixture titrated with standard acid, then the pH of the 
mixture showed two inflection points, a t  7.8 and a t  5.1. The first inflection 
comes when carbonate ions have just been converted into bicarbonate; in 
effect this is the pH of ammonium bicarbonate solution. The second is due to 
the fact that a t  pH 5.1 most of the carbonate is now carbonic acid while the 
buffering action of cyanate is only just beginning. This is not a very well 
marked inflection, but it is quite distinguishable. 

The procedure was therefore as follows. The sample was run into a known 
volume of standard sodium hydroxide solution, and this mixture was titrated 
with hydrochloric acid with the help of a pH meter. The volumes required to 
give pH 7.8 and 5.1 were noted. After this the pH meter was removed, brom- 
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cresol green was added, and the solution mas heated. Hydrochloric acid was 
run in until the bromcresol green maintained a green color even on boiling; the 
volume of acid required was noted. I t  will be seen that the difference between 
the gram molecules of the sodium hydroxide and hydrochloric acid gives the 
number of gram molecules of the following constituents: (1) pH 7.8: HNCOf 
COz; (2) pH 5.1 : HNCO; (3) bromcresol green end point: HNCO+2(NCO-). 
From this the concentrations of cyanic acid, cyanate ion, and carbon dioxide 
can be found separately. There is a small correction to apply a t  pH 5.1, 
since about 4% of cyanate is already cyanic acid, and about 4% of the carbon 
dioxide is still present as bicarbonate. If any cyanuric acid (pK, = 6.75(2)) 
is present it will appear as carbon dioxide in this scheme of analysis, but will 
not interfere with the analyses for cyailic acid or cyanate. 

TABLE I11 

Run No. Temp., "C. Time, min. (HNCO), A4 (NCO-), M 

The results are given in Table 111. A plot of log(HNC0) against time shows 
that the reaction is first order. The equation, xo/x-ln(xo/x) = 1+2k.kat, 
derived above, is definitely not followed. These runs give the following first 
order rate constants: 

Run l x  2x 3x 5x 6x 
T 5 . 0  5 . 0  0 . 0  0 . 0  12.0 "C. 
k 1.82 1.73 1.12 1.07 3.71 X lo-? min.-I 

These constants make the activation energy about 16 ltcal./gm-mol. Owing 
to the fact that  the pH changes in the titration are not very sharp, these 
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constants are only moderately accurate. These results show that the HNCO+ 
H30+ reaction will be faster a t  pH less than about two; above pH 2 the 
HNCO+H20 reaction will be faster. The  pH's of these reaction mixtures were 
followed during the runs, but are not worth reporting in detail, except to  say 
that they ran from about 2.5 to 4.5, and agreed reasonably well with the 
analytical results. 

I t  was found that  the bromcresol green titer fell slowly during a run. If the 
reaction is solely 

2HNCO+HzO -+ NH4NCO+COz 

this titer should not change. These experiments indicate that  there is a few 
per cent of some other, or perhaps subsequent, reaction involving cyanate. 
The formation of urea is too slow (see, for example, Ref. 9) to account for the 
change; possibly some cyanuric acid is formed. However on the present 
evidence all that  can be said is that  such reactions, if present, would decrease 
the bromcresol green titer. This matter deserves further study. 

3. DECOMPOSITION O F  CYANATE IONS 

This reaction has been investigated a t  80°C. by Masson and Masson (4), 
who examined the decomposition of salts such as  barium cyanate which give 
insoluble carbonates, and sodium cyanate which give soluble carbonates. 
The first salt reacts thus: 

Animonium ions are no doubt an intermediate. With sodium cyanate they 
find tha t  the reaction approximates to 

They believe that the relative proportion of ammonium carbonate and urea 
is not essential from the reaction mechanism, but the chance result of the 
relative reaction rates. They found that the reaction was catalyzed by sodium 
ammonium carbonate (NaNH4C03), and less so by sodium carbonate. They 
attribute the catalysis to the NH4C03- ion, though it  seems dubious to postu- 
late this as  a unit. 

Taufel et al. (8) made a few measurements on the decomposition a t  100°C. 
in the presence of excess alkali, which prevents urea formation by removing 
ammonium ions. They found a first order reaction with k = 2.7 X 
min-I. 

The  present work deals with the decomposition in the presence of excess 
sodium hydroxide (in most cases), over a variety of conditions, and in some 
runs with added carbonate or other ions to discover if they catalyze the 
reaction. 

Method and Apparatus 
The reaction was carried out in a flaslr fitted with a thermometer and a side 

tube for sampling. The  flask was deeply immersed either in boiling water or, 
for lower temperatures, in a water thermostat of conventional design. 
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The reaction mixture was made up from stock solutions of potassium 
cyanate, sodium hydroxide, and sodium nitrate to bring the ionic strength 
to a known value. In some runs sodium carbonate or other salt was added t o  
investigate the catalytic effect, and the amount of sodium nitrate was adjusted 
to  maintain the ionic strength. Since the over-all reaction is 

OCN-+OH-+2Hz0 + NH,OH+CO,, 

i t  is, of course, impossible t o  keep constant ionic strength throughout the 
reaction, but the reactions were started a t  known values. 

TABLE IV 

Run Temp., Initial Initial Tirne, (OCN-), 
No. "C. (NaOH), ionic min. I[ k 

hf strength 

Temp. 65.0 80.9 100.0 "C. 
Meank 1.08 5 .4  30.0X10-4min.-1 
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The reaction was followed by pipetting out a sample, which was rapidly 
cooled and to which then a few drops of phenolphthalein were added and dilute 
acetic acid run in until the color was just discharged. Litmus paper was put in, 
and acetic acid was added drop by drop until the litmus was pink. This brings 
the pH to 5-6, and cyanate can now be titrated with silver nitrate without 
interference from carbonate or ammonia. Sodium chromate was used as 
indicator. 

The results are given in Table IV. Within experimental error the results all 
conform to a first order reaction, and accordingly the first order constants are 
also given in Table IV. There seems to be a slight dependence on hydroxide 
concentration when this is small, but not a t  higher concentrations. Run 3 
illustrates this point very well. In this run the hydroxide was completely used 
up when the cyanate concentration fell to  0.09 M. At about this point the rate 
increased rapidly, showing that other reactions are important once ammon- 
ium ions are present; but the point a t  0.095 M cyanate (0.005 M hydroxide) 
is in line with the earlier points, showing that  even a t  this low hydroxide 
concentration the rate had not increased very much. I t  was checked that when 
excess hydroxide was present all the carbon from cyanate appeared as carbon- 
ate. Hence side reactions only occur when ammonium ions are present. 

Runs 1, 5, and 6 give a value of 235 kcal./gm-mol. for the activation energy. 
This is doubtless for the first stage of the reaction 

after which the ammonium ion reacts with hydroxide. 
The next matter to be investigated was the catalytic effect of carbonate 

found by Masson and Masson for the reaction without added alkali. I t  was 
suspected a t  first that this might simply arise from the higher ionic strength 

TABLE V 

Run Temp., Initial Initjal Time, (OCN-), 
No. "C. (NaOH), ionic min. AT k 

M strength 
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of the solutions containing carbonate. Accordingly sodium sulphate was 
added to two runs; it was chosen as a 2: 1 salt like sodium carbonate. A run 
was also carried out a t  high sodium nitrate concentration. The results are given 
in Table V. I t  will be seen that no very great change in k results; and there is no 
difference between nitrate and sulphate, so the small change probably is due 
to changing ionic strength. 

Table VI gives the effect firstly of added carbonate, and secondly of adding 
some other ions derived from weak acids. The results show that acetate and 
borate do not catalyze the reaction, so that the catalytic effect of carbonate is 
not reproduced by the anion of any weak acid. This is perhaps only to be 
expected, since hydroxide ions were present in every run, and are also anions 
of a weak acid. 

TABLE VI 
- 

Run Temp., Added Initial Initial Time, (OCN-), 
No. "C. salt, lonlc (NaOH) , mln. 114 

M strength M 

10 100.0 Na~C03 0.52 0.141 0 0.1433 
30 0.1261 

0.076 60: 0.1158 

14 100.0 Na acetate 1.12 0.141 0 0.1754 
32 0.1628 

0.80 64 0.1507 
93 0.1363 

155 0.1160 

15 100.0 Naborate 1.11 0.141 0 0.1227 
30 0.1139 

0.79 69 0.1039 

In the runs with carbonate there is a marked catalytic effect and in addition 
the rate of the reaction no longer fits a first order equation. In fact in runs 11, 
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12, and 13, (HNCO) gives a linear plot against time. Run 10 is more or less 
intermediate, but on the whole fits a logarithmic plot best. In Runs 12 and 13 
there is some sign tha t  the rate falls off a t  low concentrations, but over most 
of the range the rate is constant. If we calculate the rate a t  various carbonate 
concentrations, the results are as follows: 

Run - 10 11 12 13 
(CO3--) lo\v 0.105 0 .21  0.49 0 .76  M 
Rate 3 . 0  3 . 9  4 . 4  5 . 6  7.15 X 10-4moles l i t e r1  

min.-I 

The first rate given above is that  calculated from runs without added carbonate 
for a cyanate concentration about the average of those used in these runs. 
I t  roughly indicates what part of the rate is to be ascribed t o  the uncatalyzed 
reaction. In the other runs the carbonate concentrations are the averages 
during the run. These rates give a reasonably linear plot against (COs--); 
that is, the catalyzed reaction conforms to the equation 

The results make Kz = 6.2 X lop4 min-l. This value of K2 is obtained by 
calculating the rate due to the uncatalyzed reaction for all successive pairs of 
points in Runs 10-13, subtracting this from the observed rate, and dividing 
the difference by the carbonate concentration. The  average result is that given 
above. Masson and Masson (4) propose an equation for the reaction without 
excess sodium hydroxide, which is in effect: 

but it  does not seem possible to  fit the present results to  this equation. While 
the catalysis of this reaction by carbonate seems well established, it is not easy 
to propose a detailed mechanism; that  is, to  explain the nature of the interac- 
tion between cyanate and carbonate. 

These results mean tha t  the reaction 

must be autocatalytic to a certain extent. The reason that  this is not apparent 
from the results of Table IV (without added carbonate) is that  the catalytic 
contribution is small in these runs: IC1 is about five times as large as K2, and 
the runs were terminated after usually about 40y0 of the cyanate had decom- 
posed. 

4. IONIZATION CONSTANT OF CYANIC ACID 

This quantity has been previously measured by Taufel et al. (8) using the 
color of bromphenol blue to  give the pH of a cyanic acid solution; and by 
Naumann (5) from the conductivity of a solution containing equimolar 
amounts of potassium cyanate and hydrochloric acid. The values reported are 
(i) 2.2 X probably a t  O°C.; and (ii) 1.2 X lop4 a t  O°C. Since the decom- 
position of cyanic acid is relatively rapid even a t  O°C., i t  seemed desirable 
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to repeat this measurement by  a method tha t  avoids as far as possible the  
risk of error from hydrolysis. Accordingly a roughly 0.1 M solution of potas- 
sium cyanate was titrated with 0.1004 M hydrochloric acid, the p H  being 
followed on a p H  meter. T h e  total concentration of cyanate was found b y  
continuing the titration to the bromcresol green end point as  described above. 
A value of the ionization constant, I<,, can be calculated from each p H  
reading. In  this method any  carbonate present in the cyanate can be meas- 
ured and allowed for; the results given in Table VII  are calculated on the 

TABLE VII 

Run 1. Tenlb. B7'C. 

'-Vol. HCI to  bromcresol green end point = 89.97 ml. i\/Iean pK, = 3.73. 

- .. 
Vol. I-ICI to brorncresol green end point = 81.60 ml. Mean PI<, = 3.68. 

assumptioil tha t  pR,  for carbonic acid is 6.46. Any hydrolysis of cyanic acid 
would show up a s  an  upward drift in the calculated I<, values. As before it 
was assumed tha t  the ammonium bicarbonate stage was just reached a t  a 
pH of 7.85. The  best average for pK, is 3.70, so I<, is 2.0 X 10-% I t  was 
checked by a rough calorimetric measurement tha t  cyanic acid absorbs heat 
on ioilization though the amount is small. This means tha t  pK, must fall a s  
the temperature rises, so the difference between the two runs in Table VII  
must be due to  experimental error. 

5. OXIDATION O F  CYANATE 

This section briefly reports some observations on the oxidation of cyanate 
by  the hypochlorite ion and by chlorine and on the similar oxidation of cyanide 
to  cyanate. 

The  oxidation of cyanide by  hypochlorite is ltnown, though it does not seem 
to have been much investigated. I t  does however form the basis of a German 
patent for producing cyanate by  passing chlorine into an alltaline cyanide 
solution, though this could go through cyanogen chloride. I t  was observed in 
the present work tha t  potassium cyanide containing sodium hydroxide was 
oxidized quailtitatively to  cyanate by  sodium hypochlorite. In  the presence 
of hydroxide concentrations down to about 0.1 M, equal amounts (within 
experimental error) of cyanide and hypochlorite were used up in this reaction; 
tha t  is, side reactions to the main reaction 

are not present to  more than 1% a t  the most. Attempts to  measure the speed 
of the reaction were unsuccessful: the reaction was stopped by  adding hydrogen 
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peroxide to destroy hypochlorite, but even when this was done only five 
seconds after the start  of the reaction a t  3OC., the reaction was already virtually 
complete. This perhaps merely proves tha t  hypochlorite ions react with cyanide 
faster than with hydrogen peroxide, but the latter is certainly a rapid reaction. 

With low concentrations of sodium hydroxide, cyanate is oxidized by hypo- 
chlorite. Under these conditions 1 gm-mol. of cyanide reacts with about 
2.5 gm-mol. of hypochlorite; a typical example is the following experiment: 

Concentration, ill 

Ion Initial Final Difference 

CN- 0.128 0 0.128 
C10- 0.577 0.231 0.346 
OH- 0.019 0 
C03-- 0.015 0.034 0.128 carbonate 
HCO3- 0 0.109 

The concentrations under 'initial' are those immediately on mixing, calculated 
on the assumption of no reaction. Under 'final' are the results of analyses after 
the reaction. Hence the reaction is, a t  least mainly: 

2KCN+5NaOCl+H20 --t 2KHC03+5NaCl+Nz 

or, if we assume that  cyanate is formed first, this is then oxidized: 

2KOCN+3NaOCl+H20 --t 2I<HCO3+3NaC1 +Ne. 

This last reaction occurred when cyanate and hypochlorite were mixed directly, 
as shown by the following experiment: 

Concentration, iM 

Ion Initial Final Difference 

OCN- 0.316 0 0.316 
C10- 0.547 0.029 0.518 

This gives a hypochlorite to cyanate ratio of 1.64. This is somewhat greater 
than 1.5, probably because a t  the end of the reaction the remaining hypochlorite 
was in a hot solution, containing bicarbonate, from which nitrogen was being 
evolved. Probably some hypochlorous acid was decomposed, or also evolved. 

With fairly low concentrations of sodium hydroxide, the oxidation of 
cyanate appeared to  have an induction period. In the following experiment 
cyanide (initial concentration 0.130 M) was mixed with hypochlorite and samp- 
les were taken a t  intervals and analyzed for hypochlorite. The concentration 
of sodium hydroxide was initially 0.038 M. 

Time 0 0 .75  2 3.67 5 32 min. 
(NaOCl) 0.562 0.414 0.412 0.223 0.217 0.222 i l l  
Temp. 22 33 34 40 43 - "C. 
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The temperature was read from a thermometer immersed in the liquid, and it  
is probably because of lag in the thermometer tha t  the temperature appears 
to rise between 3.67 and 5 min. though the reaction is already virtually com- 
plete. Note that here 2.61 hypochlorite ions vanished for each cyanide ion. 
The length of the induction period, as measured by the time for rapid nitrogen 
evolution to develop, was as follows (other conditions as in the last experiment) : 

Induction time 10 sec. 3-3.5 min. long 
(NaOH) 0.019 0.038 0.065 n/l 

Similar experiments were made on mixtures of cyanate and hypochlorite. 
In Run 1 below, the hypochlorite concentration was followed by samples 
taken a t  intervals; initially the cyanate concentration was 0.316 M, and the 
sodium hydroxide concentration was 0.0735 M. The initial time is the time of 
mixing: 

Run 1 Time 0 0.4 1.5 4.2 7.0 12.0 13.1 min. 
(NaOC1) 0.547 0.543 0.542 0.540 0.538 0.530 0.0291M 

The temperature in this and similar runs was followed with the results in 
Table VI I I. 

TABLE VIII 

There is evidently an induction period in all these runs, as was also apparent 
from the sudden evolution of gas after a certain time. The time required for 
rapid gas evolution to  develop was: 

( N a O H )  
Run initial, Tinle, Temp., 

iM mln. "C. 

Run 1 2 3 4 
(XaOH) initial 0.0735 0.0695 0.057 0.042 iM 
Induction time 12.3 6 .2  2 .4  0 . 3  min. 

( N a O H )  
Run  initial, Time, Temp., 

M mln. "C. 

The explanation of this would seem to be that  the oxidation of cyanate by 
hypochlorite ions is slow, but that  hypochlorous acid oxidizes it rapidly. 
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As soon as the hydroxide is used up, the potassium bicarbonate formed is 
acid enough to liberate hypochlorous acid; cyanic acid is too strong an acid to 
be formed. 

Similar experiments were made on the reaction between chlorine and 
cyanate. The reaction is fairly rapid in solution a t  room temperature. The 
results are not very clear-cut, probably because more than one reaction can 
occur. The products were found to be chloride, carbon dioxide, nitrogen, and 
ammonium chloride or hydrochloric acid depending on the relative amounts 
of chlorine and cyanate. No urea was detected b17 the xanthydrol test (3). 
With smaller amounts of chlorine the reaction approximated to 

4I<OCN+3Cl,+iH,O + 4I<C1+4CO2+N2+2NH4Cl. 

In one experiment 4.69 inillimoles of potassiun~ cyanate and 3.44 of chlorine 
disappeared (a ratio of 1.3G to 1);  no acid and 1.7-4 millimoles of ammonium 
ion were formed : the above equation would lead one to  expect 2.34 of amrnon- 
iuin ion, so about three quarters of the expected amount was formed. In 
another experiment 3.29 millimoles of potassium cyanate disappeared, and 
0.8G of ammonium ion and 3.8G of acid appeared. If me assume the above 
equation, follo\ved by attack of chlorine on ammonium chloride, to give 
nitrogen and hydrochloric acid, this reaction would have used up 4.01 rnilli- 
moles of chlorine; actually 4.47 disappeared. Several other similar experiments 
were made, but the results were all about the same: the analyses for the 
products and reagents did not agree to oetter than lOyo 'ovith the predictions 
of the equation above, allowing for subsequent reaction of chlorine and am- 
monium ions. I t  is not difficult to  suggest side reactions, and the most that  
can be said is that this equation probably represents the main reaction. 
Normand and Cumming (G) report that bromine gives a reaction precisely 
analogous to  the one suggested for chlorine. Here presun~ably the attack of 
bromine on ammonium ions, or other side reactions, is slower so that the 
reaction is more clear-cut. 

REFERENCES 
1. EYSTER, E. H., GILLETTE, R. H., and BROCKWAY, L. 0. J. Am. Chem. Sac. 62: 3236. 

1940. 
2. HANTZSH, A. Ber. 39: 139. 1906. 
3. KNY-JONES, F. G. and WARD, A. M. Analyst, 54: 574. 1929. 
4. MASSON, 0. and MASSON, I. Z. physili. Chem. 70: 290. 1910. 
5. NAUMANN, R. Z. Elektrochem. 16: 773. 1910. 
6. NORMAND, C. W. B. and CUMMING, A. C. J .  Chem. Soc. 1852. 1912. 
7. RANDALL, M. and YOUNG, L. E. J. Am. Chem. Soc. 50: 989. 1928. 
8. TAUFEL, K., WAGNER, C., and DUNWALD, H. Z. Elektrochem. 34: 115. 1928. 
9. WALKER, J .  and HAMBLY, F. J. J.  Chem. Soc. 746. 1895. 

10. Woo, S. C. and LIU, T. I<. J. Chem. Phys. 3: 544. 1935. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
1.

38
.3

6 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



NOTES 

UNIT CELL, SPACE GROUP, AND INDEXED X-RAY DIFFRACTION POWDER 
DATA FOR THE CIG LUPINE ALKALOIDS, I-THERMOPSINE (ClaH?&?O), 

dl-LUPANINE (CIGH?.IN?O), AND d-HYDROXYLUPANINE (CljHrrN?O~)l 

Therinopsine, Cl6H2oN?O, is the "blank-cis" (1) precursor of a-isosparteine, 
ClbH26N2, the structure of which (in the form of the monohydrate) has been 
studied in this laboratory (2). Lupanine, C15H?dN20, is the first "cis-trans" 
hydrogenation product of the "blank-trans" isomer of thermopsine, namely 
anagyrine. As a preliminary step in possible structure investigations, the unit 
cell constants of I-thermopsine, dl-lupanine, and d-hydroxylupanine have been 
determined from precession photographs obtained with Mo K ,  radiation 
(A = 0.7107 A), and the space group of each has been established. The density 
(at -22°C.) of 1-thermopsine and of dl-lupanine was measured by flotation in 
aqueous solutions of potassium iodide, while solutions of carbon tetrachloride 
and benzene were employed as the flotation liquid for d-hydroxylupanine. 

FIG. 1. X-ray diffraction powder photographs o f  A, 1-thermopsine; B ,  dl-lupanine; 
C ,  d-hydrosylupanine. (Camera diameter: 114.6 mm.; radiation: Co  K,, X = 1.790 A) 

'Issued as N.R.C. No. 3495. 
*National Research Laboratories Postdoclorate Fellow, fzow I.C.I. Fellow, The U7ziuersity, 

Edinburgh, Scotland. 
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TABLE I 
SINGLE-CRYSTAL DATA FOR 1-THERMOPSINB, dl-LUPANINB, AND d-HYDROXYLUPANINE 

I-Thermopsine dl-Lupanine d-Hydroxyl~~panine 

Crystal system Tetragonal i\/Ionoclinic Orthorhombic 
Space group P ~ ~ ( C : )  or P ~ ~ ( c : )  ~21 /a (c ; , )~  ~212121(0:) 

a 8.26% 0.03 A 13.82&0.03 A 12.84*0.04A 
b 7 . 7 5 k 0 . 0 3  A 17.98d10.05 A 
c 18. 68kO.05 A 1 2 . 8 2 k  0.04 A 6 . 0 8 k 0 . 0 2  A 
0 96 .5  1 0 . 2 "  
Z 4 molecules per cell 4 molecules per cell 4 molecules per cell 

~ ( O b s . )  1.257 gm./ml. 1.203 gtn./ml. 1.261 gm./ml. 
p(Calc.) 1.273 gm./ml. 1.208 gm./ml. 1.250 gm./ml. 

TABLE I1 

d(A) 
hkl 

d (A) 
'/I1 

Obs. 
1~kl 

Calc. Obs. Calc. 
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X-ray diffraction powder patterns were obtained with a camera of 114.6 mm. 
diameter, Straumanis film mounting. Co K ,  radiation (A = 1.790 A) ;  the 
apparatus "cutoff" was 20 A. Film shrinlcage corrections were applied in the 
case of the precession photographs, but were too small to be significant for the 
powder films. 

The single-crystal data are shown in Table I ,  and the powder data in Tables 
11, 111, and IV, where B and BB designate lines that  were broader and much 
broader, respectively, than the general average for the pattern examined and 
an asterisk (under d(0bs.)) indicates a line, the presence of which is probable, 
but which was too faint (I/I1 < 1) for accurate measurement. The  small-2% 
end of each film is reproduced in Fig. 1, where, incidentally, the advantage of a 
capillary-tube container for the specimen (I-thermopsine, dl-lupanine) over a 
glass-fiber and adhesive (Household Cement) mount (d-hydroxylupanine) is 
apparent in the generally improved sharpness of the lines in the first and second 
patterns compared to the third. 

TABLE I11 
X-RAY D I F F R A C T I O N  POWDER DATA F O R  dl-LUPANINE 

1 / 1 1  
d ( A )  

IL kl 
Obs. Calc. Obs. Calc. 
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TABLE IV 
X-RAY DIFFRACTION POWDER DATA FOR d-HYDROXYLUPANINE 

I -- 
d m  

1/11 
d (A) 

I~k l  
Obs. Calc. Obs. Calc. 

Dr. L. Marion kindly supplied authenticated specimens of the three alkaloids. 
Mrs. H. M. Sheppard and Mr. B. J. Cowick assisted with the powder investiga- 
tions. 

1. MARION, L. and LEONARD, N. J. Can. J. Chern. 29: 355. 1951. 
2. PRZYBYLSKA, M. and BARNES, W. H. Acta Cryst. 6: 377. 1953. 

UNIT CELL, SPACE GROUP, AND INDEXED X-RAY DIFFRACTION POWDER 
DATA FOR CERTAIN NARCOTICS 

VI. NARCOTINE' 

BY W. H. BARNES 

X-ray diffraction powder photographs of narcotine (CzzH2707N) were taken 
some time ago in connection with the collection of data for the identification 
of a number of narcotics (1, 3). The free base, unlike its hydrochloride salt, 
gave a satisfactory and reproducible pattern. Owing to the pressure of special 

'Issued as N.R.C. No. 5488. 
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TABLE IV 
X-RAY DIFFRACTION POWDER DATA FOR d-HYDROXYLUPANINE 

I -- 
d m  

1/11 
d (A) 

I~k l  
Obs. Calc. Obs. Calc. 

Dr. L. Marion kindly supplied authenticated specimens of the three alkaloids. 
Mrs. H. M. Sheppard and Mr. B. J. Cowick assisted with the powder investiga- 
tions. 

1. MARION, L. and LEONARD, N. J. Can. J. Chern. 29: 355. 1951. 
2. PRZYBYLSKA, M. and BARNES, W. H. Acta Cryst. 6: 377. 1953. 

UNIT CELL, SPACE GROUP, AND INDEXED X-RAY DIFFRACTION POWDER 
DATA FOR CERTAIN NARCOTICS 

VI. NARCOTINE' 

BY W. H. BARNES 

X-ray diffraction powder photographs of narcotine (CzzH2707N) were taken 
some time ago in connection with the collection of data for the identification 
of a number of narcotics (1, 3). The free base, unlike its hydrochloride salt, 
gave a satisfactory and reproducible pattern. Owing to the pressure of special 

'Issued as N.R.C. No. 5488. 
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BARNES: NARCOTICS. VI 445 

problems that developed with certain narcotics during the survey (2, 3), it was 
impractical to obtain single-crystal data for the authentication of the powder 
patterns of the majority of the compounds which, like narcotine, presented no 
difficulties. Since that  time, however, unit cell and space group data for nar- 
cotine have become available (4) and it has, therefore, become desirable to 
index the powder pattern. According to Love11 (4), narcotine is orthorhombic, 

TABLE I 
INDEXED X-RAY DIFFRACTION POWDER DATA (d > 3.00 A) FOR NARCOTINE 

I I 

1/11 
d(A) d(A) - hkl 

Obs. Calc. Obs. Calc. 
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space group P212121, with a = 7.90 A, b = 15.4 A, c = 32.6 A. Retaining this 
orientation, the powder pattern, indexed on the basis of these data for all 
reflections corresponding to  d > 3.00 A, is given in Table I ,  where B identifies 
an unusually broad line and an asterisk (under d (Obs.)) indicates the probable 
presence of a line which was too faint (I/I1 < 1) or diffuse for accurate 
measurement. The agreement between d (Obs.) and d (Calc.) is very satisfactory, 
particularly in view of the large number of possible reflections with the con- 
sequent difficulty of deciding precisely which contribute most probably to a 
given line on the film, and because the maximum error in the single-crystal 
ilumerical data is estimated as of the order of 1% ((4). 

1. BARNES, W. H. 13~111. Narcotics U.N. Dept. Social Affairs, 6 (1): 20. 1954. 
2. BARXES, \V. H. and FORSYTH, \V. J .  Can. J .  Chern. 32: 984, 988, 991, 993. 1954. 
3. BARNES, W. H. and SHEPPARD, H. M. Bull. Narcotics U.N. Dept. Social Affairs. 6 (2): 27. 

1954. 
4. LOVELL, F. WI. Acta Cryst. G:  869. 1953. 

NOTE ON THE VOLATILITY OF LITHIUM OXIDE 

Preliminary experiments in this laboratory on the reactions of lithium oxide 
with various metals in the presence of oxygen a t  1000°C. were complicated by 
the apparent volatilization of LizO. Although there is considerable disagree- 
ment in the earlier literature in respect of the vapor pressure of LizO, recent 
reports by Brewer and Margrave (2) indicate that the vapor or decomposition 
pressure would probably be too low a t  1000°C. to result in any significant 
losses. i\/Ioreover, during experiments on molten LisO a t  1570°C. there was no 
indication that the vapor pressure was appreciable (1). 

To  confirm these observations, small magnesia boats containing powdered 
LizO were heated in vacuo a t  1000°C. for extended periods of time. A small 
initial decrease in weight was observed and was found to be a function only 
of the quantity of oxide employed in the experiment. Such losses can be 
attributed to the decoinposition of impurities which in these experiments 
amounted to some four per cent of the oxide and were in all probability 
hydroxide and carbonate. Following this initial decomposition no appreciable 
decrease in weight could be detected. 

Similar sillall losses occurred when the same experiments were repeated 
using dry oxygen rather than a high vacuum. On the other hand the oxide 
disappeared rapidly in the presence of oxygen containing small amounts of 
water vapor. Brewer and Margrave also observed erratic losses when wet 
gases were passecl over Liz0 a t  1200°C. and have suggested the formation of a 
volatile 'hydenide'. 
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space group P212121, with a = 7.90 A, b = 15.4 A, c = 32.6 A. Retaining this 
orientation, the powder pattern, indexed on the basis of these data for all 
reflections corresponding to  d > 3.00 A, is given in Table I ,  where B identifies 
an unusually broad line and an asterisk (under d (Obs.)) indicates the probable 
presence of a line which was too faint (I/I1 < 1) or diffuse for accurate 
measurement. The agreement between d (Obs.) and d (Calc.) is very satisfactory, 
particularly in view of the large number of possible reflections with the con- 
sequent difficulty of deciding precisely which contribute most probably to a 
given line on the film, and because the maximum error in the single-crystal 
ilumerical data is estimated as of the order of 1% ((4). 

1. BARNES, W. H. 13~111. Narcotics U.N. Dept. Social Affairs, 6 (1): 20. 1954. 
2. BARXES, \V. H. and FORSYTH, \V. J .  Can. J .  Chern. 32: 984, 988, 991, 993. 1954. 
3. BARNES, W. H. and SHEPPARD, H. M. Bull. Narcotics U.N. Dept. Social Affairs. 6 (2): 27. 

1954. 
4. LOVELL, F. WI. Acta Cryst. G:  869. 1953. 

NOTE ON THE VOLATILITY OF LITHIUM OXIDE 

Preliminary experiments in this laboratory on the reactions of lithium oxide 
with various metals in the presence of oxygen a t  1000°C. were complicated by 
the apparent volatilization of LizO. Although there is considerable disagree- 
ment in the earlier literature in respect of the vapor pressure of LizO, recent 
reports by Brewer and Margrave (2) indicate that the vapor or decomposition 
pressure would probably be too low a t  1000°C. to result in any significant 
losses. i\/Ioreover, during experiments on molten LisO a t  1570°C. there was no 
indication that the vapor pressure was appreciable (1). 

To  confirm these observations, small magnesia boats containing powdered 
LizO were heated in vacuo a t  1000°C. for extended periods of time. A small 
initial decrease in weight was observed and was found to be a function only 
of the quantity of oxide employed in the experiment. Such losses can be 
attributed to the decoinposition of impurities which in these experiments 
amounted to some four per cent of the oxide and were in all probability 
hydroxide and carbonate. Following this initial decomposition no appreciable 
decrease in weight could be detected. 

Similar sillall losses occurred when the same experiments were repeated 
using dry oxygen rather than a high vacuum. On the other hand the oxide 
disappeared rapidly in the presence of oxygen containing small amounts of 
water vapor. Brewer and Margrave also observed erratic losses when wet 
gases were passecl over Liz0 a t  1200°C. and have suggested the formation of a 
volatile 'hydenide'. 
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VAN ARKEL ET AL.: LITHIUM OXIDE 447 

A series of very simple experiments to indicate the dependence of the 
volatility of Liz0 on the presence of water vapor has now been completed. A 
small platinum crucible containing the oxide was heated inductively in a 
system designed to permit the introduction of water vapor a t  relatively low 
pressures. A water cooled platinum disli was placed a few centimeters from the 
crucible to allow recovery of some of the condensable volatile material. The 
results map be indicated briefly as  follows: 

-- 

'rime, Temp., "C. v.p. H20,  , . I otal loss in  
hr. mm. Hg weight (70) 

1 .0  1000 Purnps on 5.7 
2 . 5  1040 Pu~nps  on 3 . 3  

12.0 1000 Pumps on 4 .1  
16.0 1000 Pumps on 5 . 8  

The  rates of evaporation are necessarily qualitative since surface areas of 
the oxide samples were observed to alter considerably during the course of 
the experiments, and water vapor pressures are accurate only in order of 
~nagnitude. 

Debye-Scherrer diagrams of the ~naterial collected on the target corre- 
I 

I sponcled to the pattern of anhydrous lithium hydroxide. We cannot exclude 
the possibility that the powder initially deposited was not LiOH, but was 
subsequently converted to hydroxide during handling in spite of the pre- 
cautions imposed. Nor do these experiments prove the nature of the volatile 
species. Nevertheless, since Smith and Sugclen have shown that gaseous LiOH 
is stable a t  2000°C. (3), there is reason to believe that the hydroxide was the 
primary product in these reactions. If such is the case, the apparent volatility 
of LizO a t  high te~nperatures in systems in which traces of water vapor are 
present can be ascribed to the simple reaction Li20(,, +H20(,, --t 2LiOH(,, 
in which the favorable change in free energy is mainly due to the large change 
in entropy associated with the forination of a second mole of gas. 

The factors affecting the stability of gaseous LiOH are analogous to those 
niiecting the stability of gaseous VCI4 and CrC14. Provided the conditions of 
the system are such that the vapor pressure of the lower chloride (VC13 or 
CrC13) is negligible, the gaseolls tetrachloride will not dissociate because the 
dissociation can proceed only with a decrease in entropy. 

I .  v . 4 ~  ARKEL, A. E., FLOOD, E. A,, and BRIGHT, N. F. H. Cali. J. Chem. 31: 1000. 1053. 
2. BREWER, L. and MARGRAVE, J. Vapor of allcali metal oxides, Univ. of Calif. Radiation Lab. 

U.C.R.L. 1864. 20 pp. 1052. 
3. SMITH, H. and SUGDEN, T. M. Proc. Roy. Soc. (London), A, 210: 204. 1953. 
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ATISINE: THE FUNCTIONAL GROUPS1 

The suggestion is implicit in the structure recently suggested for dihydro- 
atisine (9) that atisine and isoatisine are oxazolidines rather than vinylamines. 
This possibility was ignored in our earlier consideration of the environment of 
the nitrogen in these alkaloids (2) because both bases gave methane equivalent 
to two active hydrogens when heated with methyl Grignard reagent a t  100° 
in anisole. Since the value of this evidence has been questioned by Dr. Wiesner 
(private communication) it was decided to accumulate further evidence 
bearing on the question. 

Infrared spectra of atisine, isoatisine, and dihydroatisine were compared a t  
identical concentrations in chloroform. The intensity of the C=C stretching 
band in all three was identical, while an extra OH stretching band appeared 
in the latter. This indicates oxazolidine rather than vinylamine structures for 
the bases. 

Pelletier and Jacobs (7) have very recently reached the saine conclusion 
after examining the properties of several oxidation products of atisiile and 
isoatisine. 

On the basis of the oxazolidine structures, the bases should give inonoacetate 
with no free hydroxyl, or diacetates with one free hydroxyl. Jacobs and Craig 
(5) obtained a diacetate hydrochloride from atisine hydrochloride. However, 
we have obtained instead a triacetate hydrochloride by the action of acetic 
anhydride or acetic anhydride - pyridine mixture on atisine or isoatisine 
hydrochlorides. The amorphous sensitive base liberated from this hydro- 
chloride showed no hydroxyl absorption in the infrared. On hydrolysis with 
potassium hydroxide in aqueous methanol it gave isoatisine nearly quantita- 
tively. However, on hydrolysis with sodium carbonate solution a t  room tem- 
perature atisine was obtained. Thus the triacetate is a derivative of atisine, 
probably containing the following partial structures: 

The formation of the triacetate from isoatisine involves the first example of 
the isomerization of isoatisine to atisine. So far, attempts to obtain crystalline 
mono- or di-acetates from atisine or isoatisine have failed. 

Wiesner's structures do not readily account for the extra active hydrogen 
found in isoatisine and distilled atisine (2). These results seen1 to demand the 
presence of hydrogen on the carbons a to the masked aldehyde or ketone 
carbons. 

lIssued as N.R.C. No. 5491. 
2National Research Council Postdoctorate Fellow. Present address: Governnzent College, Lzcdhiana, 

East Pzcnjab, India.  
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Jacobs and Craig (5) showed that  atisine gave 0.71 mole fraction of acetic 
acid in the Icuhn-Roth determination. There is some possibility that the 
exocyclic methylene might isomerize t o  give a C-methyl prior to  oxidation by 
the chromic acid, although the experience of other workers with gelsemine 
(3) and baltanltosine ( I )  makes this seem unlikely. Thus it proved desirable 
to investigate further the source of the acetic acid. 

I t  has now been found that isoatisine, the C20H290N base (2), and the lac- 
tam tricarboxylic acid from isoatisine (4) give 0.52, 1.13, and 0.57 mole fraction 
of acetic acid in the I<uhn-Roth determination indicating one, two, and one 
C-methyl respectively. 

The infrared spectrum of a film ol atisine has a band a t  1375 cm.-I, which 
is also present in the spectra of chloroform solutions of isoatisine and the 
C20H?90K base. These bands can be ascribed with certainty to a methyl 
group (6). A conlparison of the appai-eilt integrated absorption intensities (8) 
of this band in the last two bases indicated that two methyl groups are present 
in the C20 base i f  isoatisine has one, in agreement with the suggested mode of 
forn~ation ol this base (2) and with the results of the Icuhn-Roth determina- 
tion. The inll-ared spectrum of a perfluorohydrocarbon mull of the lnctam 
tsicarboxylic acid froin isoatisine contained a methyl band a t  1380 cm-I. 

Thus all the evidence is consistent with the conclusion that atisine has one 
methyl group. 

I t  is inost probable that i t  is this C-methyl group which becomes the 
1-methyl substituent on the phenanthrene derivatives obtained by selenium 
tlehyclrogenation of atisine derivatives. In this respect the structure suggested 
by \Viesner is satisfactory. 

EXPERIMENTAL 

Infrared spectra were determined on a Perkin-Elmer model 21 double 
bean  spectrophotometer with a sodium chloride prism. In order to obtain a 
more reliable value for the integrated absorption intensity, a trace was made 
with two cells containing chloroform. The chloroform in one cell mas then 
replaced by a chloroform solution of the compound and the spectrum recorded. 
The background trace was taken as the 0% absorption line for the calculations. 
Method 1 of Ramsay (8) was used and the value 1.57 was taken for K. Per- 
centage absorption values are cited in brackets after the position of peaks in 
wave numbers. 

Atisine 

Obtained as  a resin from ether solution. Infrared spectrum (65.8 mgm. per 
nil., 0.1 mm. cell) : 3590 (20), 1655 (13). 

Isoatisine 

M.p. 152". Found: C-methyl, 2.27. Calc. for C22H3302N: one C-methyl, 
4.38. Infrared spectrum (30.6 mgm. per ml. in chlorofor~n, 0.1 mm. cell): 
a t  1375 cm.-I log,,(Io/I) = 0.049, Av: = 10.5 cm-I. A = 1800. At a concentra- 
tion of 63.2 mgm. per ml., 0.1 mm. cell: 3600 (19), 1652 (11). 
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Dihydroatisine 

Infrared spectrum (64.8 mgm. per ml., 0.1 mnl. cell): 3600 (21), 3470 (19), 
1655 (12). 

The CzoHZ90N Base 
M.p. 82-84". Found: C-methyl 5.65. Calc. for C20H2sON: two C-methyls, 

10.04. Infrared spectrum (30.0 per ml. in chloroform, 0.1 mm. cell): a t  1376 
cm.-I loglo(I~/I)  = 0.054, Av; = 17 cm-'. A = 3300. At 1710 cm.-I (62) and 
1649 cm.-I (24). 

Lactam Tricarboxylic Acid from Isoatisine 

This was prepared by the method of Huebner and Jacobs (4). After two 
recrystallizations from aqueous methanol the tiny plates melted a t  253-255" 
(dec.) when immersed a t  230". Found: C-methyl, 2.10. Calc. for C21H2907N: 
one C-methyl, 3.69. Infrared spectrum (perfluorohydrocarbon mull) : a 
broad band centered about 1700 cm.-I (COOH); 1610 (lactam); 1515, 1465, 
1450, 1405 (CHZ's); 1380 (CHX). 

Triacetylatisine Ilydrochloride 
(a) A suspension of atisine hydrochloride (0.15 gm.) in 3 cc. of acetic anhy- 

dride was boiled for 10 min. The crystals dissolved to give a light orange 
solution. The reagent was removed under reduced pressure, and the residue 
crystallized from methanol-ether. The 104 mgm. of crystals melted a t  230" 
dec. After two recyrstallizations the melting point was 235". The infrared 
spectrum was identical with that of the products from (b) and (c). 

Atisine was left overnight in solution in acetic anhydride. The reagent was 
removed under reduced pressure, methanol added, and the solution agai11 
taken to dryness. The residue was converted to its hydrochloride. The crys- 
talline product melted a t  233". After one recrystallization it melted a t  242" 
dec., and did not depress the melting point of the triacetate hydrochloride. 

(b) From 145 mgm. of isoatisine, treated as in (a), was obtained 96 mgm. 
of acetate hydrochloride. After one recrystallization from very concentrated 
methanol solution on addition of ethyl acetate, it melted a t  241" dec. I t  
showed no mixed melting point depression with product from (c) and had the 
same infrared spectrum. 

(c) A suspension of 918 mgm. of finely divided atisine hydrochloride in 
20 cc. of 50% pyridine - acetic anhydride was refluxed for five minutes. The 
solution was cooled to 0°, giving 984 mgm. of fine needles, m.p. 230" dec. 
After two recrystallizations from methanol -ethyl acetate the melting point 
was 241°when immersed a t  210". [a]:- 18 =t 1" (c = 2.0 in ethanol). Found: C, 
63.67, 63.76, 64.16; H, 8.49, 8.50, 8.11; C1, 7.11, 7.17. Calc. for C2&4206 NCl: 
C, 64.16; H ,  8.08; C1, 6.77. I.R. spectrum: 3580 (40), 3440 (39), 3350 
(40), 1740 (go), 1679 (40), 1650 (51), 1333 (29), 1320 (25), 1309 (29), 1250 (92), 
1210 (461, 1128 (29), 1111 (23), 1094 (25), 1071 (45), 1060 (51), 1039 (53), 1020 
(57), 985 (34), 973 (35), 955 (25), 948 (55), 902 (38), 843 (16), 831 (16). Isoatisine 
hydrochloride treated in the same way gave a good yield of the same triacetate 
hydrochloride. 
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Triacetyl Atisine 

Cold potassium hydroxide solution was added to a cold solution of the tri- 
acetyl hydrochloride in water. The precipitate was extracted quickly into 
petroleum ether (30-60°), the solution dried, and the solvent removed under 
reduced pressure. The clear gum would not crystallize from ether or petroleum 
ether. Infrared spectrum (film): 3080 (18) ,  2945 (85) ,  2890 (75) ,  1740 (92) ,  
1652 (35) ,  1582 (45) ,  1450 (57) ,  1415 (44) ,  1375 (76) ,  1329 (31) ,  1310 (31) ,  1240 
(97) ,  1182 (32) ,  1155 (27) ,  1113 (311, 1070 (45) ,  1028 (78) ,  985 (57) ,  947 (33) ,  
901 (49) ,  827 (25).  

Saponijication of the Triacetate 

( a )  A sample of the amorphous triacetate prepared as  described above was 
hydrolyzed for four hours a t  room temperature followed by 0.5 hr. reflux in 
aqueous methanol containing potassium hydroxide. The solvent was largely 
removed under reduced pressure, the residue taken up in water and extracted 
with ether. The base crystallized readily and completely from concentrated 
ether solution. iv1.p. 149'; mixed m.p. with isoatisine 151'. 

(b) A solution of 69 mgm. of triacetate hydrochloride and 100 mgm. of 
sodium carbonate in 2 cc. of water soon became milky. I t  was clarified by 
addition of methanol and left for 24 hr. a t  room temperature. The mixture was 
worked up as in (a)  giving 39 mgm. of base. This would not crystallize. I ts  
infrared spectrum (film) had every peak coincident with that of atisine except 
for a very small extra peak a t  1727 cm-I. I t  gave a hydrochloride, m.p. 300° 
dec., which when mixed with atisine hydrochloride melted a t  302O dec. 
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VOLUME 33 MARCH 1955 NUMBER 3 

I. AN IMPROVED SYNTHESIS OF HEXAFLUOROACETONEl 

ABSTRACT 

The synthesis of hexafl~~oroacetone reported recently by Brice, Lazerte, Hals, 
and Pearlson has been improved in several particulars. Teflon was depoly~nerized 
to  tetrafluoroethylene which was then dimerized to give a 50% yield of per- 
fluoroisobutene in one step. Oxidation of the latter a t  35-40°C. with aqueous potas- 
sium permanganate gave a 75% yield of hexafluoroacetone hydrate. The vapor 
pressure of hexafluoroacetone was measured between -GOo and -2B°C. 

Hexafluoroacetone was first obtained by Fulcuhara and Bjgelow (2) among 
the products of the direct fluorination of acetone. I t  was subsequently pre- 
pared by Henne, Shepherd, and Young (3) by the oxidation of the chlorofluoro- 
olefin (CF3)2C=CC12. While the yield of lcetone is satisfactory, the prepara- 
tion of the olefin is tedious and involves hydrofluorination a t  one stage. Brice, 
Lazerte, Hals, and Pearlson (I) recently obtained a 26% yield of hexafluoro- 
acetone by the oxidation of perfluoroisobutene prepared by the thermal 
isomerization of perfluorocyclobutane. The latter was presumably prepared 
by polymerization of tetrafluoroethylene a t  500°C. as reported by Miller (5). 

I t  occurred to us that perfluoroisobutene might be obtained in one step 
from tetrafluoroethylene. The use of teflon was later suggested to  us in a 
letter from Dr. W. H. Pearlson of the Minnesota Mining and Manufacturing 
Company, St. Paul, A4inn. A fui-nace, described by one of us in an earlier 
paper (4), having three independent elements which permit the temperature 
to be controlled a t  different points appeared to be suitable for the preparation 
of perfluoroisobutene. Teflon was depolymerized a t  450°C. to tetrafluoro- 
ethylene in the first section of the furnace and then dimerized to a mixture of 
perfluorobutenes by heating the monomer to 700°C. in the second and third 
sections. A 62% yield of fluorobutenes consisting of 85% perfluoroisobutene 
was thus obtained; the 2-isomer was formed to the extent of only 15%. 
These figures were arrived a t  by comparing the infrared spectrum of our 
product with the spectra of the pure con~pounds reported in the paper by 
Pearlson and co-workers (1). 

The perfluorobuteiles were oxidized with allcaline permanganate in the appa- 
ratus ill~~stratecl in the cxperiinental part a t  35 to 40°C. instead of in an auto- 

1iManz~script received November 16, 1964. 
Contribz~tion frovz the Divisiol~ of Pure Clze~nistry, National Research Council, Ottawa, Ontario, 

Canada. Issz~ed as N.R.C. No. 3512. 
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clave a t  100°C. as reported by Pearlson and co-workers. The yield of hexa- 
fluoroacetone hydrate was 70 to  80% of the theoretical amount. The  dehydra- 
tion to  hexafluoroacetone was carried out according to  the directions of Henne 
and co-workers (3). These authors reported the formation of a white solid 
during the dehydration of hexafluoroacetone hydrate which gave a semi- 
carbazone melting very near hexafluoroacetone semicarbazone prepared from 
the hydrate. In the present work this substance was also detected when the 
hexafluoroacetone was fractionated on the vacuum line. I t  gives a mass 
spectrum identical with that  of hexafluoroacetone. When sealed in a glass 
tube it can be sublimed by merely applying the heat of the hand. The sub- 

FIG. I. Vapor pressure of hexafluoroacetone. 
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stance is considered to be a polymeric form of hexafluoroacetone and is 
provisionally assigned the structure I. 

The vapor pressure of a sample of hexafluoroacetone purified by fractiona- 
tion on the vacuum line was measured by the static method described in an 
earlier paper (4). The line shown in Fig. 1 gives the expression 

log p (inm.) = 6.8060-[(1.2074 X 103)/T] 

for the vapor pressure of hexafluoroacetone between -GO°C. and -28°C. 

EXPERIMENTAL 

PerJEuoroisobutene 

The furnace used in this experiment was referred to in the Introduction. 
Teflon (200 gm.) cut into small pieces was placed a t  one end of the reactor 
while the other end was connected to  a 150 ml. spiral trap cooled to -78°C. 
The section of the furnace containing the teflon was slowly heated to  450°C. 
while the temperature of the other two units was kept a t  700-725OC. After 
two hours the temperature of the first section was raised to  550°C. to  complete 
the depolymerization of the teflon. At the end of the experiment the trap 
contained 110 ml. of yellow liquid which was fractionated on the vacuum 
line. Forty milliliters of material with a very high vapor pressure, consisting 
chiefly of perfluoropropene, were distilled off. The remainder (70 ml.), which 
had a vapor pressure of 40 mm. a t  -7g°C., was collected in another trap. 
Yield: 125 gm. By infrared analysis this product was found to contain 85% 
perfluoroisobutene, i.e. 106 gm., and 15% perfluorobutene-2. 

ITexaJEuoroacetone Hydrate 
The apparatus used in the oxidation is shown in Fig. 2. Potassium perman- 

ganate (300 gm.) and 1200 ml. of water were placed in the 3-liter reaction 
flask B. Tlle fluoro-olefin (95 ml., 165 gm.) was condensed into the trap A 
which was then connected to  the bubbler immersed in the permanganate 
solution. The contents of the flask were agitated by means of a magnetic 
stirrer. The temperature of the fluoro-olefin was raised to  about 10°C. and 
maintained there while the vapor bubbled slowly into the permanganate solu- 
tion. The rate of flow could be readily controlled by varying the temperature of 
the bath surrounding the olefin. Hexafluoroacetone hydrate produced by the 
oxidation remained in solution while unchanged perfluoroisobutene was, 
returned to the flask by the cold finger C which was kept a t  --80°C. The 
carbon dioxide which was produced simultaneously passed into the atmosphere, 
any fluoro-olefin which i t  carried over being condensed in a second trap (D) 
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- 
FIG. 2. Apparatus for the oxidation of perfluoroisobutene to hexafluoroacetone. 

maintained a t  -80°C. Reaction was slow a t  first but became more rapid as 
the temperature increased to 35-40°C. The fluoro-olefin was absorbed a t  the 
rate of 20-25 gm. per hour. 

The reaction mixture was then treated with sulphur dioxide to remove 
excess permanganate and the mixture filtered with suction. The precipitate 
on the filter mas washed with 500 ml. of water and discarded. The combined 
filtrates were extracted with ether in a continuous extraction apparatus for 
24 hr. The ether extract was separated, dried over sodium sulphate, and freed 
of solvent. The residue was fractionated under reduced pressure. The yield 

20 of hexafluoroacetone hydrate, b.p. 55-6OC. a t  80 mm., n, 1.3179 mas 108 gm. 
(72% of the theoretical amount). 

The hydrate was treated with phosphorus pentoxide as directed: by Henne, 
Shepherd, and Young (3). A middle fractioil of 5.0 ml. from a total of 7.5 
ml. of hexafluoroacetone was collected separately on the vacuum line. I t  dis- 
tilled a t  a constant pressure of 32.6 mm. a t  -78OC. The vapor pressure of 
this fraction was measured a t  several temperatures, between -GO°C. and 
-28OC. by the static method (4), and the values plotted logarithmically in 
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Fig. q. The mass spectrum of the product was identical with that  of Pearlson 
and co-workers (1). 
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T H E  SYNTHESIS O F  HEMOPYRROLE-DICARBOXYLIC ACID 
AND O F  SOME DIPYRROMETHENES' 

BY S. F. ~VIACDONALD AND R. J. STEDMAN" 

ABSTRACT 

The pyrrole IIe  was obtained through the lcnown IIc and hydrolyzed to  IIIb. 
This last could be partially decarboxylated to  hernopyrrole-dicarboxylic acid 
I I Ic  or, with formic acid, converted into the dipyrrornethene V I I b .  The isomeric 
dipyrrornethene V I I a  was obtained analogously. 

Of the two key pyrroles related to the uroporphyrins, cryptopyrrole- 
dicarboxylic acid Ia  has already been synthesized (10). The synthesis of the 
second of these, hemopyrrole-dicarboxylic acid IIIc, is now reported. 

With ethyl cyanoformate and hydrogen chloride, the pyrrole IIc ( lo) ,  for 
which an improved preparation is given, gave the glyoxylic ester IId. Con- 
sistently high yields were obtained only when the usual conditions (cf. (6)) 
were modified to ensure that the intermediate ltetimine hydrochloride crystal- 
lized. The glyoxylic ester was catalytically reduced in acetic-sulphuric acid 
over palladium black (cf. (9)) to IIe, which Treibs and Ott  have obtained from 
IIc by a different route (13). When this reduction was attempted with W-6 
Raney nicliel in refluxing ethanol (cf. (12)), with hydrogen (cf. (15)) at  
130-150" and 3000 to  4000 lb. per sq. in. in ethanol over copper chromite (I) ,  
or with zinc dust in boiling acetic acid, the only product isolated was IIc 
identified by melting point and inixed melting point, the positive Ehrlich's 
reaction in the cold, and, in the first case, by analysis for C, I-I, and I\'. The 
loss of an acyl group on catalytic reduction was unexpectecl but is not without 
analogy (cf. (8)). 

Alkaline hydrolysis of IIe resulted in I I Ia  or in IIIb, differing in their Ehr- 
lich's reactions. These structures were confirmed by decarboxylating the 
latter to the knolvn hemopyrrole-carboxylic acid IVa. With water a t  100°, 
IIIb gave a dicarboxylic acid which could not be directly shown to be IIIc 
rather than IVb, for the latter is kno\vn only as a half-ester (7b). Under these 
conditions Ia  had been obtained from Ib (10) and IVb would be expected to 
lose its a-carboxy group. Further, the dimethyl ester of the dicarboxylic acid 
gave a strongly positive Ehrlich's reaction in the cold, behavior consistent with 
IIIc but not with IVb. However, the dicarboxylic acid was shown definitely 
to be hemopyrrole-dicarboxylic acid IIIc by conversion of its dimethyl ester 
into Ve (see below) with phosgene and methanol (cf. (7c)). 

As the preparation of the intermediates might have proved more convenient 
using the higher-melting methyl esters, methyl a-oximino-p-ketoadipate and 
benzyl acetoacetate were combined in the Knorr synthesis to give Va, which 

lManuscri@t received November 8, 1954. 
Contribution from the Division of Pure Chewzistry, National Research Council, Ottawa, Canada. 

Issued as  N.R.C. No. 5515. Reborted in bart at the Senzinar in the Clzemistrv o f  Natural Prodz~cts. 
Universitv o f  New Brz~nswick.-~ztezcst .  i955 .  and in a breliminarv com?nu&ation (11). 
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MACDONALD AND STEDMAN: SYNTHESIS 459 

Ia, R = H IIa, R = C O O C H ~ . C ~ H I  IIIa,  R = COOEt 
6 ,  R = COOH b,  R = COOH b,  R = COOH 

c , R = H  c , R = H  
a, R = CO.COOEt 
e ,  R = CH?.COOEt 

HOOC.CH2CH2-CHa HOOC.CHzCH?-CO.COOH 
)CHI R!( JCH3 

N N N 
H H I-I 

IVa, R = H V a ,  R = COOCH2.CGHj V I a ,  R = COOEt 
6, R = COOI-I b ,  R = COOH 6 ,  R = COOI-I 

c , R = H  
d ,  R = CO.COOi?Ie 
e, R = CH?.COO?vIe 

V I I a ,  R = CH2CH?.COOH; R' = CHZ.COOH 

6 ,  R = CI-I2.COOH; R' = CI-I?CH?.COOH 
13 HBr 

was converted into Vb, Vc, Vd, and Ve. The structures of these were confirmed 

1 by relating Vd and Ve to the ethyl esters for which there \iras independent 
anall-tical proof. Thus IId could be hydrolyzed either to VIa or VIb, and the 
latter gave Vd u-ith diazomethane ; similarly I Ie was hydrolyzed to I I Ib, which 
was converted into Ve with diazomethane. 

Two better methods were fou~ld for converting ethyl p-lteto-a-carbethoxy- 
adipate into ethyl 0-ltetoadipate (cf. (5,14)), an intermediate in the preparation 
of IIa:  the triester was allowed to stand with sulphuric acid, and alcohol added 
to the mixture, or the triester was boiled with water (cf. (4, 2)). T o  obtain 
the methyl P-ltetoadipate of Bardhan (3) required in the synthesis of Va, 
P-carbomethoxy-propionyl chloride and the ethoxymagnesium derivative of 
ethyl malonate gave methyl 6,6-dicarbethoxylevulinate, which was converted 
into p-ketoadipic acid with hydrochloric acid (cf. (5)), and the acid esterified. 

Both the pyrroles Ib and IIIb reacted nor~nally with formic acid and hydro- 
gen bromide a t  100' (cf. ( 7 4 )  to give the dipyrromethenes VIIa and VIIb 
respectively. A t  lower temperatures, the hydrobromides of Ia  and IIIc were 
the predominant products (16). 

E X P E R I M E N T A L  

2-Methyl-5-carboxypyrrole-4-(propionic acid) Diethyl Ester, I I c  

Up to 500 gm. of the benzyl ester IIa  have been hydrogenated in 1 liter of 
ethanol in a 3 liter autoclave as previously described (10). The mixture of 
crude acid IIb and catalyst (277 gm.) from 378 gm. of the benzyl ester I Ia  was 
dry distilled in two lots a t  230' rising to 260' (air bath temperatures) under the 
water-pump vacuum (initially and finally 15 mm.). The pyrrole IIc rapidly 
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solidified in the air condenser. I t  was recrystallized from pentane by extraction 
(Soxhlet) giving 155 gm. (63% from the benzyl ester), m.p. 67-67.5' (cf. (10)). 

2-Methyl-5-carboxypyrrole-3- (glyoxylic acid) -4- (propionic acid) Triethyl Ester, 
I I d  

The pyrrole IIc (45 gm.) in ethyl cyanoformate (45 ml.), dry ether (150 ml.), 
and chloroform (50 ml., dry and alcohol free) was stirred in an ice-salt bath 
and protected from moisture while dry hydrogen chloride was passed in for 
three hours. Dry air was then passed through without cooling until the mixture 
was largely crystalline. Ether (100 ml.) was added, the mixture kept a t  0' 
overnight, the ketimine hydrochloride filtered off, washed with ether, dried 
in vacuo, and dissolved in ice-water (3 liters). After several hours, the glyoxylic 
ester was filtered off and washed with water. I t  was dissolved in alcohol, 
filtered with charcoal, and the charcoal washed with alcohol. After the filtrate 
and washings (110 ml.) were diluted with 85 ml. of water and allowed to stand 
a t  25' then at  0°, 53 gm., m.p. 78-79', were collected. The mother liquors 
diluted with 100 ml. of water and allowed to stand as above gave 4.8 gm., 
m.p. 77-78' (total, 92% as used for reduction). For analysis, the ester was 
recrystallized twice and dried in vacuo, forming colorless needles, m.p. 78.5'- 
79'. Ehrlich's reaction slowly positive hot. Found: C, 57.64; H,  6.72; N, 4.01%. 
Calc. for CliHPBOiN: C,  57.78; H ,  6.56; N, 3.96%. 

2-Methyl-5-carboxypyrvole-3- (acetic acid) -4- (propionic acid) Triethyl Ester 
(Ethyl a-Carbethoxylzemo~yrrole-dicarboxylate), I I e  

The glyoxylic ester IId (24 gm.) in acetic acid (100 ml.) and sulplluric acid 
(3.75 ml.) was shaken for six hours with palladium black (1.2 gm., freshly 
prepared (17)) under hydrogen (60 Ib. per sq. in.) a t  27'. After the theoretical 
uptake in two hours, absorption nearly ceased. The filtrate and washings 
from the catalyst were added to ice-water (3 liters) containing sodium bi- 
carbonate (70 gm.), seeded, and left a t  0' overnight. The solid was filtered off, 
washed, and dried. The acidified filtrate was extracted once with ether, and 
the ether evaporated from the extract. 

Three reductions, using 57.8 gm. glyoxylic ester, were worked up together. 
When the solid was extracted with pentane (Soxhlet) most of the product 
crystallized from the pentane. More was obtained by combining the partially 
hydrolyzed pentane-insoluble material with the residue from the ether extract, 
esterifying i t  with 5% ethanolic hydrogen chloride a t  25' overnight, pouring it 
into ice water, and extracting the dried solid with pentane (Soxhlet). Yield 
44 gm. (79%), long colorless needles, m.p. 63-64', or prisms, m.p. 64-65'. 
Ehrlich's reaction negative cold but positive hot. For analysis, it was recrystal- 
lized three times from aqueous ethanol and dried in vacuo, needles m.p. 63-64'. 
Found: C, 59.98; H ,  7.26; N, 4.26%; mol. wt. (Rast) 333. Calc. for CliH250gN: 
C, 60.16; H, 7.43; N, 4.13%; mol. wt. 339. 

When less active palladium black was used, the yield fell to about 50y0. 
This pyrrole and the isomeric ethyl a-carbethoxycryptopyrrole-dicarboxylate 

(10) were not clearly distinguished by their melting points or by their infrared 
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spectra in carbon disulphide. However, their mixed melting point showed a 
depression. 

a- Carboxyhemopyrrole-dicarboxylic Acid, I I I b  
The triethyl ester IIe (2 gm.) in ethanol (25 ml.) ancl 10yo sodium hydroxide 

(25 ml.) was heated for two and a half hours on the steam bath in an open 
flask. The solvent was removed in vacuo, the residual gum dissolved in water 
(25 ml.), warmed, and filtered with charcoal, and the product (1.27 gm., 84%), 
a yellow powder m.p. 144-145" (decomp.), precipitatecl with sulphur dioxide 
a t  0" and washed with ice-water. After three recrystallizations from acetone 
(dried over potassium carbonate) (thimble) it formed small very pale violet 
needles, n1.p 155-156" (clecomp.), Ehrlich's reaction strongly positive cold. 
Found in material dried i n  vacuo: C,  51.29; H ,  5.36; N,  5.54y0. Calc. for 
C11H130GN: C,  51.76; H ,  5.13; N,  5.49%. I t  is stable when kept under nitrogen, 
or in vacuo over phosphorus pentoxide. 

IIemopyrrole-dicarboxylic Acid, I I I c  
The crude tricarboxylic acid IIIb (0.802 gm., m.p. 148") in water (3 ml.) 

was heated under nitrogen on the steam bath to solution and cessation of 
effervescence (ca. 15 min.). After the solution was cooled to 0°, the product 
(0.544 gm., 84%) was collected ancl washed with a little ice-nrater, as very 
pale pink prisms, n1.p. 150-150.5" (decomp.), Ehrlich's reaction positive cold, 
no insoluble picrate was formed in wet ether. After three recrystallizations 
from water (4 ml.) the melting point was unchanged. Found in material dried 
i n  vactlo and storecl over nitrogen: C, 56.78; H,  6.26; N,  6.82y0. Calc. for 
CloH1304N: C, 56.86; H I  6.20; N ,  6.6370. 

Dimethyl TIemopyrrole-dicarboxylate3 
Hemopyrrole-dicarboxylic acid IIIc (3.05 gm.) was allo~ved to  stand over- 

night with a cooled ethereal solution of diazomethane. After removing the 
ether in vacuo, the crystalline residue was distilled (135", 5 X 10-j mm.). 
The ester (3.33 gm., 96y0) formed yellow crystals, m.p. 50-51°, raised to 5l0- 
52.5" by resublin~ation, Ehrlich's reaction strongly positive cold. Found: 
C, 60.39; H I  7.35; N,  6.03%. Calc. for C1?H1704N: C, 60.23; H ,  7.16; N, 5.86%. 

Unless protected from light and stored in vacuo or under nitrogen, the 
product turns red. 

Conversion of Dimethyl IIemopyrrole-dicarboxylatc to 2-Methyl-5-carboxypyrrole- 
3- (acetic acid)-4- (propionic acid) Trimethyl Ester, Ire 

Dimethyl hemopyrrole-dicarboxylate (2.11 gnl., distilled in high vacuum a t  
110-115") was dissolved in dry ether (70 ml.), cooled in ice-water, and treated 
with a rapid stream of phosgeile for 15 min. The  solution initially became 
cloudy, but rapidly cleared and clarlrened. After one ancl a quarter hours a t  
room temperature the ether and excess phosgene were removed by a stream of 
clry air, and the crystalline residue was briefly dried in vaczlo and dissolved in 
dry methanol (50 ml.). Evaporation under reduced pressure after 60 hr. gave a 

3T1zis preparation is due to Dr. K. H. ~Wichl. 
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dark gum which rapidly crystallized and was freed froin hydrogen chloride by 
drying in vacuo over potassium hydroxide. Recrystallization from 15 ml. of 
methanol and 30 ml. of water (charcoal) gave the trimethyl ester (2.30 gm., 
87y0) as light brown crystals, m.p. 91'-91.5'. 

A further cr)~stallization from methanol-water gave light yellow plates, 
melting point unchanged, undepressed by authentic Ve (see below), and in- 
distinguishable from it  by its infrared spectrum in carbon disulphide. The 
Ehrlich's reaction was positive hot. Found, in material recrystallized froin 
pentane (thimble) and dried a t  60' in  vacuo: C, 56.77; H ,  6.55; N,  4.83%. 
Calc. for C14H1906W: C, 56.56; H, 6.44; N, 4.71y0. 

Hemopyrrole-carboxylic Acid, ITfa, from a-Carboxyhemopyrrolc-dicarboxylic 
Acid, I I I b  

The tricarbosylic acid IIIb (0.583 gm., m.p. 155') in glycerol was heated 
under nitrogen a t  200' for 15 min. After the mixture was poured into water 
(100 ml.) and extracted with ether (4 X 25 ml.), the extract was washed with 
water (25 ml.), dried over sodium sulphate, and the ether evaporated. The 
crystalliile r e s id~~e  on sublimation (100°, 5 X 1 0 - h m . )  gave creain colored 
crystals (0.224 gm., 58%), m.p. 120-125'. After three crystallizations from 
watcr it  formed cream colored rectangular plates, m.p. 12'7-128' (lit. 130-131' 
(7a)), Ehrlich's reaction positive cold. Found in material stored under nitrogen: 
C, 64.60; I-I, 8.06; N, 8.65%. Calc. for CgH,a02N: C, 64.65; I-I, 7.83; N, 8.38%. 

Methyl ZIemopyrrole-carboxylate 
Hernopyrrole-carboxylic acid (77 ingm., m.p. 128-12g0, from IIIb) was 

adclecl to ethereal diazomethane (from 2 gnl. nitrosometl~ylurea) under nitrogen. 
After one hour the ether solution was washed with dilute l~yclrocl~loric acid, 
thc acid neutralized with sodium bicarbonate and washed \vith ether, the ether 
washccl twice with water and dried ovcr sodiuin sulphate. The  dark crystalliile 
residue left after evaporation of the ether was sublimed (50-60°, mm.) 
giving methyl l~einopyrrole-carboxylate as  colorless prisms (31.5 rngm., 38y0), 
1n.p. 4841';  after recrystallization fro111 aqueous methanol, colorless plates, 
m.p. 49-51', were obtained. 

The methyl ester picrate, long chocolate-brown prisms, m.p. 118.5-120' 
(lit. 121-122" (7a)) was obtained from the ester with picric [acid in wet ether. 

The methyl ester, regenerated from the picrate with ether and aqueous 
sodium bicarbonate, melted a t  50-53' (lit. 57' (7a)) after sublimation. 

a-Carbethoxyhemopyrrole-dicarboxylic Acid, I I I a  
The triethyl ester IIe (1.94 gm.) in 20 ml. of ethanol and 14.2 ml. of 0.889 N 

sodium hydroxide (2.2 equiv.) was heated for two hours in an open flask on the 
steam bath. After it was taken to dryness in vaczio, the rcsidual gum was 
dissolved in 9 ml. of water and the product precipitated with sulphur dioxide 
a t  0" and washed with ice-water. After it was suspended in 12 ml. of water a t  
100' for 15 min., filtered a t  0' and washed, the cream colored product (1.16 gm., 
72%) melted a t  232-234' (decomp.). For analysis, i t  was recrystallized four 
times from acetone (thimble) giving very light brown elongated prisms, 
m.p. 237-238' (decomp.) , Ehrlich's reaction very weak cold but strongly 
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positive hot. Found in material dried in vacuo a t  60': C, 55.49; H ,  5.82; 
N, 5.09%. Eq. wt. 140.6. Calc. for C ~ ~ H ~ ~ O G N :  C, 55.12; H ,  6.05; N, 4.94%. 
Eq. ~ v t .  141.6. 

2-Methyl-3-carbobenzoxy-~-(2-carbomethoxyethyl)-5-carbomethoxypyrrole, Va 
Sodium nitrite (45 gm.) in water (75 ml.) was slowly added a t  <8' with 

stirring to methyl 0-ketoadipate (101.3 gm.) in acetic acid (350 ml ), and the 
excess nitrite was destroyed with ammonium sulphamate. This solution and 
zinc dust (300 gm.) were added slo~vly with stirring and cooling to benzyl aceto- 
acetate (121 gm.) and ammonium acetate (100 gm.) in acetic acid (250 ml.) 
a t  60-70'. After one hour a t  90' the solution was decanted into ice-water 
(6 liters) and the zinc washed with hot acetic acid (50y0 then glacial). After the 
oil which separated had solidifiecl, it was filtered off, well washed with water, 
and dried in vaczlo, m.p. 120-126'. Recrystallization from ethanol (400 ml.) 
gave the product as pale yello\v crystals (118 gm., 61y0), 1n.p. 128-130'. For 
analysis, it was recrystallized three times from ethanol giving nearly colorless 
rectangular plates, m.p. 130-130.5', Ehrlich's reaction positive hot. Found in 
material dried a t  60' i?zvacuo: C, 63.71; H ,  5.56; N, 3.74%. Calc. for C1QHxOGN: 
C, 63.50; H ,  5.89; N,  3.90%. 

2-il4ethyl-3-carboxy-4- (2-carbomethoxyethy1)-5-carbomethoxypy~role, Tfb 

The beilzyl ester Va (112 gm.) in 800 1111. of ethanol was hydrogenated lor 
eight hours a t  130' and 1100 lb. per sq. in. over 10 ml. of Raney nickel. IVhcn 
filtered olf and ~vashed \vith ethanol, the product (87 gin., coiltailling nickel) 
was suitable for c1ecarbos)-lation. rl portion (14 gin.) was ground and filtered 
wit11 1 litcr of ice-cold N/lO sodium carbonate, the product precipitated from 
thc filtrate ~vi th  carbon dioxide, filtered, ancl washed, giving 9 gm., n1.p. 
2-13-244' (decamp.). Xftcr two 1-ccrystallizations from ethanol and one froin 
methanol, it formcd colorlcss plates, melting point unchanged, Ehrlich's 
reaction positive hot. Founcl in material dried in vacuo: C, 53.76; I-I, 5.87; 
N,  5.36%. Calc. for C13H1506x: C, 53.53; H ,  5.62; K, 5.20y0. 

The crude acid Vb (73 gm., containing nicltel) was distilled in two portions 
under the vacuuln of a water pump a t  230' rising to 245' (air-bath tempera- 
ture) into an air condenser. The pale yellow waxy product was recrystallized 
froin pentane (thiinblc) to give pinlc prisms (39 gm. 66% from the benzyl 
ester), m.p. 71-72'. This was suitable for the next stage. Two further recrystal- 
lizations gave the pyrrole as cream colored prisms, n1.p. 72.5-73.5'. Ehrlich's 
reaction was slowly positive in the cold. Found in material dried in vacuo: 
C, 58.64; H ,  6.86; N, 6.45%. Calc. for CllH1504N: C, 58.65; H ,  6.71; N,  6.22%. 

6-Methyl-5-carboxypyrrole-3- (glyoxylic acid)-4-(propionic acid), VIb 
The ethyl ester IId (5.295 gm.) was heated in an open flask on the steam 

bath for two and one-half hours with 60 n ~ l .  of ethanol and 60 ml. of 10yo 
sodium hydroxide. After removal of the residual solvent in  vacuo, the gum was 
dissolved in 50 ml. of water, filtered, and the product precipitated with excess 
hydrochloric acid a t  0'. The tricarboxylic acid VIb (2.81 gm., 70%) obtained 
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as a white powder by washing the precipitate with water and drying it in  vacuo 
hacl a melting point of 197-198' (decomp.), which was depressed by admixture 
of 2-methyl-5-carbethoxypyrrole-3-(glyoxylic acid)-4-(propionic acid) VIa 
(see below). Ehrlich's reaction was slowly positive in the cold. 

Precipitation by sulphur dioxide instead of hydrochloric acid gave a product 
containing sodium. 

2-Methyl-5-carboxypyrrobe-3- (glyoxylic acid) -4- (propionic acid) Trimethyl Ester, 
lrd 

(i) From the Triethyl Ester I I d  by Hydrolysis and Re-esterification 

The glyoxylic acid VIb (2 gm.) was added in portions to diazomethaile 
(from 14 gm. of nitrosomethylurea) in ether. After it  had stood for three hours, 
the ethereal solution was washed with dilute hydrochloric acid, with aqueous 
s o d i ~ ~ m  bicarbonate, and with water, dried over sodium sulphate, and evapo- 
rated to dryness. The residue, which crystallized slowly at 0°, was recrystallized 
from methanol (12 ml.) -water (18 ml.), and hacl the melting point 106-107.5" 
(1.82 Em., 78y0). After three recrystallizations from aqueous methanol, it 
formed long colorless prisms, m.p. 108-109" or, with slow heating, 114-115". 
The Ehrlich's reaction was positive hot. Found in material dried in vacua a t  
60": C, 53.63; H, 5.10; N,  4.57%. Calc. for C14H1707N: C, 54.01; 13, 5.51; 
N, 4.50%. 

Subsequent preparations gave only the higher melting form, colorless 
rectangular plates, m.p. 114.5-115", and undepressed by admixture of the lower 
melting form. Ehrlich's reaction was positive hot. Found: C, 54.22; H ,  5.48; 
N, 4.6970. 

(ii) From 2-11Iethyl-4- (2-carbomethoxyethyl) -5-carbomethoxypyrrole, Vc 
(Preparative Method) 

The pyrrole Vc (32.6 gm.) was clissolved in 35 ml. of methyl cyanoformate 
(b.p. 97.5-98.5"), 38 ml. of chloroform (dry ancl alcohol free), and 120 ml. of 
dry ether, cooled in ice-salt with the exclusion of moisture, stirred, and treated 
with a rapid stream of dry hydrogen chloride for three hours. Solid separated 
during the reaction; the mixture was evaporated to dryness by a stream of 
dry air passed into the mixture, without cooling, for four hours. Dry ether 
(120 ml.) mas added and, after 12 hr. a t  0°, the ketimine hydrochloride was 
collected as a yellow powder, washecl with ether, and dried under water pump 
vacuum. The l~ydrochloricle was powdered and added portionwise, with stirring, 
to ice-water (3 liters). The glyoxylic ester was collected, mashed with water, 
and clriecl in  vacuo after the initially clear yellow solution had been allowed to 
stand for four hours a t  0". The crude product was dissolved in methanol 
(160 ml.), warmed with charcoal, filtered, and recrystallized by the addition 
of water, giving colorless plates (39.0 gm., 86.5%) m.p. 111°-1130, sufficiently 
pure for hydrogenation. 

2-Methyl-5-carboxypyrrole-3- (acetic acid)-4- (propionic acid) Trimethyl Ester, Ve 
(i) By Reduction of the Glyoxylic Ester (Preparative Method) 

The glyoxylic ester Vd (36.4 gm., m.p. 111-113", prepared by method (ii)) 
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in acetic acid (120 ml.) and sulphuric acid (6.49 ml.) with palladium black 
(2.3 gm., freshly prepared) was shaken a t  28' under hydrogen (60 lb. per sq. 
in.) for four hours. After the theoretical uptake in two hours, absorption nearly 
ceased. The filtrate and acetic acid washings from the catalyst were evaporated 
to dryness under reduced pressure on the steam bath after the addition of 
anhydrous sodium carbonate (13.5 gm.). The residue was talten up in dry 
benzene (320 ml.), which was distilled, initially a t  atmospheric pressure, and 
finally to dryness under water pump vacuum. The rapidly solidifying gun1 
was dissolved in dry methanolic hydrogen chloride (160 ml. of loyo), warmed 
to 55' in a water bath, and allowed to cool in the bath overnight. The crystals 
that rapidly separated when the solution was poured into ice-water (2.5 liters) 
were collected after one hour a t  0°, well washed with water, and dried in vacuo. 
The crude product was recrystallized from methanol (180 ml.) -water (320 
mi.) to give the pyrrole (27.0 gm., 78%) as pale pinlt plates, m.p. 92'. 

(ii) A sample prepared in the same way by reducing glyoxylic ester (m.p. 
114-115', prepared by method (i)) and recrystallized twice from aqueous 
methanol formed colorless plates, m.p. 92', giving a positive Ehrlich's reaction 
(hot). Found in material dried in vacuo: C, 56.32; H,  6.41; N, 4.93%. 
Calc. for ClIHlgOEN: C, 56.56; H ,  6.44; N, 4.71%. 

The melting point of this specimen was not depressed by admixture of 
material prepared by method (i). 

(iii) From the Ethyl Ester I I e  Via the Tricarboxylic Acid I I I b  
The tricarboxylic acid IIIb (0.116 gm., n1.p. 144-145') was esterified with 

diazomethane (from 2 gm. of nitrosomethylurea). After one hour the ether was 
mashed with clilute l~yclrochloric acicl, with aqueous sodium bicarbonate, and 
with water, and dried over sodium sulphate. The gum which remained after 
evaporation of the ether rapidly crystallized. Recrystallization from methanol 
(2 ml.) -water (9 ml.) gave the product (64 mgm., 47%), m.p. 01-92'. The  
melting point was unchanged after recrystallizations from aqueous ethanol and 
aqueous methanol. Found, in material clried in vacuo: N, 4.81y0. The identity 
of this product and the analytical sample of (ii) above was confirmed by their 
mixed melting point ancl by their infrared spectra in carbon disulphide. 

d-Methyl-5-carbethoxy~yrrole-3- (glyoxylic acid) -4- (propionic acid), VIa 
The triethyl ester IId (7 gm.) in ethanol (45 ml.) ancl 0.889 N sodium hy- 

droxide (50 ml., 2.23 equiv.) was heated in an open flask on the steam bath 
for 35 min. The solvent was removed in vaczlo and the partially crystalline 
residue dissolved in water (25 ml.) and made strongly acicl with hydrochloric 
acid a t  0'. The crude product was filtered off and washed with ice-water. Two 
recrystallizations from water (20 ml.) gave 2.17 gm. (37%), m.p. 195-196' 
(decomp.), eq. wt. 148.0 (calc. 148.6). Large pale pinlt prisms, m.p. 198-19g0, 
Ehrlich's reaction positive hot, were obtained after two further recryst a 11' ~ z a -  
tions. Found in material dried in vacuo: C, 52.20; H ,  5.16; N, 5.03y0. Calc. for 
ClaH1507N: C, 52.52; H ,  5.09; N, 4.71%. 

As in the case of VIb, the crude product contained sodium when precipitated 
by sulphur dioxide. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
1.

38
.3

6 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



466 CANADIAS JOURNAL O F  CHEMISTRY. VOL. 33 

Dietliyl P-Ketoadipate 

(i) T o  diethyl 0-keto-a-carbethoxyadipate (809.5 gm.) (14) cooled in an 
ice-salt bath, sulphuric acid (810 ml.) was added a t  (20" with stirring. After 
12 hr. a t  27", absolute ethanol (1500 ml.) was added with stirring, together 
with solid carbon dioxide to  keep the temperature a t  <lo0. After 20 hr. a t  
room temperature, the solution was poured into ice-water (8 liters) and 
extracted with benzene (3 X 500 ml.). The extracts were ~vashed twice lvith 
dilute sulphuric acid, thrice with dilute sodium bicarbonate, twice with water, 
and dried over sodium sulphate. Distillation through a Vigreux column gave 
the cliester (330 gm. 54%), b.p. (0.4 mm.) 112-120°, qh5 1.4390. 

(ii) Three liters of water and 1406 gm. of ethyl P-lreto-a-carbethoxyadipate 
mere gently boiled with vigorous stirring under a 12 in. Vigreux column for 
four and one-half hours. A hydrometer showed 180 gm. (theory 225 gm.) of 
ethanol in the 1.8 liters of distillate. The  undistilled residues from two such 
runs were combined. The  ester was separated and combined with the ether 
wash (1 liter) of the water layers, washed with saturated sodium bicarbonate, 
four times with water, and lvith 4 X 250 cc. of cold saturated sodium carbonate 
which was then back-washed with ether. The  organic layer was clarified with 
anhydrous sodium sulphate, washed three times with water, three times with 
dilute sulphuric acid, and four times with water, clarifiecl with an anhydrous 
sodium sulphate, filtered, the ether removed on the steam bath, and the 
residuedistilled to  150°at 0.2 mm. The fractionation of the distillate a t  0.2 inm. 
with a 12 in. lagged Vigreux column was followed refractometrically; the 
product (1367 gm., 65%, qhG 1.4390) consisted of the main fraction (1280 gm., 
b.p. 108-119", nearly all 117-119") together with that obtained by refraction- 
ating the 95-108" cut. 

Methyl 6,6-Dicarbethoxylevulinate 

The ester (214 gm., 81%) b.p. 140" (0.4 min.) was obtained according to the 
method used for the triethyl ester (14) from 145.5 gm. of P-carbomethoxy- 
propionyl chloride, 162 gm. of malonic ester, and 23.4 gm. of magnesium. For 
analysis, it was slowly distilled through a 3 in. Vigreux column and collected a t  
115" (0.25 mm.), as a colorless liquid, qg 1.4486, giving a violet-brown color 
with ferric chloride. Found: C, 52.60; H ,  6.51y0. Calc. for C12H1807: C, 52.55; 
H ,  6.61%. 

p-Ketoadipic acid (281.5 gm.) from the above ester and hydrochloric acid 
(cf. (5)) gave the dimethyl ester (3) (126 gm., 38%) b.p. (0.6 mm.) 100-104", 
qA7 1.4416, when esterified with 250 ml. of methanol containing 93 gm. of hydro- 
gen chloride. 

5,5'-Dimethylpyrromethene-5,5'- (diacetic acid)-4,4'- (dipropionic acid) Hydro- 
bromide, VIIa 

The tricarboxylic acid I b  (1 gm., crude m.p. 143") (10) was heated on the 
steam bath with 98% formic acid (5 ml.) and 30% hydrogen bromide in 
acetic acid (2.5 ml.) under reflux for 40 min. After two hours a t  10" the product 
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was filtered off and washed with cold formic acid. The brown powder, 0.535 gm. 
(53%), m.p. 200-201" (decomp.), gave orange-yellow micro needles (0.385 gm.), 
melting point unchanged, on recrystallizing from formic acicl (8 ml.). Found in 
material dried in vaczio: C, 49.22; H ,  5.08; N,  5.45; Br, 15.39%. Calc. for 
C21H350EN2Br: C, 49.13; H ,  4.91; N,  5.46; Br, 15.57%. 

I t  is stable when ltept in  vaczio over phosphorus pentoxide and protected 
from light. 

5,5'-Dimethylpyrromethene-S,S'- (dipropionic acid)-4,d'- (diacetic acid) Hydro- 
bromide, VIIb 

The crude tricarboxylic acicl IIIb (1.02 gm., m.p. 145") was heated under 
reflux on the steam bath with 98y0 formic acid (5 ml.) and 30% hydrogen 
bromide in acetic acid (2.5 ml.) for one hour. The reaction mixture was 
evaporated to  dryness under reduced pressure and acetic acid (15 ml.) added 
to  the rapidly crystallizing brown residue. After one hour a t  0°, the methene 
hyclrobromide was collected, \vashecl with cold acetic acid, and dried i n  vaczio. 
The orange-powder (0.641 gm., 62%), m.p. 217"-218' (decomp.), was recrys- 
tallized from formic acid (4 ml.) to  give small orange elongated prisms 
(0.405 gm.), m.p. 218-218.5" (decomp.). The melting point was unchanged by 
further recrystallization. Found in material dried in vacuo: C, 49.38; H ,  4.95; 
N, 5.36; Br, 15.55%. Calc. for C ? I H ~ ~ O E N ? B ~ :  C, 49.13; H ,  4.91; N ,  5.46; 
Br, 15.57%. 

The hydrobromide was stored in vaczLo over phosphorus pentoxide, and 
protected from light. 
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SIMPLE PYRROLES AS BASES1 

ABSTRACT 

Ia, R = H IIa, R = 1-1 
b, R = COO13 b, R = COOH 

Some simple pyrroles form stable hydrobromides. Their formation may 
interfere with some reactions, but offers analytical possibilities. 

Although the basic nature of dipyrromethenes and of porphyrins is well- 
known, that of simple pyrroles has been largely ignored. Discussions have 
been limited to rationalizing the instability of salts of pyrrole itself (1, 10). 
However, the acidic (7) and basic properties of simple pyrroles are very depen- 
dent on the substituents present. Solubility in mineral acid has been noted 
(13), shown spectroscopically to be clue to salt formation (3), and used to 
separate mixtures by partition (9). Chloroaurates and chloroplatinates (13, 2) 
as well as picrates are known, but apparently only two salts of simple pyrroles 
with mineral acids have been described: the deliquescent or unstable hydro- 
chloride of cryptopyrrole (2,4-dimethyl-3-ethylpyrrole) (0), and an unstable 
hydrobromide of 2-bromomethyl-3-methyl-4-ethyl-5-carbethoxypyrrole (8). 

When the preparation of a dipyrromethene from Ib was attempted with 
formic acid and hydrogen bromide a t  55' (12), the product which separated 
was the hydrobromide of Ia,  cryptopyrrole-dicarboxylic acid. The hydro- 
bromide could also be prepared directly from Ia in ether, to which it  again 
reverted with aqueous pyridine. or-Carboxy-hemopyrrole-dicarboxylic acid, 
IIb, behaved like Ib, and both hemopyrrole-dicarboxylic acid, IIa,  and crypto- 
pyrrole-carboxylic acicl, 111, behavecl like Ia. The hydrobromides were stable 
to recrystallization and to drying in vacuum. The behavior of other pyrroles 
with hydrogen brornicle has not been studied. 

These hydrobro~nicles shoulcl prove useful analytically, for pj,rroles such as 
In are very soluble in water ancl neither the acids nor the ~llethyl esters are 

lilfanz~script received N o v c ~ ~ ~ b e r  8, 1964. 
Co?lt~ibz~t io?~ from the Division of Pure Cl~e?tzistry, ivational Rcscarch Coz~?zcil of Ca?zada, 

Ottawa. I isz~cd as N.R.C. No. 3507. 
?iVatio?zal Rescarch Coz~wcil of Canada Postdoctorate F~?Ilow, 1062-106(i/. 
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precipitated by picric acid, the classical reagent for separating pyrrole mix- 
tures. In a preliminary experiment the pyrrole mixture resulting on the 
reduction of uroporphyrin, previously obtained as an oil (5), was readily 
precipitated from ether with hydrogen bromide in acetic acid, and the hydro- 
bromides converted into a solid mixture of pyrroles. 

EXPERIMENTAL 

Ilydrobronzide of Cryptopyrrole-dicarboxylic Acid 

(i) From Cryptopyrrole-dicarboxylic Acid, l a  

The pyrrole (0.192 gm.) was dissolved in acetic acid (2 ml.) and dry ether 
(5 ml.). The addition of hydrogen bromide (0.5 ml. of a 30% solution in acetic 
acid) caused the separation of an oil which crystallized on scratching. More 
ether was added, and the product (0.231 gm., 87y0), m.p. 134-136' (decomp.), 
filtered off and washed with ether. By recrystallization from acetic acid (2 
ml.) -ether (2 ml.), it was obtained as pale pinlc plates, m.p. 137-138' (de- 
camp.), unchanged on further recrystallization. Ehrlich's reaction was strongly 
positive cold. Found in material dried in  vacuo: C, 41.11; H ,  4.61; N,  4.70; 
Br, 27.59%. Calc. for C10H1404NBr: C, 41.11; H,  4.83; N,  4.80; Br, 27.36%. 

(ii) From a-Carboxycryptopyrrole-dicarboxylic Acid, l b  

The crude tricarboxylic acid (4 gm., m.p. 140.5') was suspended in 98% 
formic acid (8 ml.) and warmed a t  55' with hydrogen bromide (4 ml. of a 30% 
solution in acetic acid) to solution and cessation of effervescence (ca. 20 min.) 
(cf. (12)). The solvent was removed in vacuo a t  50°, the partially crystalline 
residue shalcen with acetic acid (140 ml.) a t  50' and, after two hours a t  25', 
some dipyrromethene removed by filtration and washed with acetic acid. 
The pyrrole hydrobromide (3.18 gm., 69%), a yellow powder m.p. 136-138' 
(decomp.), was precipitated from the combined filtrate and washings by dry  
ether (200 ml.) and washed with acetic acid -ether (I:  I).  After recrystalliza- 
tion from acetic acid (25 ml.) -ether (25 ml.) it formed pale tan plates (2.71 
gm.), m.p. 137-138' (decomp.), undepressed by admixture with the hydro- 
bromide obtained under (i). Ehrlich's reaction was strongly positive cold. 
Found in material dried in vacuo: C,  41.24; H, 4.87; N, 4.67; Br, 27.27%. 
The infrared spectra in Nujol mull of the products obtained under (i) and (ii) 
confirmed their identity. 

The material (0.246 gm., 6%), insoluble in acetic acid, was recrystallized 
from formic acid to give the yellow 5,5'-dimethyl pyrromethene-3,3'-diacetic 
acid-4,4'-dipropionic acid hydrobromide, m.p. 200-200.5' (decomp.), unde- 
pressed by admixture with authentic material (12). 

Cryptopyrrole-dicarboxylic Acid, l a ,  from its Hydrobromide 

The pyrrole hydrobromide (292 mgm., 1 millimole) was dissolved in aqueous 
pyridine (0.5 ml. of a 16.5y0 w/v solution, 1.05 millimole). After one hour at 
0°, the pale pink plates (86 mgm., 4101,) were filtered off and washed with a 
little ice cold water. The m.p. (128-129') was unde~ressed by authentic 
cryptopyrrole-dicarboxylic acid of m.p. 128-129" ( l l ) ,  and identity was 
confirmed by infrared spectra in Nujol mull. 
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Hydrobro~nide o j  FIernopyrrole-dicarboxylic Acid 

(i) From IIemopyrrole-dicarboxylic Acid, I I a  
This hydrobromide (0.716 gm., 95y0) m.p. 158-15g0, was obtained as a 

gray powder from 0.545 gm. of the pyrrole IIa  in 5 ml. of acetic acid with 
1 ml. of hydrogen bromide in acetic acid, as was the isomer above. After two 
recrystallizations from 7 ml. of acetic acid it formed violet prisms, m.p. 
160-161". Ehrlich's reaction was strongly positive cold. Found in material 
dried i n  vacuo, C, 41.18; H ,  5.01; N ,  4.57; Br, 24.81%. Calc. for C10H1404 
NBr.$CH3.COOH: C, 41.01; H ,  5.01; N,  4.35; Br, 24.81y0. 

The distillate from a solution of the hydrobromide (30 mgm., subjected 
to prolonged drying in vacuo) in 0.75 ml. of water gave a positive test for 
acetic acid when treated with lanthanum nitrate, iodine, and ammonia (4). 

(ii) From a-Carboxyhemopyrrole-dicarboxylic Acid, I Ib  
The crude tricarboxylic acid IIb (0.5 gm., m.p. 149') was heated a t  70' for 

a few minutes with 1 ml. of formic acid and 0.5 ml. of hydrogen bromide in 
acetic acid. The solvent was removed in vacuo a t  25', leaving a gum which 
rapidly crystallized. Recrystallization from 7 ml. of acetic acid gave a 
yellow powder (0.278 gm., 48%), m.p. 157-159'. After two further crystalliza- 
tions it formed pale yellow prisms, m.p. 159-160.5'. Contamination by 
dipyrromethene was detected by the visible spectrum. Ehrlich's reaction was 
strongly positive in the cold. Found in material dried in vacz~o: C, 41.40; 
H ,  5.04; N,  4.66; Br, 24.64y0. The melting point was undepressed by the 
product of (i) above, and the infrared spectra in Nujol mull confirmed their 
identity. 

Hydrobro~nide of Cryptopyrrole-carboxylic Acid 
Cryptopyrrole-carboxylic acid, 111, (0.501 gm., m.p. 140-141') in 10 ml. 

of dry ether was treated with hydrogen bromide (1 ml. of a 30% solution in 
acetic acid). The oil which was immediately deposited rapidly crystallized 
and the product (0.716 gm., 96%) was collected after one hour a t  room tem- 
perature, washed with dry ether, and dried i n  vacuo. The crude material, a 
greenish powder, m.p. 148-150' (decamp.) was recrystallized from 7 ml. of 
acetic acid, giving small green prisms (0.365 gm.), m.p. 151-151.5'. The color 
persisted after two further recrystallizations and the melting point was 
unchanged. The Ehrlich's reaction was strongly positive in the cold. Found in 
material dried invacuo: C, 43.86; H,  5.90; N,  5.83; Br, 32.28%. Calc. for 
CSH140PNBr: C,  43.56; H ,  5.69; N, 5.65; Br, 32.21y0. 

Cryptopyrrole-carboxylic Acid, 111, from its Hydrobromide 

The pyrrole hydrobromide (193 mgm.; 0.78 millimole) was dissolved in 
1 ml. of water and treated with pyridine (0.80 ml. of a 7.9y0 w/v aqueous 
solution, 0.80 millimole). The free pyrrole was inlmediately deposited and was 
collected after one hour a t  0' as a brown powder (95.5 mgm., 73%), washed 
with cold water, and dried i n  vacuo. Sublimation a t  100' in a high vacuum 
gave a colorless product, m.p. 141-142', undepressed by admixture of authentic 
cryptopyrrole-carboxylic acid. 
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PHOTOLYSIS O F  ACETONE I N  THE PRESENCE O F  
MERCURY DIMETHYL1 

ABSTRACT 

The reactions between CH3+CHs-Hg-CH3 were investigated in a systein 
in which acetone was used as the source of CH3 radicals. Siinilarly ds-acetone 
was uscd to  investigate the reactions of CD3 radicals and CHa-Hg-CHa. 
Activation energies for the hydrogen abstraction reactions were calculated, and 
no significant difference was f o ~ ~ n d  bctween the CD3 and CH3 reactions, being 
respectively 10.0 and 10.2 kcal./inole. Under conditions of constant intensity 
and acetone concentration, reaction rates appear to be dependent on mercury 
diinethyl concentrations. In the case of the acetone-ds system, quantities of 
C2D3Ila were found in the reaction products. This is discussed as possible 
evidence of such a reaction as: 

CD3+CH3-Hg-CI-IS-+ CD3--CH3+IIg+CH3. 

INTRODUCTION 

The photolysis of mercury dimethyl was recently investigated (4) and an 
activation energy for the reaction 

was derived. The work presently described was carried out to determine 
whether this value is in fact independent of the source of methy1 radicals. 

Acetone and deuterated acetone are suitable sources of methyl radicals, 
and can be photolyzed in a wavelength region above 2800 A, where mercury 
dimethyl does not absorb. Under these conditions there will be two competing 
reactions producing methane, 

T o  obtain the rate of reaction [I], the rate of reaction [2] is subtracted from 
the over-all rate of formation of methane. The disadvantage of this method is 
that  the rate constant of reaction [2] is considerably larger than [I], and 
consequently contributes far more to the over-all methane formation rate. 

Deuterated acetone has been used successfully to investigate similar reac- 
tions (3, 6), and under the circumstances should give a clearer picture of the 
two competing reactions; in this case: 

Hence the ratio of CD4 to CD3H (determined mass spectrometrically) 
should give a more accurate measure of the relative rates. A correction can be 
made for CD3H formed by reactions of the type 

1Manzlscript teceived Noveirzber 9, 1954. 
Contribzction fro?lz the Division of Pure Cltenzistry, 1Vational Research Cozmcil, Ottawa, Canada. 

Isszced as  1V.R.C. No. 5508. 
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CD3+HCD2-CO-CD3 -+ CD3H+CD2-CO-CD3 [4al 

and CDsH+CD3-CO-CD3 -+ CD3H+CDZ-CO-CD3 [4bl 

from the rates found in the photolysis of the deuterated acetone sample alone. 

EXPERIMENTAL TECHNIQUE 

A conventional high-vacuum apparatus was employed, containing a suitable 
cell, mixing bulb, and micro-gas analysis equipment. All stopcocks were 
lubricated with silicone grease to minimize the amount of mercury dimethyl 
dissolving. 

A suitable filter (Corning 0/53) was used to absorb radiation of shorter 
wavelength than 2800 A. This eliminates direct energy absorption by mercury 
dimethyl, a fact which was established by carrying out a few preliminary blank 
runs with only mercury dimethyl present. 

Mercury dimethyl was prepared in the previously described manner (4). 
Reagent grade acetone was first dried and distilled i n  vacuo before using. 

A sample of deuterated acetone was prepared (3) and analyzed mass 
spectrometrically. I t  was found that the total hydrogen content of the sample 
consisted of 96% of the deuterium isotope. 

In the case of the experiments with deuterated acetone, the various fractions 
of the reaction products were analyzed mass spectrometrically. By this method, 
CO, CD4, and CD3H can be determined in the Cl  fraction. In the Cz fraction 
only C2D6 can be analyzed accurately, estimates of the succeeding compounds 
C2D6H, CZDdH2 etc. becoming progressively less accurate. 

RESULTS 

(a) "Light" Acetone and Mercury Dimethyl 
The case of "light" acetone will be considered first. 
The temperature range investigated here was restricted between 433' and 

511°1<., the lolver limit being imposed by small rates of reaction [I.] a t  low 

TABLE I 

Rates of formation of products 
Mercury (molecules/cc./sec. X 10") 

Temp., Acetone dimethyl (kt/ka') X 1013 
No. "C. (nxn.) (mm.) CHI CZHB CO 

Plzotolysis of acetone alone 

1 126 41.7 5.65 15.0 20.1 4.57 
176 144 42.4 8.24 13.8 21.4 7.18 

Pl~otolysis of acelone i n  presence of wzercary dinzetl~yl 

186 160 43.3 42.3 11.4 8.69 16.5 1.81 
180 178 45.6 45.0 18.9 9.71 22.3 2.63 
185 195 48.1 47.7 22.6 6.42 19.6 4.26 
184 212 49.2 48.2 20.4 5.18 20.6 6.59 
181 238 51.4 50.9 45.5 4.92 24.2 10.4 
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temperatures. The upper limit is determined by the increased thermal decom- 
position of mercury dimethyl above this temperature range. 

Table I lists the reaction rates for pure acetone and acetone-mercury 
dimethyl mixtures. Values of log (kl / (k5)%) were calculated where k5 is the rate 
constant for methyl recombination. 

These values are shown plotted against 103/T01<. in Fig. 1 .  

1 , lo3 
T OK. 

The regression equation of log (k l / (k5 ) i )  on T is 

from which it is found that 

El-3E5 = 10.2A1.0 kcal. per mole. 

TABLE I1 

Pressure Pressure 
Temp., of acetone of Hg(CHs):! 

No. "C. (mm.) (mm.) Rco +Rcl+Rc2 

176 144 42.4 0 2.32 1 .94  
182 144 41.5 40.7 2.12 1.84 
187 144 40.9 41.4 2.08 1.83 
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Table I1 shows various rates measured under conditions of constant intensity 
a t  different temperatures. The  apparent dependence of these rates on mercury 
dimethyl concentrations will be discussed later. 

( b )  Deuterated Acetom and il4ercz~ry Dimethyl 
The rates of formation of the various reaction products are listed in Table 

111. The  column headed R,,,, lists the corrected values allowing for the CDBH 
formation from acetone. 

TABLE I11 

Rates of formation of products 
d G- Mercury (molecules/cc./sec. X 10") 

Temp., acetone dimethyl 
NO. "C. (mm.) (mm.) CD4 CDBH C2D6 C?D3H3 

Very small quantities of C3 products were found, but these were too small to  
allow accurate analysis, and would probably contain appreciable proportions 
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of C2 compounds. By volume this fraction usually amounted to  between one 
per cent and three per cent of the C2 fraction. 

A preliminary check on the conditions of the experiment can be obtained 
from a calculation of the activation energy for the reaction: 

CD3+ (CD3)zCO --t CD4+CD3-CO-CD2. [41 

Fig. 2 shows a plot of log ( R ~ ~ , / ( R ~ ~ ~ , ) ~ )  [acetone] against 103/T01<. 

The regression equation of this relationship is given by 

log (kl/(k~)$) = - (2373/T01<.) -9.254, 

where kg is the rate constant for the methyl recombination: 

2CD3 --t C?Dg. 

From the above expression 

E4-+E6 = 10.9f 1.0 ltcal. per mole. . 

The activation energy for reaction [3] 

CDa+CH3-Hg-CH3 -+ CD3H+CH3-Hg-CH2 

was calculated from a plot of 

log (RCD3=/ (RCZD6)$) [mercury dimethy]] versus lo3/ T°K. 

The plot shown in Fig. 3 may be represented by 

log (k3/ (kg);) = - (2196/T01<.) - 7.336. 

Hence E3-+E6 = 10.0f1.0 ltcal. per mole. 

Also listed in Table I11 are the rates of formation of CZDzH3. Although the 
accuracy of these figures may be no better than f 50y0, the quantities are still 
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too large to be accounted for by such reactions as 

The presence of C2D3H3 will be discussed later. 

DISCUSSION 

Tlle value of 10.9 lical./mole found for E4 lies between the previous values of 
10.6 and 11.6 kcal./molc obtained respectively by Majury and Steacie (3) and 
Whittle and Steacie (6). In view of the different experimental conditions, the 
present value of 10.9 is probably not as accurate as these others. However, 
Whittle and Steacie in support of the higher value suggest that the lower 
value of 10.6 lccal./mole is due to non-linearity of the Arrhenius plot a t  lower 
temperatures; since the present worli was carried out at  the lower temperatures 
also, it is not surprising that it agrees more with the value of 10.6 lrcal./mole. 

The recent figures of i\iIcNesby and Gordon (2) for the acetone-acetone-d6 
photolysis indicate that there is no measurable difference in activation energy 
for the abstraction of hydrogen from acetone by CH3 and CD3 radicals. I t  
seems reasonable to assume therefore that there should be no significant 
difference between the activation energies for reactions [I]  and [3], as is indi- 
cated by the values of 10.2It1.0 and 10.0It1.0 kcal./mole presently obtained. 

Activation energies previously obtained (5) for hydrogen abstraction 
reactions, using mercury dimethyl as a source of methyl radicals, are generally 
in good agreement with those obtained in acetone systems. I t  was assumed in 
this work that the only sources of CH4 and C2H6 were by hydrogen abstraction 
and recombination of methyl radicals. However, several features of the 
present work with acetone and mercury dimethyl must be considered in this 
respect. 

(1) In the presence of an equal amount of mercury dimethyl, the rate of 
formation of CO from acetone is reduced by 10% over the range 144"-238°C. 
(see Table 11). 

(2) Table I1 also indicates that the quantum yield of methyl radicals 
recovered as CH4 and CzHc, in the presence of mercury dimethyl, is decreased 
a t  the lower temperatures and increased a t  the higher temperatures, eventually 
exceeding two CH3 radicals per CO formed. 

(3) Mixtures of deuterated acetone and mercury dimethyl yield appreciable 
quantities of C"3H3 (see Table 111), although only CD3 radicals are formed in 
appreciable amount by direct light absorption. 

Holroyd and Noyes (I) ,  investigating the photolysis of mercury dimethyl 
alone a t  2600 A, established these points: 

(4) At 175"C., there is an increase in R ~ ~ ~ / R ~ ~ ~ ~ ~  [DNI] ~vith increasing light 
absorption. 

(5) At 175"C., more than two methyls appear as methane and ethane per 
quantum absorbed. 

(6) Thb quantum yield of ethane formation is nearly independent of the 
amount of methane formed, and is approximately the same a t  30°C. and 
175°C. There is a slight increase with decreasing light absorption. 
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In reference to point ( I ) ,  there are two possible causes of a decrease in CO 
formation: 

( a )  decreasing extinction coefficient of acetone, in the presence of mercury 
diinethyl; but in view of the pressures used, it is unliltely that this effect would 
be appreciable; 

(b) transfer of energy from an excited acetone molecule or CH3C0 radical; 
this may or may not induce decomposition of the mercury dimethyl molecule. 

Both of these possibilities would result in an increased or decreased primary 
production of methyl radicals, but would not affect the modes of formation of 
methane and ethane. If the transfer of energy to mercury dimethyl resulted in 
subsequent decomposition, it would explain the presence of CD3-CH3 in the 
reaction products, but could not account for all of it. 

Observation ( 5 ) ,  that more than two methyls appear per quantum absorbed, 
has been offered by Holroyd and Noyes as evidence of the reaction: 

The observed formation of CDaCH3 in the present worlc also indicates that 
reaction [7] may occur. This reaction together with the suggested explanations 
of the Rco decrease could explain qualitatively the reported observations. In 
view of the possibility of energy transfer, the quantities of CD3-CH3 formed 
cannot be used for an accurate estimation of the importance of reaction [7]. 

If reaction [7] is an additional mode of formation of ethane, then the relation 
holds 

kl RCH, ks 
--i [DM] = J. ,.-cf[RHl 
kgS R C ~ H ~ ~ P '  5 

where kg is the rate constant for the abstraction of hydrogen from an added 
hydrocarbon RH. Hence from the photolysis of mercury dimethyl alone, it is 
possible to determine the two parameters kl/k,5+ and k7/kl  from variations in 
the formation of CH4 and CzHG over an extensive range of light absorption. 
From Holroyd and Noyes data, k 7 / k l  would be between zero and unity a t  
175OC. At room temperature no methane is formed and 

which is in qualitative agreement with the drift with light absorption observed 
by Holroyd and Noyes. 

Inasmuch as reaction [7] does occur, it should have a very low activation 
energy and an unusually small steric factor; unfortunately no more than these 
qualitative conclusions can be drawn. 

Analysis of the present and previous (4) data, assuming reaction [7] occurs, 
shows that in view of the amounts of CI-14 and CzHG found a t  higher tem- 
peratures, k7 can have no more than a slight temperature coefficient. Arbi- 
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trarily taking El-El  = 10 lccal. and kl/kl = 0.37 a t  175OC., it is found that  
values of kl/k51 and El-+Eg become practically identical for mercury dirnethyl 
alone, and the present experiments with acetone - mercury dimethyl mixtures. 
Other values for hydrogen-abstraction reactions remained virtually unaffected 
by this treatment. 

Although this treatment has no more than a qualitative significance, it 
would seem that  a second mode of ethane formation could exist in the mercury 
dimethyl photolysis without affecting the observed agreement with the acetone 
work. 

We should like to thank Miss F. Gauthier, Miss J. Fuller, and Dr.  F. P. 
Lossing for the mass-spectrometer analysis, and Dr. R. J .  Cvetanovic for very 
helpful discussions. 
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STUDIES ON CARRAGEENIN: COMPARISON OF FRACTIONS 
OBTAINED WITH POTASSIUM CHLORIDE AND BY 

SUCCESSIVE EXTRACTION AT ELEVATED 
TEMPERATURES' 

ABSTRACT 

Carrageenin was fractioilated with potassium chloride and by successive ex- 
tractions a t  elevated temperatures. i\'Ieasurernents were made of sulphate content, 
optical rotation, gel strength, intrinsic viscosity, sedimentation rate, and ionic 
mobility. The results indicated three components extractable a t  30°C., 60°C., and 
100-120°C. The 60°C. extract had a high gel strength while the components 
extracted a t  30°C. and 100-120°C. showed low gelling tendencies. The two non- 
gelling components were concentrated in the supernatant liquid \i,hen fraction- 
ated with potassiu~n chloride. 

INTRODUCTION 

Carrageenin, the polysaccharide estractable from the red alga Irish moss 
(Chondrus crispz~s), has been shown to  consist mainly of D-galacto-4-sulphate 
residues joined in the 1-3 position (11). Other monosaccharides have been 
found in carrageenin as usually prepared (2, 9, 11, 10, 24). The  chemical 
individuality of these preparations however was not established. Cook, Rose, 
and Colvin (3) observed in the ultracentrifuge two components in commercial 
carrageenin. Smith and Cook (21) and Smith, Cool:, and Neal (22) were able 
to  separate these components in aqueous solution with potassium chloride. 
They applied the term K-carrageenin to the precipitated component and 
A-carrageenin to the component remaining in solution. These compoilents 
differed in sulphate content, optical activity, rates of sedimentation ancl of 
diffusion, ancl intrinsic viscosity. Neither Cool: et al. (3) nor Goring (6) could 
detect any clear separation of components electrophoretically. 

Rose (18) found no evidence for chemically distinct components but cold 
and hot water extracts have been reported to  differ in optical rotation and 
gelling tendencies (15). The usual hot water extract of carrageenin will act as a 
suspending agent in mill: only when mixed a t  60°-70°C. Hess and Siehrs (10) 
noted that when the residues of a hot water extraction were re-extracted with 
steam a t  105°-1200C., a substance was obtained which suspended cocoa in 
milk when mixed a t  10'-20°C. 

These observations indicated that  fractionation of the polysaccharicles in 
Irish moss was feasible and that  these fractions differed in certain properties. 
The purpose of the present work was to compare the properties of fractions 
separated by (a) potassium chloride and (b) re-extraction of the plant a t  
increasing temperatures. Measurements were made of sulphate content, 
optical rotation, gel strength, intrinsic viscosity, sedimentation rate, and 
electrophoretic mobility. 

ld[anusc~ip t  received October 4 ,  1954. 
Contribzilion front the Maritinre Regional Laboratory, iVationa1 Research Council, IIalifaas, 

Nova Scotia. Isszled as N.R.C. No. 5516. 
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GORING XXD YOUNG: STUDIES ON CARRAGEENIN 481 

PREPARATION A N D  FRACTIONATION 

All preparations were made from one lot of Chondrus crispus harvested a t  
Prospect, Nova Scotia, in September, 1952. The plants were \vashed, air-dried, 
and milled to  pass a 40-mesh screen. RiIanipulations were carried out as  
quickly as possible and toluene was added as a preservative when necessary. 
Samples were stored a t  - 13OC. No excessive bacterial contan~ination was 
found a t  any time either microscopically or by plating. 

The  solvent used throughout for extraction and fractionation was aqueous 
sodium acetate of ionic strength (I) 0.02. 

The  various fractions were studied exclusively as the sodium salt. A 0.5y0 
solution of the crude polysaccharide was dialyzed with internal mechanical 
stirring against aqueous sodium acetate for 24 hr. a t  10°C. The acetate was 
then removed by dialysis against a solution of 50-100 mgm./liter sodium 
hydroxide in distilled \vatel-. If the concentration of sodium hydroxide was 
lye of the concentration of carrageenin in the solution, the final pH of the 
dialyzate was 8-9. Dialysis against distilled water caused the pH to  fall and 
degradation to  occur which brought about a marked drop in viscosity. 

Sodium carrageenate was obtained by freeze-drying the dialyzed solution. 
The  water content of this material was 1 4 y 0 .  

Fractionation with Potassium Chloride 

Following the method of Smith et al. (21, 22), potassium chloride was added 
to  the solutions of carrageenin. On centrifugation a gel separated and the 
supernatant liquid was decanted. These fractions are subsequently termed 
gel and sol respectively. Fractionation was difficult with carrageenin of high 
intrinsic viscosity because of more or less complete gelation. A more effective 
fractionation was possible after the solutions had been heated to 90°C. for 
15 min. and cooled. The  intrinsic viscosity of the purified polysaccharide was 
unchanged by this treatment. 

Preliminary fractionations confirmed in general the results of Smith and 
co-workers (21, 22). The  fractionation with potassium chloride, which was 
studied in detail, is shown in Fig. 1. Dried, ground Chondrus crispas was 
extracted with 0.02 M aqueous sodium acetate a t  100°C. for five minutes in a 
Servall Dumore blendor. The  solution was clarified by centrifugation and the 
crude polysaccharide was precipitated by pouring into five volumes of ethanol. 
The  yield on the basis of dry weight was (j5y0. 

The  crude polysaccharide was redissolved a t  a concentration of 0.5% and 
the solution heated to  90°C. for 15 min. Part of the solution was dialyzed and 
freeze-dried to give the unfractionated material (Fig. 1). The  remainder was 
fractionated by adding a 10% solution of potassium chloride dropwise with 
vigorous stirring until a concentration of 0.4% was established. This caused 
the separation of a sol fraction, S1, and a gel fraction, GI.  Part  of G I  was 
dialyzed and refractionated to give S2 and G2. Fractions were finally dialyzed 
and freeze-dried to give the sodium salt. The ratio Gl/S1 was 2.36 and G2/S2 
was 2.43. These gel/sol ratios were considerably larger than the values reported 
by Smith et al. (21, 22). The  higher concentration of carrageenin used by us 
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UNFRACTIONATED 
!EXTRACT 

I 
FRACTIONATION I 

S I s 2 UNFRACTIONATED G I G 2  
FIG. 1. Fractionation with potassium chloride. 

(0.5% comparecl to 0.05-0.270) could account for this difference. The equality 
of G l /S l  and G2/S2 showed that the fractionation was not as clean-cut as that 
obtained by Smith et al. (22) with more dilute solutions. 

Successive Extraction at Increasing Temperature 

Two series of extractions were made. These are designated Extraction E 
and Extraction F. 

Extraction E.-Forty grams of dried, ground Chondrus crispus were stirred 
in 1400 cc. of aqueous sodiuin acetate a t  30°C. for two hours. After centrifuging 
the clear supernatant liquid was dialyzed and freeze-dried. The residue was 
re-extracted a t  GO°C. for 15 min. After separation, a further extraction was 
made a t  120°C. for 15 min. The final residue was discarded. As controls, 
portions of the 30°C. and 60°C. extracts were subjected to identical treatment 
a t  120°C. Notation of the extracts and yields expressed as percentages of the 
total yield are given in Table I. 

TABLE I 
EXTMCTION E. SUCCESSIVE EXTRACTIONS O F  IRISII MOSS AT 

30°C., 60°C., Awn 120°C. 

Temp., Time, Yield, Iiotation 
"C. min. % of total of fraction 

Extraction F.-Extraction 17 was similar to Extraction E except that tem- 
peratures were GO°C., 100°C., and 120°C. Portions of the GO°C. extract were 
subjected to the higher temperatures to provide controls. Notation and yields 
are given in Table 11. 
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TABLE I1 
EXTRACTION F. SUCCESSIVE EXTRACTIONS 01; IRISH MOSS AT 

GO°C., 10OoC., AND 12O0C. 

Temp., Time, Yield, Notation 
"C. min. yo of total of fraction 

Controls 

ANALYTICAL PROCEDURES 

Measurement of Concentration 
The concentration, c,  was based on the weight of purified material dried a t  

50°C. zn vacuo. For sulphate content, gel strength, optical rotation, and 
refractive increment, concentrations were computed by direct weighing. For 
viscosity, sedimentation, and electrophoresis a refractometric determination 
was made with a Bellingham and Stanley refractometer. The mean value of 
dn/dc  a t  5461 A for six different samples was 0.132 (*0.002) gm.-I c1n.3 

Optical Rotation 
The specific rotation was measured a t  a concentration of 0.3y0 in a 20 cm. 

tube a t  room temperature (23°C.) in a Rudolph polarimeter with a sodium 
lamp. 

Sulphate 
Sodium carrageenate was hyclrolyzed by refluxing for three hours in 6 N 

hydrochloric acid. The  solution was cliluted and filterecl. Sulphate was deter- 
mined in the filtrate as barium sulphate. Measurements were done in d~~p l i ca t e  
and the mean deviation was ~ k 0 . 7 7 ~ .  

Ionic Mobility 
Electrophoresis was observed a t  25OC. in a Tiselius apparatus fitted with 

the Longsworth scanning device. The buffer was soclium acetate (pH=5.5,  
I = 0.05) made up according to Green (7). The usual technique was modified 
as previously described (6). The mobility, U, was the mean for the rates of 
migration of ascending and descending boundaries. 

Viscosity 
The intrinsic viscosity, [ I ~ ] ,  was determinecl with Ubbelohde capillary visco- 

meters as previously described (6). A correction for clegradation 011 storage was 
not necessary because it was found that the viscosity was constant over long 
periocls for the sodium salt obtained from a solution a t  pH 8-9 Measurements 
were macle a t  25OC. in acetate buffers (pH = 5.5; I = 0.03). 

S o ~ n e  variation of intrinsic viscosity with rate of shear has been observed 
in carrageenin of high niolecular weight (14). The intrinsic viscosity observed 
must, therefore, be consiclered to obtain only for the mean rate of shear for 
solvent flow (1100 set.-I) in the viscometers used. 
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Gel Strength 
Gel strength was ineasured wit11 the apparatus shown in Fig. 2. A motor- 

driven cylindrical plunger (0.8 cm. in diameter) descended a t  0.15 cm./sec. 
on the surface of the gel contained in a 5 1111. bealter as used in the Becltman 

PLUNGER 

FIG.  2. A p p a r a t ~ ~ s  for measurement o f  gel strength. 

pH meter. The bealrer rested on a 500 gm. dietary spring balance. The  breaking 
point was the maximum reading of the balance before penetration. This point 
was quite sharp and readily determined. 

The  solvent was a solution of potassiu~n chloride (I = 0.05) in acetate 
buffer (pH = 5.5; I = 0.05). Gels were made by allowing a 2% solution of the 
polysaccharide to set overnight a t  a temperature of 20°C. Immediately before 
measurement the gel was inverted in the bealrer, exposing a fresh surface. A 
stainless steel disk placed initially in the bottom of the beaker facilitated this 
operation. Measurements were done in triplicate and the mean deviation was 
*5%. 

Sedimentation 
Sedimentation was observed in an analytical Spinco ultracentrifuge a t  

42°C. to  inhibit gelation. The rotor and cells were kept a t  50°C. overnight. 
The  filled cells and the rotor were then equilibrated a t  50°C. for one hour. In 
the machine, the rotor was equilibrated under vacuum for one hour. At  inter- 
vals during the run the temperature was taken with the fixed couple. The 
difference between the readings for the fixed and free couples was talten a t  
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the end of the run. On an average the free couple reading exceeded the fixed 
couple reading by 0.6OC. By this method excellent temperature control was 
achieved. The range of fixed couple readings in any one run was O.S°C. and 
the average temperature was 42.3 (h0.4)"C. for 66 runs. Thus, the range 
during any one run was small and the temperature for a series of runs was 
essentially constant. 

As shown in Fig. 3, the graphs of loglor vs. time were linear for all concen- 
trations studied. Although the concentrated soIutions were gel-lilce, no variation 
of the sedimentation constant, s, with time occurred as reported for thymus 
nucleoprotein (20). 

I I 

100 200 

Time (mine) 

FIG. 3. Graphs of log10 r vs. time for Sl. 

Sedimentation constants were corrected (I) to water a t  40°C. This correction 
implies that the molecular shape in the buffer is unaltered in water. With a 
polyelectrolyte such as sodium carrageenate this is not the case. Therefore the 
s:o value gives the rate of sedimentation in water for a molecule having the 
same shape as sodium carrageenate in the buffer used. 

Areas of the peaks were measured on enlargements with a planimeter. For 
the two components observed, dn/dc was assumed equal and relative concen- 
trations were assumed to be proportional to areas. The relative area of the fast 
"shoulder" varied with the total concentration of carrageenin and was some- 
times difficult to estimate. TO permit comparison, all measurements of area 
were done on runs a t  the same concentration of carrageenin (0.007 gm. cm.-3). 

The  variation of szo with c was studied for the fractions shown in Fig. 1 and 
Table 11. As may be seen in Fig. 6, S ~ O  usually increased rapidly for low values 
of the concentration. Graphs of d s ,  l /s ,  and loglo s vs. c and sc vs. s failed to 
give a straight line. The graph of d ( l / ~ )  VS. c was linear but the intercept was 
too near the origin to permit interpretation. The method of Jullander as used 
by Greenwood (8) was found to be applicable. On the same graph szo vs. c and 
s:o v,,, vs. c are plotted. As shown in Fig. 4, the ci~uble extrapolation permits a 
reasonably unambiguous determination of (s&),=o. For these fractions the 
values of (s:~),=~ were also obtained by the method of Newman, Loeb, and 
Conrad (16). Agreement between the two methods was hl%. 
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I I 

FIG. 4. Graphs of s;, vs. c and a,,] vs. c for S1 and GI. 

The inolecular weight, A4, was coinputed by the methoel of:~anclelkern and 
Flory (12) from 

where 70 is the viscosity of the solvent, N is Avogaclro's number, ij is thc partial 
specific volurne of the solute, and p is the densit> of the solvent. The partial 
specific volume cletermined by Cook et al. was usecl (3). 

Certain experimental factors limited the valiclity of the absolute values of 
A l .  The  intrinsic viscosity ivas measured a t  2j°C. in an ionic strcngth of 0.05 
whereas sedimentation was observecl a t  40°C. in an ionic strength of 0.2. 
Cook et al. (3) have noted that [?lj cloes not change inarkeclly for such a range 
in ionic strength ancl temperature. Also, for one of the unclegraded fractions 
studied, the clecrease in [ v ]  for rates of shear from 100 sec.-[ to  1000 set.-I 
was 13y0. However since [ v ]  occurs in Equation 1 only as a cube root such errors 
are small. 

As noted by Sinith et al. (22) a more serious cliscrepanc> lies in the assump- 
tion of a ranclom, ~~nchargecl coil implicit in the h4ai1delkern-Flory treatment. 
The  carrageenin molecule is charged ancl although its shapc in solution is not 
known with certaint)., visconletric (13) and light scattering (4) results suggest 
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tha t  it is rod-lilte. However, experimental conditions were identical for all 
fractions and therefore the relative values of M were considered to indicate the 
approximate changes in molecular weight from fraction to fraction. 

RESULTS 

Fractionation with Potassium Chloride 
The  electrophoretic and ultracentrifugal diagrams of the fractions (Fig. 1) 

are shown in Tables I11 and IV respectively. The  corresponding values for the 
sulphate content, [TI, gel strength, M ,  and [a],, are given in Table V. Included 
in Table IV are the relative concentrations of the minor colnponent observed 
in sedimentation. 

Successive Extraction at Increasing Temperature 
The  ultracentrifugal data  for Extractions E and F (Tables I and 11) are 

given respectively in Tables VI and VIII.  The  corresponding values of [ctlD, 

gel strength, [TI, and sulphate content are given in Tables VII and IX. 

TABLE 111  
ELECTROPHORESIS FOR THE FR;ZCTIOXS OBTAINED WITH POTASSIUM CIILORIDE SHOWN I N  FIG. 1. 
IN THE DI;ZGR.ZMS, THE hIEAN TIME AND DISTANCE OF &iIGRATION OF THE ASCENDIXG BOUND.4RIES 
WERE RESI'ECTIVELY 110 (h3) MIN. AND 63 (f 3) MM.; THESE WERE 58 (f 5) MIN. AND 

28 ( f  2.5) hihi. FOR THE DESCENDING BOUNDARIES 

Fraction Diagram 
U X lo', 
set.-' volt-' 
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TABLE IV 

Diagram Percentage of 
Fraction c = 0.007 gm. c ~ n . - ~  minor component (S:O)~,O S 

Unfrac. 

TABLE V 
DATA FOR FRACTIONATION WITH POTASSIUM CHLORIDE SHOWN IN FIG. 1 

ELECTROPHORESIS AND ULTRACENTRIFUGE DIAGRAMS ARE IN TABLES 111 AND IV RESPECTIVELY 
' 

Sulphate, [a]  X Gel strength, M 
Fraction % so4 gm.-I gm. cm.? [fflu x lo-5 

S 1 24.1 15 < 20 +29.0 14 
S2 24.9 18 60 +41.3 11 

Unfrac. 23.6 18 150 +48.5 12 
G1 22.9 16 290 +50.7 10 
G2 22.6 18 470 +60.3 8 C
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TABLE VI 
SEDIMENTATION CONSTANTS AND DIAGRAMS FOR SUCCESSIVE EXTRACTIONS AT INCREASING 

TEMPERATURE SHOWN I N  TABLE I. I N  THE DIAGRAMS THE B-4R ANGLE WAS 70' AND 
THE MEAN DISTANCE OF SEDIMENTATION WAS 6.9 (f 0.6) MM. 

Diagram Percentage of 
Extract c = 0.007 gm. cm.-3 minor component 

TABLE VII 
DATA FOR SUCCESSIVE EXTRACTIOXS AT INCREASING TEMPERATURE DESCRIBED 

IN TABLE I. ULTRACENTRIFUGE DIAGRAMS ARE SHOWN I N  TABLE VI 

Sulphate, [ q ]  X Gel strength, 
Extract % so4 gm.-I ~ m . ~  gm.  ID 
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TABLE VIII 
SEDIMENTATION COKSTAXTS .ASD DIAGRAMS FOR SUCCESSIVE ESTRACTIOKS A T  INCREASING 
TEhlPERATURE SHOWN I N  '~:IBLE 11. I N  THE DIAGRAMS THE BAR ANGLE WAS 70' AND THE 

MEAN DISTAKCB OF SEDIh.IEKTATION 'i'iTT4S 7.0 ( h 0 . 5 )  Mbf. 

Diagram Percentage of 
Extract c = 0.007 grn. minor component ( ~ ~ 4 0 ) ~ - 0  S 

DATA FOR SUCCESSIVE ESTRACTIOKS .AT INCRE.\SISG TEMPERATURE DESCRIRED I N  TABLE 11 
ULTR~CENTRIFUGE DIAGRAMS ARE SIIOWX I N  ?'.IDLE VIII 

Sulphate, Is] X 10-5 Gel strength, d l  
Extract % so! g~n.-' ~ r n . ~  gm. cm.? ["ID X lo-" 

DISCUSSION 

In families of polyineric substances there are two major categories of mole- 
cular differences. In the first the molecules of any single polyrner may differ in 
chain length to  give a polydispersity of molecular weight. In  the second the 
difference is of ~nolecular type. For example, sulphated polysaccharides may 
differ in type of linkage, sugar residues, branching, or degree of sulphation. 
In the present work we are concerned mainly with the secoild category, i.e. 
with components rather than polydispersity of rnolecular weight. Therefore 
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properties independent of molecular weight were most important in iclentifying 
components. 

As mentioned previously, the fractionations were probably not sharp and it 
is likely that all the fractions were, to some extent, mixtures of conlponents. 
However, marked differences were noted in some of the properties from 
fraction to fraction. I t  mas therefore possible to infer that in some fractions a 
component with certain physical properties predominatecl. The results indicated 
three components. The differences in the various properties of these conlpo- 
nents are discussed in detail in the sections below. 

Gel Stre~zgtlz 
Large differences were noted in the gel strengths of different fractions com- 

pared with the relatively small decrease in the controls (EC 60-120 in Table 
VII and FC 100 and FC 120-4 in Table IX).  Further S l ,  with a molecular 
weight twice as great as the strongly gelling G2, hacl nearly zero gel strength. 
Thus it appeared that the gel strength depended inore on structural factors 
than on molecular weight. 

For successive extractions a t  increasing teillperatures (Tables VII and IX)  a 
pronounced maximum in gel strength was noted in the (50°C. extracts. This 
supports the early reports (15) of a non-gelling cold extract. The  decrease in gel 
strength for re-extractions a t  100-120°C. agrees with the findings of Hess and 
Siehrs (10). These results suggest that there are three components extractable 
a t  approximately 30°C., GO°C., ancl 100-120°C., the GO°C. extract having a 
strong gelling tendency. 

The extract fractionated with potassium chloride was made a t  100°C. and 
therefore n~ould contain some of each of the three components. The fractiona- 
tion would be expectecl to concentrate the single gelling component in the gel 
fractions while the sob fractions would contain the two non-gelling components. 
Provisionally the components exti-actable a t  30°C., GO°C., ancl 100-120°C. 
will be callecl respectively Components A, B, and C. 

Sedimentation 
In nearly all the fractions (Tables IV, VI, and VIII) a varying proportion 

of a minor fast-moving component was noted. A similar component has been 
noted by Cool; ef al.  (3) ancl Smith et nl. (21,22). Usually the minor coinpoilent 
was more concentrated in extracts made a t  100'-120°C. (Tables VI and VIII)  
and, as later discussed, F 120-13 was composed largely of this material. I ts  
proportion was not increased in the controls and thus it  probably did not 
originate from heat treatment of the other components. 

The minor component uras probably the non-gelling Component C. This is 
supported by the increased concentration of the minor component in the sol 
fractions (Table IV). However, its proportion was small. Thus, the main 
component of the sol fractions would be A. 

Differences in the three components are further illustrated by the concen- 
tration dependence of s : ~ .  As shown in Fig. 5 ,  the graphs of sio vs. c for F 60 
ancl F 120-4 were coincident from c = 0.002 to c = 0.01 gm. ~ m . - ~  despite 
the markecl decrease in ancl M on degradation. Below c = 0.002 gm. ~ m . - ~  
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FIG. 5. Graphs of s,", vs. c for F 60, FC 120-A, and F 120-B (Table IX), 

the heavier molecule sedimented more quickly. However, F 120-13 shows a 
faster sedimentation over most of the concentration range with a smaller 
dependence of syo on c. A similar though smaller effect was noted for F 120-A. 
These results suggest that  F 120-A and F 120-13 are composed largely of the 
quickly sedimenting Component C. The molecular weight of F 120-13 is con- 
siderably less than that  of F 60. The difference in sedimentation behavior 
must therefore be associated with a difference in shape or intermolecular 
interaction. 

A lesser distinction in sedimentation is noted for G I  and the main com- 
ponent of S l ,  as shown in Fig. 6. The  concentration dependence is similar but 

FIG. 6. Graphs of sfo vs. c for S1 and G1 (Fig. 1). 
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S& for S1  is higher than that for GI.  This small increase in s:o occurred in all 
fractions rich in Component A. This might be expected since the molecular 
weights for the sol fractions (Table V) were greater than those for the gel 
fractions in agreement with the data  of Smith et al. (21, 22). However, the 
coincidence of S& VS. c for F 60 and FC 120-A shows that a change in chain 
length alone does not alter s& a t  c >, 0.002 gm. ~ m . - ~  Therefore, the slightly 
greater value of 5400 for Component A probably arises from a small structural 
variation in the polysaccharide rather than a difference in chain length. 

Sulphate Content 
The sulphate content was remarltably constant for most fractions a t  23-26%. 

Also, the controls (Tables VII and IX)  showed that a negligible loss in sul- 
phate occurred on heating to 100-120°C. A decrease in sulphate content was 
noted for F 100 and F 120-A (Table IX).  This suggests that a lower sulphate 
content was a property of Component C. 

The sulphate contents of the sol fractions were higher than those of 
the gel fractions (Table V). This effect \\?as smaller but in the same direction 
as that observed by Smith and Cook (21). The low sulphate content of Com- 
ponent C concentrated in the sol fractions could have masked the difference 
in sulphate between Components A and B. 

Optical Rotation 
On heating, the change in [a]D for the controls was negligible (Tables VII 

and IX).  But low values of [a], were observed in all fractions in which the 
quickly sedimenting component was concentrated (e.g. S1  in Table V or F 120- 
B in Table IX)  indicating a lo\v rotation for Component C. 

The equality of [a]D for E 30 and E 60 (Table VII) suggested that the 
rotations of Components A and B were essentially equal. The low rotation of 
the sol fractions could then be due to the increased concentration of Component 
C. 

Electrophoresis 
As observed by previous \vorlters (3, 6) the electrophoretic diagrams (Table 

111) showed no clear indication of separate components. The peak asymmetry 
increased with gel strength. This effect was due to a non-classical distribution 
of concentration a t  the boundaries (described in detail elsewhere (5)) and could 
not definitely be associated with polydispersity. Because of the uncertainty in 
interpretation of the patterns, electrophoresis was not attempted on all the 
fractions. 

The  mobility of the sol fractions was slightly greater than that of the gel 
fractions. This trend was probably due to the smaller sulphate content 
(Table V) of the gel fractions. 

Triscosity 
The intrinsic viscosity of E 60 (Table VII) was greater than that of E 30 

and a marked decrease in [?l] occurred for the extracts and controls of Extrac- 
tion F a t  100-120°C. (Table IX).  As noted by Rose (18) this decrease is 
probably due to the degradation of the polysaccharide by the high tempera- 
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tures used. Because of the ease of clegradation of carrageenin (6, 13) the 
intrinsic viscosity could not be used as a means of identifying components. 

CONCLUSIONS 

The results of the potassium chloride fractionation agree well with those of 
Smith et al. considering the different sources of material in the two investiga- 
tions. In both, the sol fractions showed a higher inolecular weight, sedimenta- 
tion constant, ancl sulphate content and a lower specific rotation (Tables IV 
ancl V). The small divergences in detail from the results of these workers could 
be due to either ( a )  different degrees of clegradation on preparation of the 
carrageenin or (b) cli8erent proportions of the two non-gelling components in 
the sol fractions. 

The significant properties of the three components are summarized in 
Table X. Sulphate content and [a],, were found to  be iilclepenclent of the 

'TABLE S 
r\ SUMMARY OF TIlE PROPERTIES OF TIIE THREE COMPOSENTS EXTRACTABLE 

FROM Chondrz~s c r~spz l s  

Temp. of Relative conc., 
Com- extraction, yo of extractable Gelling Sulphate 

ponent "C. material'* tendency [a]D content (%I 

A 30 35 Nil 45-50 26 
B 60 50 Strong 45-60 22-26 
C 100-120 15 \\'eal; < 30 < 20 

"Tlre proportion of Co7lzpo71,e?it C 7uas derived fro111 tlie areas of tlre qrriclrly seditr1e7rti7lg corrr- 
polren.1~ ilr Exfract ion F. T h e  rerirairlder was  asslrrrred to consist e~rt ire ly  of Co~~lpo?rerrts il a i ~ d  B. 
An approzirrrate f/B ratio 7uas cblairred by  asszlrrzing the nraiir co~~rporzent of S1 crltd S2 lo be 
entirely A. 

decrease in molecular weight nrhich occurrecl on estractioil a t  higher tempera- 
tures. The gel strength showed some decrease on clegraclation but this was 
small compared with the large differences between the gelling anel non-gelling 
extracts. These properties therefore pertain to the molecular type of the 
component. The figures given for the proportion of a component, [a],, or the 
sulphate content obtain only for the sample of Irish moss examined although 
the trends noted may be general. 

From the results it is clear that Coinponents A and B made up the bulk of 
the extractable polysaccharicle. The tnar1;ecl distinction between the two 
components lies in the ability of B to form a gel. The gelling tendency might 
be related to different degrees of branching in the molecules. An appreciable 
change in the concentration dependence of the sedimentation would then be 
expected. As sho117n in Fig. 6, the seclimentation behavior of the two com- 
ponents was similar. On the other hand, O'Neill (17) has recently discovered 
2il.yO of 3,G-anhydro-D-galactose in a gel fraction whereas the corresponding 
sol fraction contained considerably less (23). The gelling tendency may there- 
fore be associated with this structural difference in the chain rather than a 
difference in shape clue to branching. 
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The  minor component, C,  comprised only a small percentage of the extrac- 
table material although a greater proportion may be available with prolonged 
extraction. T h e  low sulphate content suggests tha t  it was a desulphated 
product of one of the major components. This could give rise to the small 
concentration dependence of s& due to the decrease in iilteraction (Fig. 5). 
However, the coiltrols sho~vecl no loss in sulphate, which iildicated tha t  the  
material differed in this respect from Component A or B. 
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THE PHOTO-OXIDATION OF AZOMETHANE' 

ABSTRACT 

The photo-oxidation of azomethane has been studied a t  low osygen pressures 
(0.02 to  1 mm.) in the temperature range ca. 25'C. to  161°C. 'I'he primary process 
in the normal photolysis of azomethane is essentially unaffected by the presence 
of oxygen. Carbon monoxide is probably a secondary product of the oxidation of 
methyl radicals. Carbon dioxide formation is quite small, and therefore neither 
methyl radicals nor CH3N=N-CH2 radicals are osidized appreciably to carbon 
dioxide. Nitrous osidc, which is a major product of the oxidation, is most lil;ely 
formed from the oxidation of CH~N=NCHZ radicals. The suggested mechanism -- 
of hTzO formation is: 

CHIN=N-CH?+O~ = CH3N=NCH202 
CHIN=N-CH~O? = C H ~ + N Z O + H ~ C O .  

The reaction of methvl radicals with oxvren was found to  oroceed with a ne~ l i -  
gible activation energy and a steric factb; of the order of 1'0-2. Evidence for the 
occurrence of the reactions 

2CH302 = 2CH304-02 
2CH30 = CH30H+H?CO 

a t  room temperature was obtained 

INTRODUCTION 

The photolysis of azomethane has been studied extensively, and the 
mechanism appears to be well established. The main reactions involved in the 
photolysis are (15, 23) : 

The quantum yield of nitrogen formation is close to unity a t  the longer wave- 
lengths, and independent of temperature. Since &, is independent of the 
pressure of azomethane, ancl unaffected by the presence of carbon dioxide, the 
possibility of an excited molecule mechanism is unlikely (23). There is no 
evidence for a stable CH3N=N raclical. Azomethane has been shown to be a 
convenient source of radicals for reactions of the type 

where RH is a hydrogen donor compound (1, 15). In view of these features of 
the photolysis, azomethane would be expected to be a convenient source of 
radicals for a study of the reaction of methyl radicals with oxygen. 

Marcotte and Noyes (18) have investigated the photolysis of acetone in the 
presence of oxygen a t  low oxygen pressures ancl low light intensities. Their 

lManz~script  received November 18, 1954. 
Contribz~tion from the Division of Pz~re  Chemistry, National Research Council, Ottawa, Canada. 

Issz~ed as N.R.C. No.  3514. 
%Totional Research Laboratories Postdoctorate Fellow 1952-1954. 
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l lOEY AND KUTSCHKE: AZOMETHANE 497 

results indicated that the reaction between a methyl radical and oxygen, which 
they assumed to  yield a formyl radical and a water molecule, proceeds with 
negligible activation energy and a low steric factor (ca. 10-l). Christie (8), 
working in Noyes' laboratories, has since shown that ,  for experimental condi- 
tions similar to those of Marcotte and Noyes, methyl radical oxidation leads to 
formaldehyde and water with a further acetone molecule supplying the 
additional hydrogen. On the basis of Christie's results, the earlier scheme must 
be considered oversimplified; in particular the products of methyl radical 
interaction with oxygen postulated by Marcotte and Noyes seem rather 
doubtful. 

Martin and Noyes (19) have extended the study to  mixtures of mercury 
dimethyl and oxygen, and inethyl iodide and oxygen. The relative amounts 
of CO and COP were different than for acetone. Formaldehyde is a major 
product with methyl iodide - oxygen mixtures a t  room temperature (2, 19) and 
with acetone a t  temperatures above 120°C. (8, 14), whereas with mercury 
dimethyl with temperatures above 100°C., it does not seem to be a major 
product (19). I t  would be interesting to  compare results obtained with azo- 
methane and oxygen with those obtained by Noyes and co-worlters using 
similar experimental conditions. 

There has been no study reported in the literature on the thermal oxidation 
of azomethane. Scheer and Taylor (22) photolyzed azomethane in the presence 
of propane and oxygen. They observed a slow oxidation of propane in the 
temperature range 35" to 200°C., and cool flames a t  250°C. 

EXPERl MENTAL 

PART I 

The azomethane was prepared by Mr. R. Renaud of these laboratories (21). 
I t  was purified by a trap to  modified Ward still (16) distillation, and the 
fraction collected between -78°C. and -110°C. was stored as a gas in a 
blackened flask behind a mercury cutoff. The  oxygen was prepared by heating 
potassium permanganate and purified by passage through two traps a t  liquid 
nitrogen temperature. Commercial carbon dioxide was degassed a t  - 196°C. 
Carbon monoxide was prepared by  heating a ZnO-CaCOa mixture (27) and 
purified by passage through a trap a t  - 196°C. 

A Hanovia S-500 mercury arc was used as the light source. The beam, which 
was collimated by a quartz lens, completely filled the reaction cell. A Corning 
violet ultra filter No. 586, 6 mm. in thickness, was used in all the experiments. 
This filter limited the incident intensity mainly to the 3340 A and 3660 A 
wavelengths. The  relative extinction coefficients of these wavelengths are such 
that the absorbed light intensity is effectively the 3660 wavelength (15). 
The  incident light intensity was varied by the use of neutral density filters. 

The  quartz cell was 10 cm. long and 5 cm. in diameter with a volume of 
180 cc. The  cell was surrounded by an aluminum block furnace, and the tem- 
perature was controlled manually to f l ° C .  The total volume of the reaction 
system, including reaction cell, U-tube manometer, stirrer, and McLeod gauge, 
was 400 cc. 
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408 C.4N.4DIAN JOURSAL O F  CHEMISTRY. VOL. 33 

Oxygen pressures as low as 0.02 mm. were used in this work. A11 oxygen 
consumption of a t  least 0.15 mm. was necessary for analysis of the products. 
Since constant oxygen pressures were desired a t  pressures less than 0.15 mm., 
small oxygen closes (0.003 mm.) were added cluring the run as frequently as 
necessary to maintain constancy of pressure. The  number of doses required 
was determined in trial runs. 

The  run was interrupted a t  regular intervals (two to five minutes), a t  which 
time a premeasured oxygen dose was pumped into the reaction mixture 
through an iron, glass-enclosecl float, and sufficient time allowed for mixing of 
the  gases. T h e  rate of oxygen disappearance was found to  depend on the tem- 
perature and on the oxygen pressure. T o  compensate for this, the number of 
closes per run, and consequently the exposure time per dose (rather than the 
size of the  oxygen dose), was varied. Mixing of the gases was effected by a glass 
propeller type stirrer with a glass-enclosed copper core a t  the bottom; the 
stirrer was driven by an induction motor. At  oxygen pressures greater than 
0.15 mm., 0.02 mm. doses were added during the exposure without interrupting 
the run. 

Gas analyses were carried out for Nz, CH4, CO, 02, CO?, and KjO. After 
each run the reaction mixture was passed through a modified Ward still a t  
- 196°C. T h e  non-condensables, N2, CH4, CO, and 0 2 ,  were anall~zed by means 
of a Cu-CuO furnace a t  a temperature of about 230°C. T h e  oxygen formed 
CuO. The CO was oxidized to  COz and was frozen out a t  a cold finger. The  
remainder, N? ancl CH4, was collected and analyzed for iV2 and C H 4  mass 
spectrometrically. The  C 0 1  and the N2-CH4 mixture were measured directly, 
and the oxygen was cletermined by difference. T h e  C 0 1  and N?O were distilled 
from the Ward still a t  -lGO°C., and were collected for mass spectrometric 
analysis. Ethane was not cletected in any of the experiments in which oxjgen 
was present. 

Azoinethane was used as  an actinometer. A value of unity (23) for the 
quantum yield of nitrogen formation in the absence of oxygen was used for the 
temperature range 25" t o  lGl°C. The  da ta  in the literature are in accord 
(4, 7, 15) with such a value although the inclividual values are quite often less 
than unity and nearer 0.9. I f ,  in fact, @N, < 1 in the  absence of 0x1-gen, the 
values of the quantum yields quoted here are too large by about 10%. 

Formalclehyde was not detectable a t  the  Warcl still or by mass spectrometric 
analysis. This, however, is not conclusive evidence tha t  formaldehyde is not a 
inajor product of the oxidation as  the forinalclehycle may have polymerized. 
T o  checlc this point, an amount of formaldehyde roughly comparable to that  
expected in the experiments described in Par t  I1 was introduced into the reac- 
tion system in the presence of azomethane. Polymerization of the formaldehyde 
evidently occurred as formaldehyde was not cletected by the two methods 
mentionecl above. Analysis of formalclehyde in the presence of azomethane in 
aqueous media was not accon~plished since an acid catalyzed h>-clrolysis forms 
formaldehycle and methyl hydrazine from azometllane (28). Methods which 
were unsuccessful owing to  this interference by nzomethane were Lebbin's 
resorcinol test, Schifi's test, ancl the polarographic method (25). Thus,  it 
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FIOEY .AND KETSCIIKE: ;1ZOMETIIASE 499 

cannot be stated \vhether or not formaldehyde is a inajor product of the 
reaction. 

T h e  products remaining after distilling off the azomethane a t  -90°C. were 
analyzed mass spectrometrically. Water and methanol were identified positively 
and formed most of the fraction. 

Experiments of long duration were performed a t  rooin temperature in order 
to  collect sufficient products for chemical analysis. Large oxygen pressures were 
used and oxygen was not added during the run. T h e  azomethane pressure was 
maintained constant during the run a t  6.6 mm. by circulating the gases through 
two traps in the reaction system held a t  the temperature of dry ice. 

After the run, the  gases were passed to  the Warcl still. T h e  non-condensables 
and COe were analyzed as described in Par t  I. N?O was not detected by mass 
spectrometric analj~sis. The  azomethane was separated fro111 the Warcl still 
a t  - 90°C. ; no product was detectecl between these fractions. This fraction 
was shown to  be azomethane with trace quantities of methanol ancl water b y  
inass spectron~etric analysis. These results were verified by the infrared absorp- 
tion of the fraction. T h e  remainder, which will be designated as the  "licluid 
products", was separated from the Ward still a t  room temperature. 

T h e  liquid products were analyzed by the following methods. Mass spectro- 
metric analysis showed the presence of methanol ancl water only. The  methanol 
was analyzed by the method of Elving and \Varshowsky (10) and by infrared 
analysis. The  two methods agreed to  within 207&. The  acicl, which uras shown 
to  be formic acid by its infrared absorption, was titrated clirectly using phenol- 
phthalein as the indicator. Peroxides were determined by the method of 
Nozaki (20). 

The  liquid products were also placecl in contact with metallic sodium. The  
hydrogen given off was a measure of the  total active hydrogen present (amount 
of Ht = 3 x amount of active hydrogen). The  q u a n t u ~ n  yield of water forma- 
tion was assumed to  be 

RESIJL'TS DISCUSSION 

The  lack of variation of a,, with the experimental conclitions of temperature 
and oxygen pressure (Fig. 1) and of azomethane pressure (Table I )  strongly 
suggests that  nitrogen is formed solely in a primary process. Since ethane was 
not cletectecl a t  any temperature a t  an oxygen pressure as low 0.02 inm., the  
possibility of a direct molecular rearrangement into ethane and nitrogen (6) 
inay be discounted. This is in agreement with the conclusion reached by 
Davis, Jahn,  and Burton (9) who observed complete suppression of hydro- 
carbon products ancl no inhibition of the nitrogen yield when the photolysis 
was carried out in the  presence of nitric oxide (10 nlm.). On the basis of this 
evidence, the primary process is taken as [ I ] ,  proceeding with a quantum 
efficiency close to unit), in the presence of oxygen. 

CH,,N2CH3+hv -+ 2CH3+N?. [ I ]  
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PRESSURE OF OXYGEN, mm. 

FIG. 1. Dependence of SJ. on oxygen pressure: 
I, = 5 X lo1' quanta/cc./sed.; pressure of azomethane, 101 mm.; 0, 161°C.; a, 123°C.; 
@, ca. 25°C. 

TABLE I 
EFI:ECT OF AZOMI:.TH:ZNE P R E S S ~ R E  ON TAB REACTION 

Pressure (mm.) 
Azomethane Total ax2 @CO , @N?O -@02  

102 103 1 . 2 5  0.22 0.51 3 . 0  
6.6 1 .21  0.36 - 2 . 2  
6 . 6  100" - - 0.10 - 
6.6 8 1.11 0.31 0.06 2 . 0  

Prcss~rre of oxyge7r = O.U&0.1 III?II.; terrrp = 123°C.; I, = lo'? qz~izntn/cc./sec. 
°CO? added. 
bCO added. 

The photo-oxidation, under conditions such that methane is found, is 
postulated to proceed in part through the following steps: 

Reaction [2] has been well substantiated (1, 15, 23) and reaction [3 ]  has been 
shown to proceed a t  a somewhat greater rate (15). Reaction [5 ]  has been in- 
cludecl to account for - 'Po, >/ 2 a t  low oxygen pressure Fig. 2 ;  i.e. every methyl 
radical must, directly or indirectly, lead to the consun~ption of one molecule 
of oxygen. The sole fate of methyl radicals produced in the primary process 
must be reaction with oxygen when acIr, is negligible. This condition is met a t  
all oxygen pressures studied a t  room temperature, and a t  a progressively higher 
oxygen pressure as the temperature is increased (Fig. 3). A similar phenomenon 
is observed in the photo-oxidation of acetone (8, 14, 18). 
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HOEY 4 N D  KUTSCHKE: AZOMETHANE 

PRESSURE OF OXYGEN, rnm. 

FIG. 2. Dependence of -ao, on oxygen pressure: 
Ia = 5 X loL1 quanta/cc./sec.; pressure of azomethane, 101 mm.; 0, 161°C.; a, 123°C.; 
Q, ca. 25°C. 

Nitrous oxide is a major product a t  the higher temperatures employed. An 
upper limit to  @N20 is attained a t  oxygen pressures such that  @CAI is negligible 
(Figs. 3 and 4); the value of this limit is temperature dependent (Fig. 3). At 

0 1 I I I I I I 
0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 

PRESSURE OF OXYGEN, mm.x 10' 

FIG. 3. Dependence of on oxygen pressure: 
I. = 5 X 10" quanta/cc./sec.; pressure of azomethane, 101 mm.; 0, 1Gl0C.; a, 123°C. 

oxygen pressures such that  this limit is attained, a radical resulting from the 
oxidation of a methyl radical must initiate a sequence of reactions which 
eventually produces ilitrous oxide. A plausible scheme is 
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where R is some oxygenated radical. Reaction [lo], a chain termination not 
involving azomethane or oxygen, is included to account for the dependence of 
aNaO on the concentration of azomethane (Table I). Insufficient data are 
available to determine whether [lo] is of the first or second order in radical 
concentration. Since [S] and possibly [9] will probably require an activation 
energy, the temperature dependence of aN,0 is qualitatively explained. 

PRESSURE OF OXYGEN, mm. 

FIG.  4. Dependence o f  +N?O on oxygen pressure: 
I ,  = 5 X 1011 quanta/cc./sec.; pressure o f  azomethane, 101 mm.;  0,  161°C.; 0 ,  123°C.; 
0, cn. 25°C. 

Although it has been assumed that nitrous oxide is produced in a chain 
propagating reaction, [9], which may occur in steps, the over-all yield of this 
product is low, aNS0 < 1. Unless fates other than [6] and [9] are postulated for 
CH3NzCHz and CH3NzCH202 respectively, i t  seems necessary to employ 
efficient chain termination reactions for the radicals R. Methyl radicals dis- 
appear rapidly in a system containing azomethane, presumably by addition 
to the nitrogen-nitrogen double bond to form tetramethyl hydrazine (15). I t  
is, therefore, conceivable that azomethane acts as a sink for oxygenated radicals 
in a two stage addition process; the over-all reaction may be written 

The correct general form of - a,,,, and a,,, as a function of (04 and 
of (CH3NZCH3) is obtained from a steady state treatment of the mechanism. 
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HOEY AND KUTSCHKE: AZOMETHANE 503 

Under conditions such that  @CHI is negligible, i.e. @N,O and - Qo, have attained 
their limiting values, the mechanisms predict that  

- $0, = 2+2@N,0. 

Substitution of the observed values of @,,, leads, at  123"C., to - @o, = 3.1 
(experimental = 3.6), and a t  161°C. to - @o, = 3.6 (experimental = 4.0). 
The proposed mechanism, though obviously oversimplified, is in near accord 
with the data. 

The relative rates of [2] and [4] may be determined from a relationship 
between aCH4 and @N,o derived from the following assumptions: (i) two methyl 
radicals are produced in the primary process; (ii) methyl radicals are consumed 
only by [2], [3], and [4]; (iii) each methyl radical formed in other than the 
primary process is accompanied by the production of one molecule of nitrous 
oxide. 

(2+ @N,o)/@cH, = (kz+k3)/kz+k4(0z)/k2(A) 

In Fig. G a linear relation is shown between (2+@N,o)/@ca. .and (02) a t  
constant (A) for two temperatures. The slopes of these lines lead to k4/kz 
= 6.8 X lo4 a t  123°C. and 3.3 X lo4 a t  161°C. Extrapolation to  (02) = 0 
yields (kz+k3)/kz = 5.0 a t  123" and 6.5 a t  161°C.; the values obtained from 
the data of Jones and Steacie (15) for these intercepts are 6.2 and 6.0 respec- 
tively. This degree of agreement is considered adequate. The Arrhenius 
activation energy difference, Ez-E4, is equal to  6.9 kcal./mole and the 
collision theory steric factor ratio, p4/p,, is 17; E2 - +EE equals 7.3 kcal./mole 
and pz/pE4 equals 4 X (I), where the subscript E refers to the combina- 
tion of two methyl radicals producing ethane, the latter proceeding with 
negligible activation energy and approximately unit collision efficiency (11). 
Hence E4 - 0.4 kcal./mole and $4 - 7 X 

FIG. 6. Dependence of (2+@N20)/@cH, on oxygen pressure: 
I. = 5 X 10" quanta/cc./sec.; pressure of azomethane, 101 rnrn.; 0 ,  161°C.; 0,  123°C. 
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Using acetone photolysis as a source of methyl radicals, R4arcotte and Noyes 
(18) obtained E4 - 0 and. p4 - lo-' by a method essentially similar to that 
employed here. The general agreement of the present determination with the 
earlier work in which more extensive da ta  were reported a t  four temperatures 
is taken as support for the over-all reaction [9]. From an investigation O F  the 
photo-oxidation of methyl iodide, Blaedel, Ogg, and Leighton (5) estimated 
E4 N 3 kcal./mole, while van Tiggelen (24) obtained an approximate value 
E4 N 1.5 kcal./mole in a study of the acetone photosensitized oxidation O F  
methane. Thus, there is general agreement that  reaction [4] is rapid and that 
both the activation energy and steric factor are low. 

The  identity of the primary products of the oxidation of methyl radicals is 
still a matter of conjecture, however; thus [7] has been explicitly written as 

Other reactions of peroxymethyl radicals which have been suggested are 
(12, 17, 26) 

CH,Oz+R'H -+ CH,OZH+R' [I41 
CH302+CH302 -+ 2CH30+02. [I51 

Reaction [12] is now considered unlikely (8, 14, 19) and reaction [15] should 
not be of great importance in the low concentration range under discussion 
a t  present. The  positive identification of methanol and water among the 
liquid products suggests that  R radicals may be identified tentatively with 
CH302,  CH30, and OH. Further speculation regarding the detailed reactions 
O F  these radicals are, on the basis of the present data, unwarranted. 

Small quantities of carbon monoxide and dioxide are found, the latter in 
almost insignificant amounts and apparently independent of conditions 
(aco ,  < 0.1). The  carbon monoxide yield roughly parallels that of nitrous 
oxide as a Function of oxygen pressure (Figs. 4 and 5) but  is smaller by a factor 

PRESSURE OF OXYGEN, mm. 

FIG. 5. Dependence of ac0 on oxygen pressure: 
I ,  = 5 X 10" quanta/cc./sec.; pressure of azomethane, 101 mm.; 0, lGl°C.; 0, 123°C.; 
O , ca. 25°C. 
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HOEY .4ND KUTSCHKE: AZOMETHANE 505 

I 
of approximately two. The variation of @,, as azomethane concentration is 
decreased by a factor of 15 with a constant rate of production of radicals is 
small and in the opposite direction to that of @N,O in the same circumstances 

I (Table I). This suggests that carbon monoxide arises from an oxidation of 
methyl radicals and that the intermediate stages do not involve the substrate. 

I 

The variability (18, 19) in the CO/COs ratio when various methyl radical 
sources are used suggests that both these products arise in an indirect manner 
(14). This is supported by Hentz (13) who observed an induction period for the 
production of carbon monoxide in the acetone-oxygen system. I t  might be 
pointed out that the low yield of carbon dioxide observed here is compensated 
by the production of nitrous oxide. Indeed, if the acetonyl radical were to 
react with oxygen in the manner postulated here for CH3N2CH2 (i.e. [6] and 
[9]), the product would be carbon dioxide. 

The experiments described in Part I1 of the Experimental section are reported 
in Table I1 as averages taken over a number of experiments. The salient facts 
are: (i) @NI and do not differ significantly from unity; (ii) - @o, lies 

TABLE I1  

N? 1.1  "Liquid products" 1.1 
CO 0.06 1 HCOOH 0 . 1  - - ~ - - - - -  . . - 

CO? "Peroxides" 0 .02  
CH:<OH 0 2  disappearance 1.3 
H2O Azo disappearanceb 1.1 

Parlial presszrre of azonzethane, 6.6 mtn.; average pressure of 
oxygen, 10  trzln.; rootn telilperntzl~e; I,- i014 qzmntn/cc./sec.; 
exposzrre t ime,  4 8  lzr.; volzrn~e of reaction system, 420 cc. 

OAverage of tlze huo analytical nzethods zrsed. 
"About one-lzalf (9 lnm.) of the nzo~~te thane  originally present 

zoos reacted. 

between one and two; (iii) methanol, water, and formic acid are major pro- 
ducts; (iv) a material balance is not even approximately attained if one nitro- 

, gen molecule is accompanied by the production of two single carbon radicals; 
(v) the oxygen concentration and the absorbed intensity, and hence the radical 
concentration, were high, while the temperature and azomethane concentration 
were low. 

As pointed out previously, the experimental arrangement was such tha t  
formaldehyde probably could not have been detected as a product. If the total 
apparent decrement in the carbon balance is assumed to be formaldehyde, - 1. I t  is not readily apparent how an explanation of the results can be 
advanced i f  @H,co is not a t  least as great as @cH,OH since the nearly unit yield 
of azomethane disappearance renders abstraction reactions unimportant. If 
this assumption is made, however, the mechanism might be expected to  
reduce to the radical-radical interactions suggested by Vaughan et al. (3), 
viz. [I],  [4], and [15] followed by 
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Faraday Soc. 10' 242. 1950. 
4. BLACET, F. E. and TAUROG, A. J .  Am. Chem. Soc. 61: 3024. 1939. 
5. BLAEDEL. W.. OGG. R. A.. and LEIGHTON. P. A. 1. Am. Chem. Soc. 64: 2499.2500. 1942. 

This is in qualitative accord with the data  i f  i t  is noted that small amounts of 
oxygen will be required to oxidize some of the products of [16] to the water, 
acid, and carbon oxides found. 
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THE PREPARATION OF DICYANODIACETYLENE 

ABSTRACT 

The preparation of dicyanodiacetylene as reported by Moureu and Bongrand 
has been investigated more fully and a procedure developed whereby yields as 
high a s  36% have been obtained. 

INTRODUCTION 

In 1920 Moureu and Bongrand (1) reported what was undoubtedly the 
first synthesis of dicyanodiacetylene. By the action of aqueous potassium 
ferricyanide on the cuprous derivative of propriolonitrile (cyanoacetylene) 
they obtained trace quantities of a solid with characteristic properties. This 
preparation has been investigated more fully and a procedure developed 
whereby yields as high as 36% have been obtained. The product was character- 
ized as dicyanodiacetylene (CcN2) by elementary analysis and molecular 
weight determinations and by conversion on hydrogenation to hexamethylene- 
diamine. Although the yield of hexamethylenediamine (isolated as the picrate) 
was low (8.5%), this low yield appeared to be due to decomposition of the 
dicyanodiacetylene in the presence of the hydrogenation catalyst (Adams' 
platinum oxide). 

Dicyanodiacetylene is an unstable, volatile, white solid with a marked 
irritating odor. By sublimation in a stream of carbon dioxide gas it may be 
obtained as fine, elongated crystals melting a t  64.5-65.5OC. X-ray diffraction 
lines obtained from a single crystal rotation pattern are listed in Table I ,  
together with their estimated relative intensities. 

TABLE I 

X-RAY* DIFFRACTION PATTERN DATA ON DICYANODIACETYLENE 

Spacing, Intensity, Spacing, Intensity, 
d (A)  1/11 I I / I l  

*Wave length 1.5418 A. 

Attention should be drawn to the unusual composition and structure of 
dicyanodiacetylene. Being composed solely of carbon and nitrogen it can be 

'Manuscript received September 87, 1964. 
Contribution from the Central Research Laboratory, Canadian Industries (1954) Ltd., McMas- 

terville, Quebec. 
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considered as a subnitride of carbon. I t  is also one of the longest, co~npletely 
linear molecules described and should be a very interesting compound for 
structural study. 

EXPERIMENTAL 

Preparation of Cuprous Propriolonitrile 
Cuprous chloride (9.9 gm., 0.10 mole) was dissolved in 10 cc. of 14y0 aqueous 

a~nmonia under an atmosphere of nitrogen and diluted with 900 ml. of water. 
To this solution a t  approximately 25OC. was added with agitation propriolo- 
nitrile (1) (1.5 gm., 0.029 mole) over a three ~ninute period. After being 
stirred for an additional five minutes the olive green precipitate was separated 
by decantation and filtration and washed twice with 30 ml. of 1.5y0 aqueous 
ammonia. The product after drying under vacuum, first over sulphuric acid 
and finally over phosphorus pentoxide, weighed 3.7 gm. (110% yield on 
propriolonitrile). Cuprous propriolonitrile is subject to detonation by heat 
and shock. 
Preparation of Dicyanodiacetylene 

A solution of 7.8 gm. (0.0234 mole) potassium ferricyanide in 20 ml. of water 
was added over a five minute period to a stirred suspension of cuprous pro- 
priolonitrile (1.5 gm., 0.012 mole) in 25 ml. of water and 25 ml. of benzene. The 
temperature of the reaction mixture was maintained a t  5 to 6OC. throughout. 
Agitation was continued for two minutes after addition was complete and the 
reaction mixture then centrifuged, the centrifuge bottles and cups being 
chilled before use in an ice-water bath. After centrifuging for five minutes a t  
2000 r.p.m., the benzene layer (17 ml.) was removed. The lower aqueous layer 
and a heavy sludge-like precipitate were again cooled, extracted with a further 
20 ml. of benzene, and the centrifuging procedure repeated. Owing to the 
formation of a fine black precipitate a t  this stage, only 10 ml. of benzene 
extract could be separated by this means. By filtration of the residual mixture 
through filter-aid, a further 15 ml. of extract was obtained. The combined 
benzene extracts were dried over sodium sulphate and most of the benzene 
removed by fractionation a t  atmospheric pressure through a short (8 cm.) 
Vigreux column. The resulting dark brown concentrate (2 ml.) was taken to 
dryness in a slow stream of carbon dioxide, the condensate being collected in a 
small ice-cooled receiver. After removal of all the benzene, dicyanodiacetylene 
was sublimed from the residue by continuing the volatization procedure. The 
sublimate was further purified by resublimation in a stream of carbon dioxide. 
The white crystalline product thus obtained, m.p. 64.5-65.5OC., weighed 
0.180 gm. (30.5% yield). Calc. for CGNz : C, 72.0; N, 28.0; mol. wt., 100. Found: 
C, 72.15; N,  27.42; mol. wt. (depression of f.p. of benzene) 97. An additional 
0.035 gm. of product, m.p. 64-64.5OC., was obtained by distilling most of the 
solvent from the benzene distillates using a column packed with glass spirals 
and working up the concentrate as described above. The total yield isolated 
was 0.215 gm. (36% yield on cuprous propriolonitrile). 

Dicyanodiacetylene gradually turns brown a t  room temperature, but may 
be stored a t  O°C. This discoloration is more rapid in the presence of water or 
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BROCKMAN: DICYANODIACETYLENE 509 

in ether solution and occurs a t  once in alcohol. Petroleum ether, b.p. 28-35"C., 
may be used as an extraction solvent in place of benzene. Ether is unsatisfac- 
tory owing to  the instability of dicyanodiacetylene in this medium and 
chloroform is not recommended since it is difficult to  separate from the by- 
product sludge. 

Hydrogenation of Dicyanodiacetylene to Hexamethylenediamine 

The hydrogenation was carried out in a small high pressure hydrogenation 
unit equipped with a 110 ml. glass liner. Dicyanodiacetylene (0.27 gm., 
0.0027 mole) was dissolved in 20 ml. of acetic anhydride and Adams' platinum 
oxide (0.10 gm.) added just prior to the sealing up of the mixture in the 
hydrogenation unit. (Although dicyanodiacetylene is reasonably stable in 
acetic anhydride solution, decomposition occurs in the presence of Adams' 
catalyst as  evidenced by the gradual appearance of a dark brown color.) 
After being flushed out with hydrogen, the apparatus was charged to  a pressure 
of 800 p.s.i. and the shaker started. The pressure fell off to 725 p.s.i. in 15 min. 
and more slowly to 710 p.s.i. over a three and one-half hour period. No further 
drop in pressure had occurred a t  the five hour mark and the reaction was 
stopped. The reaction temperature remained a t  approximately 30°C. through- 
out the hydrogenation. The solvent was removed from the dark brown 
reaction mixture by vacuum distillation, and the residual oily gum, containing 
acetylated hexamethylenediamine, was hydrolyzed by refluxing for five hours 
with 20y0 aqueous sulphuric acid (5 gm.). The hydrolyzate was made alkaline 
to a pH of 13-13.5 with 20% aqueous sodium hydroxide to liberate hexa- 
methylenediamine from its salt and the resulting solution distilled to  dryness 
under aspirator vacuum. T o  the distillate was added 1.4% aqueous picl-ic 
acid (40 ml.) and the precipitate of hexamethylenediamine picrate removed by 
filtration. The product, m.p. 21g°C., weighed 0.13 gm. (8.5% yield on dicyano- 
diacetylene). After recrystallization from water, the material melted a t  
221-222°C. (lit. 220°C.). I t  was further identified as hexamethylenediamine 

TABLE I1  
X-RAY* DIFFRACTION PATTERN DATA ON HESAMETHYLENBDIA%IINE PICRATE 

Spacing, Intensity, Spacing, 1 )  d i A )  
Intensity, 

d  ( A )  1 / 1 1  1 / 1 1  

"Wave lengtlt 1.5418 A. 
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picrate by X-ray diffraction analysis (see Table I1 for list of diffraction lines 
from powder diagram and their relative intensities). 
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ALLOYS O F  INDIUM: T H E  S Y S T E M  INDIUM-LEAD-TIN' 

BY A. K. CAMPBELL, R. M. SCREATON,? 
T. P. SCHAEFER,~ AND C .  M. HOVEY~ 

There is no ternary eutectic in the system: indium-leacl-tin: the eutectic 
trough extends from the lead-ti11 eutectic to the tin-indium eutectic. The 
l i q ~ ~ i d u s  surface has been outlined. The structures of all alloys of the above 
system have been investigated, a t  room tenlperature, by the X-ray and micro- 
scopic techniques. A one-phase region extends across the ternary diagram from 
the limits of the 8-phase in the indium-tin system to the limits of the 8-phase in 
the lead-indium system. This indicates that the intermetallic 8-phases of the two 
systems ( lead- i~~di~~rn and tin-indium) have the same lattice structure, viz. 
face-centered tetragonal. Heterogeneity has been detected by direct experiment 
in  the system lead-indium, whereas it had previously o111y been deduced. Hard- 
ness tests, both Brinell and \lickers, have been made on the alloys. 

The only previous work tha t  has been reported on the above system is 
tha t  of Grymko and Jaffee (5), who dealt primarily with the corrosion- 
resistance properties of the indium-lead-tin solders; they state,  however, 
tha t  the liquidus of one alloy containing 37.5 weight per cent lead, 37.5 weight 
per cent tin, and 25 weight per cent indium, lies a t  181" C. and the solidus a t  
134" C. The  component binary systems, viz.: lead-tin, indium-lead, and 
indium-tin, have all been investigated and very little remains in doubt. T o  
save unnecessary discussion, the equilibrium diagrams are given in Figs. 1, 2, 

SYSTEM LEAD-TIN ISTOCKDALEI 

I 1 I I 1, 2 0  
I 

40 6 0  8 0  100 
WEIGH' 9. TIM 

SYSTEM LEAC-INDIUM (DAVIS AN0 ROWE) 

LIQUID I 

1 FIG. 2 

0 2 0  4 0  6 0  0 0  100 
WEIGHT % INDIUM 

'nifanuscript received Nouetuber 8, 19.54. 
Contribution from Departmenl of Chemistry, University of ~Manitobn, Winnipeg, Manitoba. 

2Cominco Fellow. 19.55-54. 
=Holdpr of an N.R.C. Blrrsary, 1954-55. 
'Professor of Civil Engineering, Tilt Unzversity of Ma?zitoba, Winnip(g, Ma??. 
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SYSTEM TIN-INDIUM(RHINES ET AL.) 288 

WEIGHT % TIN 

and 3. Fig. 1 is due to Stockdale (11) and represents the system lead-tin. 
The  only point of interest in this system is a mysterious evolution of heat a t  
150" C., which occurs in all lead rich alloys; this is not due to  any ordinary 
phase change. 

Fig. 2 represents the system indium-lead: it is due to  Davis and Rowe (1). 
This system shows a minimum freezing temperature, lying 1" C. below the 
melting point of pure indium, and three solid phases, an a-phase with the lead 
structure, a y-phase with the indium structure, and an i~ltermediate 0-phase, 
for which I<len~m (7) claims a face-centered tetragonal structure; further 
discussion of this structure is reserved until the discussion of our own work. 
The  most con~plicated system is tha t  of indium-tin (Fig. 3) due to  Rhines (9). 
I t  is seen tha t  this system exhibits four solid structures, one of which, however, 
the y-phase, exists only a t  relatively low temperatures and therefore cannot 
be in equilibrium with melt. The  a-phase possesses the structure of indium, 
the 8-phase that  of tin, while the 0-phase, according to  Orlamunder (7) has 
a tetragonal, face-centered lattice. For the low-temperature y-phase, Valen- 
tiner (12) proposed a body-centered tetragonal structure, bu t  Fink (4) thought 
this phase was simple hexagonal: however, Ferguson and Screaton (3) believe 
i t  to be simple hexagonal with one atom per unit cell. 
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CAMPBELL ET AL.: INDIUM ALLOYS 

PART 1. THE LIQUIDUS SURFACE 

Materials Used 

The lead contained the following impurities: 
An timon y 0.005% 
Silver 0.002% 
Total foreign metals 0.05% 

The indium was given to us by the Consolidated Mining and Smelting Com- 
pany of Canada Limited and had the following impurities: 

Tin 0.015% 
Nicltel 0.0015% 
Lead 0.015% 
Copper 0.002% 
Cadmium 0.001% 
Iron 0.0005% 

The tin analysis gave 
Iron 
Antimony 
Lead 
Copper 
Tin 

0.0020% 
0.0023% 
Trace 
Trace 
99.9957% (by difference) 

Methods of Chemical Analysis 
The method of sampling differed in the study of the liquidus from that used 

in the study of the completely solid system. In no case did we rely on the 
original weighed composition since oxidation, though slight, is preferential, 
occurring chiefly to the lead. For the study of the liquidus, samples of liquid 
alloy were drawn up into a 1/16 in. diameter alundum tube. The alloy solidi- 
fied in the tube after mounting a short distance; the tube was then broken 
and the whole of the sample analyzed, in case there should have been segre- 
gation of the alloy during solidification. Alloys with low indium content were 
dissolved, with the help of platinum foil, in hydrochloric acid, and the tin 
content determined by titration with iodine (10). Lead was estimated by the 
standard method of precipitation as sulphate. Prolonged attempts were made 
to determine indium directly, both polarographically and by precipitation 
with 8: 4 hydroxyquinoline but neither method was satisfactory in the presence 
of lead and tin. In the end, therefore, indium was obtained by difference. This 
may seem a doubtful procedure when the indium content is small but it should 
be rememberecl that the composition never differed much from that of the 
original weight composition. In alloys of high indium content, tin was de- 
termined as metastannic acid, which was subsequently ignited to the dioxide 
and weighed as such. All these analytical methods are well known. 

Determination of Equilibrium Curves and Surfaces 

The method of thermal analysis was used to determine these. The  melts 
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were contained in alundum crucibles and temperature was measured with a 
mercury-in-glass thermometer, reading from 0 to  201" C. in 1/10". The  thermo- 
meter was calibrated against a standard platinum resistance thermometer: 
temperature was therefore accurate to f 0.2" C. 

The  method of linear cooling was used, the rate of cooling being 1" per 
1.5 minutes. The molten alloys were well stirred and kept a t  a temperature 
a t  which they were entirely liquid, for two hours, to ensure homogeneity. 
Starting with the composition of the lead-tin eutectic, as given by Stock- 
dale ( l l ) ,  indium was added progressively and a cooling curve talten and an 
analysis made after each addition. An examination of the cooling curve 
showed whether or not the mixture had the trough composition. If it did not 
have, there was primary crystallization of a single phase and a preliminary 
point of inflection on the cooling curve. This was corrected, when necessary, 
by adding small quantities of tin (lead was never necessary). I t  soon became 
apparent that  the eutectic trough, starting from the lead-tin eutectic, was 
heading smoothly for the indium-tin eutectic. Therefore, this was checked by 
starting from the indium-tin eutectic and adding lead. In this way, we were 
able to show that  even the smallest addition of lead raised the solidification 
temperature of the indium-tin eutectic and therefore the possibility of a 
ternary eutectic lying very close to the indium-tin eutectic was excluded. 

We thought i t  advisable to  check the statement that  there is a minimum 
freezing point in the lead-indium system, lying, according to  the literature, 
1" below the melting point of indium. For this purpose, we used a Beckmann 
thermometer with which we determined the freezing point of pure indium. 
Small weighed quantities of lead were then added and the freezing point de- 
termined each time. The  procedure was repeated until a minimum freezing 
temperature was obtained. The freezing temperature of the lowest freezing 
alloy was then determined absolutely on the 200" thermometer. We obtained a 
depression of about 0.15" C. (constant) after the addition of 2.5 weight per cent 
lead. 

Because of the occurrence of one peritectic in the lead-indium system and 
two in the indium-tin system, we expected peritectic halts along the eutectic 
trough of the ternary system. We first investigated the binary peritectics but 
we found the heat effects slight and difficult to observe, a t  least by our tech- 
nique. When the third metal was added to  these binary peritectic compo- 
sitions, the heat effect was quenched entirely. Experimentally, then, we found 
no peritectic halt on the eutectic trough. Our investigation of the completely 
solid alloy a t  room temperature shows that  there must be one, and only one, 
peritectic halt on the trough, but  we do not know its temperature and compo- 
sition. 

T o  complete the study of the liquid surface, some points on the areas 
representing equilibrium of liquid with single solid phases were necessary 
(chiefly in the region where a-lead separates from the melt) and these were 
obtained by making up alloys of suitable composition and applying thermal 
analysis, using, however, a chromel-alumel thermocouple, since the tempera- 
tures involved were somewhat higher. 
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CAMPBELL ET AL.: INDIUM ALLOYS 

Experimental Results 

TABLE I 
DETERMINATION OF EUTECTIC TROUGH 

Solidification Composition by weight 
temperature (' C.) 

Alloy Sn, 1% 
No. S t a r t  Finish % % % 

Pb, 

Ph-Sn - - 
eutectic 183.3 183.3 

1 177.6 174.8 
2 170.7 164.5 

TABLE I1 
EFFECT OF SMALL QUANTITIES OF LEAD ON THE MELTING 

POINT OF INDIUM 

Composition b y  weight 

Alloy 
No. 

Freezing 
point 

Beckmann setting of 3.422" = 156.5"C. 
Melting point of pure indium was therefore = 156.5" C. 
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TABLE 111 

Composition by weight 7, 
Alloy Solidification Solidification Trough 
No. beg~ns  ends temp. Sn I n  Pb 

Discussion of the L i q u i d u s  Sur face  
The experimental results show that there is no ternary eutectic in this 

system; the eutectic trough extends from the lead-tin eutectic to the tin- 
indium eutectic. 

Our value for the eutectic temperature of the binary system lead-tin, 
183.3" C., is in good agreement with Stockdale's value (11). We have, however, 
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repeated the eutectic of the tin-indium system several times, using the compo- 
sition given by Rhines (9) and we obtain values for this eutectic temperature 
lying between 118.7" C. and 118.9" C., as  against Rhines's own value of 117" C. 
This may be due to our having had a t  our disposal very pure indium. In the 
lead-indium system, we confirm the existence of a minimum freezing tempera- 
ture lying, however, only 0.15" C. below the melting point of pure indium. 

Fig. 4 is a projection diagram of the liquid surface, with isothermal lines. 

PART 2. ROOM TEMPERATURE ISOTHERM 

The structure of the completely solidified alloy was studied by the X-ray 
and microscopic techniques. As a subsidiary aid in the study of structure and 
because of its intrinsic practical importance, the hardness was determined in 
various regions of the composition triangle: both Brinell and Viclcers hardness 
tests were applied. 

All alloys were heat-treated by cooling them gradually over a period of 
twenty-four hours, from a temperature a t  which they were completely liquid 
down to room temperature. This was achieved by coupling a slow, constant 
speed, electric motor through a system of gears to a "Variac", which governed 
the input to the furnace. After the potential fell to zero, an automatic switch 
cut out the circuit. Twenty-three hours were required to rotate the Variac 
through its complete range. Obviously, such an apparatus does not decrease 
temperature linearly since the power input is proportional to the square of the 
voltage; in other words, cooling was more rapid a t  higher than a t  lolver 
temperatures, but this is rather a desirable feature. 

The purity of the materials is described under the first Section, where, also, 
it is stated that all alloys were analyzed and the methods of analysis are given. 
The method of treatment of alloys for the study of the solid system was as  
follows: A total weight of 40 gm. of the desired composition was charged into 
a crucible and preheated to about 60" above the liquidus temperature, as  
read froin the appropriate equilibrium diagram (see preceding section). After 
fusion and repeated stirring with an alundum rod, the melt was cooled to 
rougllly three degrees above the temperature of the liquidus surface, the whole 
process occupying about three hours. The  continuous cooling mechanism was 
now set in motion and the alloy annealed down to room temperature. 

From the ingot prepared as above the oxide film was removed with a lathe. 
A specimen for microscopic examination, approximately 7 mm. in width and 
4 mm. thick, was also prepared on the lathe. Turnings for chemical analysis 
mere talcen from the immediate vicinity of the prepared surface. No demar- 
cation marlts, denoting gross phase separation during cooling, could ever be 
detected by a vertical saw-cut; moreover, the general agreement between 
final analysis and original composition of charge favors this conclusion. 

A strip for X-ray examination was cut from the surface of the prepared 
specimen, with a sharp thin-bladed lcnife: i t  was possible to reduce the thick- 
ness of this strip as low as  0.2 mm. Powcler pictures of such strips were taken 
on a North American Phillips X-ray unit, using a simple Debye camera of 
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57.3 min. diameter. Copper radiation and a niclcel filter were used. The  ex- 
posure time varied froin one to  three hours depending on the composition 
and size of the specimen. T h e  above proceclure was necessary because indium 
and alloys rich in indium are almost as soft a s  putty.  Filings could not be 
prepared readily because of the "smearing" properties of these alloys. The  
small degree of coltl-worliing b y  the Icnile-eclge would only cause a slightly 
preferred orientation of the grains and this effect was neutralized by rotation 
of the specimen during exposure to X rays. 

Our treatment of the specimens prior to microscopic examination is cle- 
scribed in detail, because no satisfactory methocls of polishing and etching 
the indium alloys in question are to be found in the literature. I'reparatory to 
polishing, the surface was lightly rubbed on a fine mill-file, helcl stationaq-, 
the teeth being cleaned after each stroke. The  final polish was given on a 
wheel-driven silk cloth (selvyt), using the "light" variety of po\vderecl inag- 
n e s i ~ ~ m  oxide as  polishing agent. If the sample contained large quantities of 
lead, tarnishing tended to occur but it was found tha t  this could be prevented 
b y  the use of soap. Too  much water on the cloth increased the tarnishing but a 
heavily tarnished layer could be removed b y  dabbing the surface with glacial 
acetic acid. Polishing was carried on close to the center of the \vheel until the 
surface had a lustrous appearance, as  far as  possible scratch-free. 

An etching reagent consisting of seven parts of glycerol, two parts of concen- 
trated nitric acid, and one part  of glacial acetic acid gave the best results 
over the whole concentration range, bu t  the nitric acid content was varied for 
different samples to achieve the best effect. This reagent was described by 
Villela and Beregekoff (13) for lead a1lo)-s. Etching took place b y  ilnmersion 
for 5 to  30 sec. a t  approximately 40' C. T o  ensure that the true structure of 
the sample clicl not remain latent,  the specimen was alternately lightly polished 
and etched. This  also decreased the danger of cold-working from overpolishing 
and the deterioration of a delicate microstructure from overetching. 

Harclness tests were made by the Brinell ball and Viclcers' diamond hardness 
tests. Because of the softness of these allojs,  a special Brinell machine was 
constructed, which had a  n nit ratio of loacl in ligm. to the square of the cli- 
ameter of the ball in mm., as specified in "&Ietals Handbook" (8). A load of 
5.5 liilograms was appliecl to a steel ball of 2.35 inin. cliameter, for 30 sec. The 
Viclcers-Armstrong machine was of a standard type. 

T h e  method of procedure was as  follo\vs: Alloys, some filteen in number, 
representing both the pure phases and the heterogeneous regions, of thc 
binary systems, were preparecl and, after heat-treatment in the manner 
described, the powder pattern and microstructure of each alloy were de- 
termined. A sinall quantity of third component was then acldecl to each alloy; 
the alloy was then reinelted, heat-treated, and examined by thc two techniques 
mentioned, attention being directed to thc appearance of a new phase. Because 
of the great similarities in lattice structure of P-leacl-indium and 0-tin-ixldium, 
i t  was thought that  a continuous series of solid solutions might exist, forming a 
band over the diagram, and this was found to be the case. 
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Experimental Resz~lts 

Table IV contains the co~npositions of all allol-s studied, together with 
their hardness figures, on both scales. Table V gives approximate figures which 
will permit the single-phase, two-phase, ancl three-phase areas to be plotted. 

TABLE IV 
COMPOSITION AND HARDNESS 

Co~nposition by weight 
Sample 

KO. Pb Sn In  

Hardness 

Bhn D PI-I 

Fig. 5 is a graphical representation of these data-the room temperature 
isotherm. \We give no X-ray clata since no new phase occurs in the three 
component alloy and the X-ray data for all binary phases are now to be found 
in the literature. We reproduce, however, certain photomicrographs since, 
without them, a paper of this kind is practically valueless to worlcers in the 
field : the etching reagent was always that describecl previously, unless other- 
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wise stated. I t  will be noted on Fig. 5 tha t  a single phase region extends across 
the isotherm from @-indium-tin to 8-indium-lead. This is the most interesting 
of the results and i t  indicates tha t  the two phases (of the binary systems) are 
of closely similar structure. The invariant triangle in which 8-indium-tin, 
y-indium-tin, and a-lead are in equilibrium occupies a large part of the 
isotherm. 

In  Fig. 6, the hardness numbers, both D P H  and Bhn, are plotted for the 
binary systems designated. For the indium-tin system there is no indication 
of the formation of the intermediate @-phase but in the plot of the indium-tin 
alloys a maximum appears a t  the composition of the y-phase. Fig. 7 is a plot 
of hardness contours for the ternary system. 

There follows a description of the individual photomicrographs. T o  facilitate 
discussion the phases designated by Greek letters are distinguished by Arabic 
numerals, thus, 1 for In-Sn, 2 for Pb-In, and 3 for Pb-Sn. 
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BRINEL L HARDNESS NOS.(Bhn) AND DIAMOND 
PYRAMID HARDNESSES(DPH) FOR THE BINARY 

,J Y 1\sN SYSTEMS LEAD-INDIUM AND TIN-INDIUM AT 25°C. 

d 1 I 1 1 I I 

WEIGHT PER CENT INDIUM 

B R I N E L L  HARDNESS CONTOURS (APPROX.) S Y S T E M  & - I H - S M , ~ S ~ C .  
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TABLE V 

Nature of phase Type of lattice Composition of points defining area 

Sinale-phase areas 

t 0-Lead- indium 

0-Tin-indium 

Face-centered cubic 

Body-centered tetragonal 

Face-centered tetragonal 

Simple hexagonal 

Face-cen tered te tragonal 

Face-centered tetragonal 

(1) 1.5% Sn, 88.57, Pb 
(2) 53.170 In, 46.97, Pb 
(3) 17, s n ,  2570 In,  74Yo Pb 
Does not occur as a single phase in the ternary 

system; stable up  to 5 %  In in In-Sn system 
(1) 3% Sn, 9'iy0 In 
(2) 23% l'b, 777, In 
(3) 370 Sn, 10% Pb, 877, In 
Does not occur as a single phase in the ternary 

svsteln : 

- .  
define the band: 

(1) 287, Pb, 72% In 
(2) 43% Pb, 57% In 
(3) 78% In, 13% Pb, 9 %  Sn 
(-1) 1470 Sn, 86% In  
(5) 27% Sn, '737, In 
(6) 61% In, 19% Sn, 20% Pb 
(7) 45% In, 8 %  Sn, 37% P b  

Two-phase areas 

lOOL/, Sll 
95% Sn, 5% I n  
1.5% Sn, 9i.jYo Pb, I Yo In 
1.5% Sn, 97.5% l'b, 1.0% In  
95% Sn, 5 %  In 
re% Sn, 127, 111 
16% 111, 1% Sn,  83Y0 1% 
2'7% Sn, 73% In 
43% Pb, 57% I n  
47% Pb, 537, 111 
16% In, IG/, Sn, 83% P b  
14% Sn, 86% In 
3% Sn, 9796 In 
374 Sn, 10% Pb, 87Yo 111 

23'G Pb, 77% In 
28T0 Pb, 72% In 

87, Sn, 77% In, 15% Pb 

Three-phase areas 

a-Lead + &Tin + r-Tin-indium (1) 88Y0 Sn,  12% In 
(2) 95% Sn, 5% In 
(3) 1.5% Sn, 97.57, Pb, lYo In 

a-Lead + 0-Lead-indium + r-Tin-i~ldiu~l~ (1) 757, S I ~ ,  25% In 
(2) 27% Sn, 73% In 
(3) 23.5% Sn, 19% In, 57.5'34 P b  
(4) 167, 111, 17, Sn, 83% Pb 

Interpretation of Photomicrographs 
A number of representative photomicrographs are given, in order to indicate 

the type of microstructure obtained, and particularly such as are not to be 
found in the literature. Fig. 8 shows the difference in etching characteristics 
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between the 7-1 and 6-1 phases, the y-1 being light, i.e. not attacked to the 
same extent as the 6-1 phase. Fig. 9 shows the grain boundaries in the 7-1 
phase (the dark spots are probably spurious effects arising from polishing). 
That  the y-phase is the one actually present is proved by the powder photo- 
graph of this sample, which was identical with that  obtained by Ferguson 

FIG. 8. Alloy 2, X 250. Note the difference in etching characteristics of ?-I (light) and 
6-1 (dark). 

FIG. 9. Alloy 4, X 135. Grain t~ourldaries in ?-I; 11lacl.r spots are probably sp~~r ious ,  
a l t h o ~ ~ g h  some (3-1 may be present. 

FIG. 10. Alloy 5, X 135. Grail1 t~oundaries in .B-I, cshibiting the characteristic pitted 
appearance of this phase. 

FIG. 11. Alloy 10, X 250. I?epolished atlcl re-etched after three months a t  room tempera- 
ture; (3-2 in a background of ?-?. 

FIG. 12. Alloy 11, X 135. Rcpolishecl and re-ctchcd after thrce months a t  room tempera- 
tnre; grain boundaries in (3-2. 

FIG. 13. Alloy 14, X 250. Lead grains (clark) in  the Pt)-Sn e~~ tec t i c .  
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and Screaton (3) and showed the lines of the simple hexagonal lattice of 7-1. 
Grain boundaries in the 0-1 phase are visible in Fig. 10 and were obtained by 
polishing in an electrolyte consisting of equal parts of '70% perchloric acid and 

FIG. 14. Alloy 25, X 250. Repolished and re-etched after one month a t  room temperature; 
grains of p mith tminninp bands. 

FIG. 15. Alloy 23, X 135. Repolished and re-etched after one month a t  room temperature; 
showing 0-2 and p. 

FIG. 16. Allov 30. X 250. The dendritic eromth of R is here well marl<ecl: 01-2 and -,-I are 
also present (lipl;t areas) as proved by ~ - r a ~ ~ p h o t o g r a ~ h .  

FIG. 17. Alloy 32, X 250. X region of the alloy where a-2 is present mith eutectic of 01-2 
and 6-1; now breaking up with the disappearance of 6-1 and appeararlce of ?-I .  

FIG. 18. Alloy 30, X 250. As cast; 01-2 (light) in a eutectic matrix of 0-3, a ~ l d  6-1. Note 
difference (Fig. 13) in appearance of lead crystals when incliu111 is present. 

FIG. 19. rZlloy 38, X 250. a-2 (light), P-(blaclc), ?-I (gray). 
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glacial acetic acid, the sample being made the anode with an aluminum plate 
serving as  cathode (current density 0.3 amp. per ~ m . ~ ) ,  followecl by the usual 
etch. Note the pitted appearance of the surface. Fig. 11 shows the hetero- 
geneity in alloy 10, Fig. 12 the grain boundaries in alloy 11. T h e  eutectic in the  
lead-tin system (Fig. 13) has a lamellar structure, the lead etching darkly in 
the absence of indium. Twinning bands are to  be seen in the grains of alloy 25, 
shown in Fig. l4 : they arose from the cold-working caused by polishing. In Fig. 15, 
the  microstructure of an alloy defining the phase boundary between the one- and 
two-phase regions, a s  seen on the isotherm, is exhibited. T h e  interpretation is 
obvious, when one notes tha t  the a-2 phase, lead structure, etches very weakly 
(appearing light) in the presence of indium. T h e  X-ray photographs sub- 
stantiate this argument. With alloy 30, Fig. 16, we enter the  invariant triangle. 
T h e  dendritic growth of the P-phase here manifests itself clearly, and this 
explains the difficulty in distinguishing i t  from certain other phases in the  
binary systems, as found by Davis and Rowe (9, in discussion). Such a growth 
can apparently produce interfluence between the phases. T h e  7-1 (gray) and 
a-2 (light) phases are also present and this is corroborated by the X-ray 
photograph. 

As we leave the invariant triangle and enter the adjacent two-phase region 
where 7-1 and 01-2 are stable, the  microstructures take on the appearance of 
Fig. 17 which depicts a region of alloy 32 in which the eutectic (6-1 and a-2) 
is in the  process of breaking up into a-2 and 7-1. T h e  structure of a cast alloy 
in this region is portrayed in Fig. 18, alloy 39;  the  X-ray photograph shows 
lines for 01-2 and 6-1. Note tha t  the lead phase appears light and is delineated 
by the dark structure of the eutectic. T h e  three phases P (black), 7-1 (light 
gray), and 01-2 (light) occur in Fig. 19, representing alloy 38. 

DISCUSSION 

Ferguson and Screaton (3) do  not agree with Valentiner (12) on the structure 
of P-indium-tin but ,  since the  lattice of P-indium-lead is established as face- 
centered tetragonal and since this is the stable lattice right across the diagram, 
it appears as if Valentiner's view is correct. 

Previous workers have failed to  detect, by microscopic examination, any  
evidence of heterogeneity in the lead-indium system, although they had 
deduced the existence of an intermediate P-phase from X-ray data.  Our  photo- 
micrograph of alloy 10 (Fig. 11) shows the heterogeneity. T h e  trouble is due 
to the fact tha t  both a-indium and P-indium-lead have face-centered tetragonal 
lattices. Davis and Rowe (9, in discussion) do  not state their etching reagent. 
I t  is probable tha t  the  acetic acid in ours was the factor of success, since i t  
tends to  remove tarnished films. 

For stable intermetallic phases in an alloy the rule is tha t  the intermetallic 
compound is usually harder than the hardest of its components. This is 
exemplified by the graph of hardness vs. composition for the indium-tin 
system, where the peak on the curve lies in the 7 region: the P-phase is softer 
than pure tin and just slightly harder than pure indium. In general, an inter- 
metallic "compound" has some composition within the boundaries of its stable 
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existence and corresponding to a definite chemical formula. Since compounds, 
according to Hume-Rothery (6) correspond to definite valence electron to  atom 
ratios, one can hence attribute much of their hardness to their tendency to 
form homopolar bonds. The results support this view. The y-phase, of simple 
hexagonal structure, is alillost twice as hard as the body-centered tetragonal 
lattice of pure tin. Since the hexagonal lattice would have more planes for 
deformation slipping than the tetragonal, some other forces must be operative, 
e.g. homopolar bonding. 

Alloys containing the y-indium-tin phase could not be dissolved completely 
in acids, ~ ~ n l e s s  platinum was used to promote solution by galvanic action. 
Whatever the cause of this passivity, the phenomenon is interesting from the 
point of view of corrosion studies. 
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HYDROGEN PEROXIDE AND ITS ANALOGUES 
VI. INFRARED SPECTRA O F  HzOz, D202, AND HDOz ' 

ABSTRACT 

The absorption spectrum of hydrogen peroxide was re-examined with a prism 
instrument in the region 1.5 to  25p. A pair of well-resolved perpe~iclicular bands 
arising from torsional oscillation of the OH groups \\?ere found centered about 
460 and 575 cm.?. The overtone band a t  3 . 8 , ~  was shown to  be a hybrid with 
prominent rotational str~rcture and some indicatio~is of doubling. I ts  assignnlent 
to  the combination v?+vs implies a positive anharrnonicity. Four new overtone 
bands were observed in liquid hydrogen peroxide. The infrared spectrum of 
dcu te r i~~ ln  peroxide was ~neasured for the first time in the solid and vapor states. 
The vapor bands are quite different in appearance from those of hydrogen per- 
oxide. One of the fundamentals, the asymmetric 0-D stretching a t  2661 cm.?, 
was resolved sufficiently to  allow calculation of the rotational constants of the 
isotopic molecule. Mixtures . f  the two peroxides containing around 40% of 
HDOz \irere also investigated; from the results the frequency of the as yet 1111- 

observed symmetric modes v l  and v2 could be estimated with fair certainty. T h e  
0-0 stretching vibration a t  11p was too weak to  be located deh~iitely in the 
spectra of the gaseous peroxides. The structural parameters of the Hz02 molecule 
are now established as follo\vs: 

70- = 1 . 4 9 f  0.01 A 
7 0 -  = 0 . 9 7 f  0.01 a 
aooH = 1 0 0 ° f  2" 

The 0-H and 0-D stretching bands were studied in solutions of the three iso- 
topic peroxides in carbon tetrachloride. 

Previous investigations of the ~nolecular spectrum of hydrogen peroxide 
(2, 6, 10, 30, 34) have served to confirm the structure now accepted for that  
molecule but, otherwise, they have left unanswered a number of important 
questions, such as the assignment of the weak band a t  3.SP and the frequency 
of the four symmetric modes, especially v r  the torsional oscillation. In an eiiort 
to solve some of these problems the infrared spectrum of that compound was 
measured again under a wider range of conditions than covered heretofore. In 
addition, the completely cleuterated peroxide was prepared and its spectrum 
in the vapor state was recorded for the first time. RiIixtures of these two iso- 
topic peroxides mere used to obtain valuable information on the hybricl mole- 
cule HDO?. Unlortunately, study of the latter was severely limited by inter- 
ference from the parent molecules HzOz and Dz02 ,  always present in large 
proportions, in addition to traces of HzO, DzO, and HDO. Finally the spectra 
of the three peroxides dissolved in a non-polar solvent have helped elucidate 
the region of the 0-H and 0-D stretching fundamentals. While the subject 
remains far from exhausted the new results have made possible calculation of 
the force constants of the molecule (11) and an appreciable refinement in our 
knowledge of the structural parameters. 

EXPERIMENTAL 

The material used for obtaining the spectra was prepared as described before; 

~il! fa~zz~script  received Novenzber 23, 1954. 
Contr ib~~l ion  from the Departnze7zt of Chenzistry, Lava2 L'ni-dersity, Quebec, with financial . . 

ass i s ta~ce  fro?i~ ihe iVational Research Coz~ncil of Ca?znda. 
"resent address: C. i l .R.D.E. ,  T~alcarlier, Qzle. 
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the hydrogen peroxide, 99.570, by fractional distillation of Becco's 90% com- 
mercial product, and the deuterium peroxide, 90-93y0, by dissociation of heavy 
water vapor, 99.6% pure, in the electrodeless discharge (16). The  tendency 
of these peroxides to decompose spontaneously gave rise to numerous difficul- 
ties in selecting suitable containers and window material. For the latter, plates 
of highly polished silver chloride were found to be quite satisfactory. Spectra 
of the solid peroxides were studied without too much difficulty because of the 
slower decomposition rate a t  low temperature. An absorption cell of the type 
described by Wagner and Hornig (31) was used. One drop of liquid peroxide 
was squeezed between two precooled silver chloride plates and the whole was 
quicldy inserted in the holder. After the cell was evacuated the temperature 
was lowered further with dry ice and acetone. Atmospheric humidity had to  be 
kept low enough to prevent condensation on the windows. 

The liquid peroxides could not be studied so easily. Even with very smooth 
silver chloride plates some slight decomposition always occurred a t  room 
temperature and the oxygen produced forced out the thin film of liquid. In the 
overtone region glass spacers were used and the thickness, measured by an 
interference method (28), was about 0.1 mm. Below 1p a glass cell 1 cm. thick 
was used so that four new combination bands could be detected in both 
hydrogen and deuterium peroxides (Table I). Solutions in carbon tetrachloride 
could only be studied in the near infrared up to approximately 4p where the 
solvent is still sufficiently transparent. A very thick absorption cell was 
needed then because of the low solubility of the peroxides. (No data are 
available on the solubility of hydrogen peroxide in carbon tetrachloride but, 
from the relative intensity of the various absorption bands, it seems to be of 
the same magnitude as that  of water (7), namely 8-10 mgm. per 100 gm. of 
solvent.) A glass tube, 10 cm. long, closed by silver chloride windows made 
tight by means of I<oroseal gaskets was entirely satisfactory. For the vapor a 
Perkin-Elmer 1-meter multiple reflection cell made of cast aluminum was tried 
a t  first. In practice the sample of liquid peroxides could not be heated much 
above 70°C., where the vapor pressure is of the order of 30 mm. Hg. T o  
prevent condensation on the mirrors and windows the cell had to  be kept a t  
90°C. Under such conditions, decomposition was so rapid, even with a flow 
system, that  a steady concentration of peroxide could not be secured and the 
water vapor produced blotted large sections of the spectrum. Therefore a glass 
cell of 1.25 meter path-length was built as shown in Fig. 1. 

lh .. I ,  . ':I 
3 

' , : , I !  
k 2 5  e 5  CK.  

~ O ~ T I C G L  PATH.  1.25 METER G A S  CELL 
t 

FIG.  1. Diagram o f  the  1.25 meter  absorpt ion cell m a d e  of P y r e s  glass. 
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The cell proper is made out of a 60 cin. length of Pyrex tube 10 cm. diameter. 
The ends, slightly flared and ground flat, are closed by dislts of IS  aluminum, 
3 mm. thiclt and well polished. (Very pure aluminum, when properly cleaned, 
is fairly inert towards hydrogen peroxide.) The two front-aluminized, spherical 
mirrors, B and C, 8 cm. diameter and 117.5 cm. focal length (such as usecl in 
the Perltin-Elmer spectrometer) are mounted in a fraine of three thiclt glass 
rods held together by rings of bent glass rocls. Light, stainless steel springs 
press the spherical mirrors against lumps of glass fused onto the main rods. 
Two small plane ~nirrors, 1.8 X 2.5 cin. cut from nlicroscope slicles and bevelled 
on one side, are mounted diagonally ancl back-to-back in a holder of thin glass 
rocls fused onto the glass frame. (They could be replaced by a single wedge- 
shape piece.) 

The optical alignment provecl to be a delicate operation, but  once made it was 
permanent. T o  that  end the optical assembly was taken out of the glass tube 
and placed a t  right angle in the convergent beam of the spectrometer. Mirrors 
A and B were first lined up so that  the reflected beam was colliinated and 
centered about the main axis of the cell. This was achieved by a trial ancl error 
method. The lumps of glass, against which the spherical mirrors rest, were 
softened with a torch and "worlted" to the correct position. Mirror C was then 
similarly adjusted so as to  focus the reflected beam on the entrance slit of the 
monochromator after reflection on the other face of the "wedge" mirror, A. 
Such an arrangement does not alter appreciably the convergence of the infra- 
red beam. With the optimum alignment of the mirrors, as 1nuc11 as 80% of the 
incident light was transmitted after traversing the cell. The openings of the 
cell, closed either by the aluminum clislts or by silver chloride windows, D, 
could be made tight without clifficulty by means of ICoroseal gasltets. However, 
this material is somewhat troublesome in that  the plasticizer (a mixture of 
tritolyl phosphates) distills off on heating in vacuo. These esters were identified 
by their infrared spectra (8) in the 11-15p region. By lteeping the pressure 
above 15 mm. Hg in the cell a t  all times this undesirable phenomenon could be 
reduced appreciably. 

T o  lteep the cell a t  85-90°C. it was wrapped with insulated nichroine wire 
and covered with asbestos paper and aluminum foil. The extent of decomposi- 
tion of the peroxide vapor after one passage through this cell was of the order 
of 15%, as compared with 85% with the all-metal cell. Various techniques \.\-ere 
tried to introduce the peroxide vapor. A static system with the liquid peroxide 
in a side tube and the absorption cell evacuated was unsatisfactory on account 
of decomposition. Continuous pumping of the cell through a dry-ice trap and a 
reducing valve adjusted so that the pressure in the cell remained a t  15 mm. Hg 
resulted in a steady state as indicated by the reproducibility of the intensity 
spectra. Evacuation of the absorption cell was not necessary, however. The 
device shown in Fig. 2 was found useful : the sample of liquid peroxide in tube A 
is surrounded by a vapor jacltet B in which a suitable liquid (for instance 
carbon tetrachloride) is boiled under atmospheric pressure. A regulated stream 
of clry nitrogen is bubbled through a small tube closecl by a fritted glass disk. 
The stream of gas saturated with peroxide vapor is passecl a t  constant rate 
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m 

FIG. 2. Device for lilling the absorption cell with pcroside vapor. 

through the absorption cell and then through a dry-ice trap. T h e  infrared 
spectrometer uras a Perltin-Elmer, inodel 12C, with autoillatic scanning and 
recording on a Speedomax. During this investigation the monochromator was 
convertecl t o  double-pass with notable increase of resolving power ancl reduc- 
tion of scattered light. Absorption by atmospheric gases was ltept a t  a tolerable 
level by circulation of d ry  nitrogen through the two housings of the instrument. 

INTERPRETATION OF THE SPECTRA 

From the structural point of view the n~olecules H?Oe and D 2 0 ?  may be 
clescribed as slightly asyn~n~et r ic ,  prolate tops. The  clegree of prolateness is 
characterized by the function 

where I B V c  is the harmonic mean of the  two large mo~ncnts  of inertia and I,, is 
the minor moment of inertia of the molecule. T h e  rotational constants of H 2 0 ?  
have been measured previously (10, 34) and from these, P turns out to  be 11.2. 
Similar calc~~lat ions  for D.02, assuming the same structural parameters, lend 
to  f i  = 6.4. As for their asymmetry ( I B / I c ) ,  it cannot be evaluated with t h r  
same certainty because of insufficient clata, but  estimates of the indiviclual 
moments of inertia ( 3 ,  10) show tha t  it must be less than 5%, even in the case 
of DnO?, unless the azimuthal angle + is very difierent from 90". The spectra of 
these molecules will therefore exhibit two different types of band structures; 
( a )  perpendicular bancls, corresponding to the symmetric vibrations, v l  to v4, 
(10) for which the change of electric moment is essentially perpendicular to  the 
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top axis, and, (b) hybrid bands of predominantly parallel character arising 
from the asymmetric vibrations v g  and v6. The former, presumably rather weak 
in infrared, will have a single broad maximum with a rotational structure 
easily resolvable under the dispersion of a prism instrument. Indeed, the 
spacing of their rotational levels is 18 cm.-' for H 2 0 ?  and about half as much 
for D202. 

On the other hand, the strong parallel component of the hybrid bands will 
show separate P, Q, and R branches but the rotational structure will not be 
perceptible because of too fine spacing: 1.65 cm.-I for Hp02 and 1.47 cm.-' for 
D202. The contour of these bands may be predicted from the equation of 
Gerhard and Dennison (9). Thus the separation of the P and R maxima, 
dependent on the various moments of inertia and the temperature, is calculated 
to be 43 and 45 cm.-I respectively for H 2 0 2  and D z 0 2  a t  70°C. Similarly the 
intensity of the zero Q branch relative to the total intensity of the parallel 
band should be 9% for H 2 0 2  and 12% for D202 .  Finally, the perpendicular 
component of these hybrid bands may be expected to alter the over-all inten- 
sity distribution, particularly near the center, with more or less definite indica- 
tions of a coarse rotational structure. 

Spectra  of the  V a p o r  

(A)  T h e  Torsio9zal Osc,illation M o d e  
The outstanding feature in the present study of hydrogen peroxide vapor is 

certainly the band system of medium intensity extending from 1Gp to beyond 
the transinission limit of I<Br optics. For deuteriirm peroxide the corresponding 
band lies mostly outside the present range of our instrument; we hope to inves- 
tigate it soon with CsBr optics. The  tracing shown in Fig. 3 was recorded ~vith a 

FIG. 3. The torsional oqcillation band in hydrogen perosidc vapor. 

slit equivalent to a resolved width of frequency band ranging from 4.4 to 6.7 
cnl.-l. On the basis of location and relative intensity there is little doubt that 
this band arises from the torsional oscillation, or hindered internal rotation, 
inode v4. Qualitatively this oscillation may be expected to result in a fairly 
large change of the electric n~oment  of the molecule perpendicular to the top 
axis. Analysis of the rotational structure (Table 11) shows a spacing averaging 
18 cn1.-I 011 the short wavelength side, dropping suddenly to 16-15 cm.-' 
somewhere around 480 cm.-l. This convergence is in opposite direction to  that 
in the second (10) and third harmonics (34) of the 0-H stretching vibrations 
and, for that reason, it is unlikely that  we have here a single, or unsplit 
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T A B L E  I1 

High frequency band 

R Q ~  - P Q ~  'QK-I - P Q ~ + ~  LOW frequency 
K P Q ~  R Q ~  -- band 

4K 4K 

vibrational transition. This, coupled with the irregular spacing observed 
between 485 and 520 cm.-l, points strongly to the presence of two separate 
bands. From intensity distribution the center of the short wavelength compon- 
ent is tentatively located a t  575 cm.-I and the other, around 465 cm.-l. Ob- 
viously these figures, especially the latter, are rather uncertain because of the 
low intensity of incident radiation and the small number of maxima observed. 

That  this band is doubled confirms the previous interpretation of a similar 
feature in overtone bands namely, a double minimum in the torsional oscilla- 
tion. Indeed, the other explanations considered seem most unlikely. For in- 
stance, it is doubtful that  one of the two bands could be due to transition from 
an excited state such as  2v4 - v p  because both components have about the 
same intensity and "borrowing" by coupling of levels is not expected in this 
case. Also, the high-frequency band is too intense to be an harmonic of some 
fundamental situated in the far infrared. The  large doublet splitting, about 
110 cm.-l, is not surprising as the torsional oscillation is much more closely 
associated with the double minimum than the other vibrational levels. (Com- 
pare the inversion splitting of v l  and v2  in NH3 (18) for instance.) I t  also 
confirms that  one of the potential barriers must be fairly low. According to  the 
model of Penney and Sutherland (26) rotation of the two 0-H groups about 
the 0--0 bond is restricted by an asymmetric potential function having a high 
and low barrier in the cis- and trans-positions respectively. The  height of the 
first, V1, was estimated by them a t  1 electron volt and that of the second V2, 
at about half of that  value. No complete theoretical treatment of the asym- 
metric potential function has been reported yet although various approxima- 
tions have been suggested (22,27). From electron density calculations Lassettre 
and Dean (19) arrived a t  values of 94" to 113" for 4,  the azimuthal angle, with 
heights of potential barriers ranging from 8 to 21 kcal./mole for V1 and from 
2 to 10 kcal./mole for V2. Therefore, the potential function generally assumed 
for the torsional oscillation in molecules such as ethylene, 

where Vo is the barrier of periodicity a, is not strictly applicable to the case of 
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hydrogen peroxide. If a periodicity of 2a is to be preserved, then a cosine 
function of the following form is the simplest possible one: 

[31 V = +(V1- V2) cos  TI+ V2) cos 4. 

From this the position of the minima is given by 

[4] 4 min. = 2 n a f  cos-I [(Vz- V1)/2(V2+ Vl)], 

and a ratio of V1/V2 of about 3 is required to make 4 = 105', the average 
estimated by Lassettre and Dean. In principle the energy levels could be found 
by replacing the potential function in the Schrodinger equation by V from [3], 
and would be given by the periodic eigenvalues of "a" in the following Mathieu- 
type equation : 

[5l (d2iV/dx2) + (a - b cos 2x - c cos2 2x) A l  = 0, 

[GI where a = 32a2 I,E/h2, 

[7] b = (1Ga2 I,/h2) (V1- V2), 

[8] and c = (lGa2 I,/hy (V1+ V2). 

At present the lengthy calculations to determine how the eigenvalues of "a" 
depend on Vl and V2 do not seem justified for lack of enough accurate data. 

Pending rigorous solution of the wave equation for the asymmetric function 
[3] various simplifications are necessary in correlating the experimental results. 
Thus, assuming a symmetrical twofold barrier 121, an average value of 520 cm.-l 
for the torsional frequency leads, through solution of the Mathieu equation, 
to a value of Vo = G kcal./mole. About the same value was obtained from the 
perturbed oscillator treatment (20). A recent investigatioil of the microwave 
spectrum of hydrogen peroxide (24) has yielded a much lower value, ca. 320 
cal./mole, also on the assumption of a symmetrical potential function. I t  is 
possible that this spectrum could be interpreted as well in terms of a function 
with a high and a low barrier. 

On the other hand the difference between the calorimetric entropy a t  25'C. 
and the calculated statistical entropy of hydrogen peroxide (13) corresponds 
to an hypothetical barrier Vo = 3.5 kcal./mole. On the same basis the treat- 
ment suggested by Pitzer (27) for molecules with slightly asymmetric tops 
attached to a rigid frame yields the more reliable value 4.7 kcal./mole. Thus it 
appears fairly certain that the trans-barrier is appreciably lower than the 
cis-one. However, it could hardly be as low as suggested by the microwave 
spectrum because then an important fraction of the H202 molecules would 
possess a torsional energy greater than V2 a t  moderate temperatures, and their 
symmetry would be effectively C2,, (23). In that respect it is unfortunate that 
the low volatility and thermal unstability of hydrogen peroxide make i t  
impossible to measure the infrared spectrum or the heat capacity of the vapor 
as a function of temperature. 

(B) The 0-0 Stretching Mode 
Repeated scrutiny of the 1 l p  region in the spectrum of H 2 0 2  vapor has failed 

to reveal any definite indication of the 0-0 vibration v3. Under the maximum 
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equivalent path-length attainable, absorption amounted t o  less than 3% in 
the range 830-920 cm.-I while i t  was complete for v6, the O H  bending mode. 
(In DzOz and HDOz the situation is less favorable because of the strong v 8  band 
near by.) This  remarkable fact, which, alone, is sufficient t o  rule out  a n y  
tautomeric form of the molecule such as  HzO-0, has not been fully appreci- 
ated in previous investigations. One of us (10) reported a very weak maximum 
"hardly noticeable" in the vapor and assigned t o  i t  a value of 877 cm.-I 
largely on the faith of the corresponding Raman shift (6). As for the band of 
medium intensity found by Bailey and  Gordon a t  870 cm.-I (2), i t  must have 
resulted from condensation on the ~vindo\vs of the absorption cell a s  confirmed 
otherwise (10) by  the resemblance of their spectra in both phases. 

Indeed, i t  is a peculiarity of this frequency tha t  i t  is much stronger, relatively 
speaking, in the condensed states than in the vapor. Such enhanced activity 
must be due to  strong molecular association a s  i t  is not likely that  the con- 
figuration of the free molecule is appreciably different from tha t  in the liquid 
or the solid. X-ray investigations of the crystal structure of hydrogen peroxide 
(I)  and i ts  addition compound with urea (21) have shown azimuthal angles of 
about 94" and 106" respectively. Even when the hydrogen atoms of Hz02 are 
replaced by  much heavier groups, as  in SF6--O-O-SFS, the azimuthal angle 
remains nearly the same (107"&5" (17) from electron diffraction by the  vapor). 
According to  the Cz model of Hz02 v 3  must yield a perpendicular band with a 
single maximum, which makes its location still more problematic. T h e  inten- 
si ty,  a t  any  rate relatively low, would depend on the azimuthal angle, becoming 
zero for + = 180". A consequence of this situation is tha t  the frequency of v 3  

is not yet known accurately, having been measured so far only in the liquid 
and solid where i t  may be altered slightly by  molecular interaction. Cf. the  
case of hydroxylamine (12). For tha t  reason measurement of the Raman 
spectrum of hydrogen peroxide vapor would be a desirable, i f  difficult investi- 
gation. 

90 

FIG.4 

80 n I 

FIG. 4. The asymmetric OD bending frequency in deuterium peroxide vapor. 
FIG. 5 .  The OH bending vibration v s  in gaseous hydrogen peroxide. 
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I ( C )  The OH and OD Bending Modes 
The asymmetric bending modes v e  are the most intense in the spectra of both 

peroxides, their central Q branch occurring a t  1266 cm.-I in H 2 0 2  and 947 cm.-' 
, in D202. The first one was recorded with a fluorite prism and the second, with 

a rock: salt prism; in both cases the resolution was about 4 cm.-l. As predicted 
by the equation of Gerhard and Dennison (9) the Q branch is much stronger 
in D202 (Fig. 4) than in Hz02 (Fig. 5). I t  was not possible to evaluate the 
separation of the P and R maxima because of some coarse structure arising 
presumably from the perpendicular component. No regularity could be 
detected in this rotational structure, possibly on account of doubling of the 
bands. The prominent maxima on the low frequency side, specially in the case 
of D202, a t  923 cm.-l, resemble the satellite bands reported by Williams (32) 
in his study of formic acid. In general appearance both bands show pronounced 
asymmetry, the intensity gap between the P and Q branches missing in D202. 
Since other bands of both peroxides feature the same unequal intensity 
distribution it is doubtful if it arises from another coincident vibration, v2 in 
this case. Rather we believe there is an appreciable frequency difference 

1 between vz and v g  on the basis of the following indirect evidence. 
The spectrum of HDO2 measured in that region showed very clearly the Q 

I branch of the OOD bending vibration a t  981 cm.-l. By analogy with the 

I I I 
2750 2700 2650 2600 2550 

CM-I 

FIG. 6. The 0-H stretching band v s  in hydrogen peloxide vapor. 
FIG. 7. Rotational structure of the stretching band v s  in deuterium peroxide. (The sloping 

line corresponds roughly to the bacligrol~nd.) 
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bending frequency in HDO, which occurs about halfway between those in 
H10 and DzO, we infer that  vz should be around 9 8 1 f  (981 -947) = 1015 cm.-I 
in DzOz. In fact a slight absorption was noticeable a t  1007 cm.-1 in the vapor 
of both DzOz and HD02. The  corresponding OOH bending mode could not be 
identified with certainty in Hz02 but,  from the isotope shift, it may be expected 
to lie around 1350 cm.-I in that  molecule. Consideration of various combination 
bands leads to  the same conclusion, as explained below. 

( D )  The  0-H and 0-D Stretching Modes 
Recording of the asymmetric stretching bands v5 was done under medium 

absorption with a LiF prism and a spectral half-width resolution of 9.7 cm.-I 
for Hz02 (Fig. 6 )  and 4.9 cm.-I for DzOz (Fig. 7 ) .  Here the two peroxides show 
still greater differences than for the bending modes. While both bands have the 
same parallel contour, the coarse rotational structure of the perpendicular 
component is prominent in DzOz but  is missing completely in Hz02 although 
the resolution was sufficient to  bring i t  out. This situation is reminiscent of the 
overtone band of hydrogen peroxide v l f v s  under high dispersion (10) in 
contrast with the corresponding band finely resolved in hydrogen persulphide 
(33).  Still, the present circumstance may be fortuitous-overlapping by water 
vapor bands or doublet splitting-as there is no obvious reason why the 
perpendicular component should be much stronger in D 2 0 2  than in HzOz. 

The  frequencies of the various maxima in Fig. 7 are listed in Table I11 
together with the calculated rotational constants A' and A". The accuracy of 
these figures is estimated to  be 4%. The  band center was found from the 
equation of Dieke and Kistiakowsky ( 5 )  to  be a t  2661 cm.-l. For the HzOz band 
the center was taken a t  the absorption minimum, 3610% 5 cm.-l. Like the 
others these values are not corrected for vacuum. 

TABLE 111 
ROTATIONAL ANALYSIS OF THE 2661 CM.-I BAND OF DaOl 

9 2571.2 Average 4.83 4 .93  2661 
10 2560.0 

( E )  Overtone Bands 
An interesting result of this investigation is the resolution of the hybrid 

band a t  3 . 8 ~  in Hz02 vapor, the origin of which had remained uncertain until 
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now. With its definite parallel-type contour and prominent rotational struc- 
ture (Fig. 8) it  can only arise from combination of the two bending modes 
v t + v g  since both 2v2 and 2v6 would be predominantly perpendicular. Besides 

FIG. 8. Overtone band a t  3 . 8 ~  in gaseous hydrogen peroxide. 

they should be very weak, and for different reasons: 2v6, because even harmon- 
ics of unsymmetrical frequencies are usually missing in non-linear molecules, 
and 2v2, because of the weakness of its first harmonic. The present assignment 
leads to an unexpected anharmonicity as the frequency of the combination 
band, 2647 cm.-I, is higher, instead of lower, than the sum of its components, 
about 2615 cm.-I if the above deduced value for vz  is correct. The  difference 
cannot be due entirely to  uncertainty in the latter estimate. Indeed, an increase 
of more than 30 cm.-I, making v2 greater than 1380 cm.-l, would hardly leave 
any shift for this frequency in the condensed phases. In fact i t  has been ob- 
served a t  1400 cm.-I in the Raman effect of the pure liquid (29). That  the 
unusual anharmonicity associated with v 2 + v 6  is real is further confirmed by the 
frequency of this band in the Raman spectrum, ca. 2815 cm.-I (29). 

Recordings of this band made under maximum absorption revealed some 
secondary peaks between the main PQ and RQ sub-bands particularly a t  
2650 and 2723 cm.-'. These could be due to absorption from the first excited 
level of v d  although we are inclined to consider them as indications of doubling 
in view of their fair intensity and the presence of the same feature in the other 
two resolved overtones. The separation of the doublet a t  the center, 10 cm.-I 
from the minima of intensity, seems plausible in that conjecture. The  irregular 
convergence of the rotational structure (Table IV) is probably exaggerated 
by the low resolving power available. Consequently the rotational constants 
derived therefrom would be much less accurate than those from the two over- 
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'TABLE IV 
FREQUENCIES OF THE PRINCIPAL MAXIMA I N  THE 3 . 8 , ~  BAND OF H 2 0 2  

K 'QK R Q ~  'Q'K R Q ' ~  

Note: The  prilned symbols refer to the secondary band. 

tones of the 0-H stretching frequencies (10, 34). Incidentally when the latter 
are compared with the present band the difference in general appearance is 
striking. In particular no PQ or RQ branches are missing near the center 
(Fig. 8). The reason for such differences is not clear a t  present. For the corre- 
sponding band in DzOz a t  5p absorption was too low to reveal any structure. 
Similarly, the combination v l + v 5  appeared as a hybrid band a t  5240 cm.-'. 
Finally a few very weak maxima were noticed in Hz02 vapor a t  4465, 4835, 
and 4955 cm.-I. The first of these can be assigned unambiguously to v3+v6 
which gives a reasonable anharmonicity, 35 cm.-I. As for the other two, their 
separation is far too great for the P and R branches of a single band, so that  
they must arise from different combinations among the various possibilities 
listed in Table I. 

WAVE NUMBER CM-I VJAVE NUMBER CM-' 

FIG. 9. Absorption spectra of aqueous hydrogen peroxide solutions in the lp  region. 
FIG. 10. Infrared spectra of liquid hydrogen peroxide and water between 1.2 and 2 , ~ .  
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Spectra of the  Condensed States 
( F )  L iqu id  a n d  Solid 
Strong molecular association in the peroxides makes a spectroscopic study 

of their condensed states of special interest. On the other hand, and for the 
same reason, little information may be expected from it in connection with the 
structure of the free molecule. In the region covered by the LiF prism six 
weak maxima were found in liquid Hz02 (Figs. 9 and 10) and four in liquid 
D202 (Table I).  Of the latter, two are rather uncertain (at 6110 and 7215 cm.-l) 
as  they were observed in a dilute solution (15-20010) and the maxima are proh- 
ably shifted appreciably by dilution (compare Figs. 9 and 10). For crystalline 
Hz02 the present measurements agree quite well with those of Taylor (30) 
except for the combination band reported by him a t  about 2740 cm.-I which 
we found a t  a higher frequency and resolved into two peaks a t  2840 and 
2930 cm.-l. Thus the temperature shift is really in the same direction as for 
the fundamentals v2 and V C  so there is no objection to an assignment to that 
combination; this leads to a positive anharmonicity as for the vapor band. The 
weaker component a t  2930 cm.-I may be due to 2v2 and/or to a ternary com- 
bination with a lattice mode. In crystalline D202 the frequency of v c  shows the 
normal isotope shift with the low-frequency band in HaOz. Therefore it is 
likely that the value given by Taylor for this mode in liquid DzOz, (538 cm.-l) 
is too high. Attempts to check this point were unsuccessful. No splitting of the 
bending OD frequencies could be detected contrary to H20z,  although the 
peak a t  1000 cm.-I (Fig. 11) appears slightly asymmetric. 

- - 
400 600 600 1000 2POO Pa00 PI00 Pa00 

CM-' 

FIG. 11. Absorption spectra of crystalline H202 and DzOz. 
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I 

I (G)  Solutions in Carbon Tetrachloride 
Just as in the case of water (7) the absorption spectra of H 2 0 z  and DzOz 

dissolved in a non-polar solvent have provided valuable information on the 
0-H and 0-D stretching modes. Mixtures of the two peroxides were par- 
ticularly useful in that  respect. I t  must be remembered here that  an equimolar 
mixture of Hz02 and DzOz will contain approximately 25 mole % of each 
constituent along with the hybrid compound HD02 .  In addition the inolecular 
species HzO, DzO, and HDO will also be present in various amounts depending 
on the initial concentration of the peroxides. The  HzOz used was over 99% 
pure and the DzOz, about 50% in DzO; the CC14 always contained some HzO. 

The results, shown in Table V and Figs. 12 and 13, lead to some interesting 
correlations the most striking of which is the exact coincidence of the 0-H 
stretching frequency in HDOz with v 5  in H 2 0 z  and similarly, of the 0-D 

TABLE V 
INFRARED BANDS OF ISOTOPIC WATER AND PEROXIDE MOLECULES I N  

SOLUTION I N  CClr 

2628 V.S. ~ 5 ,  ( Y I )  YO-D 
2646t Y Z + Y G  Y 1 

2696 s. YO-D 
2753 s. v 3  

3554 V.S. Y 6 ,  ( ~ 1 )  V ~ + V G  Y O - H  

3565 V.W. V I + V G  

3615 W .  vv 

Y O - H  

Y 3  

t w e a k  i n  solutions of D ? O ,  and med ium i n  solutions of H z 0 2 .  

cM-I 

FIG. 12. Absorption by water and peroxide molecules in solution in carbon tetrach!oride. 
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C M  -I 

FIG. 13. Absorption bands due to various peroxide and water molecules in carbon tetra- 
chloride solutions. 

.-- 

60 

frequency in HDOi with v g  in D202.  In HDO the 0-H and 0-D frequencies 
occur midway between the symmetric and asymmetric vibrations of the corres- 
ponding parent molecules.* By analogy the same relationship may be expected 
to abide in the peroxide molecules from which, therefore, it follows that  the 
symmetric and asymmetric modes v l  and v g  should have nearly the same fre- 
quency. This conclusion, in harmony with the loose coupling between these 
two modes, explains why only one 0-H stretching vibration has been 
observed so far,  even in the crystal a t  low temperatures. The weak band found 
by Taylor (30) shifted some 135 cm.-I from the main 0-H band in the Raman 
spectrum of the crystal was correctly assigned by him to a combination with a 
lattice vibration since the same difference appears between other frequencies 
in the solid. I t  may be noted here that  assignment of the two HzOz bands a t  
4818 and 4919 cm.-I to combination of one stretching with one bending mode is 
consistent with the previous conclusions, v l  = v g  and v 2  .= VG-1-90 cm.-l. 

I t  is instructive to compare the shifts of the various frequencies in the con- 
densed states of the peroxide molecules with those of water. The  figures 
summarized in Table VI are only approximate on account of the width of the 
absorption maxima. Tha t  the shifts of the 0-H stretching frequency in 
peroxides are only half of those in water molecules might be considered an 
indication of weaker hydrogen bonds in the former. Other physical properties 

- -.- .-. 
n2O 

- '!Lo "2% 

---- 3 0  HOD DZO 

*The  present results for D20 and H D O  dissolved i n  carbon telrachloride agree wi th  lhose of a 
recent i?zvestigation of H D O  vapor (4)  as regards the frequency of v s  i n  that n~olecule. 
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TABLE VI 

FREQUENCY SHIFTS ( IN  CM.?) FOR WATER AND PEROXIDE MOLECULES I N  
CONDEKSED PHASES 

Vapor - crystal (at - 70°C.) 
v bend. - 115 - 53 - 55 - 30 
v stretch. 290 190 515 350 

Vapor - solution i n  CCI., 
v stretch. 56 50 

have been interpreted in the sense of nearly equal energy of these bonds in both 
compounds (15, 25). Judging from the shortest 0-H . . . 0 distances in the 
crystals the difference cannot be very large since these distances are 2.78 A in 
solid H202 (1) and 2.76 A in ice. However, whereas in the latter all the hydrogen 
bonds are of equal length and tetrahedrally oriented, in H20z there are two 
slightly longer 0-H . . . 0 distances per molecule, namely 2.90 A. Com- 
parison between the two types of molecules is further complicated by the fact 
that the shifts of the bending frequency are about twice as great in peroxides 
as in water. On the other hand the shifts in a non-polar solvent involve mainly 
van der Waals forces and this is confirmed by the observation that for peroxide 
and water solutions in carbon tetrachloride the shifts are roughly in the same 
ratio as the polarizability of the two molecules, 2.31 and 1.48 X ~ m . ~  (15). 

Structural Parameters 
The above data were used to calculate the force constants and bond lengths 

and angles in the peroxide molecule. All these have been published elsewhere 
(11) except for the two following points: First, the resolution of the rotational 
structure of a D.02 band (Table 111) makes possible some refinement of the 
molecular parameters. Thus the locus of points corresponding to the Xo1 

I I 

95 100 105 l I0 
OOH ANGLE ("1 

FIG. 14. Locus of 0-H distances and OOH angles fitting the rotatiolial constants of Hz02 
and D?O?. 
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rotational constant for D202, 4.93 cm.-I, has been added to the already 
published graph in Fig. 14. From the nearness of loci for the two isotopic 
molecules it is clear that more accuracy is needed for the D z 0 2  constant XD1 
in order to improve the situation significantly. The other point concerns the 
second rotational constant of H202 in the ground state, Xlo  = 0.825 cn1.r' (34) 
contribution of which was not included in the published calculations. Since it 
corresponds to the harmonic mean of the two large moments of inertia it is 
very sensitive to changes in the 0-0 distance. Calculated values of this 
constant for = 1.48, 1.49, and 1.50 A have been plotted in Fig. 14 against 
YO-H and a o o a ,  the azimuthal angle being taken as 90". The intersection of these 
curves shows that = 1.49f 0.01 A in exact agreement with the X-ray 
data on the crystal (1) and within the limits of accuracy of the electron 
diffraction results (14). This datum is of special interest in connection with the 
single bond covalent radius of oxygen. 

Le spectre infrarouge du peroxyde dlhydrogi.ne a CtC mesurC de nouveau 
avec un appareil B prisme couvrant la rCgion de 1.5 B 25p. Une bande double, 
dont les centres sont situi.s aux environs de 460 et  575 cm.-I, apparait dans la 
vapeur due B la torsion des groupes OH. La bande rapportCe prCcCdemment 5 
3.8p a Cti. rCsolue; elle est attribuCe B la combination des modes de dCforma- 
tion V Z + V ~ ,  ce qui implique une anharmonicit6 positive. Dans le spectre 
d'absorption du liquide on a observi. quatre nouvelles bandes. 

On a Cgalement mesurC le spectre du peroxyde de deutCrium dans les 
m$mes conditions. On a rCussi B rCsoudre la structure fine d'une des fonda- 
mentales, vg ,  B 2661 cm.-I, ce qui a permis de calculer les constantes de rotation 
de la molCcule isotopique. Des mClanges des deux peroxydes contenant environ 
45% de la molCcule hybride HD02 ont aussi CtC CtudiCs. Enfin on a mesurC 
I'absorption de ces trois molCcules en solutions diluCes dans un solvant non 
polaire. A partir des nouvelles donnkes on a obtenu les constantes de force des 
diverses liaisons ainsi que les param&tres suivants: 
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A COMPARATIVE STUDY OF THE DEHYDRATION 
KINETICS OF SEVERAL HYDRATED SALTS1 

Rates of dehydration under full vacuum, and also a s  the pressure of water 
vapor due to the dehydration process was allowed to increase, have been deter- 
mined for a number of hydrated salts. The dehydration of manganous sulphate 
tetrahydrate, zinc sulphate heptahydrate, nickel sulphate hexahydrate, and mag- 
nesium sulphate heptahydrate has been found to proceed through the formation of 
amorphous intermediates, the last two of these being very stable. The dehydra- 
tion of nickel nitrate hexahydrate, magnesium nitrate hexahydrate, and probably 
of ferrous sulphate heptahydrate and cobalt chloride hexahydrate a t  very low 
pressures takes place with the formation of crystalline intermediates. The 
results obtained are discussed in  relation to the dependence of rate of dehydration 
on water vapor pressure previously reported for copper sulphate pentahydrate 
and for manganous osalate dihydrate. 

INTRODUCTION 

I t  has been shown in an earlier paper (3) that when powdered samples of 
copper sulphate pentahydrate are dehydrated under vacuum a t  moderate 
temperatures, the dehydration proceeds to the monohydrate stage with a 
gradual decrease in rate. The product is amorphous in the sense that it does not 
diffract X-rays. However, if similar samples are placed in a closed and initially 
evacuated space, and the water vapor pressure due to the dissociation of the 
hydrate allo\ved to increase in the vessel, the rate of dehydration a t  first 
decreases to a minimum value, then increases to a value much larger than the 
minimum rate, this being followed, in turn, by a decline. The end product 
formed under these conditions is cryst a 11' ine. 

The minimum in rate occurs a t  a water vapor pressure of approximately 
0.25 mm. and the periods of acceleration and decline, over a range in pressure 
of only a few millimeters, these pressures being far below those corresponding 
to possible phase equilibria. This marked effect of water vapor in a very narrow 
region of pressure has been observed also by carrying out dehydrations a t  a 
series of controlled pressures. The dehydration curves obtained for pressures 
below 0.25 mm. are quite different than for those above this value, the former 
showing a gradual loss in weight with time, while the latter show induction 
periods, the duration of which depends on the pressure. 

The behavior of copper sulphate pentahydrate in this respect is similar to 
that of manganous oxalate dihydrate (6,7) ,  which for many years was regarded 
as unique in the dependence of its rate of dehydration on water vapor pressure. 
On vacuum dehydration this salt hydrate also yields a product which does not 
diffract X-rays. 

Explanations of the form of these rate curves have been discussed elsewhere 
(1, 3, 4). The initial fall in rate is probably due to the retarding effect of water 

lillanz~script received Novenzber 16, 1954. 
Contribz~tion from the DeParttnent of Chenzistry, Queen's University, Kingston, Ontario. 

?Present address: I?itperial Oil Fellow i?t Cl~emistry, Cambridge University. 
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vapor on diffusion through a transition layer of amorphous material formed 
during the initial stages of dehydration, and the intermediate acceleration in 
rate, to an increase in porosity occurring on crystallization of the amorphous 
procluct in the presence of adsorbed water. The final decline is probably due to  
the gradually increasing impedance of the crystalline layer. 

The purpose of the present work has been to survey the dehydration kinetics 
of a number of hydrated salts in order to  obtain information regarding the 
generality of these effects. Rate determinations have been carried out for 
dehydrations a t  pressures of lop5 mm. or less (designated as vacuum dehydra- 
tions in the following) and also while the pressure due to the liberated water 
vapor increased. For convenience, these latter are referred to  as "increasing 
pressure" dehydrations. Determinations of rates of dehydration a t  externally 
controlled and constant pressures of water vapor have not been made in this 
work, although they give much more detailed information regarding the nature 
of the processes involved. However, such experiments are very time con- 
suming, and it was desired to  obtain comparative data  for as many salts as 
possible. 

EXPERIMENTAL METHOD 

The salts used were reagent grade materials, recrystallized twice, air-dried, 
and screened, the "through 60 mesh on 80 mesh" fraction being used. 

The essential features of the apparatus have been described (3). Powdered 
samples were placed in a small basket made of 100-mesh copper gauze, and 
suspended from a quartz spiral. The  water vapor pressure in the system was 
measured by means of an oil manometer which had a conventional vertical arm 
and also an inclined arm for fine sensitivity in low pressure ranges. Readings of 
spiral extension and of pressure were made with a rigidly mounted catheto- 
meter. 

Vacuum dehydrations were carried out by allowing small samples (approxi- 
mately 50 mgm. in most cases) to  dehydrate while the pumps were in operation. 
Readings were plotted as weight-loss versus time. For several salts these 
curves were found to  present points of interest, but they also served to  establish 
the composition of the dehydration product. Increasing pressure dehydrations 
were carried out in the following manner. The  samples were nucleated by 
allowing dehydration to  proceed under vacuum to  10% of the total possible 
weight loss as determined by vacuum dehydration. The spiral case was then 
closed off from the pumps and the samples allowed to dehydrate and slowly 
build up a pressure of water vapor in the system. Readings of weight-loss were 
commenced a t  the beginning of the nucleation period, and those of pressure, 
a t  the time of closing off the spiral case, both of these being continued a t  a 

a ion were series of times for several hours. Determinations of rates of dehydr t' 
made by evaluating tangents to  the weight-loss versus time curves a t  a series 
of time values. 

X-ray powder photographs were made using copper I<, radiation. For con- 
venience, the term "X-ray amorphous" is used to  describe products for which 
no diffraction lines were observed. 
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RESULTS 

(I) Manganous Sulphate Tetrahydrate 
Vacuum dehydration a t  40°C. resulted in the smooth continuous weight-loss 

versus time curve shown in Fig. 1 (lower curve) the end product being of the 
monohydrate composition. 

The results obtained on dehydration a t  50°C. as the pressure of water vapor 
in the system increased are shown in Fig. 2. 

T I M E  (MIN) 

FIG. 1. The dehydration of zinc sulphate heptahydrate and of manganous sulphate tetra- 
hydrate under vacuum. 

FIG. 2. The dehydration of manganous sulphate tetrahydrate with increasing pressure of 
water vapor. 
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Following the period of nucleation under vacuum, the slope of the weight- 
loss curve gradually decreases as the pressure in the system becomes greater. 
The curve flattens somewhat a t  a weight-loss of about 3.5 ingm. which corre- 
sponds roughly to the trihydrate composition. An accelerated rate is then 
observed followecl by a decline, the slope becoming zero a t  the dihydrate stage. 
These rates of dehydration plotted against the pressure, are shown in Fig. 3. 
Although the decline in rate to a minimum value, followed by an accelerated 
period, is similar to that  reported for copper sulphate pentahydrate and for 
manganous oxalate dihydrate, the actual weight-loss versus time curve 
(Fig. 2) is slightly different in that  a fairly rapid weight-loss persists for some 
time after the sample is exposed to water vapor, whereas with copper sulphate 
pentahydrate an induction period occurs almost immediately. 

Unfortunately, X-ray data  could not be obtained for this salt with the copper 
target available, since the absorption of the radiation was strong, resulting in 
fluorescent radiation. 

PRESSURE (MIA) 

FIG. 3. The change in rate of dehydration of rnanganous sulphate tetrahydrate with pressure 
increase. 

(2) Zinc Sulphate Heptahydrate 
Vacuum dehydration a t  40°C. again resulted in a smooth continuous curve 

(upper curve, Fig. I) ,  the end product being stoichiometrically of the mono- 
hydrate composition, and X-ray amorphous. 

Measurements made a t  increasing pressure, and a t  40°C., are shown in 
Fig. 4. 

A small but reproducible induction period occurred immediately after 
nucleation, corresponding to the longer induction period observed for copper 
sulphate pentahydrate. Following this, the weight-loss curve has a slightly 
concave portion followed by a slightly convex portion, there being no clearly 
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T I  M E (MIN.) 

FIG. 4. The dehydration of zinc sulphate heptahydrate with increasing pressure of water 
vapor. 

defined induction period. This resulted in two minima being obtained when the 
rate of dehydration was plotted against the pressure, as shown in Fig. 5. 

X-ray powder photographs of the products obtained from these increasing 
pressure dehydrations showed a clearly defined diffraction pattern of mono- 
hydrate lines. Patterns identical with these were obtained when sealed samples 
of the amorphous product formed on vacuum dehydration were allowed to 
stand for several days. 

I I 

PRESSURE (Mu.) 
FIG. 5. The  change in rate of dehydration of zinc s ~ ~ l p h a t e  heptahydrate with pressure 

increase. 
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(3) Ferrous Sz~lphate Heptahydrate 
Dehydration under vacuum again exhibited a continuous loss of water from 

the heptahydrate to the monohydrate, the curve being similar to those shown 
in Fig. 1. 

The weight-loss curve obtained on dehydration a t  increasing pressure a t  
(30°C. is shown in Fig. 6. 

FIG. 6. 'I'he dehydration of ferrous sulphate heptahydrate with increasing pressure of water 
vapor. 

PRESSURE (MY.) 
FIG. 7. The change in rate of dehydration of ferrous sulphate heptahydrate with pressure 

increase. 
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Following nucleation, rapid dehydration continued to somewhat beyond the 
tetrahydrate composition where an induction period set in followed by a slow 
increase in rate. This increase was diminished as the dehydration temperature 
was lowered, no increase being observed in a 21 hr. period a t  40°C. The rate of 
dehydration a t  60°C., plotted against the water vapor pressure, is shown in 
Fig. 7. 

The  curve is similar in character to  that  shown in Fig. 3, although the secon- 
dary increase in rate is much smaller, and the minimum occurs a t  a much higher 
pressure. I t  was not possible to obtain X-ray diffraction patterns for this salt 
for the reason tha t  has been mentioned for manganous sulphate. 

(4)  Nickel Nitrate Hexahydrate 
Vacuum dehydrations a t  several temperatures resulted in curves of different 

character than those described in the foregoing; the curve obtained a t  40°C. 
is shown in Fig. 8, those obtained a t  other temperatures being similar. The 
initial loss of water is rapid and the rate nearly linear. After a weight-loss of 
about 6 mgm., the curve transforms to  a second region which is also nearly 
linear, and then declines. If the two linear sections are extended to  point A 
(Fig. 8), the point of intersection is found to  be a t  approximately the tetra- 
hydrate composition. The  slopes of these linear portions were found to  increase 
with temperature. 

0 100 200 300 400 500 600 700 800 

T I M E  (MIL) 

FIG. 8. The dehydration of nickel nitrate hexahydrate under vacuum. 

The end product had the dihydrate composition. I t  appears, therefore, that  
under vacuum, dehydration takes place fairly rapidly t o  the tetrahydrate 
state, followed by the dehydration of this intermediate product to  the di- 
hydrate. 
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Unlike the examples reported in the foregoing, the end product of vacuum 
dehydration gave a definite X-ray diffraction pattern. However, i f  the time of 
preparation for the exposure were made as short as possible, the diffraction 
lines were very faint. I t  is possible that  an amorphous material of very low 
stability was produced, subsequent handling being sufficient to cause the 
commencement of crystallization. 

For dehydrations carried out a t  increasing pressure, an induction period 
was observed a t  the tetrahydrate stage followed by a slow and gradual in- 
crease in rate, the curves resembling closely those obtained for ferrous sulphate 
heptahydrate. Close examination of X-ray diffraction patterns obtained 
indicated the presence of tetrahydrate and dihydrate lines. I t  appears therefore 
that the first step in this process is the formation of crystalline tetrahydrate 
which then nucleates and forms crystalline dihydrate a t  a much slower rate. 
The rate of dehydration plotted against pressure is shown in Fig. 9, the curve 
again resembling that obtained for ferrous sulphate heptahydrate. 

PRESSURE (M~ul.) 

FIG. 9. The change in rate of dehydration of nickel nitrate hexahydrate with pressure 
increase. 

The possibility of the formation of a basic salt in the dehydration process 
has been disregarded since i t  was found that the product formed both on 
vacuum and increasing pressure dehydration gave a pattern of only hexa- 
hydrate lines after standing in the room atmosphere for a few hours. 

( 5 )  Magnesium Nitrate Hexahydrate 

Preliminary experiments with this salt indicated that  effects occurred which 
were quite different from those observed for the other salts studied. Conse- 
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quently a number of dehydrations were carried out a t  several temperatures. 
The details of the experiments are given in Table I. 

TABLE I 

Time of Moles 
Expt. Temp., dehydration, Sample wt., water lost 
No. "C. Type of dehydration mln. mgm. per formula-wt. 

1 30 Vacuum 1150 34.7 3.80 
2 35 Vacuum 1166 40.2 3.92 
3 40 Vacuum 1300 39.8 4.05 
4 45 Vacuum 580 37.1 3.93 
5 50 Vacuum 772 37.0 3.70 
6 50 Vacuum 1370 37.3 3.98 - - 
7 55 Vacuum 510 38.9 2.39 
8 40 Increasing pressure 1230 40.8 1.95 
9 50 Increasing pressure 1415 35 4 3.42 

10 40 Vacuum 35 32.3 1.89 

Weight-loss versus time curves for the vacuum dehydration experiments 
Nos. 1, 3, 5, and 7 of Table I are shown in Fig. 10. 

These dehydrations all displayed an induction period setting in a t  the 
tetrahydrate composition. These vacuum dehydration curves are, therefore, 
of the type which has been previously associated with dehydrations a t  increas- 
ing pressure. Furthermore, the period of acceleration following the induction 
period shows an interesting temperature dependence, the rate a t  40°C. being 
higher than that a t  30°C. and then declining as the temperature is raised. 

Rate curves plotted against time, for these temperatures, are shown in 
Fig. 11. These curves show the minima and accelerated rates associated with 
increasing pressure dehydrations in the foregoing. 

The end product of the vacuum dehydrations was found to be crystalline 
dihydrate, well defined and characteristic diffraction patterns being obtained. 
Clearly defined tetrahydrate lines were obtained with samples (Expt. 10) 
partially dehydrated to this stage. I t  appears quite definite, therefore, that  on 
vacuum dehydration this salt forms crystalline tetrahydrate which then 
nucleates and forms crystalline dihydrate a t  rates which are markedly tem- 
perature dependent. 

Experiments 8 and 9 of Table I were carried out a t  increasing pressure. De- 
hydration was observed to take place rapidly to the tetrahydrate stage a t  
which an induction period set in, followed a t  50°C. by a slow increase in rate, 
while a t  40°C. no increase could be detected. The rate versus pressure curve 
obtained a t  50°C. was found to be similar to that reported above for nickel 
nitrate hexahydrate. 

Although many basic hydrated salts of magnesium have been reported, the 
formation of these taltes place a t  dehydration temperatures exceeding 150°C. 
When the crystalline products obtained in the present experiments were allowed 
to stand in the humidity of the ordinary room atmosphere reversion to the 
hexahydrate crystalline form occurred. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
1.

38
.3

6 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



WHEELER AND FROST: DEHYDRATION KINETICS 555 

TlME (Mln.) 
I 

TlME (MIN.~ 

FIG. 10. The dehydration of magnesium nitrate hexahydrate under vacuum a t  several 
temperatures. 

FIG. 11. The change in rate of dehydratio11 of magnesi~~m nitrate hexahydrate a t  several 
temperatures. 

Since the dehydration from the tetrahydrate to  the dihydrate stage has a 
temperature coefficient exhibiting a maximum in the region of 40°C., a careful 
survey of the rates in the temperature range from 30°C. to 55°C. was carried 
out. In order to make a comparison, the maximum rate of dehydration was 
found from the rate versus time curves (or from rate versus percentage decom- 
position curves) and converted to  a rate per milligram of sample. (The com- 
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parison of maximum rates rather than rates obtained a t  the same percentage 
decomposition has been made in view of a suggestion by Colvin and Hume (1) 
that  the maximum rates correspond to approximately the same interfacial 
conditions.) The results of these calculations are given in Table I1 and are 

TABLE I1 

Expt. Temp., Maximum rate, Point 
hTo. "C. mgm./hr./mgm. Fig. 12 

plotted in Fig. 12. From this figure it is clear that  a t  temperaturesabove 
approximately 40°C., the mechanism of the dehydration process is in some way 
adversely affected by increase in temperature, the rate of dehydration becoming 
negligible above approximately 55OC. 

TEMPERATURE ("C.1 
FIG. 12. The dependence of the second stage of the  rate process on temperature for mag- 

nesium nitrate hexahydrate. 

( 6 )  Magnesium Sulphate Heptahydrate 
Vacuum dehydration of this salt resulted in a smooth continuous curve of 

the same type as those shown in Fig. 1. The end product had the monohydrate 
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composition and was X-ray amorphous. Lines characteristic of the crystalline 
monohydrate appeared when amorphous samples were sealed and heated for 
two days a t  130°C. 

However, the behavior of this salt on dehydrating a t  increasing pressure was 
very different from that of any of the salts mentioned in the foregoing. I t  was 
found that the rate of dehydration gradually decreased with corresponding 
increase in pressure, no induction periods being observed. The product obtained 
was X-ray amorphous. The change of rate with pressure increase is shown in 
Fig. 13. 

PRESSURE (MM.) 

FIG. 13. The change in rate of dehydration of magnesium sulphate heptahydrate with 
pressure increase. 

(7) Nickel Sulphate Hexahydrate 
This salt was found to behave in similar manner to magnesium sulphate 

heptahydrate. The product of vacuum dehydration had the monohydrate 
composition and was X-ray amorphous. The effect of increasing water vapor 
pressure on the dehydration rate is similar to that  shown in Fig. 13. Faint 
hexahydrate lines were obtained in this sample, indicating incomplete de- 
hydration. 

(8) Cobalt Chloride Hexahydrate 
Vacuum dehydration resulted in curves similar to those obtained for nickel 

nitrate hexahydrate. These are shown in Fig. 14. 
The rate of dehydration proceeds rapidly to the dihydrate stage followed by a 

much slower rate. Prolonged dehydration yields a product having the mono- 
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T I M E  (MIN.) 

FIG. 14. The  dehydration of cobalt chloride hexahydrate under vacuum. 

hydrate composition. Unfortunately, the crystalline or amorphous character 
of the end product could not be definitely determined by X-ray diffraction for 
reasons which have been mentioned. 

On dehydrating a t  increasing pressure, a rapid loss of water occurred to 
approximately the dihydrate composition, beyond which no change was 
observed. The change in rate with pressure increase is shown in Fig. 15. 

PRESSURE (MM.) 
FIG. 15. The change in rate of dehydration of cobalt chloride hexahydrate with pressure 

increase. 
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DISCUSSION 

Although it has not been possible to determine from X-ray evidence whether 
or not the  product obtained from the vacuum dehydration of manganous 
sulphate tetrahydrate is amorphous, the similarity of the dehydration curves 
t o  those previously reported for copper sulphate pentahydrate (3) and for 
manganous oxalate dihydrate (6, 7) suggests tha t  the dehydration process is 
the same in each case and is subject t o  the same interpretation. However, the  
minimum in the rate curve for the manganous salt occurs a t  about 1.2 mm., 
whereas for copper sulphate pentahydrate i t  occurs a t  about 0.25 mm.. and 
for manganous oxalate dihydrate a t  less than 0.2 mm. 

The  dehydration process for zinc sulphate heptahydrate is more complex. 
Since an X-ray amorphous product is formed on vacuum dehydration, it is 
certain tha t  this forms during the nucleation period. I t  is possible tha t  the short 
induction period following nucleation (or therefore the first minimum in the  
rate curve) is due to  the crystallization of this product a t  very low pressure. 
No adequate interpretation can be made of the second minimum a t  higher 
pressure on the basis of the present data  and a more comprehensive study of 
the dehydration kinetics of this salt hydrate should be made. 

Magnesium sulphate heptahydrate is of particular interest in tha t  the 
dehydration curves obtained indicate tha t  an  X-ray amorphous product is 
formed not only on vacuum dehydration but  also in the presence of water 
vapor a t  a pressure much higher than those observed for the other salts. T h e  
amorphous product is therefore very stable. This result suggests tha t  this salt 
might be found to  behave in a manner similar t o  copper sulphate pentahydrate 
i f  investigated over a wide range of controlled and constant pressures of water 
vapor. Experiments of  this type are being carried out in this laboratory and  
will be reported in a later paper. The  data  given for nickel sulphate hexahydrate 
suggest a similar type of behavior. 

T h e  formation of crystalline products in the vacuum dehydration of nickel 
nitrate hexahydrate ant1 magnesium nitrate hexahydrate indicates t h a t  if a n  
amorphous product is formed a t  all, it must crystallize a t  extremely low water 
vapor pressures. Although the decomposition products obtained from ferrous 
sulphate heptahyclrate could not be characterized by X-ray diffraction, the 
similarity of the clehydration curves to those obtained for nickel nitrate hexa- 
hydrate suggests tha t  these products may be also crystalline. The minima 
observed in the  rate versus pressure curves for these salts must be interpreted 
therefore in a somewhat different manner than has been done for copper 
sulphate pentahydrate. Instead of a process involving the crystallization of 
amorphous material, i t  must be assumed tha t  as  nuclei develop on the surfaces 
of the crystalline intermediates, the development of macrocrystalline aggre- 
gates is catalyzed by adsorbed water molecules. 

The  curves obtained for the dehydration of cobalt chloride hexahydrate are 
also similar to  those obtained for nickel nitrate hexahydrate and it is probable 
tha t  this dehydration also proceeds through the formation of a crystalline 
intermediate. However, with this salt the dehydration a t  increasing pressure 
does not proceed past the dihydrate stage, the corresponcling pressure being 
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much lower than the equilibrium pressure reported by Derby and Yngve (2) 
for the hexahydrate - dihydrate - water vapor equilibrium. The behavior of 
this salt is of interest in comparison with that  of magnesium sulphate hepta- 
hydrate, and a more comprehensive study of its dehydration kinetics is in 
progress. 

The dehydration of magnesium nitrate hexahydrate is of particular interest, 
since the sequence of changes occurring on vacuum dehydration is that which 
is observed for other salts as the pressure of water vapor increases. Dehydration 
takes place rapidly with the formation of crystalline tetrahydrate which then 
nucleates and forms crystalline dihydrate. If it is assumed that  the development 
of macrocrystals from these nuclei is catalyzed by water vapor, then this 
process must occur a t  the very low pressures prevailing in the transition layer 
as  the water molecules liberated from the hexahydrate lattice pass through the 
crystalline tetrahydrate layer into the external evacuated space. The rate of 
escape of water molecules from the dehydrating tetrahydrate lattice will 
increase with temperature. However, any slight adsorption in the transition 
layer will decrease with the temperature. The  opposition of these two effects may 
qualitatively explain the over-all dependence of rate on temperature which has 
been observed. However, any such explanation must be regarded as highly 
tentative in view of the lack of more comprehensive data. I t  will be observed 
from Fig. 10 that  the rate of dehydration of the primary hexahydrate lattice 
increases with temperature in the normal manner, as also does both the 
primary and secondary rate for nickel nitrate hexahydrate. 

I t  is clear from all the data  presented in the foregoing that the effect of 
water vapor in first decreasing and then accelerating the over-all rate of 
dehydration, first observed by Topley and Smith for the decomposition of 
manganous oxalate dihydrate, is quite general and is always associated with an 
induction period in which a crystalline lower hydrate is formed from an inter- 
mediate. The intermediate may be an X-ray amorphous product or it may be 
crystalline. The nature of the X-ray amorphous product is, therefore, of interest. 
I t  may consist of an aggregate of microcrystals with dimensions of only a few 
unit cells, these being below the limiting size required for X-ray diffraction 
(about 100 A). If this is so, the nature of the process whereby macrocrystals 
are formed in the presence of water molecules from X-ray amorphous inter- 
mediates does not differ in any essential way from that  in which macrocrystals 
of the end product are formed from a nucleated crystalline intermediate. 
However, the heats of transition from the X-ray amorphous to the crystalline 
states which have been reported for the monohydrates of copper and zinc 
sulphate (4) are higher than might be expected from consideration of surface 
energy only, and it is possible that,  for these salts a t  least, some condition other 
than high state of division results from low pressure dehydration of the primary 
lattices. The  determination of such heats of transition for other salts is in 
progress. 

The  limiting pressure of water vapor above which amorphous products 
crystallize varies greatly from one salt hydrate to  another, being virtually 
zero for nickel nitrate, magnesium nitrate, and cobalt chloride, and ranging to 
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presumably relatively high values for magnesium sulphate and nickel sulphate. 
Experiments carried out in this laboratory suggest that  this effect is related 
to differences in the surface areas and capillary structures of the transition 
layer, although the nature of the amorphous material itself may also be a 
factor ( 5 ) .  
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NOTES 

INTERDIFFUSION OF POLYISOBUTYLENE AND CYCLOHEXANE 

Prior to a more extensive study of the diffusion in dilute solutions of poly- 
vinylacetate in acetone, results are reported here for one sample of poly- 
isobutylene in interdiffusion with cyclohexane. The  measurements were 
intended to  be an experimental test for this system of the equation ( 5 ) .  

in which the product P-l @f is claimed to  be a constant for all polymer systems 
and the other symbols have their usual significance. Furthermore, the depen- 
dence of the diffusion coefficient on concentration serves as a test of the 
equation (4). 

since rz has been obtained from osmotic pressure measurements (2), and k, 
from sedimentation (6) data assuming a linear dependence of the frictional 
coefficient on concentration. 

EXPERIMENTAL 

The  diffusion was carried out in a Neurath cell (7) a t  30°C. f0.02 in a 
constant temperature air bath on a vibration-free mounting. The  diffusion 
coefficients were calculated by the area-maximum ordinate method (3) from 
measurements of the refractive index gradient obtained by the scale method of 
Lamm (10). 

The  diffusion coefficient was measured a t  three different initial concentrations 
and a t  time intervals of several hours for each concentration, as shown in 
Table I. Average values of DA are given for concentrations 0.2636 and 0.3660 
gm./100 ml. For the concentration 0.5676 gm./100 ml., there was a decided 
gradual decrease in the value of DA with time and for this experiment a cor- 
rected value of D was obtained by extrapolation to  infinite time of the plot of 
D versus l/time. This procedure is necessary when the boundary is not 
initially sharp (8). 

The average and corrected values of DA and the value of = 0.63 (2) 
were used in plotting the function 

against the mean concentration c0/2 in Fig. 1 for r3 = 2 .  rZz and r3 = 4.  r2. 
From the intercept, 1/Do, D O  is calculated to be 3.3 X lop7 sec-l. 
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KELLY A N D  HUTCHEON: INTERDIFFUSION 

TABLE I 
DIFFUSION COEFFICIENTS, DA, FOR POLYISOBUTYLENE 

I N  CYCLOHEXANE AT 3 0 ° C . - ~ ~ ~ ~ ~ ~ ~ ~ ~  WEIGHT 86,700 

Concentration, Time DA X lo7, cm.Z/sec. (Area- 
gm./100 ml. (sec.) maximum ordinate method) 

Average value 3 . 2 7 f  0.04 

Average value 3 . 2 5 f  0.03 

Corrected value 3.29 

CONCENTRATION- GY /lo0 ML. 

FIG. I .  Y = (l+2r2c+3r3c2)/D = (I+k,c)/Do as a function of concentration c0/2, in 
gm./100 ml. 

0 -r3 = ;.rz2 
Q - r 3  = 

DISCUSSION 

This experimental value may be compared with that calculated from 
equation 1. Using Flory's data (6)--0 = 9.7 X poises, [ T ]  = 2.76X10-4 
M0.69, M = 86,700, and P-I 9* = 2.65 X for this particular fraction- 
Do is calculated to be 2.8 X ~ m . ~ / s e c .  a t  20°C. The value of DO = 3.4 
X ~ m . ~ / s e c .  a t  30°C. is obtained from the relation (7) 
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where T is the absolute temperature and 17 the viscosity of the solvent. This is 
in good agreement with the experimental value and better agreement would be 
obtained using the average value of P-I @' reported as 2.5 X lo6 (1). 

From equation 2, the slope of the plot of Y versus concentration is equal to 
k,/Do. From the data of Flory et al. on sedimentation (2), k, is equal to 1.28 
for this fraction of polyisobutylene, hence, using the calculated value of DO, 
the predicted slope \irould be 1.28/(3.4 X = 3.8 X lo6. If the observed 
value of D o  equal to 3.3 X 10-1 were used, the slope would be 3.9 X lo6. 
The observed slopes in Fig. 1 are 4.6 X lo6 for r3 = 3 .  I ' zZ  and 4.1 X lo6 
for r3 = a .  r2? when Y is plotted against co/2 from Table 11. The suggestion 

T A B L E  I1  
VALUES 01; Y = (l+2r2c+3r3c2)/D= (I+ka c)/DO AS A FUNCTION OF CONCENTRATION 

Concentration 4 2 ,  DO X lo7 Y X 10- Y X 10- 
gm./100 ml. cm.?/sec. for r3 = $.r22 for r3 = +.  rzZ 

that the third virial coefficient should be less than Q .  rz2 (9) and that  it is 
3 .  rZ2 (2) is therefore supported by these data. 

The values of D a t  the concentration of 0.2636 gm./100 ml. were least 
precise and if the other values a t  0.3660 and 0.5676 gm./100 ml. are weighted 
more in drawing the lines in Fig. 1, the slope of the line for I'3 = 3 .  I ' Z Z  would 
be 3.96 X lo6 and DO would be 3.23 X ~m.~ / sec . ,  which corresponds to 
P-I @* = 2.5 X lo6 in equation 1, in agreement with Flory's best average 
value (1). The data are not sufficiently precise to contend for exact values of 
P-I or r3, but the conclusion that r3 = a.  rZ2 is more nearly correct than 
r3 = 9 . rZ2 is inescapable and that it may be exactly t . raa is not contra- 
dicted by these results. 

The above good agreement between theory and experiment is for the diffu- 
sion coefficient calculated by the area-maximum ordinate method; there is 
some discrepancy, in these experiments, between DA and D, (second moment 
method (6)) unlike the results of Schulz and Meyerhoff (8). The  D, values 
generally lie below those for the area-maximum ordinate method. The  reasons 
for this discrepancy are not known and will be discussed more fully in a future 
publication. 
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10. SVEDBERG, T. The ~~ltracelltrifuge. Oxford Ullivcrsity Prcss, Toronto. 19-10. p. 25.3 

UNIT CELL, SPACE GROUP, AND INDEXED X-RAY DIFFRACTION 
POWDER DATA FOR CERTAIN NARCOTICS 

VII. MORPHINE IIYDROCEILORJDE TRIIIYDRATE, AND TI-IE 
DII-IYDRATES OF MORPHINE IIYDROBROMIDE. MORPIIINE 

HYDRIODIDE, CODEINE HYDROCHLORIDE, 'CODEINE 
EIYDROBROMIDE, CODEINE I-IYDRIODIDE' 

BY W. 1-1. BAI~SES AND J U N E  &I. II,INDSEY' 

A~Iorphine hydrochloride (anhydrous, and ti-ihyclrate) ancl morphine hy- 
driotlide dihydrate were the only hyclrohalidc salts of morphinc or of codeine 
included in the collection of X-ray diffraction powder da ta  complctecl in this 
laboratory some time ago as an aid to  the iclentification of certain narcotics (1, 
3). I t  was realizcd a t  the tiinc ol this survey tha t  morphine hjdrobromidc, 
and the hydrochloride, hydrobromide, and hydriodicle of cocleine should be 
euarnined a t  some future date. Through thc kindness of Dr.  C. G. Farmilo, 
specimens of all four hydrohalide salts (in the form of the dihydrates) were 
obtained in due course, and their unit cell constants, spacc groups, and powder 
patterns (indexed for cE > -- 3 A), together with single-cr)stal da ta  for 
morphine hydrochloride trihydratc and for morphine hydriodide dihgrclrate, 
have n o ~ v  bcen determined. A t  the same timc the powcler patterns for the last 
two salts, which are recorded in lull elsc\vhcre (3), have been indexed for those 
reilections corresponding to d > -- 3 A. The  csperimental methods have becn 
described in detail previously (1, 2, 3).  

Of the various narcotics studied during the powder-data survey (3), mor- 
phine, codcine, and thebaine were selected as  the hrst to be considered for 
coinplete structural investigation because of the  widespread interest in their 
stereochemical configuration (11). In view of the fact, however, t h a t  their 
nlolecules are asymmetric, it was decided to  usc the corresponding l~ydrol~al ide 
salts in an application of the isoinorphous-replacenlent method to the problem. 
This eliminated thebaine for which only the free base and the hydrochloride 
were iininediately available. 

The  six salts of morphine and codeine, which are the subject of the present 
note, crystallized from water in rosettes, and in sheaves, of needles, elongated 

'Issired a s  N.R.C. N o .  3524. 
Z ~ V ( ~ t i o n a l  Res tarc l~  Labornlories Postdoctorule Felloz~l. 
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phine, codcine, and thebaine were selected as  the hrst to be considered for 
coinplete structural investigation because of the  widespread interest in their 
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in the direction oi the c-axis. Indiviclual crystals of the codeine hydrollalides, 
however, were soinelvhat larger, and of better form, than those of the corre- 
sponding salts of morphine. They were of allnost square cross-section and 
could be cut  readily to cubical shape of suitable size for single-crystal study. 
Primarily for these reasons, therefore, codeine hydrobromide clihydrate was 
selected for the investigation of the structure of the codeine molecule, and the 
i somorpho~~s  codeine hydriodide clihydrate was employecl to  provide d a t a  of 
assistance ill the allocation of signs to the observed structure amplitudes. A 
brief account of the results of this investigation has been given elsewhere (7) 
and full details will be published later (8). 

An interesting feature of the hydrohalide salts of inorphine and of codeine 
is that  the phase normally available from cominercial sources (and obtained 
by crystallization irotn water or dilute alcol~ol a t  ordinary temperatures) is 
the dihydrate.in all cases with the exception of morphine hydrochloride, which 
crystallizes as  the tl-ihjdrate. T h e  existence of other hydrates, and of the 
anhydrous salts, has been reported in the literature ( lo ) ,  and an extensive series 
of hydration-dehydration studies is now in progress in this laboratory. I t  is 
hoped to  report X-ray diffraction clata for some of these other hyclrate phases 
in a subsequeilt note in order to supplement existing powder d a t a  for anlzydrous 
n~orphine l~yclrocl~loricle (3). 

Single-crj.sta1 clata, obtained from precession pl~otograpl~s  (Cu I(,, h = 

1.5418 A),  for morphine l~ydrocl~loride trihydi-ate, morphine hydrobromide 
dihydrate, morphine hydrioclide clihydrate, and the dihyclrates of codeine 
l~yclrochloricle, hydrobromicle, ancl hydriodicle, are summarizecl in Table I ;  

'TABLE I 

a(.$) 

b ( . y  
c (A) 
S.G. 
Z(moIs. per cell) 
~(6m./nil.) 

(calc.) 
(ohs.) 

the accuracy of the unit cell dimensions is about f 0.3%. T h e  powder da ta  
(Co Ice, X = 1.790 A ;  camera diameter, 114.G min.) for the six salts are given 
in Table 11, where B ancl BB identify lines tha t  were broader and much broader, 
respectively, than the general average lor a particular film, and an asterislc 
(under d(0bs. ) )  indicates the probable presence of a line the intensity of 
which was too lo\v ( ( 1 / 1 1  < 1) for accurate measurement. Only the indexed 
clata are shown for inorphine hydrochloride trihydrate and for morphine 
hydriodicle dihydrate because a complete list of observed spacings and relative 
intensities for each of these salts has already been recorded (3). T h e  powder 
photographs of morphine hyclrobron~ide clihydrate, codeine hydrochloride 
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clihyclrate, cocleille hg~clrobro~niclc clihg-clrate, ancl cocleinc hycli-iocliclc di11)~clrate 
are reproclucecl in Fig. 1 for comparison ~vi th  those ol inorphinc hydrochloricle 

(!(A) d(=i) (z(A) 
1/11 - 1kZ / /  1/11 - 1kI ) (  1/11 hkl 

Obs. Calc. Obs. Calc. Obs. Calc. 

Morphine hydrochloride trihyclrate 

IvIornhine hyclrobromide dihydrate 

Morphine hydriodide dihydrate 
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<I (..:I d ( K )  
1/11 ----- *I<! 1 1  1/11 

Obs. Cnlc. 011s. Calc. Obs. Calc. 

Codeine hy~lrocl~loride dil~ycl~-ate 

Codeine 

Codeine hydriodide dihvdrate 
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FIG. 1. X-ra!. diffraction po\vder photographs of A ,  morpllinc hytlrobromide tlihydratc; 
B, codei~lc l~pdrochloricle tlihyclrate; C, codeine h).clrobromide dihyclrate; 11. codeine hydriodide 
clihyclrate. (Camera dianlctcr: 11-1.6 nun.; radiation: Co-I(,, X = 1.790 A).  

trihydrate and morphine hydrobro~nide dihydrate, which will be found else- 
where (3). 

I t  should be mentioned that  the orientation chosen for the unit cells is 
c < a < b in conformity with the convention recommended in Dana's Systenz 
of Milzeralogy (4)  and in Crystal Data (j), and with that adopted for codeine 
(anhg7drous free base) and for codeine monohydrate (free base) in Barker's 
I d e x  (9) and by  Groth (6). 

Mr. B. J. Cowick assisted with the powder investigations. 

I .  BARNES. W. H. Bull. Narcotics U.N. Dent. Social Affair5 611'1: 20. 1054. 
2. BARNES; IV. H. and FORSYTH, IV. J. Can'. J .  Chem. 32: 9g-4.' 1954. 
3. BARNES, IV. H. and SHEPPARD, H. hI. Bull Xarcotics U.N. Dept. Social Affairs, G(2): 27. 

1'3.54 -..- -. 
4. DANA, J .  D. and DANA, E. S. System of nlineralog).. 7th ed. Vol. 1. By C. Palache, 

H. Berman, and C. Fronclel. John IYiley & Sons, Inc., New YorB. 1941. p. 6. 
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T H E  IDENTITY O F  CRYPTOCAVINE AND CRYPTOPINE1 

Cryptocavine (CzlH2305N) has beell reported to occur in various fumari- 
aceous plants ( 2 )  and to  be different from, but isomeric with and closely 
related to cryptopine I. I ts  structure IV was deduced (3) from tlie Emde 
reduction of the ~nethosulphate follonred by dehydration with acetyl chloride 
xvhich gave anl~ydrotetrah~~dronietl~j~lcryptocavine, very similar to anhydro- 
te t rahydron~eth~~lcryptopine I1 obtained in the same way from cryptopine (4). 
Both an11)idrotetrah~~dro derivatives, on osidation with potassium perman- 
ganate, gave tlie sallle products, i.e., 5,G-metl~ylenediosy-o-toluic aldehyde 
and 4 , 5 - c l i i ~ 1 e t l 1 o x y - 2 - ~ - d i 1 n e t h y l a m i n o e ~ 1 c l e .  The slight differ- 
ence between the anl~ydrotetrah~~clro conipounds was ascribed to geometrical 
isomerism (3).  

Construction of lilodels oi I1 sho~ved that  the cis-fonn woulcl be highly 
strained with the aromatic rings partly overlapping. Examination, lioivever, 
of tlie specimen originally obtained from cryptocavine and one freshly prepared 
from pure cryptopine showed that the two were identical. Both crystallized 
from dilute methanol as long colorless silliy needles, 1n.p. 110°, undepressed on 

'Issz~ed as N. R.C. No. 5521. 
SNalional Resenrclz Coz~ncil of Calzada Postdoclorale Fellow. 
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T H E  IDENTITY O F  CRYPTOCAVINE AND CRYPTOPINE1 

Cryptocavine (CzlH2305N) has beell reported to occur in various fumari- 
aceous plants ( 2 )  and to  be different from, but isomeric with and closely 
related to cryptopine I. I ts  structure IV was deduced (3) from tlie Emde 
reduction of the ~nethosulphate follonred by dehydration with acetyl chloride 
xvhich gave anl~ydrotetrah~~dronietl~j~lcryptocavine, very similar to anhydro- 
te t rahydron~eth~~lcryptopine I1 obtained in the same way from cryptopine (4). 
Both an11)idrotetrah~~dro derivatives, on osidation with potassium perman- 
ganate, gave tlie sallle products, i.e., 5,G-metl~ylenediosy-o-toluic aldehyde 
and 4 , 5 - c l i i ~ 1 e t l 1 o x y - 2 - ~ - d i 1 n e t h y l a m i n o e ~ 1 c l e .  The slight differ- 
ence between the anl~ydrotetrah~~clro conipounds was ascribed to geometrical 
isomerism (3).  

Construction of lilodels oi I1 sho~ved that  the cis-fonn woulcl be highly 
strained with the aromatic rings partly overlapping. Examination, lioivever, 
of tlie specimen originally obtained from cryptocavine and one freshly prepared 
from pure cryptopine showed that the two were identical. Both crystallized 
from dilute methanol as long colorless silliy needles, 1n.p. 110°, undepressed on 

'Issz~ed as N. R.C. No. 5521. 
SNalional Resenrclz Coz~ncil of Calzada Postdoclorale Fellow. 
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admixture, and both possessed the same absorption in the ultraviolet (A,,,. 
330 mp, log E, 4.38; A,,,. 2G4 mp, log E, 3.91) and in the infrared. I t  is perhaps 
significant that a t  no time were we able to crystallize Perliin's tetrahydro- 
methylcryptopine 111 although several preparations were made, and it is 
noteworthy that Perlcin states that I1 contains solvent of crystallization when 
freshly prepared, ancl that the melting points of both I1 and 111 were the 
same (4). 

The apparent confirmation of structure IV for cryptocavine (3) made it of 
interest to examine the tmns-annular a~nide  formation of this molecule. The 
perchlorate was prepared (crystallized ironl aqueous methanol, 1n.p. 2.26- 
228", clec. Calc. for C21H2305N.HCI0.1 : CI, 7.55. Fo~uncl: CI, 7.36, 7.42y0), but 
mas found to have an infrared absorption spectrum identical with that of 
cr).ptopine perchlorate. T l ~ e  free bases had the same PI<, value (8.09) which 
was higher than expected in view of the fact that cryptopine hacl been reported 
to be a weal: base (1). Debye-Scherrer powder photographs of the two bases 
were the same, as were the infrared absorption spectra in various media. The 
melting point oi a mixture of cryptocavine ancl cryptopine ivas not loxvered 
provided that pure cryptopine was used, but it was found that any mixture of 
the pure bases with the cryptopine sample originally used (3) was indeed 
liquid a t  205" as reported (3). Furthermore, both the Debye-Scherrer photo- 
graph and the infrared absorption spectrum of this sample contained all the 
characteristics of the corresponding photograph and spectrurn of pure crypto- 
pine, together ~vi th a few minor additional lines and peaks. The latter were all 
present in the Debye-Scherrer photograph and the infrared spectrum of pro- 
topine. Hence the sample of cryptopine originally usecl for comparison was 
contaminated with protopine. The melting point of this sample was talren 
again and found to be not 221°, but 204-208'. I t  must, thereiore, be concluded 
that  cryptocavine is identical with cryptopine, and the clesignatiorl cryptocav- 
ine should be deleted from the literature. 

The pure cryptopine used in this \vorl: was obtained from the Dyson Perrins 
Laboratory, through Dr. A. S.  Bailey whose courtesy we acl~nowleclge. Our 
thanks are also due to Mr. R. 1,auzon and Dr. R. N. Jones for the infrared 
spectra and to Dr. Maria Przybylslia for the Debye-Scherrer photographs. 

1. I-\NET, F. .-\. L., RAILE', S., and Ronrxsos, R .  Chemistry & Industry,  9-k-1. 1953. 
2. ~ I A X S I ~ E ,  I<. 1-1. F. Can. T.  Research, B, 15: 274. 1937; R ,  16: 438. 1938; B,  17: 51. 
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THE SYNTHESIS OF OPSOPYRROLE-DICARBOXYLIC ACID' 

BY D. M .  MXCDONALD~ AND S. F .  M:\cDoN.~LD 

ABSTRACT 
The methyl groups of the pyrroles In and IIa react with sulphuryl chloride 

to give dichloromethyl derivatives which hydrolyze t o  aldehydes. The pyrrole 
Ia also forms a trichloromethyl derivative which hydrolyzes to the corresponding 
acid. Allcaline decarbosylatio~l of the latter gives opsopyrrole-dicarboxylic acid, 
IVa .  

T o  obtain further pyrroles related to the uroporphyrins, we have studied 
the halogenation of the methyl groups of Ia and IIa, and further trans- 
formations analogous to  those which had been carried out on an isomeric 
pyrrole (6, 9). The bromination of both Ia (13) and IIa (unpublished) pro- 
ceeds normally giving the a-bromomethyl pyrroles. 

With two moles of sulphuryl chloride, both Ia and IIa presumably gave 
dichloromethyl derivatives, which were not purified but hydrolyzed directly 
to the corresponding aldehydes Ib and IIb. The former has also been obtained 
from la with lead tetraacetate (16). The latter, IIb, was hydrolyzed to V a  
which was converted to the oxime Vb. 

With three moles of sulphuryl chloride, Ia presumably gave a trichloro- 
methyl derivative, which hydrolyzed to Ic. The pyrrole Id was obtained from 
Ic by thermal decarboxylation, and hydrolysis then gave 111, one of the 
pyrroles which have been postulated as intermediates in the biosynthesis of 
hemin (12). Opsopyrrole-dicarboxylic acid IVa, one of the hypothetical re- 
duction products of the uroporphyrins, was obtained from Ic by alkaline 
decarboxylation. The method was not quite parallel to the analogous synthesis 
of opsopyrrole-carboxylic acid (7), for the greater solubility of the product 
here necessitated the release of the free acid by ion-exchange rather than by  
acidification. The dimethyl ester IVb was an oil which did not give a crystalline 
picrate. The structure of IVa was confirmed by its degradation to  opsopyrrole- 
carboxylic acid (3-methylpyrrole-4-propionic acid). Further, although the 
usual methods for converting opsopyrroles to porphyrins failed here, when 
IVa was boiled with formaldehyde and dilute hydrochloric acid, then aerated, 
a mixture of uroporphyrins resulted, which was shown by paper chromato- 
graphy to contain octacarboxylic acids only. 

lillanz~script received November 85, 1954. 
Contribution from the D i v ~ s i o n  of Pzire Chemistry, lVational Research Council, Ottawa, Canada. 

Issued as N.R.C. No.  3511. 
21Vational Research Council Postdoctorate Fellow. 
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5'74 CANADIAN JOURNAL OF CHEMISTRY. VOL. 33 

Several analogous chlorinations with sulphuryl chloride in ether, including 
those of the 3-methyl ( 5 ) ,  3-ethyl ( lo) ,  and 3-propionic acid (7) derivatives 
of 2,4-dimethyl-5-carbet1~ox~~p~~rrole, have not been sufficiently stepwise and 
complete to  give good yields of aldehydes or acids. The influence of impurities 
in the ether there and in the preparations of I b  and Ic is unlinown. In the 
case of IIb, however, whether or not freshly dried ether was used, when the 
preliminary drying of the solvent ether was with phosphorus pentoxide rather 

Ia,  R = CHI 
b,  R = CHO 
c,  R = COOH 
a ,  R = H 

IIa,  R = CHI 
b, R = CHO 

I V a ,  R = H 
b,  R = CH3 

Va, R = CHO 
b,  R = CH=N.OII 

than with sulphuric acid, the chlorination of IIa  with two inoles of sulphuryl 
chloride was in~oinple te .~  The main product, repeatedly isolated after the 
hydrolysis in 70-9070 yield, was 3,3'-di-(carbethoxymetI~~~l)-4,4'-di-(2-~ar- 
bethoxyethy1)-5,5'-dicarbetl~oxydipyrromethane. This was identified by melt- 
ing point and mixed melting point with the methane, m.p. 14G0, obtained by 
boiling I I (R = CH2Br) with water (unpublished). 

An improved preparation based on that  of Pinner (1, 17, 18) has been 
worked out for the ethyl acetone-dicarboxylate required in the preparation 
of Ia. 

EXPERIMENTAL 

The  ether had been distilled with sulphuric acid and dried over sodium (2). 
Acetone had been distilled over potassium carbonate, and water had been = 

boiled and cooled under nitrogen. 

2-Carboxy-S-(2-carbethoxyethyl)-~-carbetlzoxymetkyl-5-carbethoxypyrrole (Ic) 
Sulphuryl chloride (10 ml.) was added slowly to  a stirred solution of Io 

3Tlzis obseruatzon i s  due to Dr.  A. H. Jackson. 
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MACDOSALD A N D  MACDONALD: OPSOPYRROLE-DICARBOXYLIC ACID 575 

(12.95 gm.) in 200 ml. of absolute ether maintained a t  4 4 '  and protected 
from moisture. Stirring was continued for 5 min., then for 30 min. with the 
cooling bath removed. The  ether was evaporated in vacuo a t  <20°, and three 
100-cc. portions of ether successively added and evaporated in the same way. 
Hydrated s o d i ~ ~ m  acetate (40 gm.) in 650 ml. of boiling water was added to 
the residual oily trichloromethyl derivative, the mixture boiled for three 
minutes with vigol-ous stirring and cooled quiclcly, sodium bicarbonate added 
to dissolve the precipitate, the solution extracted three times with ether, and 
the ether washed with 570 sodium bicarbonate (twice with 100 ml.). The 
combined aqueous layers were filtered, saturated with sulphur dioxide a t  20°, 
and, after one hour a t  0°, the crystalline product filtered off and washed with 
water (twice with 100 ml.). I t  was dissolved in 500 ml. of boiling ethanol, and 
water (3.5 liters, heated to 80') added. After standing overnight the colorless 
needles were filtered off (8.76 gm., 62%), dried to  constant weight over sul- 
phuric acid a t  10 mm., m.p. 140-141°, Ehrlich's reaction negative (cold), 
red (hot). Found in material recrystallized several times from ethanol-water 
and dried (18 hr., 56", 0.1 mm.): C ,  55.58, 55.62; H, 6.43, 6.25; N, 3.79%. 
Calc. for C17HZaNOs: C, 55.27; H,  6.28; N, 3.47%. 

2-Carbethoxy-S-carbethoxymethyl-~-(2-carbethoxyethyl)-pyrrole (Id) 

The acid Ic (3.154 gm.) was heated a t  240' under nitrogen until the evo- 
lution of carbon dioxide ceased, then sublimed (160-220°, 10 mm.). The  
sublimate was crystallized three times from ether-hexane to  remove oil, 
giving 590 mgm., m.p. 51-51.5°. An additional 120 mgm. (total, 25y0) was 
obtained from the mother liquors by evaporating, subliming, clissolving in 
ether, filtering with charcoal, evaporating, putting onto an alumina column 
in a little methanol, eluting with ether until the cold Ehrlich's reaction was 
negative, washing the eluate with aqueous sodium bicarbonate, drying it 
with sodium sulphate, evaporating, and recrystallizing five times from ether- 
hexane. For analysis, it was recrystallized five times from pentane (Soxhlet), 
and the colorless plates dried (20 hr., 20°, mm.), m.p. 51-52', Ehrlich's 
reaction bluish-recl (cold) (slow). Found: C, 59.29, 59.18; H ,  7.14, 7.18; N, 
4.60y0. Calc. for C16H23N06: C, 59.06; H ,  7.12; N, 4.31y0. 

2-Carboxy-S-carboxymethyl-~-(2-carboxyethyl)-pyrrole (111) 

The ester Id (407 mgm.) was refluxed for one hour with 5% potassium 
hydroxide in 50% ethanol (10 ml.). The cooled solution was put through 
Ainberlite IR-120 (H+ form, from 20 gm. wet Na+ form) and eluted with 
water until the Ehrlich's reaction was negative (cold). The eluate (150 ml.) 
was concentrated in vaczlo a t  ca. 20' by swirling on the steam bath until the 
product crystallized. Filtration and washing with 1 ml. of water gave radiating 
clusters of thick rods (272 rngm.). A colorless product was obtained after two 
recrystallizations from acetone (Soxhlet) (143 mgm., 47y0), m.p. 178' (de- 
camp.), Ehrlich's reaction bluish-red (colcl). For analysis, it was recrystallized 
iour times from acetone and dried overnight (56', 0.1 mm.). Found: C, 50.08; 
13, 4.72; N ,  6.03%. Calc. for CIoHIINO~: C,  49.78; H,  4.60; N,  5.81%. 
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3-Carboxymethyl-4-(2-carboxyethy1)-pyrrole (Opsopyrrole-dicarboxylic Acid) 
(IVa) 

The pyrrole Ic (0.5 gm.) in 3 ml. of 107' sodium hydroxide was heated 
under nitrogen in a sealed tube for two hours a t  175-180". The filtered contents 
of four such tubes were passed through Amberlite IR-120 (H+ form, from 
30 gm. wet Na+ form), eluting with water (ca. 300 ml.) until the Ehrlich's 
reaction was weak in the cold. The eluate was concentrated (10 mm. ca. 20") 
by swirling on the steam-bath, then freeze-dried. The colorless residue was 
extracted into ether (Soxhlet), the ether concentrated to 50 ml., filtered warm, 
and the product precipitated with hexane as  colorless poorly formed needles 
(882 rngm., 83%), n1.p. 139-140°, Ehrlich's reaction bluish-red (cold). For 
analysis the product was recrystallized four times from ether-hexane and 
dried (18 hr., 56", 0.1 mm.). Found: C,  54.79, 54.90; H ,  5.69, 5.70; N, 6.94%; 
eq. wt. 100.3. Calc. for C9HllN04: C,  54.81; H,  5.62; N, 7.10%; eq. wt. 98.5. 

3-Carbo~methoxymetl~yI-~-(2-carbomethoxyethyl)-pyrrole (il4ethyl Opsopyrrole- 
dicarboxylate) ( I  Vb) 

Opsopyrrole-dicarboxylic acid (210 rngm.) in ether was allowed to react 
with excess ethereal diazomethane for 15 min., the ether evaporated, and the 
residue distilled in a collar flask (138-147" bath temp., mm.). The 
yellowish oily product (215 rngm., 90%) was redistilled and the colorless oily 
middle fraction (135-137' bath temp., mm.) analyzed, Ehrlich's reaction 
bluish-red (cold). Found: C,  58.78, 58.67; H ,  6.59, 6.39; N, 6.14Y0. Calc. for 
CiiH16NO4: C, 58.64; H ,  6.71; N,  6.22%. 

Degradation of Opsopyrrole-dicarboxylic Acid to 3-iMethylpyrrole-4-propiolzic 
Acid (Opsopyrrole-carboxylic Acid) 

The pyrrole IVa (275 rngm.) was heated in a sealed tube for two hours a t  
150' with 3 ml. of water. The solid left on freeze-drying the combined filtrate 
and washings from the contents of the tube was extracted with ether (Soxhlet). 
The ether was concentrated to 20 ml., then replaced by boiling while hexane 
was added, red amorphous material being filtered off periodically until a 
slightly cloudy colorless solution was obtained. The product separated, on 
cooling, as colorless aggregates. After three recrystallizations, 65 mgm. were 
obtained, m.p. 116", raised to  117" by sublimation (95-103", mm.). 
Found: C,  62.89, 62.94; H ,  7.01, 6.98; N,  9.02%; eq. wt. 148. Calc. for 
CeHllNOZ: C,  62.73; H ,  7.24; N,  9.14%; eq. wt. 153. 

Another preparation, after four recrystallizations from chloroform-hexane, 
had m.p. 115-116", raised to  118.5-120' after sublimation (Lit.: 119" [not 
sharp) ( l l a ,  4, 7),  117" (8)). 

Mixture of Uroporphyrins from Opsopyrrole-dicarboxylic Acid 

Opsopyrrole-dicarboxylic acid (100 rngm.) was refluxed for 20 min. in 
200 ml. of 0.5% hydrochloric acid and 40 ml. of 1% formaldehyde, cooled,d 
and aerated overnight. The porphyrin was precipitated, filtered off, washed, 
esterified with methanolic hydrogen chloride, and brought into chloroform in 
the usual way. The chloroform was washed with 50% aqueous resorcinol (14b) 
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MACDONALD AND MACDONALD: OPSOPYRROLE-DICARBOSYLIC ACID 577 

which was subsequently washed with chloroform. The combined chloroform 
layers were washed free of resorcinol with water, and filtered through a column 
of alumina (grade V),  the porphyrin being eluted with chloroform containing 
5% of methanol. After washing with dilute sodium hydroxide and with water, 
the chloroform was replaced with methanol a t  the boil, and the solution 
concentrated to ca. 1 ml. giving a mixture of uroporphyrin methyl esters as 
rods (9 mgm.). Recrystallized six times, it had m.p. 252-258" (4.5 mgm.). 
Found in 1.5 mgm. sample: C, 60.40; H ,  6.84%. Calc. for C48H64N4016: C, 
61.14; H,  5.77%. 

A sample was hydrolyzed, and chromatographed on paper with 2,4-lutidine- 
water in an atmosphere of ammonia (15); the only spot had the same Rf as 
the uroporphyrin I marker. 

Opsopyrrole-dicarboxylic acid did not give porphyrins with chloromethyl 
ether in alcohol, either on standing or on refluxing (cf. 3) or with formic acid 
a t  100" (cf. l l a ,  l lb) .  

d-Formyl-S-(d-carbethoxyethyl)-~-carbethoxymethyl-6-carbethoxypyrrole (Ib) 
Sulphuryl chloride (0.477 ml.) was slowly added to the pyrrole Ia (1 gin.) 

in 10 ml. of ether, the solution being vigorously stirred, protected from 
moisture, and kept below 4". After five minutes, the cooling bath was removed 
and stirring continued for 30 min. The ether was removed in  vacuo below 20°, 
and three 10-ml. portions of ether were successively added and evaporated 
in the same way. Hydrated sodium acetate (2 gm.) in 50 ml. of boiling water 
was added to the oily residue of the dichloromethyl derivative, the mixture 
boiled for three minutes, cooled quickly to 0°, and the crystalline aldehyde 
filtered off. I t  was dissolved in 50 ml. of boiling ethanol, and 200 ml. of water 
(heated to 80") added. On cooling, the product separated (800 mgm., 77%), 
1n.p. 82-83'. For analysis it was recrystallized three times from ethanol-water 
and dried (18 hr., 56", 0.1 mm.) giving nearly colorless needles, m.p. 83.5-84" 
(Lit.: 84.5" (16)), Ehrlich's reaction red (hot). Found: C, 58.01, 58.00; H, 6.70, 
6.39; N,  4.25, 3.88%. Calc. for C17H2307N: C, 57.76; H,  6.56; N,  3.96%. 

As described for the isomer Ib above, 10.8 gm. of IIa (14a) in 120 ml. of 
ether was treated with 5.35 ml. of sulphuryl chloride, the oil evaporated three 
times with 30 ml. of ether, and boiled with 30 gm. hydrated sodium acetate in 
500 ml. of water. The aldehyde was obtained as long needles, m.p. 80-81" 
(9.87 gm., 88%), after recrystallizing from 500 ml. of ethanol and 2250 ml. of 
water as for the isomer. For analysis, it was recrystallized five times from 
ethanol-water and dried (18 hr., 56", 0.1 mm., nearly colorless needles), 
m.p. 80.5-81°, Ehrlich's reaction red (hot). Found: C, 57.69, 57.98; H,  6.56, 
6.43; N,  4.15%. Calc. for C I ~ H ~ ~ N O ~ :  C, 57.76; H ,  6.56; N, 3.96%. 

2-Formyl-S-carboxymethyl-~-(2-carboxyethyl)-5-carboxypyrrole (Va) 

The corresponding ester IIb (16 gm.) was heated for two hours with 200 ml. 
O F  10% sodium hydroxide on the steam bath under nitrogen. The cooled 
solution was passed through Amberlite IR-120 (H+ form, from 400 gm. wet 
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Naf form) and eluted with water. The eluate (3 liters) was concentrated to  
60 ml. (10 mm., bath temp. 60°), and the first crop of the product (10.02 gm.) 
filtered off. Second and third crops were obtained by concentrating the mother 
liquors to  20 ml. and filtering (0.37 gm.), then freeze-drying the last liquors. 
The  first crop was extracted into 450 ml. acetone (Soxhlet), the solution 
concentrated to  150 ml., cooled slightly, and 300 ml. ether aclded; after colored 
material was filtered off warm, the first lot crystallized a t  O0 and was filtered 
off. The  combined second and third crops were treated in the same way with 
450 cc. acetone and 300 ml. of ether, colored material separated, and the 
filtrate combined with the mother liquors from the first lot. Amorphous 
material was precipitated by adding ether, the solution filtered, and the ether 
evaporated. The  remaining acetone solution was decolorized with charcoal, 
and two further lots of crystals successively obtained by concentration and 
cooling. The combined three lots were extracted into 900 inl. of acetone, 
2 liters of ether added, and the ether evaporated from the filtered solution 
while acetone was added to keep the product in solution. After the concentrate 
was filtered with charcoal, concentrated to 300 ml., and cooled, the product 
(7.2 gm.) separated as fine needles. The  mother liquors were concentrated to 
75 ml., giving 1.8 gm. more (total 74y0). 

For analysis, the product was recrystallized four times from acetone and 
dried (18 hr., 56", 0.1 mm.) giving cream-colored needles, decomposing a t  
about 240°, Ehrlich's reaction red (hot). Found: C,  49.45, 49.00; H ,  4.22, 4.32; 
N, 5.02%; eq. wt. 86.3. Calc. for CIIHIINOT: C,  49.07; H ,  4.12; N,  5.20%; 
eq. lvt. 89.7. 

2-Oximinomethyl-S-carboxymethyl-~-(2-carboxyethyl) -5-carboxypyrrole ( Vb) 

A solution of the aldehl.de Va (8.99 gm.), 8.4 gm. of sodium hydroxide, and 
4.7 gm. of hydroxylamine hydrochloride in 500 ml. of water was kept for 18 hr. 
a t  room temperature, then heated one and one-half hours on the steam bath. 
The cooled solution was passed through Amberlite IR-120 (Hf form, from 
200 gm. wet Naf form) and eluted with water. The  eluate (3 liters) was ad- 
justed to pH 4 with sodium hydroxide and concentrated to 200 ml. on the 
steam bath under nitrogen a t  10 mm., the pH being kept above 2. The  first 
crop, which separated on cooling as radiating needles (6.96 gm.), was recrystal- 
lized twice from acetone; a second crop was obtained by concentrating the 
acetone mother liquors and recrystallizing the solid from acetone. A third crop 
was obtained by evaporating the aqueous mother liquors to dryness in vacuo 
by swirling on the steam bath, extracting the residue with acetone (Soxhlet), 
concentrating, extracting the solid which separated with ether (Soxhlet), 
evaporating the ether until the solution was cloudy, and leaving a t  O0 over- 
night. The  combined three lots were recrystallized from acetone (Soxhlet) 
giving 6.64 gm., n1.p. 204" (decomp.); concentrating the mother liquor gave 
1.68 gnl., 1n.p. 201" (total 8670). For analysis, 120 mgm. were dissolved in 
3 ml. acetic acid on the steam bath and 5 ml. of benzol added. The oxi~ne which 
crystallized after 12 hr. a t  0" was recrystallized in the same way giving cream- 
colored aggregates (17 mgm.), dried (30 hr., 5G0, mm.), 1n.p. 201" (de- 
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comp.). Ehrlich's reaction was violet (hot). Found: C, 46.67; H ,  4.47; N, 
9.75%. Calc. for CllH12N207: C ,  46.48; H ,  4.26; N, 9.86%. 

Although the oxime takes up two moles of hydrogen over palladium 
black (19) in dilute ammonia, the product has not given consistent analyses. 

Ethyl Acetone-dicarboxylate 
T o  550 gm. of anhydrous citric acid, free of large lumps, in a 5-liter round- 

bottomed flask protected by a calcium chloride tube, 1100 gm. of 15-18% 
oleum was added in portions with frequent shaking so that the temperature 
did not exceed 40". After standing for three hours a t  35-40' with frequent 
shaking, the solution was cooled below - 15" by adding dry ice, and 1 liter of 
similarly cooled absolute alcohol added in portions with shaking and stirring, 
the temperature being kept below 0' by aclcling more dry ice. The  mixture was 
allowed to stand until a clear solution resulted; this required two hours, the 
temperature rising to 15". After standing a t  0" overnight, the solution was 
poured into 3.5 liters of ice and water. Three such lots were worked up together. 
The  first was extracted four times with 250 ml. of benzene, the last two ex- 
tracts being used to extract the second lot, being followed by two extractions 
with 250 ml. of benzene also used to extract the third lot which was then 
extracted twice with 250 ml. of fresh benzene. The combined extracts were 
washed with water, with four lots of 250 ml. of saturated sodium bicarbonate, 
and with water. After clearing with sodium sulphate and filtering, they were 
washed twice with 250 ml. of 2% sulphuric acid, four times with 250 ml. of 
water, cleared with sodium sulphate, filtered, and fractionated through a 
12 in. lagged Vigreux column. Yield: 1180 gm. (680jo), b.p. (0.8 mm.) 93-96", 

1.4391. 
By the same procedure, except that the initial mixture stood four hours a t  

40-45', three lots of 550 gm. of powdered citric acid monohydrate gave 
984 gm. (62%) of the ester. 
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T H E  MERCURY PHOTOSENSITIZED HYDROGENATION O F  
PROPYLENE AND T H E  ACTIVATION ENERGY O F  THE REACTION 

C3HT+HZ = C3HB+H 

ABSTRACT 

The reactions initiated in hydrogen-propylene mixtures by Hg(3PI) atoms 
were studied over the temperature range from room temperature to  320°C. At  
260" and above, the rate of formation of propane and the rate of pressure de- 
crease are linear functions of the hydrogen pressure. This effect is attributed to  
the reaction C3H,+H2 = CaHs+H and its activation energy is estimated to  be 
equal t o  or slightly greater than 12.5 kcal. per mole. This is 1.2 Bcal. per mole 
greater than the corrected value for the activation energy of the analogous 
reaction &Ha+ Hz = CzHs+ H. The ratio kco,blnntlon/kdlspropOrtlonatlon is estimated 
to  be approximately 2.0 a t  room temperature in the case of isopropyl radicals. 

INTRODUCTION 

Kinetic data are now available for the reaction of methyl (10, 17, 14) and 
ethyl (18, 9) radicals with hydrogen as well as for the reverse reactions of 
atomic hydrogen with methane (2) and ethane (1). The present investigation 
was undertaken for the purpose of obtaining data on the reaction of propyI 
radicals with hydrogen, 

C ~ H T + H ?  = CaHE+H. 

The method chosen was similar to that  used by Le Roy and Kahn (9) in their 
study of the analogous reaction, 

Their method can be described briefly. 
At temperatures below approximately 200°C. the mercury (3P1) photo- 

sensitized hydrogenation of ethylene was interpreted in terms of the following 
reactions : 

Hg(3P~)+Hz  = 2H+Hg('So) [bI 

In agreement with this mechanism, the rate of pressure decrease was inde- 
pendent of hydrogen pressure. At high temperatures, however, the rate of 
pressure decrease and the rate of formation of ethane increased linearly with 
the hydrogen concentration. This effect was attributed to reaction [a].  When 
this reaction is incorporated into the mechanism the predicted slope of the 
rate vs. (Hz) curve is proportional to k,/(k,+k,)~~. From the effect of tempera- 

lManuscript  received November $$, 1954. 
Contribution from the Department of Chemistry, University of Toronto, Toronto, Ontario. 

2Present address: Division of Applied Chemistry, National Research Cozrncil of Canada, Ottawa. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
1.

38
.3

6 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



HOEY AKD LE ROY: HYDROGENATION OF PROPYLENE 581 

ture on the slope Le Roy and Kahn obtained a minimum value of 10.5 kcal. 
per mole for E, by neglecting the effect of temperature on (kd+k,)$. Their 
result was in good agreement with the value of 11.5% 1 kcal. per mole subse- 
quently obtained by Wijnen and Steacie (18) from experiments on the photo- 
lysis of diethyl ketone in the presence of deuterium. 

Moore and Taylor (12), in their investigation of the mercury photosensitized 
hydrogenation of propylene, confined their measurements to room tempera- 
ture. Moore (11) later studied the reaction a t  temperatures up to 200°C., but 
he did not investigate the effect of hydrogen pressure. In the present investiga- 
tion we have studied the effect of hydrogen pressure on the mercury photo- 
sensitized hydrogenation of propylene over the temperature range from room 
temperature to 320°C. and we have been able to apply the method of Le Roy 
and Kahn to obtain a minimum value for the activation energy of the reaction 
of isopropyl radicals with hydrogen. 

EXPERIMENTAL 

Two different types of reaction system were used. The first (I) involved a 
quartz annular cell and furnace and a lamp arrangement similar to that used 
previously (9). Pressures were measured on a wide bore U-tube manometer. 
This apparatus was used to obtain a considerable fund oi analytical data 
for 300" and 320°C. but it was not suitable for accurate pressure measurements 
or for reproducible light intensities. 

The second reaction system (11) was particularly well adapted for the deter- 
mination of rates a t  constant incident light intensity. The cylindrical quartz 
cell, 5 cm. in diameter and 10 cm. long, had a plane window a t  one end; the 
other end of the cell was tapered down to a quartz-to-pyrex graded seal which 
was sealed to the inner member of a 19/38 standard taper joint. During an 
experiment gas was circulated through the cell by a mercury piston pump; the 
gas entered through a 6 mm. tube ring-sealed to the outer part of the 19/38 
joint and extending to within a few millimeters of the window. The cell was 
surrounded by a close fitting aluminum block furnace with a quartz window 
placed about 7.5 cm. beyond the cell window. The upper half of the furnace 
could be taken off to remove and clean the cell. The temperature of the furnace 
was controlled to within % 0.5"C. The lamp used in connection with this cell 
was of the usual type with rare gas carrier, but since it was entirely outside the 
heated zone its output was independent of the reaction temperature. With this 
reaction system more accurate pressure measurements were made possible 
by using a modified form of the differential manometer described previously (7) 
with a multiplication ratio of approximately nine. Of the total volume of the 
system 64.2% was outside the furnace. 

Commercial electrolytic hydrogen was purified by passage through platinized 
asbestos a t  500°C. and through silica gel a t  the temperature of liquid air. The 
propylene (Ohio Chemical Company) was said to have a purity of 99.5%; it was 
subjected to several trap-to-trap distillations before being placed in the storage 
reservoir. The hydrocarbons used for infrared identification were standard 
samples obtained from the United States Bureau of Standards. 
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The proclucts were separated into fractions by low temperature distillation 
(8). The methane in the non-condensable fraction was separated from hydro- 
gen by dilfusion of the latter through palladium (8). The olefin content of the 
Cz, Cj, and C4 fractions was determined by the method of Pyke, Kahn, and 
Le Roy (13). Infrared spectra of the C5 and CG fractions were taken. Insuffi- 
cient C5 material was obtained for identification except a t  high temperatures; 
experiments a t  300°C. showed this fraction to contain 2-methyl butene-1 to 
the extent of approximately 40y0, the remainder was an unidentified paraffin. 
The CG fraction was found to contain 2,3-climethyl butane and 4-methyl 
pentene-1, as well as an unidentified material comprising, on the average, 
about 870 of the fraction. No evidence was found for n-hexane or 2-methyl 
pentane; this is in agreement with the observations of Moore (11) and suggests 
that only isopropyl radicals are formed by the addition of atomic hydrogen 
to propylene. 

RESULTS 

A series of experiments was done a t  room temperature, using cell 11, for the 
purpose of identifying products and studying their possible dependence on 
hydrogen pressure. In these experiments, and in those described subsequently, 
the pressure drop was not allowed to exceed 50% of the initial propylene 
pressure; preliminary experiments had shown that the rate of pressure drop 
was constant until the pressure drop reached approximately 75yo of the initial 
propylene pressure. For propylene pressures from 10 to 53.6 mm. and hydrogen 
pressures from 115 to 380 mm. the proportions of the various products, with 
the exception of $-methyl pentene-1, were independent of the initial composi- 
tion of the reaction mixture within the accuracy of the measurements. The 
average con~position of the products was: 2,3-dimethyl butane 46.0%, propane 
36.6%, methane 4.975, unidentified CG fraction 4.5%, Cg 2.3%, butane l%, 
butene 1%. 

0: - .! 
I 

.2 -3  .4 . 5  

FRACTION QUENCHED BY C3H6 

'..I ;Tn 1, 
2.6 

t- 
4 * A 

n 
8 Oo 

2.2 
100 200 300 400 500 

H2, MM. 

FIG 1. Effect of quenching of Hg(3PI) atoms by propylene on the yield of 4-methyl pentene-1. 
FIG. 2. Effect of hydrogen pressure on the rate of formation of the Cg fraction and of propane 

(left hand scale) and on the rate of pressure decrease (right hand scale) a t  room temperature. 
Ini t ial  pressures of propylene were from 9.9 t o  27.8 mm. 

The percentage of $-methyl pentene-1 increased considerably with the ratio 
of propylene to hydrogen. In Fig. 1 this percentage is plotted against the 
fraction of Hg(3P1) atoins quenched by propylene, F. The value of F was 
calculated from the average concentrations of propylene and hydrogen, the 
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molecular weights of these ttvo gases and of mercury, and the quenching cross 
sections for collisions of the two gases with Hg(3P1) atoms. The quenching 
cross section for propylene was assumed to be 50 X 10-l6 cm.?, i.e. slightly 
greater than the value found by Steacie (16) for ethylene. The value taken for 
hydrogen was 8.9 X 10-l6 cm.Vl6 ) .  Since only the ratio of these two quan- 
tities is involved in the calculation of F, the numbers would not be changed 
appreciably by using Darwent's suggested values of 31.0 X 10-l6 and 
6.0 X 10-l6 for propylene and hydrogen, respectively (5). 

The  form of the curve in Fig. 1 suggests that  +methyl pentene-1 probably 
arises through the quenching of Hg(3P1) atoms by propylene. No &methyl 
pentene-1 could be detected in the experiment for which F was 0.028 (initial 
[~ropylene 10 mm., initial hydrogen 380 inm.), which affords some justification 
for extrapolating the curve through the origin. 

The rate of production of C6 and propane and the rate of pressure drop are 
shottrn as functions of the hydrogen pressure in Fig. 2. This graph does not 
include the data for the experiment for which F was equal to 0.336 (vide Fig. 1) ; 
hecause of the considerable amount of quenching by propylene in this experi- 
ment the rate of pressure drop was only 1.68 X lo-? mm. inin.-l. 

In Fig. 3 are shown the results of a series of experiments using cell I a t  320°C. 
The rate of production of propane and the rate of pressure drop are strongly 

I 

5, 

00 bo 2bo 3bo 4C 500 I o 100 200 300 400 500 
H,. MM. H2, MM. 

FIG. 3. Effect of hydrogen pressure a t  320°C. Scale A: rate of pressure decrease; Scale B: 
rate of formation of methane, ethane, propane, butane, and Cg; Scale C: rate of formation of 
C5; Scale D: rate of formation of ethylene. Initial pressures of propylene were in the range 
17.7 to 18.2 mm. 

FIG. 4. Effect of hydrogen pressure on the rate of pressure decrease a t  260°, 2S0°, 300" and 
320°C., using system 11. In  most cases the ratio hydrogen : propylene was of the order of 
20 : 1 or greater. The ordinates refer to pressures corrected to 2j°C., the abscissae to observed 
pressures a t  the reaction temperatlire. 
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dependent on the hydrogen pressure a t  this temperature, while the rates of 
formation of the other products are not. Also, the rates of formation of ethane 
and ethylene are appreciable a t  320°, although neither of these products could 
be detected a t  25°C. A small amount of a product higher than Ce was found a t  
320°C.; its rate of formation was independent of hydrogen pressure and equal 
to approximately 0.02 X mm. min.-I. At 25°C. the rates of formation of 
butane and butene were the same; a t  320°C. the rate of formation of butene 
(ca. 0.012 X 10-"m. min.-I) was considerably less than that of butane. 

Quantitative comparison of the rates of formation of the various products 
a t  the two temperatures cannot be made with certainty because different 
lamps and cells were used. However, relative to the rate of formation of C6, the 
rate of formation of methane is 6.3 times as great and of butane 11.5 times as 
great a t  320' as a t  25OC. The ratio of C6 to propane for "zero hydrogen pres- 
sure" is 1.5 for 25", 2.4 for 320°C. Since the C6 fraction is largely 2,3-dimethyl 
butane, and since reaction [5] would not be expected to occur a t  low hydrogen 
pressures (see below) it would appear that there is little difference in activation 
energy for the combination and disproportionation of isopropyl radicals. 

When a correlation had been established between the rate of pressure drop 
and the rate of formation of propane a t  high temperatures, a series of experi- 
ments was done to determine with some precision the rate of pressure drop as a 
function of hydrogen pressure and temperature. These measurements were 
made with cell I1 and the differential manometer; the results are shown in Fig. 4. 

DISCUSSION 

Even a t  the highest temperatures used, propane and 2,3-dimethyl butane are 
the major products. In view of the results shown in Figs. 2 and 3 it would 
appear that the most important reactions leading to their formation are the 
following : 

Hg(3P~)+H2 = 2H+Hg('So) P I  
HfC3H6 = C3H7 P I  
2CaH7 = C6H14 [3 I 

From the effect of hydrogen pressure on the rate of formation of propane it 
is clear that  reaction [5 ]  is negligible a t  room temperature but of increasing 
importance as the temperature is raised. Although a t  higher temperatures the 
rates of formation of methane and butane are greater, and ethane and ethylene 
appear in appreciable quantities, the formation of these products does not seem 
to be strongly influenced by hydrogen pressure. Furthermore, in the experi- 
ments a t  320°C. in which propane was measured there was a good correlation 
between the rate of formation of propane and the rate of pressure drop. I t  
therefore seems justifiable to interpret the slopes of the curves in Fig. 4 as 
showing the effect of hydrogen pressure on the rate of formation of propane. 
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Since, to a good approximation, all the products are saturated it follows that 
the rate of consumption of propylene will be almost identical with the rate of 
pressure drop. 

The basic mechanism, reactions [ l ]  to [5], inclusive, will be referred to as I. 
According to I the rate equation for the consumption of propylene is 

The curves in Fig. 4 satisfy an equation of the same form as [i], although mech- 
anism I takes no account of the formation of methane, ethylene, or butane, to 
mention only three of the additional products found a t  higher temperatures. 
Also, mechanism I does not allow for the instability of the propyl radical a t  
high temperat~lres (4) or for the possible occurrence of reaction [GI ,  

H+C3H7 = C3H8, [GI 
The analogous reaction between H atoms and ethyl radicals has been shown to 
be of some importance, under certain conditions, in the mercurv photosensitized 
hydrogenation of ethylene (15). 

If reaction [6], which may involve a third body, is included it is found that 
[i] still applies provided kt(k3+ k4) (C3HG)/(kbk6(H2)) is appreciably greater 
than unity. From a consideration of the probable magnitudes of the quantities 
involved and from our analogous experiments with ethylene (15), it  would 
appear that this condition obtains. 

I t  is easily shown that if the propyl radical decomposes according to reaction 
[';I? 

C3H7 = C,HG+H, PI 
this will have no effect on the validity of [a]. 

If the propyl radical decomposes according to reaction [8], 

C3H7 = C3H4+CH3, 
and this is followed by [9], 

methane and ethylene will be formed a t  the same rate, viz. kJa4/(k3+k4).i 
and a term of this same magnitude will be added to [i];  for brevity this term 
will be'referred to as A. 

If [8] is followed by [lo], 
C H ~ + C ~ H Y  = C ~ H I O ,  [lo] 

it can be shown that [i] will be valid provided (21a/A)2 is appreciably greater 
than unity. This condition undoubtedly obtains a t  the temperatures and light 
intensity used. Ethylene and butane will each be formed a t  a rate equal to A. 

If [8] is followed by [ l l ] ,  
CH,+H = CH.1, [11I 

and-ifT(21,/~)~ is appreciably greater than unity it can be shown that the 
term A must be sz~btracted from [i]. Methane and ethylene will then each be 
formed a t  the rate A. 
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In all of the above cases the inechanisms predict that the steady state H 
atom concentration should increase with the concentration of HS The secon- 
dary reaction, 

H+C2H4 = C2H5, [12I 

would therefore be expected to become more inlportant a t  high pressures of 
hydrogen. This probably accounts for the decrease in the yield of ethylene 
shown in Fig. 3. 

Reactions [ l ]  to  [ I l l  account in an adequate manner for all of the major 
products. In addition, some butane will be formed by the combination of 
ethyl radicals formed in [12]. The 4-methyl pentene-1, formed a t  low hydrogen 
concentrations, undoubtedly arises by the combination of propyl radicals 
with ally1 radicals formed in the quenching of propylene by Hg(3P1) atoms. 

Bywater and Steacie (4) considered reaction [13], 

to  be the source of methyl radicals in the mercury photosensitized clecomposi- 
tion of propane a t  temperatures below 300°C. This reaction coulcl occur if the 
excited propane formed in [6] were not deactivated. Reaction [6] would be 
more probable than [13] a t  the pressures used in these experiments, ancl since 
it has been shown that the occurrence of [6] is not likely to affect the validity 
of [i] it seems justifiable to interpret the slopes of the curves in Fig. 4 in terms 
of [i]. 

The logarithms of the slopes of the curves in Fig. 4 are plotted against 
lOOO/T in Fig. 5. Least squares plots were used in each case. Since the ordin- 
ates in Fig. 4 refer to pressures measured with the whole system a t  29g01<., 
ancl the abscissae to pressures measured with the cell a t  the reaction tem- 
perature, TOI<., it follows that the slopes, S, are given by the expression 

in which V ,  is the volume of the cell and Tfa that of the rest of the system. 
Hence, 

Eg = -R d( ln  ~+ln(k3+k4)"ln T) /d( l /T) .  [iii] 

From Fig. 5 the first term is 11.4 kcal. per mole. The second term will be 

FIG. 5. Arrhenius plot of the slopes of Fig. 4. 
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neglected; the third is equal to  l iT .  Using the average reaction temperature, 
290°C., E5 = 12.5 ltcal. per mole. 

For the analogous reaction, 

Le Iioy and ICahn found -R d In S /d( l /T)  to be 10.5 Itcal. per mole (9). 
However, they plotted values of -dP/dt reduced to  25°C. against values of 
PH2 reduced to 25°C. In this case the third term is l<T"Vb/(298Tf,+T~b), 
rather than RT. In their experiments V,/ T;6 was 0.87, and for an average re- 
action temperature of 290°C. the correction term is 0.8 ltcal, per mole. The cor- 
rected value of E14 is then 11.3 ltcal. per mole, in good agreement with the 
value 11.5*1 ltcal. per mole obtained by Wijnen and Steacie (18). 

The errors introduced by neglecting the effect of temperature on combina- 
tion and disproportionation in evaluating E5 and E14 are probably less than 
1 Itcal. per mole. 

An estimate of the value of k3/k4 may be obtained from the present data. 
The experiments of Moore and Taylor (12) suggest a value of 2.5 for this 
quantity a t  room temperature. Blacet and Calvert (3) and Durham and 
Steacie (6) found it to  be ca. 2.0 a t  room temperature, while the latter obtained 
a value of 2.7 a t  121°C. If we equate the ratio of hexane to  propane a t  "zero 
hydrogen pressure" to k3/k4 the present results yield the value 1.3 a t  room 
temperature, ca. 2.1 a t  320°C. The increase with temperature is in line with 
the results of Durham and Steacie. However, our experiments with ethylene 
(15) have shown that (product of combination)/(product of disproportiona- 
tion) only approaches kcomb./kdlsp. when the concentration of olefin is high, 
because of the influence of reaction [6] or its analogue. Moore and Taylor 
used a propylene pressure of 40 mm., which should be sufficient to  yield a good 
value of k3/k4, but the ratio of propylene to hydrogen was only 1:6 which, in 
our experience, woulcl result in the presence of a considerable amount of 4- 
methyl pentene-1 in the Cg fraction. Their value of 2.5 a t  room temperature 
is probably too high for this reason. Our value is probably too low. A value 
close to  2.0 a t  room temperature woulcl therefore seem to be established for the 
ratio of the rate of combination to  the rate of disproportionation of isopropyl 
radicals. 
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COMPRESSIBILITY OF GASES AT HIGH TEMPERATURES 

IX. SECOND VIRIAL COEFFICIENTS AND THE INTERMOLECULAR 
POTENTIAL OF NEON1 

ABSTRACT 

The  second virial coefficients of neon have been determined in the temperature 
range 0" to  700°C. and the pressure range 10 to  80 atmospheres. These data were 
combined with published low temperature (-150' to  O°C.) second virial data,  
to  investigate the intermolecular potentials of neon using both a Lennard-Jones 
potential, with a 9th and 12th power repulsion term, and also a modified Bucking- 
ham exponential-six potential. The agreement between observed and calculated 
values of B ( T )  was excellent for both the exponential-six and the Lennard-Jones 
12:6 potentials and slightly less satisfactory for the Lennard-Jones 9:6 potential. 

VIRIAL COEFFICIENT DETERMINATION 

Introduction 
The determination of the second virial coefficients of neon consisted essen- 

tially of the accurate measurement of the pressure of gas in a pipette followed 
by the expansion of the gas into a smaller pipette, both pipettes being main- 
tained a t  constant temperature, and the measurement of the final pressure. 
A series of experiments were carried out with different initial pressures and a t  
different temperatures, and from the data obtained it was possible to calculate 
the virial coefficient a t  any of the experimental temperatures. Full details of 
the method have already been described in previous papers (10, 11, 14, 6). 

Experimental 
Stainless steel pipettes with volumes of approximately 220 and 50 ml. were 

used. Both vessels were maintained a t  constant temperature in a thermostat: 
oil was used as  thermostat liquid up to 100°C. and a molten eutectic mixture of 
lithium, potassium, and sodium nitrates for temperatures above 100°C. 
Temperatures were controlled automatically to ~k0 .005~C.  or better, using a 
photocell-amplifier-relay circuit in conjunction with a platinum resistance 
thermometer. A second platinum resistance thermometer was used to measure 
the temperature of the thermostat liquid. 

Pressure measurements were made with a Keyes type of dead weight piston 
gauge which had been calibrated against the vapor pressure of carbon dioxide 
a t  0°C. This instrument and the corrections to  be applied to the measured 
pressure have already been described (10). 

The  neon used in these determinations was supplied by Linde Air Products 
as  spectroscopically pure neon. Mass spectroscopic examination of the gas 
did not reveal any impurities, and subsequent analyses carried out a t  the 
beginning and end of each isotherm confirmed this. 

'ilifa7zzcscripl received December 6 ,  1954. 
Conlribzrlio7z from lhe Division of Pure C h e n ~ ~ s l r y ,  Natiolzal Research Cozrncil, Ottawa, 

Canada. Issued as N.R.C. No. 3535. 
2Nallo?zal Research Council of C<~~zada  Posldoclorate Fellow, 1952-54. 
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Isotherms of neon were determined a t  0°, SO0, 100°, and a t  100" intervals up 
to  700°C. From these data  second virial coefficients and' intermolecular poten- 
tials have been calculated. 

Interpretation of Experimental  Results 
If both pipettes are a t  a temperature T ,  their respective volumes are V1 

and Vz, and the number of molecules present initially in the large pipette a t  a 
pressure PI is n, then since we are dealing with a permanent gas a t  high tem- 
peratures and relatively low pressures, the isotherms can be fitted to  simple 
virial expressions of the form 

On expanding the gas into the second pipette, the pressure is reduced to P 
but n remains constant 

Combining equations [ l ]  and [2] and eliminating n we get 

CT 3 = N+ (N- I)% PI+ (PIN-Pz)- PI 
p 2  A T  A T  

where N = (V1+ Trz)/ V1. 
The  isotherms of neon are linear above 50°C. and the contribution due t o  

the term involving the third virial coefficient can therefore be neglected in 
equation [3]. I t  must be considered, however, in calculating virial data for the 
0" and 50°C. isotherms because these isotherms were found to have a slight 
curvature. 

Considering the simple case 

B P' = N+ (N- 1 ) L  PI, 
Pz AT 

N is the intercept when the pressure ratio P1/P2 is plotted against PI and the 
value of BT/AT can therefore be derived from the slope of the graph. In order 
to  calculate BT for each isotherm, AT must be known. If A T  and B T  are 
expressed in amagat units, then for the 0°C. isotherm 

Thus A. and B o  can be determined and A T  is then calculated from the es- 
pression 

AT = AoT/273.1G. 

Resul ts  
Experimental results are shown in Fig. 1 where the pressure ratio, P1/Pz 

is plotted against the pressure in the large pipette before expansion, PI.* 

:kit skozlld be noted that the experimental pressures P I  (/long the abscissa are not eqzially spaced, 
bzit become progressively ntore closely spaced at lo7uer presszrres, approxi~nately i n  the ratio 1 / N ,  
as i s  obvious from eqztation [dl. T h i s  crowding together of the experimental poi~t ts  at low pressures i s  
of great advantage ,in deternzining the linliting slope of the czirve since from ,it the second virial 
coeficient i s  derived. 
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P, ( a t m )  

FIG. 1. Plot of pressure-ratios, Pl/Pz, vs. pressure, PI, for neon. 

The scatter of the individual points about the lines would not be noticeable 
on this scale and so all experimental points have been omitted. In every case, 
the scatter obtained was of the same order as the accuracy of the pressure 
measurement. At each temperature a t  least three expansion runs were carried 
out, each run usually consisting of eight expansions. The best line to represent 
the experimental results for each isotherm was fitted by a method of least 
mean squares (12) and the virial coefficients obtained from these are given in 
Table I. These data, expressed in amagat units of volume, are converted t o  
cm.3/mole units by multiplying by the normal volume T/TN where 

1 

The variation of the second virial coefficient, B, with temperature is shown 
graphically in Fig. 2. This graph also shows the results of other measuremer~ta 
carried out on neon (3, 4, 8, 5) and the data are recorded in Table 11. There is 

TABLE I 
VIRIAL DATA A T  DIFFERENT TEMPERATURES 

(amagat units) 
- 

500 2 .82895~ 0.6125 
GOO 3.194851 0.6192 
700 3.560747 0.6235 
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4 0 UR.C 

KAYERLINGH ONNES 

A YlCHELS AND GIBSON 

HOLBORN AND OTTO 1924 

X " I 925  

-0.30 TEMPERATURE ('C) 

I I I I I I I 1 I 
-200 -100 0 100 200 300 400 500 600 700 

TEMPERATURE PC) 
FIG. 2. Plot of second virial coefficients, BT, VS. temperature. 

TABLE I1 

Michels Iiamerlingh- 
Temp. N.R.C. and Holborn and Otto Ounes 
("c.) Gibson 1024 1925 el al. 
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NICHOLSON AND SCHNEIDER: COMPRESSIBILITY OF GASES. IX 593 

good agreement between all the second virial data for neon except those 
results obtained in the temperature range 0" to 200°C. The data of Michels, 
Kamerlingh-Onnes, Holborn, and Otto (4), and N.R.C. agree quite closely a t  
0°C. but the Holborn and Otto (3) result is much higher. However, all the 
other Holborn and Otto (3) results are in fairly good agreement with N.R.C. 
results, while those of Michels, Kamerlingh-Onnes, and Holborn and Otto (4) 
in the temperature range 25" to 200°C. are much lower. I t  is interesting to note 
the sudden changes of curvature of the line joining the results of Holborn and 
Otto (4) a t  about 0°C. and 200°C. There appears to be no apparent explanation 
for the discrepancies in the data over the range 0" to 200°C. although the 
presence of impurities in the gas may be one of the most probable reasons. 

ON T H E  INTERMOLECULAR POTENTIAL OF NEON 

The second virial coefficient is related to the energy of interaction between 
pairs of molecules by the expression 

B (T) = 2 7 ~ ~  c r 2 ( 1  - e-"""") dr 

where B(T)  is the second virial coefficient, 
N is Avogadro's number, 

E(r )  is the potential energy of interaction as a function of distance r. 
Using this expression it is easy to calculate values for the second virial coeffi- 
cients provided the potential E(r )  is known. The reverse process is not so easy, 
however, unless a fairly simple expression is used for the term E(r).  One such 
expression is the Lennard-Jones inverse power potential : 

the special case of this being when n = 12, i.e. a 12th power of repulsion and a 
sixth power of attraction. In the above expression E is the energy a t  the mini- 
mum of the potential energy curve and ro is the low-velocity collision diameter. 
The value of r a t  the minimum will be designated as r,. An exp: 6 inter- 
lnolecular potential 

where E is the depth of the potential energy minimum, 
r ,  is the position of the minimum, 
a is a parameter which measures the steepness of the repulsion energy, 

has also been used successfully, and it has also been used to predict data on 
transport properties with fair accuracy. 

The experimental results were fitted with a Lennard-Jones 12:6 and 9:6 
potential and also an exp:6 potential. For the Lennard-Jones 12% potential, 
integration of the above expression for B leads to B ( T )  = bo P(T) where bo 
= ST Nro3 and T = kT/c. Tables for the function P(T) have been compiled by 
Hirschfelder, Bird, and Spotz (9). A method of least mean squares (13) was 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
1.

38
.3

6 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



594 CANADIAN JOURNAL OF CHEMISTRY. VOL. 33 

used to calculate the best potential parameters. Two sets of virial data were 
used : 

(i) N.R.C. data only. 
(ii) N.R.C. data together with the low temperature (0' to -150°C.) 

data of Holborn and Otto (4) and Kamerlingh-Onnes. Quantum mechanical 
corrections (2) were applied to all virial data a t  temperatures of 0°C. and lower 
before they were used in the calculations. All values shown in Table I11 have 
already been corrected. 

Good agreement was obtained between the two sets of data for the potential 
parameters (see Table 111) and therefore in subsequent calculations, N.R.C. 

TABLE 111 

Lennard-Jones potential 
Buckingham exp : 8 

12:G 9 : 6  potential 
-- - 

70  2.756A r0 3.326A r o  2.758A 
r,, 3.093 A r,, 3.806 A r,,, 3 084 A 

elk 33 74°K. f 0.18 elk 25.42OK. f 0.01 elk 37 3G01<. f 0.19 
e 46.55 X 10-l6 erg E 35.07 X 10-l6 erg E 51.55 f 10-l6 erg 

N 15 - -- 
Exptl. 2nd 

Temp. virial Second virial coefficient (cm.J/mole) 
("K.) coefficient - 

(cm.J/rnole) Calc. Exp. -calc. Calc. Exp. -calc. Calc. Exp. -calc. 

data were combined with the low-temperature data of previous workers. 
Second virial coefficients were calculated from the potential parameters and 
these are compared with experimental values in Table 111. I t  is apparent from 
the comparison that the deviations for the 12% potential and the exp:6 
potential are very similar and neither potential appears to be superior to the 
other. This is perhaps not surprising in view of the close similarity of the two 
types of potential energy curves, which are shown plotted in Fig. 3. The 9:6 
potential gives a slightly poorer fit to the experimental data in that the sum of 
squares of the deviations is somewhat higher than for the other two potentials. 
The over-all fit is nevertheless surprisinglj~ good in view of the rather large 
difference of this potential (also shown in Fig. 3) compared with the 12:6 and 
exp :6 potentials. 
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FIG. 3. Comparison of potential energy curves for neon. 

Corner (1) has shown recently how calculations of intermolecular potentials 
may be improved by the use of crystal data  in addition to gas property data. 
He used this method to determine the potentials of neon with repulsion of an 
exponential type from crystal, second virial, and Joule-Thomson coefficient 
data. Mason and Rice (7) extended the application of Corner's method to 
include experimental transport property results for the evaluation of the inter- 
molecular potentials of a number of simple non-polar molecules, including 
neon. For comparison, the potential parameters obtained by Corner (1) are 
given in Table IV together with those of Mason and Rice (7) and N.R.C.: 
these are for an exp :6 potential only. The  over-all agreement is very satisfactory. 
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TABLE IV 
COMPARISON OF POTENTIAL PARAMETERS FOR AN EXP : 6 POTENTIAL 

N.R.C. 15 3.084 37.36 

Corner 13.6 3.16 37.1 

Mason and Rice 14.5 3.147 38.0 
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THE DEGRADATION OF CARRAGEENIN 
I. KINETICS I N  AQUEOUS SOLUTION AT pH 71 

'I'he degradation of carrageenin in buffered aqueous solution a t  pH 7.0 has 
been studied over the temperature range 60" to  10l°C. by following the change 
in viscosity and reducing properties. Kinetic analysis indicates the occurrence 
of two reactions: ( a )  an initial rapid degradation representing only about 0.3% 
of the complete hydroIysis, followed by (b )  a first-order random degradation 
having k = 2.75 X 1013 e-Z"200/RT hr-1. The latter reaction becomes important 
a t  temperatures above 60°C. The results indicate that carrageenin is more 
unstabIe than would be expected of a simple 1-3 galactan, and that two types 
of weak linkage are involved in the structure of the polysaccharide. 

INTRODUCTION 

The polysaccharide carrageenin is a well known naturally-occurring hydro- 
colloid which, by virtue of its gelling and stabilizing properties in aqueous 
solution, is of commercial importance (12). Black (I) has recently reviewed the 
literature on the structure of this polysaccharide. The main units are D- 

galactose residues joined through carbon atoms l and 3 and carrying a half- 
ester sulphate group on carbon 4. The polysaccharide is obtained by extracting 
with water the red alga Chondrz~s crispus. In the commercial process, heat is 
generally employed a t  some stage during extraction and drying, but, although 
it has long been known (3) that carrageenin solutions are thermally unstable, 
no systematic study of the degradation has been reported. Such a study might 
not only yield results of practical value but might also help to elucidate some 
aspects of the structure of the macron~olecule. 

In this Part,  only one extract was employed. I t  was extracted from the dried 
Chondrus a t  approximately 80°C., decolorized with carbon a t  60°C., and 
precipitated with ethanol from a slightly saline solution. As shown previously 
(4) it had a number average molecular weight not greater than 74,500. This 
extract was chosen on account of its relatively low molecular weight, as it was 
desired to employ reducing end-group titrations as a means of following the 
degradation. The material is referred to as extract F. 

Solutions were prepared as required by "tumbling" a t  room temperature until 
homogeneous, and were clarified by means of Selas No. 02 porcelain filters. 
The sodium salt of the polysaccharide, which was used in all experiments, was 
prepared by passing the solutions through a column of Amberlite I R  100 
exchange resin. Solutions were stored in the refrigerator a t  4OC., but even a t  
this temperature a slight decrease in viscosity occurred on standing. Experi- 

lil!lanuscript receioed December 6 ,  195.4. 
Contribaltion from the Maritime Regional Laboratory, h7ational Research Coz~?zcil, Hali.far, 1V.S. 

Issued a s  hT.R.C. No. 3631. 
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ments were therefore made as soon as possible after the solutions had been 
prepared. 

Measurements 
An iodometric method (11) was employed for the titrations of total reducing 

power. 
Viscosities were measured a t  25OC. in Ostwald viscosimeters with the 

characteristics given previously (4). All viscosities were independent of the 
rate of shear. 

Preliminary experiments showed that the decrease in viscosity which 
occurred on heating an unbuffered solution of carrageenin was accompanied 
by a decrease in pH. This catalyzed further degradation so that the reaction 
became quite rapid in the later stages. Buffered solutions were therefore 
employed in studying the kinetics. M/30 sodium phosphate was chosen since 
the ionic strength was sufficiently high for adequate buffering capacity but 
low enough to avoid excessive suppression of the viscosity due to the cation 
effect. 

I I I I 
0 0.2 0 . 4  0.6 0- 8 1 .O 

c (gm.1100 cc.) 

FIG. I. v,,/c 1.s. c for a carrageenin solution after various times of heati~lg a t  9O0C. (\;is- 
cosities a t  2Ei°C.) 
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The degradation was studied by heating solutions, of concentration 0.944 
gm./100 ml., a t  various temperatures and measuring the reducing property 
and intrinsic viscosity of samples withdrawn a t  various times. The flasks 
containing the solutions were equipped with reflux condenser, thermometer, 
and stopper to allow withdrawal of samples, and were placed in baths con- 
trolled to  within fO. l°C.  Thermal equilibrium was established within one 
half hour. The experiment a t  101°C. was made in an oil bath under gentle 
reflux and the temperature rose by about 0.5"C. during this experiment. All 
solutions darkened in color on prolonged heating, although this was slight a t  
60°C. In addition, small particles of a brown solid occasionally appeared and 
the solutions were filtered, if necessary, before viscosity measurements were 
made. 

RESULTS 

Fig. 1 illustrates the results of a typical experiment. The specific viscosities 
of the individual samples were measured a t  various concentrations in M/30 
phosphate buffer. Extrapolation of the linear plots of s,,/c against c to zero 
concentration gave values of [s ]  a t  various times during the experiment. 
Table I shows the values of [ s ]  and of the total reducing power (expressed as  

TABLE I 

mgm. M x 10-4 mgm. ~ x 1 0 - ~  
Time galactose/ from l i m e  galactose/ from 
(hr.) h 1 5 ml. equation [ l ]  1 (hr.) h 1 5 mi. equation [I] 

Run 1 ,  Temp.  = 90°C. 
0 2.45 0.24 
2.25 2.22 0.29 
4 . 8  2.06 0.30 

20.9 1.70 0.30 

Tenzp. = 101°C. 
2.19 0.23 
1.94 0.25 
1.79 

mgm. galactose/5 ml. of solution) for esperiments at clirferent temperatures. 
Comparison with the titer obtained on cornplete I~~.dro l~-s i s  showed that the 
degradation was less than Ti% in all experiments. 
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Attempts to measure the molecular weights of some of the samples by their 
osmotic pressure were unsuccessful as appreciable quantities of low molecular- 
weight material passed through the cellophane membranes. Molecular weight 

TABLE I1 

End-group titration Molecular weight Osmotic 
Polymer (as mgm. galactose/gm. from titration lnolecular 

polymer) weight 

FA 3.04 59 ,000f  13,000 42,900 

-0 .4  - 0 .2  0 0 . 2  04 

LOG 171 
FIG. 2. log [?I vs. log (l/ total reducing power) lor all runs. 
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measurements have, however, been performed on dialyzed fractions of the 
degraded polysaccharide (4). End-group titrations on these fractions showed 
that the molecular weights calculated on the basis of one reducing end-group 
per molecule were in reasonable agreement with the accurate values obtained 
osmometrically. This is illustrated in Table 11. 

On the basis of this agreement, the titration values shown in Table I have 
been used to obtain a relationship between [T] and M. In Fig. 2 log [T] is 
plotted against log (l/total reducing power) for all the measurements. The 
scatter is large on account of the insensitivity of the chemical method in 
this region. For most points, however, the scatter is no greater than expected 
for an error of &0.1 ml. in the titrations. The line through the points corre- 
sponds to the relationship 

111 = 7.59 X 

Molecular weights calculated from the intrinsic viscosities by equation [ I ]  
are listed in Table I. These values are approximate only, but the relative values 
may be used to obtain a fairly accurate representation of the course of the 
degradation. 

DISCUSSION 

For a first-order, random degradation (2) the velocity constant k is given 
by the expression 
121 l / M t -  l /Mo = k t/m 

where Mo and M ,  are the molecular weights a t  zero time and time t respectively, 
and m is the molecular weight of the monomer. In Fig. 3, l/M,--l/Mo is 
plotted against t for the four runs. A sharp decrease in molecular weight is 
observed in the early stages of degradation. After this the plots become 
linear, indicating random degradation. The initial, non-linear portion of the 
reaction is exhibited most clearly in the runs a t  the lower temperatures and 
does not appear a t  10l°C. I t  represents only about 0.3% of the total degrada- 
tion on the basis of complete hydrolysis. 

The slopes of the linear portions of the curves in Fig. 3 give values of k/m. 
If a tentative value of m = 250 is adopted, the following values of k are obtained 

a ion: for the random degrad t' 

Temp. (OC.) 60 75 90 101 
k X lo6 (hi-.-') 0.15 1.13 6.48 20.5 

From these data a good Arrhenius plot is obtained, which yields E = 29.2 kcal. 
for the activation energy and A = 2.75 X 1013 (hr.-l) for the temperature- 
independent factor in the equation for the random degradation. 

The value of E is of the same order of magnitude as the values found for the 
degradation of other polysaccharides. Thus Moelwynn-Hughes (8) has reported 
a value of E = 30.97 kcal. for the hydrolysis of maltose polysaccharides. A 
value of E = 29 Itcal. has been found (7) for amylose, while for pectin E = 28 
i 6 has been obtained (6). 

The values of k are high for a polysaccharide in neutral solution. The labile 
nature of carrageenin suggests that the observed degradation does not corre- 
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T IME (hours) 

FIG.  3. l / M L - 1 / M o  VS. t for runs a t  various temperatures. 

spond to the scission of 1-3 linked D-galactose residues, but must be attributed 
to  the presence of weaker bonds in the structure. Recent work (9) has revealed 
the presence of 3,6-anhydro-D-galactose as a constituent of the K fraction (10) 
of carrageenin, and strong evidence is available that  this compound is split off 
in the early stages of degradation (5, 9). The high velocity constants may 
therefore be attributed to  this cause. 

The random degradation may be interpreted on the basis that the anhydro- 
D-galacto~e residues are incorporated either a t  random or in a regular repeating 
sequence throughout the structure. The results indicate that long chains of 
1-3 linked D-galactopyranose residues are not present in the structure of this 
extract as the degradation proceeds linearly to low values of 
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At temperatures below GO°C. the rate of random degradation becomes 
inappreciable. The  decrease in viscosity observed for carrageenin solutions a t  
lower temperatures is therefore ascribed to  the non-random process noted 
above. The nature of the wealter linkages responsible for this aspect of the 
kinetics is a t  present unknown. A possible interpretation is that  bonds respon- 
sible for chain-branching or cross-linking are broken in the early stages of 
degradation, but further work would be required to decide this. 

ACICNOWLEDGMENTS 

The  author wishes to thank Dr. A. I\i. O'Neill for supplying the carrageen 
extract and Mr. G. W. Caines for technical assistance. 

REFERENCES 
1. BLACK, W. .5. P. Ann. Repts. on Progr. Chem. (Chem. Soc. London), 50: 322. 1953. 
2. EKENSTAM, A. Ber. 69, B: 540, 553. 1936. (Cf. Mark, H. and Tobolsky, 8. V. I n  High 

polymers. Vol. 2. Interscience Publishers, Inc., New York. 1950. p. 462.) 
3. GUTBIER, A. and HUBER, J. Kolloid-Z. 30: 20. 1922. 
4. MASSON, C. R. and CAINES, G. W. Can. J. Chem. 32: 51. 1954. 
5. MASSON, C. R. ,  SANTRY, D., and CAINES, G. W. TO be published. 
6. MERRILL, R. C. and WEEKS, M. J. Am. Chem. Soc. 67: 2244. 1945. 
7. MEYER. K. H.. HOPFF. H.. and MARK. H. Ber. 62. B: 1103. 1929. 
8. MOEL&NN-H~GHES, E. A'. Trans. Faraday Soc. 25: 81. 1929. 
9. O'NEILL, A. N. J. Am. Chem. Soc. In press. 1955. 

10. SMITH, D. A. and COOK, W. H. Arch. Biochem. and Biophys. 45: 232. 1953. 
11. SOMOGYI, M. J .  Biol. Chem. 195: 19. 1952. 
12. TSENG, C. I<. I n  Colloid chemistry. Vol. VI. Reinhold Publishing Corporation, New York. 

1946. p. 629. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
1.

38
.3

6 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



THE REACTION O F  DIETHYL AZODICARBOXYLATE WITH 
DIHYDROGELSEMINE1 

ABSTRACT 

Dihydrogelsemine reacts with diethyl azodicarboxylate yielding a carbinol- 
amine which forms a methyl ether. Both this ether and the carbinolamine base 
can be oxidized by chromic acid to  the same neutral lactam. Tha t  there has been 
no rearrangement of the carbon skeleton during these reactions is shown by 
reduction of the methyl ether of the carbinolamine with sodium borohydride to  
dihydrogelsemine and by reduction of the lactam with lithium aluminum hydride 
to  tetrahydrodesoxygelsemine. I t  is concluded tha t  both dihydrogelsemine and 
gelsemine contain a methylene group adjacent to  N(b)r and from the  infrared 
spectrum of the lactam of dihydrogelsemine, Neb) appears to  be part of a five- 
membered ring. 

In the course of the investigation of the demethylation of dihydrogelsemine 
by means of cyanogen bromide (6), the use of diethyl azodicarboxylate as a 
demethylating agent was explored as an alternate route to dihydro-N-nor- 
gelsemine. I t  was observed, however, that the action of this reagent on di- 
hydrogelsemine followed a different course. I t  gave rise to an intermediate 
which failed to produce formaldehyde when heated with dilute hydrochloric 
acid, contrary to  what was expected from the observations .of Diels and 
Fischer (2) in the preparation of norcodeine. The products of the hydrolytic 
reaction were a new base I and diethyl hydrazodicarboxylate. This seemed to  
indicate that the azo ester had attacked not the hydrogens of the N-methyl 
group, but the hydrogen on a carbon adjacent to N(b), and thus afforded a tool 
with which the alicyclic part of the molecule (5, 7) could be breached. 

Because of its unstable character it was not possible to purify the new base I ,  
but on standing in methanol solution in the presence of mild alkali, it was 
converted into a crystalline methoxy-base I1 (C21H2603N2). The infrared 
absorption spectrum of this base 11 (Fig. 1, curve 1) contained two bands 
(1095 and 1115 cm.-l) attributable to ether linkages, together with a band in 
the NH region and a strong peak a t  1713 cm.-I due to the oxindole carbonyl. 
The base I formed a crystalline perchlorate, C20Hz302N2 . C104 corresponding 
to the anhydro-base 111, and the infrared absorption spectrum of the salt 
(Fig. 1, curve 2) indeed showed an absorption band a t  1668 cm.-I which has 
been shown to occur in the spectra of salts containing the > C=N+< grouping 
(3). The methoxy-base I1 when treated with perchloric acid gave rise to the 
same anhydro salt as base I. These facts can be interpreted on the assumption 
that base I is a dihydrogelsemine carbinolamine, and in support of this, the 
methoxy-base I1 gives the silver mirror test, reduces Fehling's solution, and 
within a few minutes gives a dark orange color with 2,4-dinitrophenylhydrazine. 
This interpretation was confirmed by the reduction of the methoxy base I1 

ln/Ia?zuscribt received December IS. 1951. 
~ontr ibz~ t l 'on  fronzihe Division of pure  ~ h e n z i s t r ~ ,  Nalional Research Coz~nCil, Ottawa, Canada. 

Issued as N.R.C.  No.  3536. 
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9 0  - 4 - 

80- - 
70 - - 

- 

-. 

- 
- 
- 

10- - 
' I  I I  I I I I I I I  1 8  l I I I 1 l  

O 3600 32/00 2800' 2/00! 20bO ,800 1700 1600 ,500 1400 1300 1200 1100 1000 9 0 0  BOO 700 600 

WAVENUMBER ( C M - '  1 

FIG. 1. Infrared absorption spectra in nujol n1~11ls talcen on a d o ~ ~ b l e  beam Perkin-Elmer 
spectrophotometer, model 21. Curve 1, 111ethoxy base 11. Curve 2, perchlorate of base I. 
C ~ ~ r v e  3, dihydrogelsemine lactam. Curve 4, dihydrogelsemine. 

with sodium borohydride which converted it to dihydrogelsemine. Hence the 
above reactions can be represented by the partial formulae 1-111. 

Oxidation of either base I or the methoxy-base I1 with chromic anhydride 
in acetic acid gave rise to a neutral product IV (C3oH??03T\T2). This product 
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differed from dihydrogelsemine in having two hydrogens less and one oxygen 
more. Its neutral properties suggested that it was a lactam, and its infrared 
absorption spectrum (Fig. 1, curve 3) supported this deduction. I t  showecl a 
strong absorption band a t  1718 cm.-I due to the oxindole carbonyl, and another 
still stronger peak a t  1693 cm.-I attributable to a carbonyl present in a cyclic 
lactam2. The absorption of the new carbonyl in the infrared shows it to be 
part of a five-membered lactam since the carbonyl of six-membered lactains 
absorbs a t  lower frequencies. The lactamic nature of the new carbonyl ivas 
confirmed by the action of lithium aluminum hydride which converted product 
IV into tetrahydrodesoxygelsemine, CaoH26ON2, identical with that obtainable 
directly from dihydrogelsemine (7). Product IV, therefore, contains a carbonyl 
next to N(,) and dihydrogelsemine must contain a methylene group adjacent 
to the basic nitrogen. The lactam was hydrolyzed by barium hydroxide, but 
the resulting amino acid recyclized as soon as its aqueous solution ivas eva- 
porated to dryness. 

Since gelsemine is ltnown to contain an exocyclic nlethylene group (4), and 
since the conversion of gelsemine to dihydrogelsemine has been shown to 
involve the saturation of this double bond (4), it is legitimate to assume that 
this reduction does not cause any alteration of the carbon-nitrogen skeleton. 
Hence, gelsemine also must contain a methylene group adjacent to N(,). 
Although the action of diethyl azodicarboxylate on gelsemine did not yield 
any crystalline substance, the amorphous reaction product was converted 
baclt to gelsemine by reduction with sodium borohydride, and this lends support 
to the foregoing conclusion. 

In the light of these results, the structures suggested by Robinson (4) ancl 
by Prelog and his co-worlters ( 5 )  to represent gelsemine are untenable. Of the 
six rings present in gelsemine the nature of three is now established ancl the 
base can be represented by one of the partial structures V or VI of which for 
biogenetic considerations V is preferred. Since one carbon is required for the 
exocyclic methylene group and one ring is a cyclic ether, a remnant C7H10 is 

21n this connection i t  i s  noteworthy that the infrared spectrum of dihydrogelsemine ( i n  a mull)  
shows a double peak in the carbonyl region although this base contains only one carbonyl group 
(Fig.  1 ,  curve 4 ) .  The  infrared spectrum of N-cyano-norgelsemine also contains a dmrble peak i n  
the carbonyl region whereas the spectra of gelsemine and N-cyanodihydronorgelsemine show a single 
absorption band i n  that region. In the spectrum of the lactam, however, the second peak i s  stronger 
than that of the oxindole carbonyl (Fig. 1 ,  curve 3). 
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left with which to form the two remaining rings. T o  represent gelsemine, 
formula VII is tentatively suggested. I t  can be derived from one molecule of 
tryptamine and one of tyrosine which together account for the carbon-nitrogen 
skeleton of the base. The ltnown reactions of gelsemine can be explained on the 
basis of this formula in which, however, only one point of attachment of the 
ether oxygen is suggested, there being no evidence so far as to the size of the 
cyclic ether. 

E X P E R I M E N T A L 3  

Dilzydrogelsemine Carbinolamine 

T o  a solution of dihydrogelsemine (3.643 gm.) in a mixture of acetone 
(100 ml.) and methanol (10 ml.) diethyl azodicarboxylate (4.0 ml.) (prepared 
according to the method of Curtius (I))  was added dropwise with swirling. 
A slight amount of gas was evolved and the solution became warm. After 2.5 hr. 
the solvent was removed under reduced pressure, and the gummy residue was 
heated on the steam bath for one hour with 1Oy0 hydrochloric acid. No smell 
of formaldehyde was detected. When cool, the acidic solution was extracted 
with chloroform to  remove neutral compounds consisting of unreacted diethyl 
azodicarboxylate and of diethyl hydrazodicarboxylate, m.p. 133.2-133.7, 
either alone or in admixture with an authentic specimen. The acidic solution 
was alkalized with dilute sodium hydroxide and the precipitated base was 
extracted with chloroform. On evaporation, the extract left a pale yellow glass 
difficultly soluble in methanol (3.005 gm.). The basic fraction was benzoylated 
in chloroform solution with benzoyl chloride (1.6 gm.) under Schotten-Bau- 
mann conditions. The chloroform layer was washed with dilute sulphuric acid 
and the tertiary amine (1.829 gm.) was isolated by alltalization and extraction 
with chloroform. The tertiary base dissolved in methylene dichloride was 
chromatographed on alumina. Elution with methylene dichloride and chloro- 
form gave a colorless glass (1.533 gm.). A portion of this base was allowed to 
stand overnight with methanol, potassium carbonate, and methyl iodide. The  
mixture was then filtered and the filtrate evaporated to dryness. A residue was 
left which crystallized from methanol as colorless prisms, softening a t  26201 
m.p. 264.5-267.5O (decomp.). After two recrystallizations from methanol, the 
product softened a t  258.5O and decomposed a t  262.5-264O. I t  gave no precipi- 
tate with silver nitrate solution, was soluble in dilute acids, and could be 
precipitated from solution by addition of alltali. Calc. for CZlH2603N2: C, 71.16; 
H ,  7.39; N ,  7.91; OCHs, 8.8; N.CH3, 4.24; one active H ,  0.28%. Found: 
C, 71.17; H ,  7.30; N ,  7.83; 0CH3,  9.17; N.CH3, 4.28; active H ,  0.23%. 

Later it  was found that  the methyl ether could be prepared simply by allow- 
ing the tertiary amine fraction to  stand overnight in methanol in the presence 
of potassium carbonate. 

The basic methyl ether formed a perchlorate which after two recrystalliza- 
tions from methanol gave colorless prisms, m.p. 295-295.5', (dec.) Calc. for 
CzoHz30zNz.  C1O4: C, 56.79; H ,  5.48; N, 6.63. Found: C, 56.85; H, 5.47; 
N, 6.72y0. I t  is the perchlorate of the anhydro base and its formation involved 

3Al l  melting points are corrected. 
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the loss of the elements of methanol. The same salt could be obtained directly 
from the amorphous unmethylated base. 

Reduction of Dihydrogelsemine Carbinolamine Methyl Ether 
A solution of the carbinolamine methyl ether (72 rngm.) in methanol 

(5 ml.) was treated with powdered sodium borohydride (110 rngm.) and 
allowed to stand for one hour a t  room temperature. The solvent was evapor- 
ated under diminished pressure and the residue was taken up in water and 
extracted with chloroform. The extract was washed with dilute sulphuric acid, 
the washings were made alkaline with dilute sodium hydroxide and extracted 
with chloroform. The base obtained by evaporation of the chloroform (50 
rngm.) crystallized on addition of a few drops of acetone, m.p. 219-221°, 
undepressed by admixture with dihydrogelsemine. The infrared absorption 
spectrum of the product was exactly superimposable on that of dihydrogel- 
semine. 

Dihydrogelsemine Lactam 
The carbinolamine methyl ether (338 rngm.) dissolved in glacial acetic acid 

(15 ml.) mas treated with a solution of chromic anhydride (132 rngm.) in 
water (1 ml.) and acetic acid (5 ml.). A brown complex was precipitated a t  
first which redissolved. After 18 hr. the excess oxidizing agent was destroyed 
by addition of a few milliliters of ethanol, and the solution was alkalized with 
dilute sodium hydroxide. The suspension was extracted with chloroform and 
the extract washed with dilute sulphuric acid. Evaporation of the chloroform 
left the neutral lactam (252 rngm.) as a pale yellow foam which was dissolved 
in benzene and chromatographed on alumina. Elution with ether gave the 
lactam (186 rngm.) which crystallized as long prisms from methanol. Undried 
material when heated slowly sintered a t  152' and effervesced from 172-180". 
When dried a t  110° for 10 hr., the lactam had m.p. 157-159.5'. Calc. for 
C2,,HzsOaN?: C, 70.98; H,  6.55; N, 8.28. Found: C, 70.70; H,  6.46; N ,  8.23%. 

Oxidation of Base I 
The amorphous base I (338 mgm.) was dissolved in glacial acetic acid (15 

ml.) and treated with a solution of chromic anhydride (132 mgm.) in acetic 
acid (5 ml.) and water (1 ml.). After 18 hr. a t  room temperature a little ethanol 
was added to destroy the excess of chromic acid, the solution was diluted with 
water, alltalized with sodium hydroxide, and extracted with chloroform. The 
cllloroform extract was washed with dilute sulphuric acid and with water, and 
evaporated to dryness. The neutral product (252 rngm.) was dissolved in 
benzene and chromatographed on alumina (activity IV) and eluted with ether. 
A crystalline fraction (116 rngm.) was obtained which after recrystallization 
from methanol consisted of colorless prisms. After drying i t  melted a t  157- 
159.5~ either alone or in admixture with the dihydrogelsemine lactam obtained 
by oxidatioil of the carbinolamine methyl ether. 

Reduction of Dihydrogelsemine Lactam 
A solution of dihydrogelsemine lactam (260 rngm.) in dry dioxane (12 ml.) 

Lvas added dropwise to a suspension of lithium aluminum hydride (650 rngm.) 
i n  freshly distilled ether (1 ml.). After the vigorous reaction had abated, the 
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mixture was refluxed for two hours and afterwards the excess reagent was 
destroyed by the cautious addition of 1 : l  methanol-water. The precipitated 
hydroxides were centrifuged and washed with methanol, the decantate and 
washings were evaporated under diminished pressure, and the residue dissolved 
in chloroform. Evaporation of the filtered chloroform solution left a yellow gum 
(414 rngm.), the benzene-soluble portion of which was chromatographed on 
alumina. Elution with benzene yielded a colorless oil (190 rngm.) which crys- 
tallized from ether as colorless flat prisms, m.p. 142-142.5', undepressed on 
admixture with an authentic specimen of tetrahydrodesoxygelsemine (7). 

SaponiJication of the Lactam 
Refluxing dihydrogelsemine lactam with potassium hydroxide in ethanol, 

or with aqueous dilute hydrochloric acid or concentrated hydrochloric acid 
did not hydrolyze the lactam. Heating with concentrated hydrochloric acid 
in a sealed tube a t  160-180' also failed to bring about hydrolysis. 

The lactam (375 rngm.) was heated in a sealed tube for five hours a t  150-160' 
with saturated aqueous barium hydroxide solution (10 ml.). After cooling, the 
solution was filtered and to  the filtrate small pieces of dry ice were added t o  
precipitate the barium. The  barium carbonate was centrifuged and washed 
with hot water. Evaporation of the combined decantate and washings almost 
t o  dryness gave 315 mgm. of long platelets which became brown above 200" 
but did not melt below 310'. Evaporation to complete dryness transformed the 
solid into a chloroform-soluble substance (185 rngm.) which crystallized from 
methanol as prisms softening a t  155-16S0, shown by its infrared absorption 
spectrum to  be identical with the original lactam. The  lactam was inert to 95% 
hydrazine a t  125-135'. 

Reaction of Gelsemine with Diethyl Azodicarboxylate 
Gelsemine (2.569 gm.) in methanol solution was allowed to stand for 18 hr. 

with diethyl azodicarboxylate (1.754 gm.), and the product worked up esactly 
as described for dihydrogelsemine. I t  consisted of a colorless glass which did 
not crystallize from any of the usual solvents. 

,A quantity of the product (103 rngm.) dissolved in methanol (15 ml.) was 
treated with sodium borohydride (302 rngm.) exactly as described above. T h e  
product after chromatography on alumina consisted of a colorless foam 
(34 mgm.) which crystallized from acetone, m.p. 178.5-17g0, undepressed on 
admixture with gelsemine. 
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DISINTEGRATION-RATE DETERMINATION BY 4a-COUNTING 
PART I' 

ABSTRACT 

The response probability of a 4 ~ - c o u ~ l t e r  has been examined and conditions 
determined for which the response probability is unity to  within 10 .1% for a 
range of nuclides. Variables examined have been the eflect of polarization 
potential, discriminator bias, source location, counting rate, counter gas purity, 
thickness of conductor on source mount, for particles of various energies and 
from various modes of disintegration. 

GENERAL INTRODUCTION 

The determination of absolute disintegration rates in a precise manner is of 
fundamental importance in nuclear physics and nuclear chemistry. I t  is also 
of some application in other fields, e.g. radiobiology, where radioactive tracers 
are used as a research tool. The experimental methods available have been 
reviewed a number of times (8, 18, 25, 26). All with the exception of 4a-  
counting and coincidence counting are subject to sources of error which limit 
the accuracy attainable to several per cent. Recent results (31) with P-y 

and y-y coincidence measurements indicate that an  accuracy of better than 
one per cent may be possible. The method, however, is limited to nuclides 
which emit gamma radiation and whose decay schemes are well known. 

4a-Counting, up to this time used mainly in the standardization of material 
for therapeutic use, has considerably wider applicability and g-reater potential 
precision than the majority of other techniques. However, the results of 
international intercomparison of standards (31) show a scatter of a few per 
cent, and the limits of error assumed by individual worlters are of the same 
order of magnitude (16, 18, 26, 31, 33). 

Errors of this magnitude are certainly not inherent in the method and the 
present paper is the first of a series which will describe worlc aimed a t  improving 
the accuracy attainable with 4a-counting techniques. While some of the 
information we shall present is strictly applicable only to the design of chamber 
we have used, most of it is of interest in connection with any form of 4 a  
gas-ion counting. 

49-Counting in the present form originated in 1944, when Simpson (32) 
described a counter with a geometry approaching 4 a  steradians. What was 
probably the first true 4a-counter was designed by L. Meyer-Schiitzmeister 
and described in 1948 by Haxel and Houtermans (17). Since that time a 
number of counting chambers of a variety of designs have been described 
(1, 2, 4-7, 16-18, 22, 23, 27, 28, 30, 32, 33, 35-37). A counter system with a 
geometry of 4 a  steradians can be achieved in several ways, e.g. with a gaseous 
source as part of the filling of a gas counter, or with the source dispersed 
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PATE A N D  YAFFE: DISINTEGRATION-RATE 611 

throughout the phosphor of a scintillation counter. We have confined our 
attention to a system which has obvious advantages for routine radiochemical 
work-a chamber composed of two 2~ gas-ion counters arranged face to face. 
The source material is placed between them, in solid form. 

The particular advantages of a counter that will respond to radiation 
emitted over a solid angle of 4~ steradians have been appreciated for some 
years. Since every charged particle that is emitted is registered by the counter 
system, any event subsequent to charged particle emission which occurs 
within the resolution time of the instrument will not be registered separately. 
This has two desirable consequences. 

(i) Provided the primary events of the nuclear transition studied include 
charged particle emission with a total probability of unity, one count will be 
registered per clistintegration. remains undisturbed by the emission of 
secondary particles, nuclear gamma radiation, or annihilation radiation, 
when this occurs within the counter resolving time, as is usually the case. 
Cases for which some data from the decay scheme are required include those 
when particle emission occurs with a probability of less than unity (which 
includes orbital electron capture) and transitions leading to a inetastable 
escited state of the product nucleus. In such cases, the accuracy of the disin- 
tegration-rate determination will clearly depend on the accuracy of the nuclear 
data employed, in addition to that inherent in the counting procedure. 

(ii) Scattering of radiation either by source material, source mount, gas, or 
counter walls is without effect on the observed disintegration rate, since any 
discharges (subsequent to that corresponding to the primary event) caused by 
repeated scattering of one particle will occur within the counter resolving 
time. The same is true of secoildary radiation production due to interaction 
of primary particles with gas, wall, or other inaterial within the counter. 

Thus most of the large corrections (38) of uncertain accuracy required to 
correct data from conventional counter systems (where the geometry is much 
less than 27r steradians) are eliminated. The only sources of error still to be 
corrected for in the calculation of disintegration rates from counter data are 
due to: 
(a) Failure of the counter to respond once to every ionizing particle, arising 
froin a nuclear disintegration, that reaches the counter gas. 
(b) Absorption of radiation by the mount on which the source is deposited. 
( r )  Absorption of radiation by the source material itself ('self-absorption'). 
(d) Statistical fluctuations in the disintegration rate of the source and in the 
background counting rate of the counter. This error can clearly be reduced 
to within any desired limits by extension of the number of events observed. 

This paper considers the first of the above items. Subsequent publications 
will deal with (b) and (c)  and certain theoretical topics relating to counter 
behavior. 

INTRODUCTION 

For the present discussion, it is convenient to define a quantity which we 
shall call the response probability of the counter. This is the probability that  a 
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discharge triggering the recorder be produced when a charged particle or 
photon originating from a nuclear disintegration reaches the counter gas. 
(The term "efficiency" is avoided since it has been used by different workers 
in various contexts.) This probability will have a certain value for a specific 
form of radiation (e.g. for charged particles ideally it will be unity) but under 
given conditions however it may deviate from this value. I t  is the purpose 
of the remainder of this paper to  describe an examination of the variation of 
the response probability of the counter system used by us. 

The response probability is found to  be a function of several variables in 
the conditions under which the counter is operated. Some of these variables 
can be adjusted to  ensure that  no deleterious effect on the response probability 
occurs. Others cannot be controlled in this fashion and one must determine, to  
the desired degree of precision, the value of response probability as a function 
of the variable considered. Corrections for the departure from unit probability 
in the final calculation of disintegration rate can then be made. 

The response probability of the counter may be less than unity if: 
(a) the gas multiplication of the chamber is less than a minimum value; 
(b) the "effective geometry" of the chamber is less than 4n  steradians; 
(c) the counting rate is so high that  the apparatus is unable to  resolve 

successive discharges, and "coincidence-losses" occur. 
I t  may be more than unity, i.e. more than one count be registered per 

disintegration, when : 
(d) a t  higher anode voltages, the discharge phenomena become more ener- 

getic. Then photon emissioil from the excited gas molecules and positive ion 
bombardment producing secondary and photoelectron emission from the 
cathode may lead to multiple discharging over a time interval greater than the 
counter resolution time. 

( e )  the counter gas contains more than a limiting coilcentration of impurities 
with an electron affinity. This may lead to the formation of slow moving 
negative ions which, collected after the electron pulse, may also lead to 
spurious pulses being observed. 

(a) Gas n/fulti#lication 

In order that the passage of an  ionizing entity througll the chamber shall 
register a count, the ionization produced, after gas multiplication, collection 
a t  the counter anodes, and external amplification, must produce a pulse a t  
the output of the amplifier system larger than the discriminator bias potential 
applied to the signal. Whether this condition is satisfied depends on the value 
of the multiplication factor, amplifier gain, capacitance of the chamber anode 
system and amplifier input, and the bias potential. These quantities may all 
be measured, but, aside from the discriminator bias, which cannot be reduced 
below a minimum value, the only one normally varied in the system is the 
gas-multiplication factor. This must be adjusted, by increasing the polariza- 
tion potential for example, until the situation described above is obtained. 
However, the polarization potential cannot be raised indefinitely since above a 
limiting value the secondary processes described under (d) above set in. 
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Thus it  is important to determine whether the gas multiplication can be raised 
sufficiently to  bring the response probability of the chamber close to  a value 
of unity for the radiation producing the least amount of ionization in the 
chamber. (This is clearly particularly important when beta radiation is to be 
examined, since the energy spectrum includes a proportion of particles with 
very low energies, a proportion which increases with decreasing spectrum 
energy end point.) 

One may determine in two ways whether this state of affairs can be brought 
about. 

(i) The change in counting rate as the gas multiplication is varied within 
the range available may be observed. 

(ii) The various quantities described above, including the gas multiplication 
(as a function of polarization potential), may be measured and the total 
response probability of the counter ~inder  given conditions may be calculated 
for those energies where specific ionization is a t  a minimum. 

Both these methods have been used in the present investigation. 
In addition to being a function of the polarization potential, the gas multi- 

plication is also dependent on several other variables. 
(iii) The polarization field strength is a function of position inside the 

chamber, and therefore the ion collection will be a function of source position 
both within the normal source-mount plane, and for movements a t  right 
angles to this plane. However, a t  certain polarization potentials, it is expected 
that a region will exist in the center of the chamber over which the response 
probability is constant a t  a value of unity. The operation of the counter mill 
then be insensitive to  small movements of the source within this region. 

(iv) Since the efficiency of ion collection within the chamber is a rapidly 
varying function of field strength it is important to ensure that  in the vicinity 
of the source the field strength is a t  a maximum. This is especially true for soft 
p emitters which will have a short range in the gas and thus most of the 
ionization is produced in the immediate source vicinity. The counter design 
ensures this maximum field strength provided the source mount is conducting 
to the cathode surface. An insulating mount will dist~irb the field strength in 
such a manner that a position of zero field strength occurs a t  the source 
position and hence poor ion collection results. 

Seliger and Cavallo (30) claimed that  the loss in efficiency due to  the use 
of a non-conducting film mounted over an aperture in an aluminum diaphragm 
was negligible provided the aperture diameter was limited to  minimize the 
field disturbance. However, a later paper (22) agreed with most observers 
that ,  for reliable results, the film had to  be rendered conducting. This is 
satisfactorily accomplished by distillation of gold in vaczlo on to  the film. 
A rapid routine method for estimating the thickness of the gold layer has been 
described in a previous publication (24). I t  is of considerable importance to 
reduce the superficial density of the source mount used as far as possible in 
order to  reduce absorption of radiation (see the next paper in this series). 
I t  is thus essential to  know the minimum superficial density of gold required 
for satisfactory counter operation, since it  is fruitless to reduce the film super- 
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ficial density much below this figure. Little quantitative information is avail- 
able on this point, or on whether one or both sides of the film need be coated. 
Hawlcings (16) has used 25 pgm./cm.? of gold on both sides of a 100 p g r n . / ~ m . ~  
Formvar film with success. 

(v) The electron-collection process will clearly be affected to some extent 
if the counter gas contains a significant proportion of electron-accepting 
impurities. I t  is therefore of importance to determine the limiting concentra- 
tion which can be tolerated without the counter operation being affected. 

(b) Counter "Geometry" 

The response probability will be reduced from a value of unity if conditions 
are such that a proportion of the emitted radiation is absorbed (other than by 
source material, or the mounting film) before it can produce the necessary 
minimum number of ions required to trigger the recorder. I t  must, therefore, 
be verified that ,  with the aperture sizes used by us, this effect is not serious. 

(c) Coincidence Losses 

Operation of the chamber as a proportional counter serves to increase the 
value of the response probability a t  high counting rates, by making possible a 
reduction in the resolution time of the apparatus, compared with that obtained 
with the counter operated as a Geiger-Miiller counter for instance. The  use 
of the 4a-counter over a wide range of counting rates nevertheless demands 
that the coincidence loss be accurately known as a function of counting rate. 
Owing to the variety of processes which may cause coincidence losses in the 
proportional counter and associated electronic equipment this function is 
best obtained empirically. The availability of thin films, described in a previous 
publication (24), has made possible a very precise determination of the coinci- 
dence loss function by a modification of the conventional multiple source 
technique. 

EXPERIMENTAL PROCEDURES, RESULTS, AND DISCUSSION 

The counter chamber used in these experiments is essentially that  described 
by Hawlcings et al. (1G) and is reproduced in Fig. 1. I t  consists basically of two 
hemispherical brass cathodes of 7 cm. diameter and two ring-shaped anodes 
of 0.001 in. diameter tungsten wire. The source mount, which is continuous 
with the cathodic surface, consists of a plastic film of superficial density 
5-10 pgrn./cm.2 rendered conducting by a layer of gold (2 pgrn. /~rn.~)  applied 
by distillation in vacuo to either surface of the film. The film is mounted over 
an aperture in an  aluminum plate 1 mrn. thick. The aperture diameter is 
usually 5 cm. and occasionally 2.5 cm. 

The chamber is used in conjunction with a Nicholls high voltage supply 
(AEP 1007B). The anodes of the chamber are connected in parallel to an 
Atomic Instrument Co. preamplifier (205-B) which has been modified to 
obtain a low noise level. The output from this is fed into an Atomic Energy 
of Canada Ltd. amplifier (AEP 1448) which has non-overload characteristics, 
and thence after discrimination into a Marconi scaling unit of 1000 (AEP 908). 
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0 0 4 ~  COPPER ANODE LEAD 

G A S  I N L E T  
TEFLON INSULATOR 

OOOI'TUNGSTEN 

BRASS 
C A T H O D E  

ASTIC FILM 
A N D  M O U N T  

G A S  OUTLET 

FIG. 1. The 4~-coun t ing  chamber. 

The over-all gain of the amplifying system is 30,000 and a bias voltage up to 
50 v. can be applied by the discriminator to the output signal. 

The  counter chamber is operated in the proportional region. The counting 
gas used is C.P. methane a t  atmospheric pressure dried by passage over silica 
gel. After insertion of the sample the counter is flushed for about five minutes 
a t  a rapid flow rate and the rate then moderated to a standard rate of 0.5 ml. 
methane per sec. 

The stability of the equipment, which was checked with a standard RaD-E-F 
source and a Ni63 source, is excellent. This can also be attested to by the 
reproducibility of results obtained a t  different times. 

The sources of radioactivity used were all of so high specific activity that  
source thickness did not affect the results quoted in this paper. Samples 
approximating "point-sources" were prepared by evaporation of a suitably 
sized aliquot of stock solution on the mounting film using infrared radiation. 
One exception to this procedure was the case of Tcwm. This nuclide was 
co-separated with rhenium in the normal fission product procedure (14) up 
to the final stage when the Re-Tc mixture was precipitated as  the sulphide. 
The sulphide was slurried with water and a portion evaporated on the film. 

The half life, mode of decay, radiation characteristics, and source of supply 
of the nuclides used are shown in Table I. 

(a )  Gas Multiplication 
(i) High Voltage Characteristics of the Counter 

High voltage characteristic curves were obtained in the usual way for a 
series of sources of 0 radiation of increasing maximum energy, a t  a constant 
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Masim~iin energy 
Nuclide Half life Mode of decay of particle Source of supply 

(MeV.) 

Ni63 80 yr. 8-, no r 
S3& 87 days 8-, no 7 
Cad6 152 days B-, no r 

0.067 A.E.C.L. 
0.167 A.E.C.L. 
0.254 A.E.C.L. ~. 

TI~O'  4 . 0  yr.- 8-, no r 0.765 A.E.C.L. 
~i210 5 .0  davs B-. no -/ 1.17 Seoarated from , ,  . 

R~D-E-F  from 

14.4 days 
40.3 hr. 

A.E.C.L. 
8-, no r 1.70 A.E.C.L. 
8-, r 2.26 Separated from 

fission products of 
uranium irradia- 
ted in BEPO, 
A.E.R.E. Harwell, 
England 

Poz10 138 days 01 5.30 Separated from 
(mono-energetic) RaD-E-F from 

A.E.C.L. 
NaZ2 2 . 6  yr. 8+, r 1 . 8  A.E.C.L. 
C060 5 . 3  yr. 8-, r 0.319 A.E.C.L. 
Tc9grn 6 . 0  hr. I T  0.142 Separated from 

(mono-energetic) 6ssio.n products.of 
uranium irradla- 
ted in N R S ,  
Chalk River, Ont. 

discriminator bias level. The nuclides employed, with the exception of I,al*O 
all emit p- particles without accompanying y radiation. Their nuclear proper- 
ties are described in the top half of Table I. Fig. 2 indicates the response of the 
counter to pure p radiation. Standard deviations on the quantities measured 
lie within the areas of the points as plotted (as for all succeeding figures in 
this paper unless otherwise indicated). 

The data shown in Fig. 2 indicate that the chamber used in thisworliis 
suitable for measurements of P- emitters with maximum energies a t  least 
down to 0.067 Mev. The plateaus obtained in no case show any perceptible 
slope. The maximum figure which can be calculated on a basis of the statistics 
of the measurements concerned is less than 0.1% per 100 v. There is, therefore, 
little ambiguity as to the correct counting rate figure to be used as a basis for 
calculating the disintegration rate, and little doubt of the fact that  substan- 
tially all of the particles in the spectrum are being registered. At polarization 
potentials of about 100 v. in excess of the threshold value, the response 
probability approximates very closely to unity. However, obviously, any 
poIarization potential on the plateau may equally well be used if for any 
reason this is desirable. 

The displacement observed with increasing particle energy is due to the 
reduced amount of ionization produced in the region of maximum polarization 
field strength by the more energetic radiation. The effect is less marked a t  the 
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1 
I 

POLARISATION P O T E N T I A L  (KV.) 

FIG. 2. High voltage characteristics for @ radiation of varying maximum energies. 

higher end of the energy scale since there is very little variation of specific 
ionization with energy in this region. 

The length of the plateaus observed with P- emitters is never less than 400 v. 
and may be as much as twice this. The polarization potential a t  which multiple 
pulsing sets in is dependent on many factors such as condition of source and 
temperature of the chamber. 

Fig. 3 shows a series of characteristics obtained using Ni63 (maximum energy 
0.067 Mev.) taken a t  increasing discriminator bias values. Fig. 4 shows a 
similar series using La140 (maximum energy 2.26 Mev.). Plateaus taken a t  
increasing bias values are displaced to higher polarization potential values 
but otherwise are exactly superimposable. Fig. 5 shows characteristics ob- 
tained with nuclides decaying by the emission of alpha particles, positrons, 
negative electrons with gamma radiation, and by isomeric transition. These 
data indicate that the present chamber makes a satisfactory counter for many 
forms of radiation. Absolute measurements with a- and P+- and p--emitting 
nuclides with or without accompanying y radiation are clearly straightforward. 
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1.6 1.8 2.0 2.2 2.4 2.6 2-8 3.0 
POLARISATION P O T E N T I A L  (KV.) 

FIG. 3. High voltage characteristics for Ni63 6 radiation as a function of applied discrinlinator 
bias. 

With nuclides decaying by means of isomeric transition the same is true if the 
pertinent nuclear data  are available. 

Fig. 6 shows the variation of the characteristic with increasing disintegration 
rate. A series of P32 sources of known strength was prepared on 5-10 pgm./cm.g 
films. The disintegration rates (about 500 d.p.s.) were below the region where 
coincidence losses were significant. A series of secondary sources was then 
prepared from these by lamination, the total disintegration rates being 
calculated by summing those of the component sources. ( I t  will be shown in a 
forthcoming publication tha t  the absorption of radiation from P32 even with 
10 or more of these component films can be neglected.) The results of measure- 
ments a t  two values of discriminator bias are shown. The calculated rate for 
each source used is shown for comparison purposes. 

These results show clearly tha t  satisfactory characteristics are retained 
with our apparatus a t  least up to a counting rate of 3 X lo3 counts per second. 
The irregular shape of the curves above this figure show tha t  it is meaningless 
to quote a coincidence loss for a counting arrangement unless this loss is given 
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1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 

POLARISATION POTENTIAL (KV.) 

FIG. 4. High voltage characteristics for La140 p radiation as a function of applied discriminator 
bias. 

for definite polarization conditions, since coincidence losses in proportional 
counting are due to a variety of reasons. For example, since the discharge 
mechanism results in a local and partial reduction of the polarizing field, the 
counter may enter into successive discharge processes with the effective 
counter field a t  different stages of recovery. Also, a t  higher counting rates, 
the slow migration of positive ions to the cathode may substantially reduce the 
polarization field and thus the gas multiplication. In addition to this losses 
in the electronic circuit may also occur. 

(ii) Response Probability to Charged Particles as a Function of Their Energy 
The ionization produced by most charged particles is more than adequate 

to ensure a response probability of unity under normal operating conditions. 
With low energy particles and electrons of about 2 Mev. (where the specific 
ionization is a t  a minimum (3)) this may not be so. For example, a small low 
energy fraction of any spectrum of /3 radiation will not count with unit pro- 
bability. This fraction increases as the maximum energy of the spectrum 
decreases. 
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I 

1.8 2-0 2-2 2.4 2-6 i8 3;0 3.2 
ELECTRON E M I T T E R S  

POLARISATION POTENTIAL (KV.) 

FIG. 5.  High voltage characteristics for various forms of radiation. 

We have calculated the response probabilities of the counter towards the 
entire spectrum of the /3 radiation of NiG3 and S3j since these were the softest 
/3 radiations studied. The calculations are convenientl)~ made in three stages. 
First, the minimum total charge pulse arriving a t  the counter anode system 
which will trigger the recording mechanism is calculated from the measured 
electronic parameters. The corresponding original ionization is then computed. 

Amplifier gain = 3 X 10' (measured with a calibrated 
pulse generator and oscillo- 
scope) 

Minimum bias level = 3 v. (i.e. a pulse greater than this 
will trigger the scaler circuit) 

Minimum input = 0.1 mv. (calculated from above) 
Capacitance of chamber = 25 ppf. (measured by resonance bridge 

anode system and ampli- method) 
fier input 

Therefore, the 0.1 mv. input signal corresponds to  a charge arriving a t  the 
anode of 2.5 X 10-l5 coulombs or 1.6 X lo4 electronic charges. 
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4 1 
10 . 1-l + I 

1.6 1.8 2.0 2.2 2 '4 2.6 2.8 3.0 

POLARISATION POTENTIAL (KV.) 

FIG. 6. High voltage characteristics as a function of disintegration rate. 

The mean gas multiplication was determined in the following way. Using 
the alpha particles from Po210 the maximum pulse height obtained a t  the 
chamber anode system was measured with a cathode ray oscilloscope. Care 
was taken that  pulses were not large enough to produce amplifier saturation 
or proportional counter distortion. The observed pulse amplitude was inde- 
pendent of polarization potential between 250 and 500 v. Here the chamber is 
acting as a saturated ion chamber and the gas multiplication is unity. Read- 
ings, taken a t  increasing potentials, were normalized to  this value. When the 
danger of saturation or distortion became apparent a Ni63 source was substit- 
uted for the Po210. A large range existed where both could be used so that  no 
errors were introduced by the substitution. 

The results are shown in Fig. 7. At 2.6 kv. the mean gas multiplication 
( A )  has a value of 2.6 X lo3 and a t  2.9 kv., A = 1.6 X lo4. Therefore, a t  
these polarization potentials, the counter will respond to a mean of six and 
one ion pairs respectively. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
1.

38
.3

6 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CASADIA?: JOURNAL O F  CIIEMISTRV VOL. 33 

," 7 7 I 

0 03 1.0 1 '5 2 0  2-5 40 
P O L A R I S A T I O N  P O T E N T I A L  (KV.) 

FIG. 7. Gas multiplication function of counter. 

Secondly, the probability that  a given particle energy will produce a certain 
minimum number of ion pairs should be calculable if the appropriate data are 
available. Curran et al. (9) note that  the mean energy (TV) necessary to produce 
one ion pair increases with particle energy a t  low energies, but give no quan- 
titative data. They also note that  W for both argon and nitrogen (both non- 
electroil acceptors like methane) is substantially indepencleilt of energy clo~vn 
to 500 ev. This confirins theoretical predictions made by Fano (11). '4s a 
first approximation (adequate for present purposes) one can assume that  the 
value clue t o  Scllmeider (29) of W 30 ev. applies in the region of interest. 

Both the ionization and gas multiplication obtained under given conclitioils 
are subject to  variance. Let Jo bc the mean iluinber of ion pairs produced in 
the chamber ( =  E/W where E is the particle energy dissipated in the gas). 
The variance of J and of the gas multiplication A have been studied by a 
number of workers. Fano (12) has shown, 011 theoretical grounds, that  the 
variance of J ,  V, = FJo where F (a constant for the particular gas) is foulld 
to be equal to 0.3 for atonlic H where necessary data for calculation are 
available. 

The variance of A was exailliilecl theoretically by Snyder (34) ancl Frisch 
(13) vrho found that  TT..i = A .  Thus the total variance V of the output pulse 
amplitude of a counter expressed as an ecluivalent variance of the original 
ionization J will be V = FJo+Jo. The observations of Hanna et al. (15) a t  
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250 ev., 2.8 liev., and 17.4 kev. indicate that  a value of V = J0 describes the 
experimental results more exactly. Since F is not expected to be very small, 
the variance of the gas multiplication factor must be less than Jo,  confirming 
the observations of Curran et al. (10). 

Thus the distribution of pulse amplitudes a t  the chamber anode for a given 
energy will be approximately a Poisson distribution. On this basis, then, one 
can calculate the probability P that  a t  least one or a t  least six ion pairs be 
produced, as a function of particle energy, corresponding to  the polarization 
potential values mentioned above. 

The probability functions are shown in Fig. 8. Since a minimum of one ion 
pair mill trigger the counter a t  2.9 liv., the curve for J = 1 represents the 
counter response probability function under this condition. Similarly, the curve 
for J = 6 gives the response probability a t  2.6 kv. Clearly, a t  low E values 
these calculations are in error, but certainly show a t  worst an order of magni- 
tude for P a t  these energies. 

0 0.5 I.0 1.5 10 2.5 3'0 3'5 4.0 4.5 5'0 
R E L A T I V E  E L E C T R O N  E N E R G Y  ( E L W )  

FIG. 8. Counter response probability as a function of electron energy for mean ionizations 
of one and six ion pairs. 

Tltirdly, from the probability curves of Fig. 8 i t  is now possible to obtain a 
nlcan response probability for a radiation of any linown energy distribution. 
We have calculated the values for NiG3 and S3j a t  applied potentials of 2.6 
and 2.9 kv. The relevant probability function has been integrated using 
energy values from the spectrometer data  of Langcr et al. (21) for S 3 h n d  
ICobayashi et al. (19) together with the rnoclified beta decay theory for 
AJ = 2, yes transitions (20) in the case of Ni6< The results of the calculations 
are shown in Table 11. 

Sucliclc Xpplietl voltage hiearl no. of ion Probability 
(IW.) pairs detected 
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Owing to their low energy emission Ni63 and S36 are the two nuclides we have 
studied which are most likely to have a low response probability. The response 
probability in the two cases is seen to be very close to unity. This conclusion 
is also, of course, corroborated by the observations recorded in Fig. 2. The 
counting rates obtained with all energies remained essentially unchanged 
even when for example, in the case of S36, the applied potential was increased 
from 2.4 to 3.2 kv., corresponding to a change in the gas multiplication by a 
factor of about 160. A minimum in the specific ionization also occurs a t  a 
particle energy of about 2 Mev. The specific ionization a t  this point is about 
40 ion pairs per cm. per atmosphere of methane (3) which corresponds to a 
production of a t  least 100 ion pairs in the chamber. This is clearly sufficient to 
ensure a response probability of unity. 

(iii) Response Probability a s  a Function of Soz~rce Position 
We have examined the variation of response probability of the counter for 

sources of radiation as a function of their location in the source-mount plane 
in a manner essentially similar to that  employed by  Hawltings et al. (16) for 
P3?. We have determined this for P emitters of varying energy from 0.067 
Mev. to 2.26 Mev. a t  various polarization potentials and bias voltages. 

The source was mounted on a small area of 5-10 ~ g m . / c r n . ~  film supported 
over an aperture of 5 mm. diameter in a slide of aluminum foil. The  slide was 
arranged to  move between two parallel wires so that the source could be 
adjusted to any position along a diameter of the source-mounting diaphragm. 
This movement, combined with the rotation of the diaphragm, allowed the 
source to  be brought to any point within the plane of the source mount. 
The whole was screened electrostatically from the electrode system by being 
sandwiched between two gold-coated 10 pgrn./cm.' films. Attenuation of the 
,8 radiation by absorption in the small layer of gas trapped between the films 
could be neglected for purposes of this experiment. The counting rate was 
observed with the source in 90 different positions, each a t  two values of 
polarization potential and two discriminator bias settings. Typical contours 
of qua1 response probability are shown in Figs. 9 and 10. 

I N S I D E  SURFACC O F  C H A M B E R  
\ 

I N S I D E  SURFACE O F  CHAMBER 

FIG. 9. Co~ltours of equal response probability for NiGJ /3 radiation. 
FIG. 10. Co~ltours of equal response probability for La1" /3 radiation. 
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The contours are essentially similar to those obtained by Hawkings et al. 
(16) for P3?. The area over which the response probability is unity for a par- 
ticular applied voltage and bias level can be seen to  be smaller for NiG3 than for 
La140, because of the reduced range of the weaker radiation in the counter gas. 
Other curves, similar in nature, have been obtained with varying polarization 
and bias level but are not shown here for reasons of brevity. These curves 
show an expansion of the contours with increasing polarization and decreasing 
bias voltage. 

From these data  it is clear that a source diameter of up to  a t  least 1 cm. 
can be tolerated by the counter for all particle energies studied without a 
significant drop in response probability. 

I t  will be seen from Fig. 1 that  the counting chamber is constructed in 
such a manner that  both hemispheres are recessed to accommodate an alu- 
minum source-mount diaphragm. This allowed us to investigate the variation 
of response probability when a source of S35 was moved 1 mm. from the medial 
position towards each anode. (The source-mounting film is customarily affixed 
to  one side of the aluminum diaphragm, and the source material deposited 
on the side of the film away from the diaphragm.) The results, as shown in 
Table 111, show that  a displacement of a t  least 1 mm. in either direction 
(the maximum allowed by the counter design) may occur without adversely 
affecting the counting rate. 

TABLE I11 

Position Observed counting rate 
(counts/min.) 

Source 
Source 
Source 
Source 

central facing upwards 39,070 Z!Z 140 
displaced 1 m m .  to\vords top  anode facing up\\rards 39,170 + 140 
central facing downwards 39,240 + 140 
clisplaced 1 111111. towards bot tom anodc facing downwards 30,280 Z!Z 140 

(iv) Efect  of Variation of Gold Thickness of Soz~rce-mount Films 
The effect on counter response probability of variation of gold thickness on 

films has been investigated in two sets of experiments, one each for NiG3 and 
P3? radiation. Sets of VYNS films (all of 5-10 pgm./cm.? superficial density 
and mounted over diaphragm apertures of 5 cm. diameter) were coated on 
one side with a range of gold thicknesses. The superficial density of gold applied 
was measured spectrophotometrically as described previously (24). For each 
film, a source was applied centrally to the side of the film on which the gold 
had been deposited. The high voltage characteristic a t  a constant discriminator 
bias setting obtained with this arrangement was recorded. A diaphragm with 
aperture diameter of 2.5 cm. was then placed over the first, forming effectively 
a system in which a film with the same gold superficial density was mounted 
over a smaller aperture. The characteristic curve was again determined. 
The film, on the original diaphragm, lvas then removed from the counter and 
10 p g r n . / ~ m . ~  gold distilled on to  it. In one half of the experiments the gold was 
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FIG. 11. High voltage characteristics as a function of side of mount to  which gold is applied. 
A. 5 pg~n. /crn .~  of gold on source side. Ni63 
B. 5 pgn~. /cm.~ of gold 011 reverse side. Ni63 
C. 5 pgni./cm.* of gold 011 source side. P32 
D. 5 pgrn. /~rn .~  of gold on revcrse side. Pa? 

applied to the side of the film carrying the source and in the other half to the 
reverse side. The voltage characteristic was again dcterinined. Finally, a 
further 10 pgm./ctn.? of gold was applied, this time to the opposite side to 
the above (both sides now had at  least 10 pgrn./c111.~ 01 gold) and a fourth 
charactel-istic was measured. 

The results of the effect of gold thic1;ness are as follo~vs: 
1. In all cases the last two characteristics were identical. Identical voltage 
characteristics were obtained regardless of whether the gold was on the source 
side, reverse side, or both sides. Representative characteristic curves are shown 
in Fig. 11. 
2. The appearance of the characteristics obtained with increasing thick- 
nesses of gold is shown in Fig. 12 for Ni63 and Fig. 13 for P3Y In order to render 
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1.6 1.8 2 0  2.2 2.4 2.6 2.8 3.0 
POLARISATION P O T E N T I A L  (KV.)  

FIG. 12. High voltage characteristics for Ni" as a function of gold thiclcness on source 
mount. 

the data comparable the counting rates are expressed as a fraction of that  
found for the source after application of 10 p g m . / ~ m . ~  of gold to the source 
mount. The figures plotted apply to a diaphragm aperture of 5 cm. The 
smaller aperture of 2.5 cm. had the effect of displacing the characteristic for a 
given gold thickness to a higher polarization potential. I-Iowever, the gold 
thickness a t  which normal characteristics occurred ( > 2 pgm./cin." was the 
same for both aperture sizes. 

(v) Effect of Pztrity of Counting Gas 
The effect of using a counter gas of inferior quality is shown in Fig. 14. 

This shows a series of characteristics using NiG3 as the radioactive source and 
Technical grade methane as the counting gas. The inass spectrometric analysis 
of a sample of C.P. methane, giving normal performance, is shown in Table 
IV. We do not give an analysis for Technical grade methane as this varies 
froin one cylinder to another; the variation in quality is such that some san~ples 
may be found to give satisfactory characteristics. 
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1.6 1.8 2.0 2.2 2.4 2.6 2.8 30 
POLARISATION P O T E N T I A L  (KV-) 

FIG. 13. High voltage characteristics for Pa2 as a function of gold thickness on source 
mount. 

TABLE IV 
MASS SPECTROMETRIC ANALYSIS OF C.P. METHANE* 

Constituent Concentration 
(% by weight) 

co, 
C3, c4 
CH 4 

0.15 
0.01 

Remainder 

*The authors wish to thank Dr. A. I. Schiff for having perfornzed this analysis. 

Experiments performed with synthetically prepared gas mixtures showed 
that  the counter is relatively insensitive to the presence of higher saturated 
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r. 

1.8 2.0 2.2 2.4 2.6 2.8 3.0 3-2 

P O L A R I S A T I O N  POTENTIAL (KV.) 

FIG. 14. High voltage characteristics obtained with impure methane for XiG3 /3 radiation. 

ant1 unsaturated hydrocarbons in the gas mixtures. The presence of small 
quantities of air or oxygen, however, is injurious, possibly owing to the electron 
affinity of the latter. 

( b )  ['Coz~nter Geometry" 
Experimental techniques for determining effect of "counter geometry" 

are described in section (iv) of (a) .  
Characteristics for Ni63 and P3' are shown in Fig. 15 for both large and small 

diaphragm apertures. The gold thicltnesses used in this experiment were greater 
than the limit a t  which regular behavior commenced. 

Several worlters (16, 23) have discussed the effect of using a relatively 
thick metal diaphragm in order to support the source-mounting film or foil. 
Calculations have been made of the fraction of particles emitted which will be 
"lost" owing to collision with the diaphragm aperture wall. Experiments have 
also been performed a t  a single value of the polarization potential to  determine 
the effect of reduction of aperture size. 

Fig. 15 shows clearly that  no decrease in counter response occurs when the 
diaphragm aperture diameter normally used is decreased by one half. Pro- 
vided that a particle produces the necessary minimum number of ions before 
being absorbed in the aperture wall, no loss in counts will occur. As the 
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1 , - - -  til I I , !5 I ;I :I;[ ,I 
0.9 

1.0 2.0 2.2 2.4 2-3 2.0 3'0 3'2 10 10 
POLARISATION POTENTIAL (KV.) 

12 
OBSERVED COUNTING RATE (COUNTS/MIN) 

FIG. 15. High voltage characteristics obtained with varying size of diaphragm aperture. 
A. 2.5 cm. diameter aperture. NiG3 
B. 5.0 cm. diameter aperture. Ni63 
C. 2.5 cm. diameter aperture. P3? 
D. 5.0 cm. diameter aperture. P32 

FIG. 16. Coincidence loss function of the counter, a t  2.6 kv. high voltage and 15 v. dis- 
criminator bias. 

polarization potential is increased, the probability of this minimum number 
being produced approaches unity. Thus, the effect of a reduced aperture size 
is to displace the polarization characteristic to  higher polarization potentials 
and does not reduce the effective counter geometry from 47r steradians. 

( c )  Responue Probability at Higher Counting Rates 
The coincidence loss function of the counting arrangement has been deter- 

mined  sing the method previously described to  esalnine the effect of disinte- 
gration rate on the characteristic curve of the counter. A series of 12 sources 
of P3' \vith disintegration rates ranging fro111 between 3 X lo2 and 10qd.p . s .  
was prepal-ecl and the counting rates of the single and laminated sources 
obtained. The results, expressed as "coincidence loss" as a function of the 
observed counting I-ate, are shown in Fig. 16 plotted on a log-log scale. Some 
points for the curve were also obtainecl by studying the departure from 
esponential decay of a source of Na2". 

The results obtained in Fig. 16 clearly illustrate the loss in counting rate of 
this counter assembly with increasing disintegration rate. The presentation of 
the data on a log-log plot results in a curve which is linear and thus facilitates 
extrapolation to lower counting rates. This correction curve can be used with 
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confidence for our arrangement up to an apparent counting rate of 6 X lo5 
c.p.m. I t  is highly probable that  most of the losses which occur are not pri- 
marily due to the counter but due to the electronic equipment. 

SUMMARY 

On the basis of the experimental work discussed in this paper, it is estimated 
that the error due to the departure of the response probability of a 4~ -coun te r  
from a value of unity may be reduced to less than 0.1%. For our apparatus, 
the conditions under which this is realized are the following: source-mounting 
film of 5-10 pgm./cm.VYNS resin mounted over a diaphragm aperture of 
2.5 or 5.0 cm. and coated with a t  least 2 pg rn . /~m.~  of gold, counting gas 
C.P. methane, polarization potential 2.6 kv., and discriminator bias 15 v. 

The absence of perceptible slope on the high voltage characteristics of the 
chamber when functioning correctly allows a considerable latitude in the 
conditions under which the system may be satisfactorily operated. I t  further 
allows a rapid verification that  the system is so operating. If an increase of 
200 v. in the polarization potential or 10 v. decrease in the discriminator bias 
causes no change in counting rate observed, then a response probability close 
to a value of unity is indicated. 
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THE COMPRESSIBILITY OF GASES AT HIGH TEMPERATURES 
X. XENON IN THE TEMPERATURE RANGE 0" TO 700°C. AND THE PRESSURE 

RANGE 8 TO 50 ATMOSPHERES1 

ABSTRACT 
The virial coefficients of xenon have been measured in  the temperature and 

pressure range described. The results are compared with previous measurements. 

The compressibility and the virial coefficients of a number of gases have 
been previously measured over a wide temperature range using an expansion 
technique (5). In the present paper measurements of the virial coefficients of 
xenon from 0" to 700°C. are reported. Temperatures up to  700°C. were em- 
ployed in the present measurements in order that the virial coefficients coulcl 
be extended well above the Boyle point. The pressure ranges covered by the 
measurements were approximately 4 to 20 atm. a t  O°C., 8 to 30 atm. a t  50°C., 
and 8 to 50 atm. a t  the higher temperatures. The xenon gas used in the 
measurements was supplied by the Linde Company and contained no krypton 
or other impurities above the limit of detection by a mass spectrometer 
(about 0.01%). Frequent checks on its purity were made during the runs. 
The procedure and method of measurement were the same as described 
previously (5). 

RESULTS 

The experimental measurements were fitted to  the equation of state 

by the method of least squares described previously (G). The values of the 
virial coefficients A,  B, and C, and their standard errors, are summarized in 
Table I .  The  n nits are amagat units. The standard error of the derived 
coefficients has been defined previously (G) and it is perhaps worth pointing 
out that  it does not necessarily represent the absolute error. The total number 
of gas expansions carried out in the measurements a t  each temperatlire are 
also given in the table. 

At O°C. the vapor pressure of senon is approximately 41 atin. (3). I t  was 
not possible to fit the measured data  above 20 atm. to a virial equation 
including the fourth virial coefficient, so only measurements below 20 atm. 
were retained in the final analysis. At 50°C. only measurements below 30 atm. 
were retained for the same reason. At higher temperatures the maximum 
pressure was 50 atm. and a t  all temperatures except for the 0" isotherm the 
lowest pressure was 8 atm. or lower. For the 0" isotherm, which presented the 
greatest difficulty in fitting a series equation, the measured pressures were 
extended down to 4 to 5 atm. This was accomplished with an ausiliary piston 

lMa?zz~scribt received December 20. 195.4. 
~o?ztributlon from tlze DivisioTz "f ~ z i r e  Chemistry, Natiounl Research Coz~ncil of Canadn, 

Otlazua. Issued a s  N.R.C. No.  3537. 
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gauge ~ v l ~ i c l ~  was designed to operate in the pressure range from 3 to 15 atm. 
The additional low pressure data ,  which are very essential for obtaining 
accurate second virials lor highly imperfect gases, greatly facilitated the 

I fitting of the data to a series equation. Moreover, for the isotherms between 
0" and 150°, where the curvature of the pressure-ratio vs. pressure plots u-as 
greatest, the value of N, the volume ratio of the gas pipettes, was determined 
separately a t  each temperature by measurements with helium in the usual 
way. This further simplified the fitting of the data since the intercept on the 
zero pressure axis of the pressure-ratio vs. pressure plots is then fixed, and 
the uncertainty of extrapolation of the data from higher pressures is greatly 
reduced. 

COniIPARISON WITH PREVIOUS MEASUREMENTS 

The coinpressibility of xenon has been measured by Beattie, Barriault, 
and Brierley (1) a t  M.I.T. in the temperature range 16.65-300°C. and pressure 
range 20-400 atm., and by Michels, Wassenaar, and Louwerse (4) a t  Amster- 
dam in the temperature range 0-150°C. and pressure range 16-2800 atm. 

The M.I.T. measurements were fitted (2) to the equation of state 

B C D  PV = RT+X+~+-:. v v v  
The second and third virial coefficients BV and Cv were converted to the 
corresponding pressure virial coefficients of equation [I] by the re1 a t' lons 

where TJN is the normal volume. The Amsterdam measurements below a 
density of 50 amagat units were fitted to the equation 

The second and third virial coefficients were converted to the corresponcling 
vii-ial coefficients of equation [ l ]  by the relations 

Both sets of values are compared xx~ith the present measurements in Table I. 
Both quoted values oi the virial coefficients to several figures moi-e than 
justified by their accuracy. They have been rounded off to the values quoted 
in the table. 

The normal volumes of xenon declucecl from the three sets of measurements 
are listed in Table 11. 

Our resuIts are not in very goocl agreement with either the h1I.I.T. or the 
~Zinsterdam values, t l~ough these agree very well with each other. Apart from 
the 0" and 50" nleasurements, our second virial coefficients are uniformly 
about 0.1 X 10-3 amagat units higher than the others. This would appear to 
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TABLE I1  
NORMAL VOLUME OF XENON 

Beattie et al.* 22.2652 l./mole (corrected for 0.14% Kr content) 
Michels et al. 22.2585 l./mole from measured 
This work 22.2654 -i l./moie) O°C. isotherms 

*Calculated b y  zcsing the Beattie-Bridgeman equation of state wlzich Itad beenj'itted to tlte isotherm 
measztre?nents at higher temperatures. fVo measz~renzents at 0°C. were carried out b y  these authors. 
Less weight should be placed o n  this value than on tlze others. 

indicate that there is some systematic difference between the measurements. 
In both the Amsterdam and the M.I.T. measurements the lowest pressures 
measured were rather high, being from 16.5 to 27.7 atm. for the Amsterdam 
isotherms, and 20.7 to 46.1 atm. for the M.I.T. isotherms, whereas the lowest 
pressure used in the present measurements was never greater than 8 atm. 
Since the second virial coefficient is obtained from a zero pressure slope it 
would seem that greater accuracy could be obtained from measurements 
extending to lower pressures. Because xenon is a rather imperfect gas, par- 
ticularly a t  the lower temperatures, the measurements should preferably 
not extend to a too high pressure. The deviations of the experimental from the 
observed values of V(PV-RT) a t  constant temperature of Beattie's measure- 
ments are not random (Table I ,  Ref. 2). We have not reported our pressure 
measurements since they are partly functions of the apparatus, but care 
was taken in the analysis that the deviations of the calculated from the 
observed pressure ratios were random, indicating that equation [I] was a 
good fit to the data. Another contributing cause of the different virial coeffic- 
ients may be the use of an inverse volume series for the equation of state in 
the M.I.T. and the Amsterdam measurements, whereas we have used a pres- 
sure series. 

We wish to thanlc Mr. W. A. Stevenson for assistance in constructing the 
apparatus, and Mr. G. David for assistance with the computations. 
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IDENTIFICATION O F  SPRUCE SULPHITE LIQUOR COMPONENTS' 

ABSTRACT 
Spruce sulphite liquor was extracted with butyl acetate. By means of solvent 

fractionation, chromatography, and countercurrent distribution, vanilloyl 
methyl ketone, vanillin, dihydroconiferyl alcohol, 3,3'-dimethoxy-4,4'-dih$- 
droxystilbene, and a new phenolic compound, C?OH?IOS, were isolated and 
identified. 

In the field of lignin chemistry, the oxidation of sulphite waste liquor has 
aroused considerable interest. A large amount of worlr has been carried out 
for the purpose of isolating and identifying the low molecular weight fragments 
of ligniil in such oxidized liquors (22). However, no such comparable effort 
has been made to investigate the original sulphite waste liquor, though a few 
constituents have been noted (8, 16, 21, 28). The amount of such compounds 
is much smaller than in oxidized liquor and consists mainly of degradation 
products of lignin together with some materials derived from the wood, or 
their reaction products (32, 35). I t  follows that  the identification of these 
components could be ah important link between the studies of wood extractives 
and the examination of the constituents of oxidized liquors, and might indicate 
technical uses of the compounds so identified, or of compounds that could be 
derived from them. 

These considerations induced a thorough investigation of the solvent- 
extractable components of spruce sulphite liquor in this laboratory. The 
present paper describes the first part of the results obtained. 

Spruce sulphite liquor was extracted with butyl acetate, which removes a 
larger amount of solids than benzene or ether (11). The extract contains three 
main groups of components: tannins and conidendrin, other phenols, and 
neutral compounds (hydrocarbons and esters). I t  was necessary to perform 
a crude separation into these groups by solvent fractionation before the further 
worlr was done. Conidendrin was separated by its low solubility in ethanol. 
Extraction of the ethanol-soluble part with ether left a minor amount of 
conidendrin and the tannins as residue. Extraction of the ether-soluble part 
with petroleum ether removed mainly hydrocarbons and left as residue the 
main part of the other phenolic compounds. 

The next step was the separation of these groups into the bisulphite- 
soluble coinpounds (extraction with 21% sodium bisulphite), acids (10% 
sodium bicarbonate), and phenols (6% sodium hydroxide). The neutral 
compo~~nds  and a very small amount of phenols with extreme p R  values (2) 
remained after these extractions. 

The large number of components in these fractions made separations 
difficult and required an efficient method to check the course and extent of 

ldfanz~scripl 'receiued iVo'~eilrber 90, 1954 
C o n t r i b z ~ l ~ o n  f ro i l~  h e  Departitrent of Clzcrnlcal E n g i ~ ~ e e r i n g ,  Cnisrersity of Toronlo, Toronto 5, 

Ontario. 
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the subsequent steps. Paper chromatography was used extensively for this 
purpose. 

The bisulphite-soluble material was separated by chron~atograpl~y. Vanillin 
ancl I-(3-methoxy-4 hydroxypheny1)-propanedione-1,2 were isolatecl. The 
latter compound has not yet been reported in spruce sulphite liquor. Its 
prescilce in the aqueous filtrates of lignin ethanolysis inixtures (3, 1-1) shows 
some relation between the degradation processes during ethanolysis and sul- 
pllite cooking. 

The allcali-soluble material was separatecl by fractional acidification, 
utilizing the difference of the p l i  values. Further separation was obtained by 
countercurrent distribution which yielded dihydro-coniferyl alcohol (3-(3- 
methoxy-4-11ydrosyphenyl)-propanol-1) as a new component of spruce sulphite 
liquor. Hibbert (13) and Schuerch (30) found this conlpound in the hyclro- 
genolysis products of maple lignin. Kawai (17) isolated it  as a degraclation 
product of egonol. 

From the same fraction, a new phenolic compound, C20H2406, 1n.p. 13A°C., 
was isolated. I ts  spectrum (UV, IR) is closely related to dihydroconiferyl 
alcohol and the investigation of its structure is under way. 

In addition to the previously reported compounds, a sinall amount of 
3,3'-din1ethoxy--1,4'-dihydroxystilbene was isolated by chromatography of 
the alkali-soluble fraction. Richtzenhain (26) found this stilbene in oxidized 
sulphite liquors and reported its absence in untreated liquors. 

I t  can be seen that the compounds now isolated from spruce sulphite liquor 
are ltnown as reaction products of quite different lignin degradation procedures: 
ethanolysis, hydrogenolysis, and oxiclatioii. 

Further investigations will be concerned with the identification of the 
remaining compouilds of the extracts and with the origin of the isolated 
products. 

ESPERIi\IENTr\I. P;\RT 

I .  Extractio~z 
Spruce sulphite waste liquor (SIVL) (Cook KO. 3001/48, Ontario Paper 

Co., Thorold, Ont.) was extracted with n-butyl acetate by a 21-ft. fast spray 
type extraction column (4) (countercurrent flo\v, flow ratio 2:  l/BuOXc- 
SWL (continuous phase)). This estract was concentrated ancl the last part 
of the solvent was removed in a 3-liter glass still under reduced pressure 
(12 mm., 40°C. bath temp.). Several such extractions gave an average of 
1.38 gm. clry estract per liter of sulphite liquor. This amount can be increased 
a t  lower flow I-ates. 

2. Solve?zt Fractio~zatio?~ (See Table I )  
Fifty grains of clry extract was clissolvecl in 500 ml. ice-cold dry ethanol. 

The insoluble material (fraction I)  was filtered off. The ethanol u7as removed 
under reduced pressure (12 111111.). The residue was shaken twice wit11 100 ml. 
portions of ether (30 mill.). The insoluble part (fraction IV) was separated. The 
ether was distilled off under reduced pressure. The residue was extractecl 
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twice with 100 ml. portions of petroleum ether (b.p. 30-60°C.). The insoluble 
part (fraction V) \tias separated and extracted twice with 75 ml. portions of 
ether. The residue (fraction VII) was filtered off.1 Fraction I ,  the ethanol- 
insoluble material, was shaken with 200 ml. ice-cold ether (five minutes) and 
filtered. The residue was impure conidendrin (fraction 11). The ether filtrate 
was concentrated to 50 ml. under reduced pressure, cooled to O°C., and 150 
ml. ice-cold dry ethanol added. The resulting precipitate was impure melene 
(28) (fraction 111). 

The extractions and separations reported under parts 1 and 2 are based 
on parts of the theses submitted by Sacks (28) and Kenyon and I<err (18) in 
partial fulfillment of the requirements for the M.A.Sc. degree and B.A.Sc. 
degree a t  this University. 

3. Group  Separat ion 
After evaporation fractions V and VI mere each dissolved in 20 times their 

volume of butyl acetate. A small amount of conidendrin (1.6gm.) separated 
from fraction VI after this procedure. 

The solution was extracted successively with sodium bisulphite solution 
(21y0), sodium bicarbonate solution (lOyo), and sodium hydroxide solution 
(6%)- 

The sodium bisulphite extract was acidified with sulphuric acid, heated, 
aspirated, and cooled. I t  was extracted with chloroform. 

The bicarbonate and sodium hydroxide solutions were also acidified and 
extracted with chloroform. 

The remaining butyl acetate solutioil was distilled under reduced pressure 
until the solvent was removed. 

The chloroform solutions of the other groups were also evaporated and the 
weights of extracted materials determined, as shown in Table 11. 

TABLE I1 

Group: Bisulphite- Bicarbonate- Sodium- Remaining 
soluble soluble hydroside- fraction 

soluble 

Fraction V 0.09 0.21 0.42 16.3% 
Fraction 1'1 3 . 0  0.9 24.0 10 % 

NOTE: Al! ~ ~ z o i ~ b e r s  represezl per cent by zueigl~t of tlze original dry  bzctyl acelate extract. 

4. Bisulphite-solzcble Compounds  
Paper cl~ro~natography (see part 6) was used to give a preliminary indication 

of the composition of the fraction. No significant differences were found be- 
tween the bisulphite-soluble components of fractions V and VI. Both contain 
two principal co~npounds (compound A-R,: 0.53, compound B-R,: 0.73) 
and minor amounts of other conlpounds. 

Compound A was isolated from a series of paper chromatograms on What- 
man No. 3 paper with the same solvent system (see part 6). The position of the 
spots was detected under the UV lamp, the spot area was marlred, and was 
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KVASXICKA A N D  McL~~~UGFILIN:  SPRUCE SULPFIITE LIQUOR 6-1 1 

cut out. Elutioil of the spots obtained by chromatography of a total amount 
of 12 mgin. bisulphite fraction gave 2.5 mgm. of a yellow oil. UV and I R  
spectra indicated a diketo-compound of the guaiacyl group. A larger quantity 
of bisulphite-soluble material (200 mgm.) was used for a chromatogram on a 
2 X 15 cm. column of 100 mesh silica gel (Mallinckrodt). After development 
with 600 ml. benzene-methanol (250: 1, v/v), the colunln material was cut 
into zones. The material in the yellow zones was eluted with methanol and 
checl;ed by paper chromatography. The combination of the material of the 
corresponding zones gave after recrystallization from ethanol-water (1: 3),  
21 mgm. of yellow crystals, m.p. 72.5°C.2 

The mixed melting point with authentic vanilloyl methyl ketone was not 
depressed. The spectra of the compounds were identical and both gave the 
same R p  values, color reactions with spray reagents, and the same characteris- 
tic nickel salt of the dioxime. 

I R  s p e ~ t r u m : ~  Maxima a t  1720, 1664, 1593, 1510, 1463, 1430, 1376, 1350, 
1297, 1262, 1227, 1202, 1172, 1139, 1125, 1117, 1033 c~I.- '  (CS2, CC1,) 

The UV spectrum of compound B and its R F  value were identical with 
those of vanillin. Sublimation of a 50 mgm. sample of bisulphite-soluble mater- 
ial under reduced pressure gave 20 mgm. of crystalline sublimate, identified 
as vanillin by mixed melting point and paper chromatography. 

5. Sodizlm-lzydroxide-soluble Compou~zds 

Paper chromatography (see part 6) revealed only minor quantitative 
differences in the composition of the sodium hydroxide extracts of fractions 
V and VI. Aside from conidendl-in, two principal conlponents (compound 
C--Rp: 0.20, compound D-RF: 0.55) and smaller amounts of about 20 other 
phenolic compouncls were indicated. 

The course of all the following separation steps was checlced by paper 
chromatography. 

I-Iall of the alkali-soluble part of fraction VI was dissolved in 200 ml. 
2 N sodiuin hydroxide and the pH adjusted to 12.0 by addition of s o c l i ~ ~ n ~  
dill\-drogen phosphate. After extraction with chloroform (50 rill.), the water 
phase was acidified further in steps of 0.25 pH units and extracted again 
after each step with 50 ml. chloroform, until pH 5 was reached. 

Isolation of Compound D 
The five chloroform extracts made between pH 12.0 and 11.0 contained al- 

most all of colnpound D and also some other phenols. These extracts were 
concentrated to  a volume of 1.5 ml. The further separation was effected by 
countercurrent distribution between chloroform-ethanol - phosphate buffer 
solution (pH 12) (29) in a 24 stage circular type Craig apparatus (5). (Volume 
relation 7.7: 12 (buffer phase)). After 24 transfers, compound D had migrated 
from tube 1 to tubes 6-9 and these fractions contained only minor amounts of 
impurities. The solvent of these fractions was removed under reduced pressure 

?1111 wzelling points are z~ncorrecled. 
3We are eralefiil lo M i s s  E. 114. K i r b y  o f  Ihe Oxlnrio  Research Foundal ion for the deter7i1ination - .  

of all  in frc~red speclm.  
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(bath tempel-ature below 50°C.) and the residue dissolved in the minimuin 
anlount of hot benzene. Aftei- cooling, crystals separated (240 rngm.). Recrys- 
tallization from benzene gave colorless prismatic crystals, 1n.p. 134°C. 

Analysis: Found: C :  69.98, 69.95; H :  7.03, 6.96; CH30:  17.83, 17.90 
Calc. for C20H2105: C :  69.74; H :  7.03; CH3O: 18.1 

Mol. wt. : Found : (Rast) : 340 
Calc. : 344.39 

UV spectrum: (95% EtOH):  i\iIax. 229 n ~ p ,  283 inp 
(!%yo EtOH, 1 mole KOH/l.): max. 247 inp, 299 inp 

I R  spectrum: R~Iaxima a t :  160-1, 1516, 1453, 1430, 1366, 1266, 1231, 1202, 
1180, 1149, 1120, 1094, 1030 cm.-I (melt, supercooled) 

The mother liquors of these crystallizations yielded furthei- quantities of 
compound D after chromatography on Magnesol-Celite (5: 1) (23) with 
benzene-methanol (250 : 1) as eluent. 

Isolatio~z of Compound C 

The chloroform extracts made between pH 10.75 and 9.75, containing the 
principal amount of compound C, were concentrated to  15 ml. and subjected 
to countercurrent distributioil in a manner similar to that  described above. 
Solvent system: chloroform - phosphate buffer (pH 11) - ethanol-water (29) : 
volume relation 7.7: 14 (buffer phase). After 34 transfers, the compouncl hacl 
migrated from tubes 1-2 to tubes 18-28. The purest fractions were combined, 

I the solvent removed under reduced pressure, and the residue purified further 
by chronlatography on a R/Iagnesol-Celite (5: 1) column (23) using benzene- 

I methanol (250: 1, v/v) as eluent. The fi-actions were combined accorcling to 
the results of paper chromatography. The solvent was removed under reduced 
pressure and a colorless oil remained (400 rngm.). Its IR  spectrum was very 
similar to the spectruin of eugenol. 

The compound was now benzoylatecl. A sample, 365 rngm., was dissolved in 
10 mI. pyridine, cooled, and 0.5 ml. benzoyl chloride added. After 24 hr. a t  
room temperature, the mixture was heated on the steam bath for five minutes, 
cliluted \vith water, and extracted with chloroforn~. After drying, the solveilt 
was removed and 720 mgm. crude benzoyl compouncl isolated. Recr~-stalliza- 
tion from petroleum ether - benzene yielded white needles, n1.p. 62-63°C. 
A synthesizecl sample of dihyclroconiferyl alcohol dibenzoate gave no depres- 
sion of the mixed melting point. 

Comparison of con~pound C with a SJ-nthesized sample of dihydroconiferyl 
alcohol (30) gave identical XI? values, spectra, refraction indices, nncl color 
reactions. 

UV spectrum: (95yo EtOH):  Mas.  228 inp, 281.6 mp 
I R  spectrum: hllaxima a t  1608, 1513, 1464, 1431, 1368, 1266, 1231, 1202, 

1183, 1149, 1119, 1050, 1037 cm.-I (CS?, CCI,) 

Isolation of 3,s'-Dinzethoxy-4,4'-dihydroxystilbene 

The alkali-soluble part (5 gm.) of fraction VI was chromatographed on a 
h/Iagnesol-Celite (5: 1) coluinn (23) (size: 3 X 40 cm.) using benzene-methanol 
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KVASNICK.\ A S D  MLLAUGIILIS:  SPRCCE S U L P N I T E  LIQLOR 6-43 

(200: 1) as eluent. The effluent \vas collectecl in 13-ml. portions. In addition 
to the compounds reported above a strongly fluorescent cornpound was found 
in the first lractions (Nos. 6-10) of the effluent. Another chron~atogram was 
made on silica gel (Mallincl;rodt, 100 mesh), using the same eluent. The 
zone with a strong violet fluorescence was cut out,  eluted with ethanol, ancl 
concentrated. The resulting crystals were collected ancl recrystallized fro111 
ethanol, giving 20 mgm. colorless needles, m.p. 213OC. The mixed melting 
point with 3,3'-dimethoxy-4,4'-dihyclsoxystilbene (26) was not clepressecl. 
The color reactions were also iclentical. 

6. Paper Clzronzatograplzy 

The solvent systems: butanol - 2% ammonia (24), butanol-water ancl 
benzene - petroleum ether - water (19) were usecl to some estent. Howevel-, 
the major part of paper chromatography in this work was carried out with 
the solvent system: tetrahydrofuran - petroleum ether (b.p. 65-1 10°C.) - 
water (3: 7: 5) because of the short travel time for this solvent (about 10 cm. 
per hour) and the goocl separation of a large number of compounds (see Table 
111). Descending chromatography mas used. 

TABLE I11 

ID&STIFIC:ZTION OF PHI2NOLIC COhIPOUNDS BY P.\PER CIIROBIATOGRAPHY 

Colcr reaction: 
Compouncl 100 X IZp- UV fluorescence 
112efcrcnce) Diazotizcd Diazotizecl on DH 11 ~ a o e r  . . 

sulphanilic acicl p-nitraniline 

Acids 
Vanillic 1 3 Orange 
Ho~nova~lillic 17) 9 Rerl 
Ilydroferulic (6) 20 Iled 
Ferulic (27) 11 Purole 

Purple 
Gray-blue 
Gray-blue 
Lilac Blue 
Bluc 

Iceto con~pounds 
\-anillin 53 Palc orange Purple Dark violet 
.Iceto\-anillone 48 Pale orange Purple Bright \riclet 
Propiovanillone (10) 67 Pale orange Purple I3right xriolet 
R-CO-CO-CH '73 Orange-brown lietl-brown Dark brown 

(1 L) 
a-I-Iydro\y- 

propio~anillone 
(15) 32 Orangc 

K-CH2COCHs 
(33) 52 Orange-rcd 

Alcollols 
\'anilly1 alcohol G Orange 
hpocynol (9) 17 Orange 
I<-CH(OH)C?Hj 

(31) 39 Orange 
R-CH*.CHIOII). 

Blue 

\ ,  

C& i31) 26 Recl Gray-lilac 
R-(CH?),OH (30) 20 Red Gray-lilac 
Coniferyl alcohol (1) 7 Purple Lilac 

( R  = S - ~ I ~ ~ O - ~ - I - I O - C G H ~ - )  
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Paper: Whatman No. 1 
Spray reagents: 2,il--dinitrophenylhydrazilie (0.4yo in 2 N hydrochloric 

acid) 
ferric chloride (1%) - potassiulll ferricyanide (I%),  1 : 1. 
phosphomolybdic acid (4%), followed by treatment with 

ammonia vapors 
diazotized sulphanilic acid (12) 
diazotized p-nitraniline (34) 

Bufferecl papers: sheets of Whatman No. 1 paper were sprayed with 2% 
phosphate buffer solutions of pH values between 4 and 10 and dried a t  room 
temperature. These papers macle possible separations of acids and acidic 
phenols from each other and from other phenolic compouncls with similar RF 
values. The RF values of acidic con~pounds decrease on the papers with 
increasing alkalinity gradually to zero, depending on their pK  values (20). 
This method can be used to  distinguish between vanillin, acetovanillone, and 
vanillyl methyl ketone or between hydroferulic acid and dihydroconiferyl 
alcohol. The method of Reid and Newcornbe (25) was also used to distinguish 
between vanillin and acetovanillone. 
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A NEW TYPE OF CELLULOSE ETHER 
THE PREPARATION AND PROPERTIES 

OF THE w-(p-AMINOACETOPEIENONE) ETHER OF CELLULOSE1 

BY R. R. ?V~CI,AUGHLIN AND D. B. h1I1iTT0~ '  

ABSTRACT 

\\;ith the object of preparing a cell~~lose ether containing diazotizable anlino 
groups, sever1 differeiit forms of cellulose, or cell~~lose derivatives, \\.ere treated 
\vith 10 cliffere~it reagents under a variety of conditions. Reasons \vhy only one 
reagent under one set of conditions gave a product with a substantial degree of 
substitution (0.35) and with satisfactory physical properties are presented. This 
resulti~lg ether, the w-(p-an~inoacetopl~e~lone) ether of cellulose, was prepared 
by the reaction between w-chloro-p-aminoacetopllei~one ancl ethanol-nraslled soda- 
cellulose (from wood pulp, cotton, paper, or rayon). I t  can be (a) diazotized 
and coi~plecl with any of the usual reagents to  yield cellulose-azo colors, (b) 
sant l~ated,  before or after coupli~ig, and spun as  rayon filament; if uncouplecl 
a t  this point it can be diazotized and coupled, (c) dyed directly with acid dyes, 
(d) renclered organo-soluble by nitration, and (e) carbosymethylated after 
coupling to  yield colored, water-soluble derivatives. I t  is insoluble in the usual 
cellulose reagents, and is as  stable t o  acid and allcaline hydrolysis as  cellulose. 

The  purpose of the work described in this paper was the preparation of 
cellulose ethers containing primary aromatic amino groups. On diazotization 
and coupling such ethers sho~~lcl produce azo compounds in which the chromo- 
phore groups form part of the molecule of the cell~~lose derivatives, which 
should bc as  stable as cellulose t o  most reagents. Analogous nitro compo~~nds ,  
because the>. may be recluced to  the corresponding aromatic amines, are also 
of interest. Ethers rather than esters were investigated because the former are 
more resistant to hyclrolysis. 

A n~lrnber of attempts to prepare colorecl cell~~lose derivatives have been 
reportecl. In  1926 Peacocli (42) obtained ~ v h a t  he regarded as a superficial 
coloring of cotton by treating it with nz-nitrobenzyl-phenyldinlethy-I- 
ammonium cliloricle, cliazotizing, ancl coupling. A similar result was obtained 
by Iiursanov and S O I O ~ I ~ O V  (33). Charles GI-anacher (19, 20, 21, 22, 23) 
obtainecl cliazotiznble cellulose fibers by a supel-ficial ethel-ification of s\\~ollen 
cellulose (alkali cellulose ~vashecl free of allcali with water) with such reagents 
as p-nitrobenzyl chloride and 2,il-clinitrochlol-obenzene in the presence of 
lithium carbonate. Repetition of this ~vorlc by us failed t o  give a degree of 
substitution (D.S.) greater than 0.01. A modificatio~i of this method appliecl 
by Pancirolli (41) t o  cellulose and starch yielded a !I-nitrobenzyl ether of 
starch \\;it11 a D.S. of 0.04. Repetition of Pancirolli's work led t o  the successful 
methocl clescl-ibed later in this paper. 

The  usual etherification reaction between allrali cellulose ancl an organic 
halide forms the basis for a nulnber of patents (7, 8 ,  9, 10, 11, 28) wherein 

l~Vianu.\cript received May 31, 1964. 
Contr~br~t~o~i  from the Departtilent of Clzcmical Engilae~ring, University of Toro?zto, Toronto, 

Ontario. Abstracted from the P1z.D. tlzesis of D. B. Mullon. 
2Present address: I?zdz~striul Celli~lose Resenrclz Ltd., Hai.vkesbzlry, Ontario. 
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reaction conditions are usually clescribecl only vaguelj-, and analytical data  
ai-c ~ ~ s u a l l y  lacking. Such an attempt by Kiethan~iner and Iconig (39) wit11 
2,-1-clinitrocl~lorobenzene yielded a product with nitrogen content belolv 1 %  
(D.S. <O.OCi). Reduction, cliazotization, and coupling gave colors that were 
not intense. Repetition of this \vorli by Andrelvs, I-Iyer, and Ray ( I ) ,  in 
this laboratory, failed to give any product uritll a D.S. above 0.0-1, ancl variation 
of the reaction conclitions \vith this reagent by us gave essentially the sanw 
results. 

Recently Guthrie (25) colorecl cotton by treating it n:ith an alkaline 
solution oS a clye containing the cl~loroethyl or sulp1~atoeth~-l group, but 
concluclecl from the colors obtained that  the D.S. was very low (26). 

Seiberlich (J9), Dinlclage (9), ancl others (28) have reported the formation 
of a cliazotizable cellulose derivative b\- the nitration of benzyl cellulose ancl 
recluction of the product, but the nitrogen content was not given. Our repe- 
tition of this ~vorli gave inco~lclusive analj.tica1 results and no intensely 
colorecl products. 

Several other patents (12, 13, 50) refer to diazotizable cellulose ethers but 
no analj.tica1 results are cited. 

Though the present work was confined to  ethers, it ought to  be recordecl 
11ere that  colored cellulose esters have been reported by a number of worlcers 
(3, 9, 10, 13, 24, 29, 30, 45), also a cliazotizable aminocellulose (47, 45), ancl 
several derivatives prepared froin oxycellulose (38, 46). 

This survey indicates that  no well-defined cellulose ether containing aro~nntic 
amino or nitro groups with a D.S. > 0.05 has hitherto been prepared. Apparent 
clegrecs of substitution below 0.05 might well he ascribecl to aclsoi-ption. 

RESULTS AND DISCUSSION 

Prelinzinary Expe~inzents 

Sevci-a1 different forms of cellulose were ti-eated with a nuinber of etherifj.ing 
agents ~lnclel- a variety oi conditions. The etherif!-ing agents usecl were 2,4- 
dinit-rocl~loi-obenzene, j>-nitrocl~lorobenzene, picryl cllloridc, fi-chloroaniline, 
p-hromoaniline, p-nitrobenzyl chloricle, $-nitrobenzyl bl-omide, @-(0- ancl 
p-nit-rophen\.l) ethyl bromicle, 7-(P-nitropllenyl) prop).l bro~nidc, p-amino- 
w-chloroacetopl~e~loi~e, and p-niti-obcnzyl ~1~10~-01nethyl lietorlt. 

Three pl-incipal forms of cellulose were used. ( I )  Cell~~lose activatecl by 
swelling 01- solution nras trcatecl with an ethei-ifj.ing agent in the presence of 
some acicl-bincling I-eag-ei~t or solvent-. This group incluclecl "activatecl cellu- 
lose", prepared according to Granacher (1 9, 20. 21, 22, 23), ancl organo-soluble 
cellulose acetate, D.S. (of acetyl g r o u ~ ~ s )  1.75 to 2.67. (2) Benzl-1 cellulose (D.S. 
1.0 in benz!ll groups, remailling h\-cli-oxyl groups blocliecl bj-acetylation) was ni- 
trated accorcling to Seiberlicli (49) and Dinlclage (9). (3) A11 ethel-iiying agent was 
treatecl ivith an alkali del-ivative of cellulose such as orclinary allcali cellulose; 
soclium cellulosate accorcling to the methocls of Gavel- (17, 18), ancl ol Sugihal-n 
and Wolfroln (51); socliul-n cellulosate from socliuin in liquid ammonia (Id, 
IG, 43); and ethanol-\vashetl alkali cellulose, moclifiecl alter Pancirolli (41). 
The inost conlmonly usecl conditions consisted in refluxing a solution (ether, 
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benzene, cliosan, ethanol, pyridine, or acetone) of the etherifying agent with 
the particular form of cellulose in use. Some experiments were carried out in 
the molten etherifying agent, and some a t  room temperature, with and without 
shredding, with and ~vithout solvent. 

Purification of the products was effected by extraction of the unused re- 
agents and the by-products with suitable solvents. 

The only cases in which degrees of substitution consistently above 0.03 . 

were obtained were those in which (a) molten p-nitrobenzyl chloride was 
reacted with sodium cellulosate (method of Sugihara and Wolfrom) (s l) ,  
and (b) p-nitrobenzyl chloride and bromide, and p-amino-w-chloroaceto- 
phenone, were reacted with ethanol-washed alliali cellulose. 

The reaction with sodium cellulosate produced erratic results, and the 
PI-oducts were anlorphous po\\rders of low D.P. Using ethanol-washed alkali 
cellulose, p-nitrobenzyl chloride and bromide produced degrees of substitution 
averaging 0.07-0.10. p-Amino-w-chloroacetophenone, on the other hand, 
consistently gave products having D.S. between 0.20 and 0.35. This \vas by 
far the most successf~~l combination. 

In any etherification reaction the driving force, and the solubility, reactivity, 
and molecular size of the etherifying agent determine the result. For a success- 
ful reaction, a sufficient driving force must be available (40) (usually deter- 
mined by the alkali concentration); the solubility of the reagent must be high 
enough to permit substantial diffusion to the reaction centers a t  the cellulose 
hydroxyl groups; ancl the reactivity of the reagent must be such that  the 
extremes of a negligible rate of reaction ancl complete saponification to useless 
by-proclucts are avoided. 

The reason for the negative results obtained with most of the melhods and 
reagents used in this work is probably that all the above conditions were not 
sim~~lianeously fulfilled in such cases. 

Mihen alliali cellulose is ~vashed with ethanol, much of the excess sodiunl 
hydroxide is removed, although the sodium hyclroxide and water which are 
bound or preferentially absorbed by the cellulose are not affected to the same 
extent. Thus, while the proportion of hydroxyl groups in equilibrium wit11 the 
socliuln salt will be slightly decreased (making a lower D.S. possible), the 
excess alliali which is responsible for the hyclrol~~sis of the etherifying agent 
will be sharply reduced. This, together with the higher water solubility of 
p-amino-w-chloroacctophenone (hereinafter referred to simply as "w"), is 
likely the reason for the success of the reaction of "w" with ethanol-\\lashed 
alliali cell~~lose. 

W-(p-Aminoacefophenone] Ether of Ce!lulose 

This new ether of cellulose was prepared with D.S. up to 0.35 by reacting 
ethanol-\\lashed alkali cellulose with an ethanol solution of "w" (cf. Experi- 
mc-ntal). The purified product was usually light-yello~v and fibrous. 

The ratio of sodium hydroxide t o  the anhydro-glucose units of cellulose mas 
varied by increasing the number of ethanol washings. The effect that this 
has upon the degree of substitution of the w-cellulose is shown in Fig. I ,  and 
indicates that the optimum molar ratio is about I :  I. 
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Twenty-eight per cent potassium hydroxide mas used for steeping, in place of 
sodium hydroxide, and the resulting alltali cellulose was washed with ethanol 
to a potassium hydroxide : anhydro-glucose units molar ratio of 0.66 : I .  
LVhen treated in the usual waj- with "w", the product obtained had a D.S. of 
0.20, showing, as was expected, that  potassiun~ hydroxide may be used in 
this reaction. 

Since we had conclucled that no well-defined cellulose ether containing 
aromatic amino or nitro groups with a D.S. > 0.05 had previously been pre- 
pared, we wished to establish definitely that w-cellulose was actually a 
cellulose ether. No one experiment proved this unequivocally. However, the 
evidence given by the properties of the compound, as described below, make 
any other interpretation extremely unlilteljr. 

Because of the adsorptive properties of cellulose it \vas necessary to cle- 
~nonstrate that w-cellulose is neither a mechanical mixture of cellulose and 
"w", nor an adsorption conlplex. A lnechanical mixture of cellulose and "w" 
was dialyzed with hot acetone, and the residue was found to be nitrogen-free. 
On the other hand, the nitrogen content of a sample of w-cellulose (D.S. 0.28) 
was unchanged after dialysis for one ~veelt with hot acetone. 

The stability of w-cellulose (D.S. 0.21) t o  alltali with respect to  time, 
temperature, and alltali concentration is shown in Figs. 2, 3, and 4. The 
levelling-off of all curves a t  D.S. 0.18 indicates that the ether linltage in 
w-cellulose is quite stable to alkali. The slight decrease observed nlay be due 
to  the removal of some lower molecular weight fractions having a slightly 
higher-than-average D.S. 

In another experiment, boiling with 1% sodium hydroxide solution for six 
hours lowered the D.S. only from 0.30 to  0.26. The same treatment with 1% 
sodium carbonate solution had no effect. 

The stability of w-cellulose (D.S. 0.21) to  acid with respect to time, tempera- 
ture, and acid concentration is shown in Figs. 5, 6, and 7. These curves do not 
level off a t  a constant D.S. as in the case of the alkaline treatment, but slope 
gently downward. This indicates that  the ether linlcage in w-cellulose is slowly 
cleaved by acid in a manner analogous to the acid hydrolysis of cellulose. 
The san~ples represented by the last two points in Fig. 7 were visibly degraded 
and could be crunlbled to  a powder when dry. This experiment indicates 
either that the ether linltage in w-cellulose is as stable as  the glycosiclic linl<ages 
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, I I I . I I I ,  

0 1.0  2.0 
Molar  rafio of NaOH : Cellulose 

FIG. 1. The effect of the lnolar ratio of s o d i ~ ~ i n  hydroxide to  anhj,dro-glucose ~ u ~ i t s  of 
cellulose upon the degree of substitution of w-cellulose. 
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Time in hours T ime in hours 

I I I I 
0 2 0  4 0  60 80 1 0 0  0 2 0  4 0  60 8 0  /OO 

Temperature in OC. Temperature in OC. 

0 5 10 1 5  2 0  0 5 /O /5 20 
Concenfrotion in % by weiSh+ NBOH Concentration in 46 by wephf HCI 

FIG. 2. 7'Ile erfcct of time of hydrolysis in 5% s o d i ~ ~ r n  hydroxide a t  40°C. upon the degree 
of substitution of w-cellulose. 

FIG. 3. The effect of temperature of hydrolysis in 5y0 s o d i ~ ~ m  hydroxide for 20.5 11r. upon 
the degree of si~bstitution of w-cellulose. 

FIG. 4. The  effect of concentration of sodium hydrosicle during hydrolysis a t  30°C. for 
~ ~ 

20.5 hr. upon the degree of substitution of w-cellulose. 
FIG. 5. The effect of time of hydrolysis in 5y0 hydrochloric acid a t  40°C. l~pon the degree 

of substitution of w-cellulose. 
FIG. 6. The effect of temperature of hydrolysis in 5y0 hydrochloric acid for 20 hr. upon the 

degree of substitution of w-celiulose. 
FIG. 7. The effect of hydrochloric acid concentratio11 in the hydrolysis a t  40°C. for 20 hr. 

upon the degree of substitution of w-cellulose. 

in cellulose, or else tha t  the low  molecular weight portions of the cellulose 
ether,  which probably have a higher D.S.,  are being hg~clrolyzed and made 
water-soluble b y  the acid treatment. 

In another experiment, boiling with 1% hydrochloric acid for six hours 
did not lower the  D.S. (0.30) of a sample of w-cellulose. 

During purification of several batches of w-cellulose, continued ~vashing 
with acetone provided a colorless extract. On changing to  hot water the 
\vashings were again slightly colored (yellow) but presently became colorless. 
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MCLXUGIILIN A N D  MUTTON: CELLULOSIS ETI-IBR 651 

On changing to acetone the first washings were colored, but also, presently, 
became colorless. This pi-ocess could be repeatecl, apparently ii~clefinitel~. 
During this treatment, the D.S. of the w-cellulose clecreased gradually, in one 
case from 0.28 to  0.19 over a period of six clays' washing. I t  seems likely that 
some of the lol\~--molecular-weight and more highly substituted fraction of 
the w-cellulose was slightly soluble in the solvent coinbination existing when a 
change of solveilt was inacle. 

Samples of w-cellulose (D.S. 0.33) and the corresponding couplet1 products 
were examined by Industrial Cellulose Research, Limited, Hawlcesbury, Ont., 
for the purpose of making viscosity measurements, but were founcl to be 
insoluble in cupraminonium or cupriethylene-cliamine solutions. Were the 
I ~ r ~ d u ~ t  an adsorption coinplex this behavior ~vould be very unlikely. 

I t  could be envisaged that an initial small D.S. of "w" groups in cellulose 
could be follo~ved by a polymerization reaction between the excess "w" ancl 
the amino groups present in the cellulose ether, thus: 
Cellulose-O-CH?.C0.C6H.i.~H.CH2.C0.CGH4.NH. . . . etc. A11 analysis 

for nitrogen would thus indicate a high D.S. whereas it might, in fact, be 
small. To  clarify this point a sainple of w-cellulose (1.53y0 nitrogen, D.S. 0.21) 
was treated with nitrous acicl a t  room temperature, heated to  boiling, washed, 
ancl clried. The product contained 0.52y0 nitrogen (D.S. 0.07). I t  thus appears 
that a t  least two thirds of the original nitrogen was present as priinary amino 
groups, i.e. that the original D.S. ~ v a s  a t  least 0.14. This is a minilnuin value, 
as it ~voulcl be higher if there were any introduction of nitroso groups during the 
treatment with nitrous acid. This point is being further investigated. 

Sevei-a1 attempts mere made to hydrolyze w-cellulose and to isolate w-glucose. 
Neither the acetol~~sis procedure of Dickey and Wolfrom (6) nor the metha- 
nolysis procedure of Sugihara and Wolfrom (51) proclucecl significant hydrolysis 
of the w-cellulose. These failures, however, indicate a significant difference in 
structure between cellulose ancl w-cellulose. Hyclrolysis with 72y0 ssulphuric acid 
was more successful. The hydrolyzate was purified ancl chromatographed. 
No w-glucose was isolatecl, but a low-molecular-weight carbohydrate fraginent 
containing an ai-oinatic amino group was detected. Investigation of this prob- 
lein is continuing. 

Dr. A. IV. Pross of the Central Research Laboratory of Canadian Iildustl-ies, 
Limited, Mci\Iasterville, Quebec, carried out some work comparing the 
infrared spectra of cellulose, w-cellulose, ancl carboxyinethyl cellulose in an 
attempt to clemonstrate conlpound formation. The results gave some inclication 
that such mas the case, but the expel-imental difficulties involvetl in these 
lueasureinents inacle it impossible to cli-alv any definite conclusions. 

w-Cellulose was cliazotized and coupled by standard procedures to  form 
colored azo derivatives. Using p-ilaphthol, the color of the procluct varied 
from a light pink, froln w-cellulose of D.S. 0.01 or less, to  a very deep ancl 
brilliant red, from w-cellulose of D.S. 0.20. At high magnification under a 
nlicroscope the coloi-s appeared to be uniform. Neither alkalii~e hypochlorite 
solution, 3y0 and 30y0 hydrogen peroxide, nor an acid solution of sulphur 
dioxide had ally visible effect on the color of these derivatives. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
1.

38
.3

6 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



652 CANADIAN JOIJRNAL OF CI-IEMISTRY. VOL. 33 

An obvious possible application of w-cellulose-azo compounds is their 
xanthation and spinning as molecularly-colored rayon. Viscose prepared from 
coupled w-cellulose (D.S. 0.01) was spun into isotropic filaments by the method 
of Her~nans (27). The thread, uniform, light red in color, could be stretched 
more than 10070 and was of fair strength. Several yards of filament could be 
spun without a break, and under the microscope appeared smooth, uniform, 
and evenly colored. The same procedure was carried out with uncoupled 
w-cellulose (D.S. 0.01). Almost colorless filaments were obtained, which could 
then be diazotized and coupled, or dyed directly with suitable acid dyes. 
A colored derivative prepared from w-cellulose (D.S. 0.21) ~ v a s  also xanthated. 
The product dissolved only with difficulty in G% sodium hydroxide solutio~l 
and had to  be diluted with more (3% sodium hydroxide solution before 
being filterable by suction. An attractive, bright-red filament was obtained 
by spinning the viscose solution as before. As mentioned previously, Industrial 
Cellulose Research, Limited, found that xanthated w-cellulose of D.S. 0.33 
was insoluble in sodium hydroxide solution. I t  thus appears that  the solubility 
of the snnthate falls off sharply as the D.S. of w-cellulose increases. I t  is 
possible, ho~vever, that  this might be a t  least partially offset bj- increasing the 
D.S. of the xanthate groups. This point is being investigated. 

I t  was f o u ~ ~ d  possible to  render w-cellulose-azo compounds water-soluble 
by carboxymethylation. The reaction was carried out on samples ranging in 
D.S. from 0.01 to  0.33. After purification by dialysis (34), the products were 
analyzed for D.S. of carboxymethyl group by the method of McLaughlin 
and Herbst (35). For w-celluloses of D.S. 0.21 and 0.33, the D.S. of carboxp- 
methyl groups had to  be greater than 1.0 to  make the product water-soluble. 
Degrees of substitution up to 1.7 were obtained. Whereas ordinary sodium 
carboxymethyl cellulose of a low D.S. is soluble in water, a co~lsiderablj~ 
higher degree of substitution seemed to  be required to  confer complete solu- 
bility on the sodium carboxymethyl cellulose prepared from colored w-cellulose. 

Direct dyeing of cellulose is difficult because, unlike wool and silk, it con- 
tains no strongly polar groups such as the amino or carboxj.1. w-Cellulose, 
on the other hand, should possess direct-dyeing properties. A sample of 
w-cellulose (D.S. 0.21) was dyed with a number of acid dyes such as croceine 
scarlet 3BX, croceine orange G, fast light green, and intensive blue. The 
dyeing procedures were adapted from those of Cain and Thorpe (4) and yielded 
attractive, intense, uniform colors which were fairlj- fast to  washing. Controls 
run with shredded cellulose and absorbent cotton gave products from which 
the dj-es urerc readily and completely removed by washing. 

Nitration of w-cellulose using standard techniques producecl a material 
which was soluble in acetone. On evaporation of the filtered acetone solution a 
thin, opaque, j-ellow-brown, brittle film was obtained. 

Samples of ra).on yarn, paper towelling, surgical gauze, and factory cotton 
were soaked in l87', sodium hydroxide solution, pressed, ~~rashed with ethanol, 
and subjected to  the usual etherification procedure. The D.S. of the samples 
were: w-raj.011, 0.01; w-paper, 0.08; w-gauze, 0.01; w-cotton, 0.02. Diazotizing 
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and coupling with p-naphthol gave bright colored materials. The  paper mas 
red, the others orange. Direct dyeing with acid dyes was also effective, as be- 
fore. Tensile strength tests on the rayon by Industrial Cellulose Research, 
Limited, revealed that ,  a s  expected, the tensile strength had been reduced 
by more than half. However, if the rayon derivative were required this effect 
can be avoided by etherifying before xanthation and regeneration. T h e  low 
D.S. shows tha t  the etherification conditions would need to  be altered if  the 
high D.S. obtained with shredded cellulose were desired, though intense, 
uniform colors are produced even with the low D.S. reported. 

EXPERIMENTAL 

A/lateviabs and iMethods 

For preparing alliali cellulose and for carrying out some of the 1-eactions a 
Baker-Perkins Model No. 4-AN2 Werner-Pfleiderer shredder was used. A 
very much smaller model of this machine, having inside dimensions 2 X 2 X 4 
in. (l,/lOth volume), was made later when some of the desired reagents proved 
to  be difficult and expensive to  nlalre in the quantities required by the larger 
machine. 

The  only practical method of purifying the reaction products was by extrac- 
tion of the unused reagents and by-products with suitable solvents. The  
extent of extraction necessary could often be judged by color since most of the 
reagents and their products of hydrolysis yield colored extracts. Therefore, 
when several consecutive extracts were colorless, purification was considered 
complete. In doubtful cases this was confirmed by establishing the constancy 
of the D.S. during the later stages. 

The  most convenient method for determining the extent of etherification 
was to  analyze the products for nitrogen introduced as  amino or nitro groups. 
The semimicro-ICjeldahl apparatus and procedure of Redemann (44) was used, 
\\-it11 minor modifications. This involved 30 mgm. samples; reduction of any 
nitro groups with dextrose, according t o  Eleli and Sobotka (14); selenium as  a 
catalyst for digestion; collection of the ammonia evolved in 4% boric acid 
solution, and titration with 0.02 N hydrochloric acid, using a mixed indicator 
of methyl red and bromocresol green (31). 

The p-amino-w-cl~loroacetophenone used in this \vorlr was prepared by the 
method of 1Cuncl;ell (32). Acetanilide was subjected to  a Friedel and Crafts 
reaction with chloroacetyl chloride using aluminum chloride as a catalyst. 
The acetyl group was then removed by hydrolysis with aqueous hydrochloric 
acid. Pale, lemon-yellow crystals were obtained after repeated recrystallization 
from ethanol. 

fi-Nitrobenzyl chloromethyl ketone is a new compound. I t  was prepared b y  
the chloromethylation of P-nitrophenylacetyl chloride after the method of 
RlcPhee and IClingsberg (36). Faintly yellow needles were obtained after 
recrystallization from ethanol (1n.p. 94.0-94.S0C.; 91, nitrogen: calc. for 
C9H8o3XC1: 6.56%; found: 6.59%). 
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w-(p-Aminoacetophenone) Ether of Cellulose 

Preparation 
Ten grams of dry, shredded cellulose were steeped in 20% sodium hydroxide 

solution, pressed to a press-factor of three, slurried with just enough 
ethanol to cover the mass, allowed to stand for one minute, and filtered. The 
ethanol washing was repeated as often as required (usually twice) (see Fig. 1). 
The product was refluxed for eight hours with 400 cc. of ethanol containing 
15 gm. of p-amino-w-chloroacetophenone. The light-yellow fibrous product 
was filtered, washed with hot acetone, water, ancl finally with acetone until 
the extract was colorless. 

IIydrolysis with 797, Sulphuric Acid 

Hydrolysis by sulphuric acid (37, 52, 53) was carried out as follows: Eight 
grams of w-cellulose (D.S. 0.20) was covered with 100 cc. of cold 72y0 sulphuric 
acid, and the mixture, which soon became very dark colored, was allowed to  
stand a t  room temperature for 18 hr. The mixture was added to  3400 cc. of 
distilled water and refluxed for five hours. The darlt-brown flocculent precipi- 
tate  that separated on cooling was filtered off, and the red filtrate was neutral- 
ized with a hot aqueous solution of barium hydroxide. After reinoval of the 
barium sulphate, the yellow filtrate was concentrated to 175 cc. by evaporation 
a t  50 mm. and 50°C. The concentrate was dialyzed through cellophane 
against three 225 cc. portions of distilled water and the combined dialyzates 
were reduced in volume to  150 cc. Unsubstituted glucose was removed from 
the concentrate by fermentation according t o  the method of Chen et al. (5). 
After the resulting mixture was centrifuged and filtered, the filtrate was 
evaporated to  dryness, yielding a dark-red sirup. This was extracted with 
30 cc. of dry, acetone-free methanol and treated with activated carbon to  
give a dark-red extract. A fraction obtained from this extract by chromatog- 
raphy on a Magnesol: Supercel colun~n (2) (this column freely passed glucose 
and p-amino-w-hydroxyacetophenone) gave a positive test for primary 
aromatic amino groups and a positive Molisch's test for carbohydrates. The 
nitrogen content (1.94%) was, however, too low for w-glucose (4.47%). 

Diazofization and Coupling 

Ten grams of w-cellulose suspended in 300 cc. of water was cooled t o  S0C., 
50 cc. of 1:  1 hydrochloric acid was added, and the mixture cooled to O°C. 
Two grams of sodium nitrite in 20 cc. of water was added, and the whole was 
allowed to  stand for five minutes. The diazotized w-cellulose was filtered off 
ancl washed with ice water. I t  was then added to a cooled solution (5OC.) 
made by dissolving 7.5 gm. of @-naphthol in 50 cc. of ethanol and adding 
30 cc. of 20% sodium hydroxide solution and 300 cc. water. The mixture was 
vigorously stirred ancl then allowed to warm t o  room temperature and stand 
for half an hour. The colored w-cellulose was filtered and thoroughly washed 
with water and ethanol. 

Xanthation and Spinning 

Five grams of w-cellulose (D.S. 0.01) diazotized and coupled xvith @-naphthol 
was treated as in malting alkali cellulose and then xanthated with 1.66 cc. 
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carbon bisulphide for 2.5 hr. in a small shredder. After the resulting 14 gm. of 
the red xanthate was added to  40 cc. of 6% sodium hydroxide solution, the 
mixture was kneaded for one hour. The resulting viscose solution was filtered 
without much difficulty through a thicli, cotton pad and yielded a filtrate 
containing no undissolved fibers visible under the microscope. Isotropic fila- 
ments were spun by the method of Hermans (27) by forcing the viscose 
solution by low pressure through a fine glass capillary below the surface of a 
14% ammonium sulphate solution. 

Carboxymetlzylation 
Five grams of w-cellulose (D.S. 0.21) coupled with P-naphthol was mixed 

in the small shredder for 30 min. with 1.25 gm. of sodium hydroxide in 6.5 cc. 
of water; 3.5 gm. of powdered sodium chloroacetate was added, the mixture 
was shredded for 2.5 hr. and allowed to  stand overnight; 1.25 gm. of flalie 
sodium hydroxide was added and shredding was carried out for 30 min.; 
3.5 gm. of sodium chloroacetate was added, shredding was continued for two 
hours, and the mixture was allowed to  stand overnight. A sample was removed 
for analysis, and a third carboxymethylation step was carried out. The sticky, 
darli-red product was removed from the shredder and dissolved in water. 
The solution was purified by dialysis, using a cellophane membrane (34). 
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A 27°C. ISOTHERMAL CALORIMETER1 

.qBSTR-kCT 

The need for a Bunsen-type isothermal calorimeter operating as close as 
possible to  the standard thermochemical reference temperature, 2j°C., was 
fulfilled by means of diphenyl ether (m.p. 26.n0C.) as the working substance. 
The instrument was calibrated electrically by comparison with the ice calorimeter 
arid the constant was found to be 19.01+0.02 cal. per gm. of mercury. From this 
and other lcnown properties of diphenyl ether the density of the solid a t  the 
melting point was estimated a t  1.188 gm. per mI. Check determinations based on 
the heat of vaporization of water showed that for such measurements the mantle 
of solid ether must first be melted inside by an  amount equivalent to the heat 
t o  be measured. The calorimeter was operated in a large water-thermostat kept 
constant to within O.OOI°C. With highly purified diphenyl ether there was no 
noticeable temperature drift during the measurements. Quantities of heat up to 
GOO cal. could be measured with a reproducibility of the order of 0.2%. The new 
calorimeter is simpler to operate than the ice calorimeter and its sensitivity is 
more than three times as great. 

I 
I 

INTRODUCTION 
I As part of a research program on hydrogen and deuterium peroxides (9) it 

was requirecl to measure some thermochen~ical properties of these co~npou~ids 1 such as the heats of vaporization, heats of solution, and heats of clecon~position. 
Preliminary measurements of these quantities made in this laboratory xvith 

I the ice calorimeter were reported a few years ago (5). Although generally 
satisfactory for this ltincl of .v\iorlt the ice calorimeter suffers from certain 
ell-awbaclts such as low sensitivity and teclious operation. Furthermore, it is 
necessary to correct the results to 2S°C., the standard temperature for thermo- 
che~nical data. To  minimize the uncertaint\~ of such corrections it would be 
desirable to work as near as possible to that temperature. A number of Bunsen- 
type calori~neters operating with various organic compounds have been 
clescribed in the literature. Coffin (1, 2) has reviewed the question and clis- 
cussed the requirements for a suitable worlting substance. Diphenyl methane, 
n1.p. 24.S°C. ( l l ) ,  and diphenyl ether, 1n.p. 26.g°C. (8, lo), have been used 
in the past for that purpose. On the basis of availability ancl stability towards 
oxidation the second was selected as Inore promising, a choice vindicated by 
recent investigations a t  the National Bureau of Standards (6). 

In fact three or four distillations of a comn~ercial product, followed by an 
equal number of crystallizations, were sufficient to obtain the ether in such a 
degree of purity that no "premelting" could be detected during the measure- 
ments. Another convenient feature of the diphenyl ether calorimeter is that 
it operates so near the average temperature of the laboratory that all thermal 
leaks are reduced to a minimum and a simple water-thermostat provides an 

liWanzrscript received December 1 3 ,  1954. 
Contribzrtio?t from tlte Department of Cltemislry, Lava1 U?ziversity, Qlcebec, Qzcc., with financial 

nssistnnce fro?,? the National Research Colrncil. 
?Holder of a Natio?tal Research Coz~ncil Bursary, 1951-52. 
3Holder of a Scltolarsltip zcltder the Bzrreal~ of Scientific Research of the Provincc of Q~ebec ,  

1952-54. 
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entirely satisfactory surrounding. After more than three years of trouble-free 
operation we are convinced that this simple isothermal calorimeter is ideally 
suited for the measurement of heat effects accompanying physical or chemical 
changes a t  ordinary temperature. 

EXPERIMENTAL 

Two slightly different calorimeters were built in the course of this investiga- 
tion. The most successful one will be described here together with suggestions 
for future improvements. 

Construction of the Calorimeter 
The calorimeter itself was made entirely of Pyrex glass although the use 

of a metal tube with appropriate seal for the central well, as suggested by some 
authors, would no doubt improve the heat transfer to the mantle. The di- 
mensions shown in Fig. 1 are considered optimum; they are by no means 

'W 

FIG. 1. Optimum dimensions for a diphenyl ether isothermal calorimeter of sollle GOO cal. 
capacity. 

critical except, possibly, for the glass studs outside the central tube A xvhich 
are needed to  keep the mantle of frozen ether from slipping down. If made 
too short, they will not allo\v measurement of large enough amounts of heat;  
if  too long, there is the danger of puncturing the mantle, with resulting heat 
loss, because the thermal conductivity of glass is appreciably higher than that 
of diphenyl ether. From the experience gained, 15 to  20 glass studs $ in. long 
would be adequate for a calorimeter of the size shown here. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
1.

38
.3

6 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



The tube connecting the middle chamber B with the outside was first 
made S-shaped between the two jackets for greater elasticity. However, the 
inner seal soon brolte merely on heating in an air-oven for drying. On the advice 
of a professional glass blower that section was replaced by a straight, thick- 
walled tube which, indeed, gave no trouble thereafter. The small bulb E ,  
$ in. diameter blown on the capillary tube near the top, was found useful for 
trapping air bubbles before they reach the middle chamber. After cleaning 
thoroughly by the standard procedures the outside jacket C was evacuated 
down to  10-"m. Hg by means of a diffusion pump while the whole calorimeter 
was heated to about 100°C. in an oven. Just before sealing off the connecting 
tube a charcoal trap connected to the line was cooled in liquid air. In the first 
calorimeter the vacuum jacltet had been silvered inside, except for a middle 
strip, but this was later found unnecessary. An outer shield of aluminum foil 
with opposite rectangular windows is sufficient to  stop any radiant energy. 
I t  also affords a clearer view of the inside of the calorimeter, which is of great 
convenience, and it can be removed to  speed up melting of the mantle when 
necessary. 

Pz~riJZcation of the Diphenyl Ether 

The starting product, Eastman's C.P., was first crystallized twice and then 
distilled four or five times under reduced pressure, 1.5 mm. Hg a t  about 102°C. 
Each time generous head- and tail-fractions were discarded until finally the 
distillation temperature remained constant to f 0.5"C. for the whole 800 ml. 
batch. To  fill the calorimeter some 50 ml. of twice-distilled mercury were 
first introduced into chamber B. Then the calorimeter was mounted in an 
inverted, inclined position and the capillary tube was connected through the 
standard joint F to  an "adapter tube" similar to  those used in vacuum dis- 
tillation apparatus. The lower end of that tube, reaching near the bottom of a 
2-liter flasl; containing the pure ether, was bent so that it connected both the 
middle chamber of the calorimeter and the space above the ether to a vacuum 
pump and a colcl trap. First the ether was rid of all dissolved gases by three 
successive freezings and meltings under reduced prkssure. The solubility of 
air in diphenyl ether is so great that on the first freezing in vacuo the liquid 
seemed to  boil violently. After three such operations no more dissolved gas 
was liberated. Then the bent tube was rotated by 180" about the ground 
joint and air was admitted above the liquid ether forcing it up into the calori- 
meter. A small residual bubble of vapor was expelled by blowing steam into 
the central well and then turning up the calorimeter while still heating it with 
steam until the mercury hacl filled the capillary tube up to  the ground joint F.  

Operation of the Calorimeter 

The device for measuring the mercury was of the type developed for the ice 
calorin~eter a t  the National Bureau of Standards (7). However, a steel needle- 
valve was not available so that an ordinary glass stopcock had to be used. 
This was somewhat unsatisfactory because only very little grease could be 
used on it and frequent cleaning was necessary. The calibrated capillary tube 
also required repeated cleaning as it was so fine (0.6 mm. diameter) that  
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mercury tendecl to  stick in it. This part  of the measuring device served only 
occasionally to  obtain information on the thermal leal;. Weighing of the dis- 
placed mercury in tiny beakers was clone to  the nearest 0.1 mgm. A mantle of 
solid ether was formed slowly by immersing a cold rod in the central well 
half-full of mineral oil for better heat transfer. In general one mantle coulcl 
serve for two or three determinations. Before making a new mantle the old 
one was always melted completely. An infrared lamp was found ver!. useful 
for this purpose. Apparently the manner of forming a mantle was of no great 
importance. Either ordinary ice or dry ice could be usecl, with rates varying 
from 20 min. to one hour. Usually it took five hours for a new mantle to  
come to equilibrium with the liquicl ether. 

The  water-bath surrounding the calorimeter was a large aq~lariunl made of 
plate-glass. Adequate temperature control was secured by  means of a con- 
tinuously adjustable "Magna-Set" mercury regulator and an electronic relay 
a c t ~ ~ a t i n g  a 500-watt immersion heater. A Cenco centrifugal stirrer provided 
efficient agitation. An auxiliary heater, hancl-controlled through a Variac, was 
added for cold periods whereas a circulation of t ap  water was occasionally 
neecled for operation in the summer. With such an arrangement the tempera- 
ture could be kept constant indefinitely t o  within 0.03OC. but  this mas not quite 
sufficient. For a better temperature control and a more r e g ~ ~ l a r  heat leak the 
principle of "internal insulation" suggested by Tian (12) was resorted to. The 
calorimeter proper was enclosed in a square box of Plexiglass which, effec- 
tively, provided an  insulation of three inches of water between the calorimeter 
and the surrounding thermostat. As a result temperature fluctuations inside 
the box became smaller than O.OOl°C. and the therinal leal; of the calorimeter 
remained constant for a whole day instead of changing froin hour to  hour. 
What is important, indeed, is not so much the absolute value of this leal; as 
its constancy, as  has been pointecl out by other investigators. As a matter of 
fact it was found preferable throughout this investigation t o  worl; with a 
steady, measurable thermal leak rather than with a vanishingly small one. 

The  temperature of the water-bath that  gave the smallest leali (less than 
0.2 cal. per hr.) was 2G.90°C., as  measured with a Leeds ancl Xorthrup certified 
platinum-resistance thermometer. In order to  miniinize fluctuations in the 
melting temperature of the diphenyl ether and,  consequently, variations in 
the heat leak, the level of mercury in the measuring device was ltept as con- 
s tant  as  possible throughout a run. Another minor source of error stemmed 
from the small electric bulb used to  light the calorimeter from behind. This 
energy amounted to  only 0.3 cal. per hr. and could easily be accounted for. 

Calibration of the Caiorimetey 

Usually such calibrations are carried out by absolute electric measurements. 
Since an ice calorimeter was available and since the factor of this instrument 
is ltnown with great accuracy (7) it was decided t o  use it as  reference for 
calibrating the diphenyl ether calorimeter. Two resistances XI  and I?:! of 
about the same value were immersed in the central well of each calorimeter 
and connected in series. On passing an  electric current in the circuit the amount 
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of heat dissipated in each calorinleter is obviously proportional to  the values 
of R1 and R?. Therefore the electric energy neecl not be measured exactly; 
even the exact values of R1 and R? are not required. Indeed, if a second series 
of experiments is made with the resistances interchanged then the calibration 
factors f of the two calorilneters are relatecl thus, 

\\7hel-e W and W' are the weights of mercury displaced in each set of cleter- 
minations in each calorimeter. 

The two resistances were made of 10-011111 windings of No. 34 Advailce 
wire wound on thin glass tubes and connected to  leads of No. 26 copper wire. 
In order t o  reduce the heat leak, particularly in the ice calorimeter, the leads 
were connected directly to  "thermal shunts" made of sections of insulated 
brass foil immersed in the surrounding ice-bath. In spite of this precaution 
the leak of the ice calorimeter \iras nearly three times greater than normal 
which, in fact, represented the major uncertainty in these measurements. 
From the results collected in Table I and the factor for the ice calorimeter, 

TABLE I 
CAI.IBRATION OF THE DIPHENYL ETHER CALORILIETER BY COMPARISON I ~ ~ I T I I  THE ICE CALORIMI<TER 

Thermal leak (cal./Ilr.) Appl.osimate 
- energy 

Run.  No. Ice calorinreter Ether calori~neter supplied W,/l.T7i 
- -- (cal.) 

Initial Final Initial Final 

First series 
1 1.27 1.43 T30 3.0850 
2 1.15 1.06 1.60 1.55 430 3.0890 
3 1.41 1.48 2.30 2.45 280 3.0897 

Average 3.0887 

Second series 

Average 3.7425 

fi = 64.640 =t 0.007 cal. per gm. of mercury ( T ) ,  one finds for f, 19.01 cal. 
per gm. of mercury with a standard deviation of 0.02 unit. Thus the diphenyl 
ether calorimeter has a sensitivity 3.4 times that  of the Bunsen ice calorimeter. 
Holmberg (8) had obtained a slightly higher factor, 20.49, and Sachse ( lo) ,  
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a much greater one, 27.20 cal. per gm. of mercury, but the ether used by the 
latter must have been impure as shown by the melting point, 2655°C. From 
the equation 

f E  = L / A v .  

where L is the heat of fusion of the ether, 24.176 cal./gm. (G), and d,,, is the 
density of mercury, we get 0.08574 for Av, the change of specific volume of 
the ether on melting. The density of the liquid is 1.06611 a t  30°C. and 1.06117 
a t  35" (4). Extrapolation to the melting point gives 1.0692 and from the above 
value of Av the density of the solid a t  that temperature is calculated to  be 
1.188 while the coefficient dt/dp for the melting curve is 0.025" per atm. 
On the other hand, the triple point of diphenyl ether is known accurately: 
26.8710.01°C. from the measurements a t  the National Bureau of Standards. 
Therefore the melting point is 26.89S0C. Adding to  this the pressure effect of 
the mercury column above the mantle of solid ether (30 cm.) we arrive a t  the 
exact value 26.90" observed for the temperature of minimum leak, which 
confirms the high purity of the ether in the calorimeter. Dodd and Hu Pak RlIi 
(3) found 26.8Z°C. by direct measurement and a slightly higher value, 26.9S0C., 
from the break in the curve of viscosity vs. temperature. 

A first series of calibrations of the new calorimeter based on the heat of 
vaporization of water had given a somewhat greater factor, 19.10 cal. per gm. 
of mercury. Since previous investigators have recommended that isothermal 
calorimeters be calibrated in the same way they are to  be used, the cause of 
this discrepancy was investigated in order to apply it to  measurements of the 
heat of vaporization of hydrogen and de~~ te r ium peroxides. For these check 
measurements a weighed 0.5 gm. sample of distilled, deaeratecl water in a 
thin glass tube was immersed in the calorimeter well and connected through a 
stanclard joint with a vacuum pump and a cold trap. The calibration factors 
thus obtained seemed to depend on the rate of evaporation of the water. 
As a high value of the factor inclicates a loss of heat, it was suspected that the 
vapor left the calorimeter a t  a temperature lower than 26.9"C. No such diffi- 
culty had been encountered in similar measurements with the ice calorimeter 
so the explanation was thought to rest with the lower thermal conductivity 
of diphenyl ether. (No data are available on this compound in particular but 
organic liquicls and solids generally have thermal conductivity about ten 
times smaller than that of ice.) 'To check this point a few determinations were 
carried out after first premelting the mantle of solid ether by an amount a t  
least equal to the heat effect to  be measured. The results in Table I1 seem to  
bear out the above contention, specially the first run where no premelting 
led to an abnormally high factor, and the seconcl one, where only partial 
preinelting gave an intermediate value. Still, the factors obtained by that 
method were always appreciably higher than by the more reliable electrical 
method, an indication that premelting does not provide exact compensation. 
At any rate the average value of f, from these determinations, 19.0410.04 
cal. per gm. of mercury, was used only in measurements of heats of vaporiza- 
tion. 
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TABLE I1 
CALIBRATION OF DIPHENYL ETHER CALORIMETER BASED ON THE HEAT OF VAPORIZAT~ON OF WATER 

Thermal leak 
Heat Premel ting, Calibration 

Run No. absorbed, cal. Initial, Final, factor, 
cal. cal./hr. cal./hr. f c  

20 345 Nil 0.213 0.217 19.17 
2 1 135 90 0.308 0.308 19.08 
22 223 250 0.275 0.216 19.07 
23 283 320 0.217 0.192 19.07 
24 312 320 1.18 0.776 18.99 
25 264 400 0.125 0.038 19.08 
26 246 380 1.15 0.845 19.04 

CONCLUSION 

The diphenyl ether isothermal calorimeter has proved to  be a reliable and 
useful research instrument for measuring thermal phenomena a t  room tem- 
perature. I t  has the advantage of great simplicity of construction and operation. 
For over three years it has remained constantly in working condition with very 
little attention. Operation near room temperature reduces to a minimum, 
not only the thermal leaks, but also the correction of results to  the accepted 
temperature for thermochemical data. The use of a water-thermostat 
means considerable simplification over the ice calorimeter. Diphenyl ether is 
currently available and easily purified; once in the calorimeter it seems 
indefinitely stable. 

The aim of this investigation was to  determine some calorimetric properties 
of hydrogen and deuterium peroxides (to be published in a following paper). 
Lack of time and equipment did not allow an exhaustive study of the possib- 
ilities of the diphenyl ether calorimeter. This is particularly true of the cali- 
bration, which should be repeated by an absolute electrical method to  take 
full advantage of the greater sensitivity of the instrument. 

On a mis au point un calorin16tre isotherme du type de Bunsen fonctionnant 
avec l'oxyde de p11Cnyle dont le point de fusion est 26.g°C. Le facteur cle 
calibration, 19.01 f 0 . 0 2  cal./g. de mercure, a CtC dCterminC Clectriquen~ent 
par comparaison avec le calorim6tre B glace. Le nouveau calorim6tre est 
trPs simple de construction e t  de manipulation; i l  est contenu dans un thermo- 
s tat  B eau. Avec le mod6le dCcrit on a pu mesurer jusqu'B 600 cal. avec une 
precision de l'ordre de 0.27,. Les fuites e t  corrections sont rkduites au minimum 
parce que la tempCrature de fonctionnement est assez voisine de celle clu 
laboratoire. 
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REACTIONS BETWEEN SOLID CALCIUM CARBONATE AND 
ORTHOPHOSPHATE SOLUTIONSL 

ABSTRACT 

Studies of the reactio~ls between solid calcium carbonate and orthophosphate 
solutions a t  low partial pressures of carbon dioxide indicated that hydroxyapatite 
was the stable product formed in these systems. Hydroxyapatite precipitated 
directly even though dicalcium phosphate formed initially under certain condi- 
tions. The reactions with orthophosphate did not seriously disturb the nornlal 
calcium carbonate equilibriu~rr with the solution. 

INTRODUCTION 

Ouring to the importance of calcium carbonate in phosphate fixation (the 
conversion of soluble phosphates to less soluble forms) in calcareous soils, 
consiclerable attention has been given to reactions between phosphate in 
solution and solid calcium carbonate. Boischot et al. (2) and Cole et al. (4) 
showed that ,  a t  relatively low concentrations, phosphate was adsorbed on the 

1 

surface of the calcium carbonate crystals. At higher concentrations there was 
I apparently chemical precipitation of a calcium phosphate. Cole and his co- 

urorlcers presented evidence that dicalcium phosphate was precipitated and 
they implied that this compound was an intermediate in the formation of 
hyclroxyapatite (Ca10(P04)6(OH)2). 

The object of the ~vork reported here was (a) to  sho~v the effect of the 
surface reaction between phosphate and calcium carbonate on the equilibriun~ 
between the solution and solid calcium carbonate, and (b) to obtain more 
inforination on the lrind of reaction which talres place. 

EXPERIMENTAL 

Equilibration and rate studies of the reactions between solid calcium 
carbonate and solutions of phosphates a t  various initial concentrations were 
made a t  two partial pressures of carbon dioxide. The partial pressures of carbon 
clioxicle in the systems were obtained by constantly bubbling through the 
suspensions either air piped in from just outside the laboratory window or 
a co~limercial mixture of 5y0 C 0 2  and 95y0 Nz. The versene method ( I )  was 
usecl for the determination of calcium concentrations except in the rate 
studies where the flame photometer was found to be more convenient. The 
mol~.bclenum blue method (5) was used for phosphorus and the glass electrode 
for pH. The activities of the ions were estimated by means of the Debye 
Hucl<el equation (7). 

RESULTS 

The results of the equilibration experiments are plotted as points in Fig. 1 
in which the solubility lines are calculated from published data (6, 8). The 

'Manz~script  received September 2, 1964. 
Corztribz~tion No. 264, Che~nistry  Division, Science Service, Deparlnzenl of Agriczclltire, Ollawa, 

Canada. 
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FIG. 1. Solubility diagram. 
Legend: 
I'cO2 = 0.0003 atm. Series A and B, 0.05 atm. Series C. 

Initial ~hosohate conce~ltrations: 

solubility diagram is discussed fully elsewhere (3) ; however, a brief explanation 
of the diagram is included in the appendix. 

After the 5y0 COz and 95y0 N2 mixture was bubbled through the suspensions 
for two weeks, the values of pH -+pCa, regardless of the initial concentration 
of phosphate, were reasonably close to  the line in the diagram for calcium 
carbonate a t  Pco, (partial pressure of carbon dioxide) equal to  0.05 atmos- 
phere. When air was bubbled through the suspensions for two to five weeks, 
the average value of pH-3pCa was 6.5 compared with a calculated value 
of 6.6 for Pco, = 0.0003 atmosphere which is the average partial pressure 
of COz in the air. There was more variation within a series when air was 
bubbled through the suspensions but this is probably the result of variations 
in the carbon dioxide content of the air. As the solubility product of CaC03 
was generally satisfied, it seems unlikely that contamination from the atmos- 
phere, e.g. NH, or SOz, was serious. 
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CLARK AND TURNER: REACTIONS 667 

The experimental data plotted on Fig. 1 show that although the solutions 
were virtually a t  equilibrium with solid calcium carbonate, they were not a t  
equilibrium with a calcium phosphate compound. The fact that the experi- 
mental points are above the hydroxyapatite line indicates that equilibrium 
was reached slowly in these systems; therefore experiments were made to  
study the progress of the reactions towards equilibrium. 

In Table I are presented results of experiments in which samples were 
removed a t  intervals while the carbon dioxide - nitrogen mixture was bubbled 

TABLE I 

Reactioii Total P, 
time, PH pH - ;pCa pH?POd +$pCa nioles/l. acn++. 
min. X lo3 a ~ p o ,  = X lo7* 

(a) Initial solution approxiinately 2.5 X iM HaPOd 
20 5.56 4.42 2.86 22.50 22.90 

100 5.90 4.55 3.55 7.30 6.31 

(b) Ini$il solution approximately 2.2 X lop3 44 HaPo4 
6.60 5.26 4.18 2.13 7.59 

390 6.66 5.32 4.25 1.85 7.42 

(c) Initial solution approximately 1.7 X M I<H?POI 
65 6.73 5.38 4.33 1.64 7.08 

240 6.64 5.20 4.56 1.11 2.55 
1860 6.70 5.36 4.72 0.66 2.75 
4440 6.76 5.37 4.95 0.44 1.66 

11280 6.86 5.47 5.17 0.31 1.26 
(d) Initial solutio~i approxin~ately 2.4 X lo-" 116 H3POd 

70 6.76 5.41 5.21 0.23 1 .OO 
260 6.82 5.46 5.21 0.23 1.12 
500 6.84 5.31 5.21 0.23 0.80 

1440 6.76 5.42 5.29 0.18 0.85 
6240 6.84 5.50 5.48 0 .13  0.66 

through phosphated suspensions of calcium carbonate. In each experiment 
20 gm. of CaC03 was mixed with slightly less than 1 liter of water for 24 hr. 
by bubbling the gas through the suspensions. A sufficient volume of relatively 
concentrated phosphate solution was added to give the desired initial concen- 
tration and the solution was made up to  1 liter with water. Samples were 
talcen a t  frequent intervals but only sufficient data to  show the progress of 
the reactions are included in Table I. 

I t  is seen from the second column of Table I that  the solution was close to  
equilibrium with calcium carbonate within 20 min. except a t  the highest 
initial concentration of phosphate. With the highest concentration of phos- 
phate, 2.5 X lo-? M H3P04, the values of pH-$pCa did not approach that 
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668 CANADIAN JOURNAL OF CHEMISTRY. VOL. 33 

required for Pco, equal to 0.05 atmosphere until after about four hours. 
There was a rapid initial precipitation of phosphate in this system. During 
the process of rapid precipitation the solution was supersaturated with respect 
to  dicalciurn phosphate. This can be seen by plotting the values of pH2P04 
+ipCa and pH -4pCa on the solubility diagram of Fig. 1 or more conven- 
iently by comparing the values of U ~ , + + . U H ~ ~ . =  in the last column of Table I 
with the solubility product of dicalcium phosphate. After the rapid precipita- 
tion, the phosphate concentration gradually reached a constant value for the 
remainder of the experiment and the solution was apparently a t  virtual 
equilibrium with dicalcium phosphate. With the intermediate initial concen- 
trations of phosphate, 2.2 X lop3 M and 1.7 X M I<H2P04, the 
early rapid decrease in phosphate concentration was followed by a slower 
prolonged precipitation. Again the rapid precipitation occurred while the 
solution was supersaturated with respect to  dicalcium phosphate, but the 
solution was definitely not supersaturated with respect to  this solid during 
the slower precipitation. With the lowest initial concentration of phosphate, 
2.4 X 1 0 - W  H&?04, the solutioll was never supersaturated with respect to  
dicalcium phosphate and there was only a slow rate of decrease of the phosphate 
concentration during the whole experiment. 

In Table I I  are reported data for experiments in which air lvas bubbled 
through the suspensions. For these experiments calcium carbonate was added 
directl~. to  solutions of the various phosphates. When the phosphate solution 

TABLE I1 

EFFECT OF TIME ON REACTIOK .AT PCOI APPROXIMATELY 0.0003 ATMOSPHERE 

Reaction Total P ,  
time, PH pH - ',pCa pHJ'O1 +:pCa moles/l. ac3+ +. 

min. x lo3 n ~ p o , =  X loi* 

(a) Initial solution approximately 1.56 X loF3 lid I-IsPO4 
20 7.40 5.95 4.70 1.50 9.13 
65 7.56 6.02 5.10 1.10 5.25 

100 7.80 6.33 6.10 0.17 0.87 
360 8.00 6.38 6.57 0.10 0.41 

(6) Ini:t$l sol l~t io~i  approximately 1.02 X lo-' ilf RHzPOi 
7.80 6.16 5.57 0.72 2.46 

120 8 .04  6.30 6.13 0.33 0.03 
300 8 .15  G 47 6.67 0.12 0.40 

(c) Initial solution approxirnatelp 1.01 X lo-' iVf IGHPO4 
5 8.37 6.66 6.05 0.90 2.69 

80 7.07 6.29 5.62 0.93 2.95 
150 8.00 6.36 5.64 0.85 3.31 

(d) Initial solutiol~ approximately 0.5 X lo-' M ILHPOI 
5 8 .85  6.50 6.91 0.47 0 .25  

00 8.30 6.49 6.20 0.48 1.23 
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CLARK A N D  TURXER: RE.~CTIONS 669 

was either H3P04 or KH2P04, about two hours were required for the solution 
to approach equilibrium with solid calcium carbonate. With Ii2HPO4 solutions, 
the values of pH-+pCa were always reasonably close to the equilibrium 
value. The values of pH -+$a, however, decreased gradually during the 
early part of these experiments but this was followed by a slow increase. 
The behavior of the systems in which the initial phosphate concentrations were 
1.56 X Ai l  HJ'O4 and 1.02 X M I<H$04 was similar to that of the 

intermediate concentrations reported in Table I ;  the values of acn++.aHpo,=, 
horvever, decreased more rapidly a t  Pco, equal to 0.0003 atmosphere. 
\4'hen the initial phosphate concentration was 1.01 X 14 K?HP04 there 
nras apparently no reaction for the first two hours even though the solution was 
supersaturated with respect to  dicalci~im phosphate. After two hours there 
was a rapid decrease in the phosphate concentration followed by a slower 
reaction. With the lowest phosphate concentration, 0.5 X lop3 M I<?HP04, 
the value of acn++.aHpo,= never exceeded that for dicalcium phosphate and 
there was only a slow precipitation, which began after about six hours. 

The rate of decrease of the phosphate concentration in the rate experiments 
reported in Tables I and I1 was extremely slow after the first rapid reaction. 
A long reaction period would be required for the solutions to reach equilibrium 
with hydrosyapatite. There are two possible reasons for this apparently slow 
I-eaction: one, that  the solution was approaching equilibrium with some 
calcium phosphate other than hydrosyapatite; two, that it was simply a 
rate process, the rate being highly dependent on the phosphate concentration. 
The results in Fig. 2 suggest that the latter possibility is more probably correct 

0.00 " I 
0 20  4 0  6 0 80 100 120 

TIME. HOURS 

FIG.  2. E f f e c t  o f  ternperat~lre on  rate of reaction at  Pco, approximately 0.0003 atmosphere. 

because the rate of decrease of the phosphate concentration was faster a t  
40°C. than a t  roo111 temperature (about 23OC.) rvllen the initial phosphate 
concentration was 0.098 X 1O-"n/ K41HI'0,. The rate of decrease of the 

concentration a t  40°C. was very slolv alter five (lays and, even 
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though the phosphate concentration was about one-tenth that of the lowest 
concentration obtainecl a t  room temperature, the solution was still super- 
saturated with respect to  hydroxyapatite. In an experiment a t  80°C., hon-ever, 
the solution was close to  equilibrium with hydroxyapatite within 24 hr. 

DISCUSSION 

Regal-clless of the mechanism of the reaction between solid calciunl car- 
bonate ancl dilute solutions of phosphate, the calcium carbonate exerts its 
normal effect on the solution equilibrium. 

It  is seen from the diagram of Fig. 1 that,  under the conditions prevailing 
in these experiments, clicalcium phosphate is not thermodynan~ically stable. 
As it is generally agreed that tricalciuin phosphate does not exist in nature, 
the thermodynamically stable form is probably hydroxyapatite. If the solution 
is supersaturated with respect to  dicalcium phosphate, however, this com- 
pound precipitates because h~rclroxyapatite forins a t  a much slo\\-er rate. 
This concl~~sion is based on the results reportccl under ( a )  in Table I ~vhich 
shows that about 21 X 10-"nole of phosp1101-us was precipitated in less than 
eight hours, yet the solution was apparently supersat~lrated with respect t o  
clicalciun~ phosphate after 31 11r. When the initial concentrations of phosphate 
were internlediate, (b) and (c) in Tables I and 11, dicalciu~n phosphate was 
appal-ently precipitated in small quantities. The s~nall quantities remained 
oilly for a short time, the length of time apparently depending on the quantity 
present and the rate of precipitation of hydroxyapatite. Judging by the results 
under (d) of Tables I and 11, there seems little cloubt that hydroxyapatite 
precipitated directly without the necessity of having to form clicalcium 
phosphate as an intermecliate. 

It  was mentioned above that the values of the product 
decreasecl more rapidly when air was bubbled through the suspensio~ls than 
when the 5% carbon dioxide mixture was used, indicating a more rapid 
approach to eq~~ilibriuin in the former case. .A possible explanation of this is 
that the rate of precipitation of hydroxyapatite is depenclent on the concen- 
tration of PO? ions which ~vould be lower in the more acicl suspensions 
through which the CO?-N? mixture was passed. This observation along with 
the resulting increase in the rate of phosphate precipitation with increasing 
temperature indicates the advisability of making a thorough study of the 
kinetics of precipitation of hydroxyapatite. 

APPENDIX 

The solubility diagram of Fig. 1 is based on the fact that the equilibrium 
formation of a number of solid calcium orthophosphates in aqueous systems 
may be expressecl by the equation 

where m and n represent the number of moles of Ca(OH):! and Ca(H?P04)2, 
respectively, forming 1 mole of solid and y moles of HzO. In relatively dilute 
solutions, &(OH)* and Ca(H2P04)? may be assumed to  be completely dis- 
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CL.4RK A N D  T G R N E K :  RE.-\CTIOSS 671 

sociatecl. I t  follows, therefore, that  

where "p" represents the negative logarithm of the ion activity, k is a constant, 
ancl the activity of OH- ions is expressed in terms of the ionic product of 
water, ICw, and the H+  ion activity. With (pH-$pCcl) and (pH2P04++pCa) 
as the two co-ordinates, equation 2 represents a straight line with slope m/n. 

The constant k in equation 2 call be evaluated from the solubility product 
of the solid, the seconcl and thircl dissociation constants of phosphoric acid, IC2 
ancl Ii.i, and the ionic product of u-ater. For hydrosyapatite, monocalcium 
phosphate, and dicalcium phosphate equation 2 beco~nes, respectively, equa- 
tions 3, 4, and 5 below, 

where IC,,', Ii,,", and KSp1" are the solubility products of the appropriate 
solid phases. The  solubility lines in Fig. 1 were clrawn from equations 3, 4, 
ancl 5 using published values (8) for the right-hand side of the equation. 
In the figure, the co-ordinates are arranged so tha t  the chemical potential of 
C Z L ( H ? P O ~ ) ~  increases upwards and tha t  of &(OH)? t o  the right. If the 
so l~~ t i on  is in equilibrium with a given solid phase, the solubility points must 
lie along the solubility line for that  compound. A solubility point to  the right 
or above a solubility line indicates supersaturation or the existence of a 
metastable solicl phase. 

If the solution is a t  equilibrium with solid calciunl carbonate, it can be 
shown that  

- (pH-+$a) = +(pICs,'Y-pKllICzl-pC -pPcox) 

where Ii,,lY is the solubility product of CaC03, I<1' and I<?' are the first and 
second dissociation constants of carbonic acid, Pco, is the  partial pressure of 
COz in the system, and C is the total ~nolal concentration of C 0 2  in solution 
when P o ,  is unity. 
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THE TERTIARYBUTYLBENZENES 
I. ALKYLATION O F  1.4-DI-t-BUTYLBENZENE WITH t-BUTYL CHLORIDE1 

BY L. Ross C. BAIZCLAY AND EILEEN E. BETTS" 

ABSTRACT 

The alkylation of p-di-t-butylbenzene with excess t-butyl chloride in the 
presence of aluminum chloride in the cold produces a new aromatic hydrocarbon, 
m.p. 218.5-219". Evidence is given for the presence of an alicyclic nucleus in 
this hydrocarbon which analyzes for C22H3.1. The preparation of nitro and 
amino derivatives from this hydrocarbon is described. The alkylation of benzene 
under similar conditions yielded some 1,3,5-tri-t-butylbenzene, and an improved 
~llethod of preparation of this hydrocarbon from p-di-t-butylbe~ize~ie is given. 

INTRODUCTIOX 

For some time we have been interested in synthesizing 1,3,5-tri-t-butyl- 
benzene and in preparing derivatives of this co~npound required in a study 
of the influeucc of the bulky t-butyl group on functional group reactions. 
Recently Bartlett ( I )  showed that the reaction of t-butyl chloride and alu- 
minum chloride with 9-di-t-butylbenzene yields m-di-t-butylbenzene, 1,3,5- 
tri-t-but)-lbenzene, and a hydrocarbon of melting point 209-210". This excel- 
lent communication prompted us to publish some of the worl; conducted in 
our laboratory on t-butylbenzenes. 

We found that not only 9-di-t-butylbenzene but also benzene is converted 
to  a mixture of 1,3,5-tri-t-butylbenzene and a hydrocarbon of melting point 
218-219", \\-hen treated with excess t-butyl chloride and aluminum chloride. 
Bartlett's preparation of 1,3,5-tri-t-butylbenzeue could not be repeated but an 
improved method is given in the experimental section (Run 11). In  these 
alkl,lations, 1,3,5-tri-t-butylbenzene is formed rapidly, but under the influence 
of excess aluminum chloride and prolonged reaction time it is converted to  the 
higher melting hydrocarbon. Some interesting properties of this hydrocarbon 
are reported. 

A New Ifigl~ llleelting Hydrocarbon and Some Derivatives 
A high ~nelting (218.5-219") aromatic hydrocarbon which analyzed for 

Cz2H34 was isolated by adding aluminum chloride in portions to  a cold (below 
-5') so l~~t ion  of 9-di-t-butylbenzene in excess t-butyl chloride. This compound 
was nitrated ancl the nitro co~npound reduced to  an amine. Attempts t o  
convert the a~nine  into a phenol whose properties could be compared with 
those of the known 2,4,G-tri-t-butylphenol (12) produced a pale yellow com- 
pound possessing an ultraviolet absorption intensity much higher than that 
of phenols. The properties of these derivatives indicate that  they arc highly 
hindered. For example, the nitro conlpound does not show the large increase 
in absorption in thc near ultraviolet characteristic of nitro derivatives of 

12l.fanzrscript received lVove77zber 17, 1954. 
Co)ztri61~ti07z fro772 tlte Defiartnzent of Clze71zistry. Alo1~7~t Allison li?ziversity. Sackville. hTew - .  

Br~~nswick. 
?Recipierrt of a lVatio~~a1 Researcl~ Coz~ncil Bursary. 
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B.1RCL.kY .kND BETTS: TBRTI.IRYBUT'I'LBEXZENBS (573 

benzene ancl in this respect is similar to  the sterically hintlerecl nitlo com- 
pounds studied by Brown ancl Reagan (4). In arlclition, the alniile clerivative 
does not dissolve in concentratecl acid. 

Certain general concl~~sions can be made concel-ning the stl-uctul-e of the  
high melting hyclrocarbon from the ultimate ancl spectral analyses. The  higher 
carbon values (or lower hydrogen values) of this conlpound coinpared to  those 
of the butylbenzenes suggest a second ring fused onto the benzene ring in the  
alliylation. This might also explain the high melting point. The  infrared 
spectrum (Fig. 1) sl~o\vs the presence of t-butyl groups. The  most c1laracte1-istic 
feature is the  strong band a t  891 cm.-l and the absence of any strong band 
below this. In this respect it resembles the spectrun~ of pentalnetl~ylbenzene, 
which n1a17 indicate tha t  the  hydrocarbon contains a penta-substituted ring. 
T h e  ultraviolet absorption of this hyclrocal-bon is very interesting in tha t  i t  
shows similarities t o  t h a t  of certain alicyclics, for example indan. The  latter 
shows characteristic bands a t  273.6, 267, and 260 mp compared t o  278, 271, 
and an inflection a t  262 n ~ p  for this hydrocarbon. In addition the very weak 
bancl for indan a t  291 suggested by  R'Iorton ancl cle Gouveia (9) as being due to  
impurities is present in this compo~~ncl a t  298 mp. 

I t  should be noted that tetralin also has similar absorption \vith bands a t  
27-1 and 267 ancl an inflection a t  261 mp but  the  weak band near 290 mp is 
not reported (9). I t  is possible tha t  this weak band may be of use in identifying 
the inclan nucleus in the  high ~nelting hydrocarbon. 

Early Research on the Poly-t-butylbe7zzenes 

In 1890 Senlio\vski (10) reported tri-t-butylbenzene, m.p. 128', along \\;it11 
p-di-t-butylbenzene, 111.p. 70°, ancl a liquid hydrocarbon from the allcylation 
of benzene with isobutyl cl~loricle. Smith (11) obtained some of Senlco\\-slci's 
hydrocarbon, 111.p. 12g0, by the rearrangement of isob~~tylphenyl  etl~el- in 
benzene solution \\:it11 alu~ninum chloricle. 

In a study of various complexes forllled by  the Friedel-Crafts reaction, 
Gustavson (5) fo~uncl that the action of t-butyl c11lo1-icle and benzene 011 

a luminu~n chloi-idc a t  - 10' led to the forination of a );ello\v crystalline com- 
pound, aluil1inum chloride clitributylbenzene hycll-ocl~loride, Al.?ClS[CGI-I3- 
[(CH3)3C]3]HC1, which was also formecl by  the reaction of p-cli-t-butylbenzene 
and po\vclerecl aluminum cl~loride \\iith t-butyl chloricle. 

Ipatieff (6) ancl co-wor1;ei-s reportecl mono-, di-, and tri-t-butylbenzene (a 
liquid) froin the reaction of isobutylene with a nlixture of sulphui-ic acid and 
benzene. Icoch and Steinbrinlc (7) allcylated benzene 11y the method described 
l1g7 Ipatieff and co-\vorliers ancl obtained p-di-f-butylbenzene bu t  mere unable 
to  prepare a tri-substituted product 11y this method. Legge (8) attempted t o  
prepare tri-t-butylbenzelle by the reaction of isobutylene with aluminum 
chloride or sulphuric acid on benzene b u t  obtained insteacl a considerable 
number of unexpectecl alkylbenzenes ancl suggestecl an electronic explanation 
for the  results obtaillecl. 

Bai-tlett and co-worliers (1) found small quantities of Senkowslii's hydro- 
carbon (n1.p. 129.5-130') in some residues from the preparation of p-di-t- 
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butylbenzene by the Standard Oil Companj. of Indiana. Ho~vevcr,  these 
I\-01-leers clid not establish the structure of this 11j.drocarbon. I t  seems unlilicly 
tha t  the structure given to  this compo~incl by Smith ( I  I ) ,  tha t  is 1,2,4-tri-t- 
butylbcnzene, is correct because of the improbability t h a t  two t-butj-1 groups 
can occupy adjacent positions in thc benzene ring. Brown ancl co-worliers (3) 
investigated l~omomorpl~s  of o-di-t-butylbenzene and support this view. 

EXPERIMENTAL 

The melting points recorcled were obtained with a Fisher-Johns type appara- 
tus and ai-e ~incorrectec~. 1Jlti-aviolet spectra \\-ere ineasurecl on a Beclmann 
D U  s ~ ~ e c t r o p l ~ o t o n ~ e t e r  wit11 cj~clohesane, free from aromatics, a s  solvent. 

Alkylation of Benzene and Isolation of 1,3,5-Tyi-t-bz~tylbenzene 

A solution of pure benzene (36 ml., 0.41 mole) in t-butyl cl~loridc (189 ml., 
1.7 moles) was cooled t o  -5' and 59 gm. of alumin~im cl~loricle added in small 
portions over a period of two hours. Aliquots removecl after one and three- 
q~ la r te r  hours and after all the aluminum chloride was aclclecl yiclcled colorless 
crystalline material mixed with soine liquid on decomposition in ice. On 
c r j  stallization from ethanol, these aliquots yielded a total  of 1-1 gm. of crystal- 
line material (m.p. 60-65') consisting of a mixture of p-di-t-butylbenzene and 
1,3,5-tri-t-butylbenzene. Careful ci-ystallization from ethanol yielded soine of 
the tri-substituted product, m.p. 73', ~ v l ~ i c h  did not depress the melting 
point of an authentic sample. The remainder of the reaction was decomposed 
in ice water after a total  of s is  hours' reaction. The  hydrocarbon layer was 
estractecl with ether and the ether reinoved on the steam cone. The viscous 
residue was placed in a refrigerator overnight and some crystalline material 
(3 gm.) formed. Crystallization fro111 benzene-ethanol j iclded colorless crystals 
which consisted mainlj- of the high melting hydrocarbon and which melted a t  
193-200'. 

Adkylation of fi-Di-t-butylbenzene 
RZLE I-Prefia~ation of the EIigh ilJelt%ng EIydrocarbons 
fi-Di-t-butylbenzeile (47 gin., 0.25 mole) was dissolved in 300 1111. of t-but\-1 

chloricle and the solutioil cooled to  -So, causing much of the hydrocarbon to  
precipitate. Powdered aluminum cl~loricle (66 gm., 0.5 mole) was added in 
small portions over a two-hour period t o  this mixture wit11 vigoi-ous stirring. 
After about five minutes the hydrocarbon redissolved and there was copious 
evolutioll of hydrogen chloride. A t  the  end of s is  hours' reaction in the cold, 
the  evolution of hydrogen chloride subsidecl ancl two layers appeared-a 
>.ello~v liquicl la j~cr  on top and a thicli dark amorphous inass a t  the bottom of 
the  I'laslc. The  reaction mixture was decon~posecl in crushecl ice and the hydro- 
carbon layer distilled with stcam ~in t i l  oily droplets ceased coming over into 
the  distillate. The  solid residue was separated from adhering polymeric liquid 
13roducts on the suction pump by washing with ethanol to  yield 20 gm. of 
colorless crystalline material, m.p. 205-210'. In later runs it was found more 
convenient t o  extract the  decon~posecl reaction procluct directly with ether 
and proceed with the isolation by concentration of the ether until the  hydro- 
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carbon crystallized. Repeated crystallizations from 1: 1 benzene-ethanol 
yielded colorless needles, m.p. 218.5-219'. 

Anal. Found: C,  88.51, 88.63; H ,  11.54, 11.45. 
C ,  88.45, 88.41; H ,  11.28, 11.34. 
C,  88.4'7, 88.58; H ,  11.35, 11.31. 
PIolecular weight, 311.6, 309.5, 309.3. 

Calc. for C?PH~, , :  C, 88.51; H,  11.49. Alolecular weight 298.5. 
Rz~n  11-Inzpro~ed Syntl~esis oJ. 1,3,5-Tri-t-butylbenzene 

Seventy-five gmms of P-di-t-butylbenzene was clissolved in 350 ml. of t-butyl 
chloride and the solution coolecl to  -3', causing much of the hydrocarbon 
to  precipitate. Seven grams of aluminum chloride was added during the 
first half hour to  the stirred mixture, the temperature being lllaintaillecl 
below 0". Twenty grams of aluminum chloride was then added in 10 min. 
causing the semisolid reaction mixture to become liquid and the temperature 
to  lower to  -7". Aftel- an additional 10 min., the reaction mixture was carefully 
decomposed in cold water. The  organic layer was extracted with ether, which 
was removed with excess t-butyl chloride on the steam cone. The  residue 
solidified on cooling with an ice-salt mixture to yielcl '70 gm. (75% yielcl) of 
colorless solid. After five recrystallizations from ethanol, this material melted 
a t  74.8-75'. The  ultraviolet absorption spectrum (Fig. 2) of this product was 
practically identical to  that  of authentic 1,3,5-tri-t-butylbenzene prepared in 
small yield in this laboratory by the condensation of pinacolone. 

Anal. Founcl: Mo1ecula1- weight 247.7, 245.5, 248.8. 
Calc. for tri-butylbenzene 246.4. 

FIG. 2. Ultraviolet spectra. 
(1) 1,3,5-Tri-t-butylbenze1le (m.p. 74.8-7E1~). 
(2) p-Di-t-butylb&nzene (78.5-79"). 
(3) The high melting hydrocarbon (m.p. 218.5-219"). 
(4) Nitro derivative of the high ~nelting- hydrocarbon (m.p. 205.5-267"). 

lizln Ill-I7ztermediates in  the Prefiaration of the .High Jdelting Hydrocarbon 
Essentially the same procedure with the same amounts of reagents as in 

Run I1 was used except that  additional aluminum chloride (7.5 gm.) was 
added and the reaction was continued for six hours. Aliquots of the reaction 
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BAIICLAY A N D  BETTS: TERTIZ\R\~BUT\ILBI:NZENES 677 

mixtui-e were removecl when the mixture becanle fluid (after 30 min.) and 
after 45 min. These were decomposed in water ancl recrystallized from ethanol. 
The first aliquot contained a mixture of p-di-t-butylbenzene and 1,3,5-tri-t- 
butylbenzene. The second aliquot (after 45 inin.) contained 1,3,5-tri-t-butyl- 
benzene, ~vhich after one ci-ystallization melted a t  73'. At the end of six hours, 
the remaining reaction mixture was decomposecl, extracted with ether, and 
the excess t-butyl chloride removed with the ether on the steam cone. On 
stancling, the liquid residue deposited sorne crystalline material which yielded 
G gm. of colorless crystals after crystallization from benzene-ethanol, 1n.p. 
211-212'. 

hlitrarion of the I i g h  11leltin.g IIydrocarbon 

The hydi-ocarbon (12.G g n ~ . ,  n1.p. 216-218') was dissolved in a 1nixtu1-e of 
glacial acetic acid (580 1-111.) and acetic anhg~clricle (345 ml.) a t  65'. Fuming 
nitric acid (5 ml., sp. gr. 1.5) was aclded drop by drop ancl the reaction mixture 
\\.as heated a t  90' for three houi-s. On cooling, the product crystallized as pale 
yellow crystals, 7.3 gm., m.p. 261-262'. Repeated crystallization from benzene- 
ethanol changed the melting point to 266.5-267'. 

Anal. Found: C, 77.75, 77.52; H ,  9.57, 9.49; N, 4.04. 
Molecular weight, 335.0, 333.9, 334.5. 

Calc. for C??H3aNO?: C, 76.01 ; H,  9.68; N ,  -1.0s. 
Molecular weight, 343.5. 

Preparation and Attempted JIydrolysis of an  Amino Derianti-de 

.\ solutio~z of 5 ml. of concentrated hydrochloric acicl in 5 1nl. of ethanol 
was aclclecl to a mixture of 0.5 gin. of the nitro derivative with 1 gm. ol granu- 
lated tin. This mixture was heated on the steam cone ullder ref-lux and e n o ~ ~ g h  
etllailol, saturated with dry 11ydl-ogen chloride, was added to give a clear 
solution. This sol~ition \\;as refluxed for five hours ancl then allo~vecl to stand 
for a day. ilt the enel of this time, no cr)-stallization 11acl tal;en place so that  
the product was \vorlrecl up in the usual way by precipitation in water, atldition 
of allrali to  dissolve the tin, and extraction with ethei-. On evapoi-ation of the 
ether colorless crystals fol-med, 1n.p. 247-248'. Crystallization from benzene- 
ethanol yielded colorless crystals, lll.p. 249.2-2-19.7'. 

Anal. Found: C, 85.00, 85.09; H, 11.27, 11.11; N, 4.01. 
Calc. for C2?Ha5N: C, 84.28; H ,  11.26; N, -1.47. 

This anline appeared to be almost completely insoluble in conce~ltmtcd 
hydi-ochloric acid but the ultraviolet spectrum, ~irith general absorption 
maxinla a t  292(E1% 71.3), 248(E1% 205), ancl 214 1 1 1 ~  (E':'" I-160), is typical 
of aromatic amines. 

Two grams of this amine was dissolved in 180 ml. of a 1 : 5 s~~lphur ic  acid - 
acetic acid solution. The solution \\:as cooled in an ice bath and a solution of 
22 gm. of sodium nitrite in 90 ml. of \\rater was added. The reaction mixture 
was then warmed on the steain cone until evolution of nitrogen ceased, cooled, 
and extracted with ether. After washing with IOGj, socli~~m bicarbonate solu- 
tion, the excess ether was relnovecl ancl pale 01-ange crystals fonned, n1.p. 
208-1309'. Unsuccessful attempts were macle to remove the color from this 
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procl~~ct by chromatograph>~ on alumina ancl cr),stallization with charcoal. 
The ultraviolet absorption, A , , ,  26; mp, E'% 377, of this compound is much 
more intense than expected for a phenol and a more detailecl stucly is recluircd 
before a structure can be suggested for this product. 

The A ction of Oxidiz~ng Age fzfs on the IIiglz ilIelting Ilydrocarbo~r 

Tertiary-but>.l groups are lcnown to oxidize with difficulty; for example, 
Boedtl~er (2) obtained mainly cli-t-butylcluinone on attenlpted oxidative 
clegraclation of p-cli-t-butylbcnzene. Using increased pressure ancl temperature, 
Ixgge (8) s~~cceecled in obtaining terephthalic acicl by nitsic acicl oxidation of 
p-cli-t-butylbenzene. 

At te~npts  to  oxidize the high melting hyclrocarbon to  a known benzene- 
cai-bos\.lic acid have not been successful. Oxidation xvit11 nitric acid in pl-essurc 
tubes a t  elevated temperatures yielded acidic ~naterial but yields were ver\- 
small ancl nitration accompanicd oxiclation. The use of such oxidizing agents 
as chromic acicl or potassiulll permanganate in solvents such as acetone, 
acetic acid, or pyricline has not procluced any iclentifiable benzenecarbosylic 
acid. I t  \\-as found, however, that p-di-t-butylbenzene could be oxidizecl to 
terephthalic acid in small yield by heating a po~vcle~-ed mixtui-e of the hydro- 
carbon ivith an oxiclizing agent such as potassium permanganate in a nitrogen 
atmosphere a t  220'. This proceclure has yieldecl some polycarboxylic acid from 
the high melting hydrocarbon and, although the clegradation was not complete 
in this case, seems the most PI-omising approach. 

This ~vorlc ~vas  concluctecl with the aid of a grant from the Kational Research 
Council of Canada, Ottawa, :uncl in aclclition one of us (E.E.B.) gmtefully 
acl;no~vleclges financial assistance ~~roviclecl by a National Research Council 
Bursar!.. 

The authors ~vish to  thank Dr. L. Marion for having ultimate analyses done 
fol- us a t  the National Reseal-ch Council 1,aboratories. We also thanlc Dr. R. A-. 
Jones ancl i\/Ir. R. 1,auzon for measuring and interpreting the infrared spec- 
t 1-LI 111 . 

\Are ai-e inclebtccl to Dr. R. A. Friedel of the United States Bureau of Mines, 
Pittsburgh, Tor his assistance in the interpretation of the ultraviolet spectra 
and to  Dl-. S. H. 1,anger of the same laboratory fol- measuring the ~nolecular 
weights. 
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THE SYNTHESIS OF C'.l-CARBOXYL-LABELLED o-THIOETHYL 
FATTY ACIDSL 

Syntheses on a semimicro scale of thioethyl acetic, w-thiocthyl propionic, 
and w-thioethyl hutyric acids labellecl \\lit11 carho~i-14 in tlie carbox)rl group arc: 
tlcscribed. The conipouncls \\.ere chromatograplied on filter paper \\,it11 butanol- 
\\.atel--arii~iionia as the de\,eloping sol\.ent, ancl tlie R p  \ 'al~~es cletel-minctl. 

I11 the course of an investigation, a t  this Institute, of w-thioall;j~l fat-tj- 
acids as metabolic inhibitors in isolatetl tissues, carbon-1-1-cai-boql-labelled 
thioet11j.l acetic, w-thioeth~ll propionic, and w-thioethyl butyric acicls were 
rcquirecl. Esperiinentnl tletails for the synthesis of these lahclled ~noleculcs 
011 se~niniicro scale are described in this conimunication. 

Although w-thioallryl acetic acicls have been prepared bj- alliylation of 
sodium thioglycollate with the appropriate alIq.1 lialicle ( 6 )  ant1 these and 
otlicr w-thioalliyl fatty acicls froin the sodiu~n salt of a thiol and a w-halo fat ty  
acicl (3, 7) this latter methotl was only employed for the preparation of thio- 
ethyl acetic acicl-1-C1". 

A more convenient synthetic metl~ocl for higher Iion~olog~ies involves 
cj.:uiidntion of an  ethyl w-haloethyl sulpliicle follo~~~ecl by hyclrolysis of the 
resulting nitrile to  the acicl. This methotl is not satisfactory mrhen ethyl 
cliloromethyl sulpliicle is a reactant, onring to  the instabilitj- of this molecule 
(2). Etli!-l y-bi-on lo prop^-l s~~lphicle forms a Grignarcl reagent, nrhich inay be 
c:~l-bon:~tctl to jrielcl w-thioet11j.l butjrric acid. Ethj-l 8-chloroetli~~l sulpliicle, 
lio~vevel-, iailecl to  form a Grign~u-cl I-eagent. 

A method i01- the paper chroinatogi-aphg- of the acicls rlcscl-ibetl has been 
\vorl;ed out ,  t.0 assess the ratliopurity of tlie labelletl coinpouilcls." 

TI~ioetlzyl Acet ic  Ar~d-I-CI1 

llcctic acitl \\?as liberatecl from 4.8 inM. of sodium acetate-I-C" (100,700 
counts total activity) with hj-clsogcn chloricle gas accorcling to  a p i -cv io~~s l j~  
clescsibecl high-V~CLILIIII procetl~ire (-I), ancl condensccl into a reaction ilasl; 
fitlecl with a micro cli-opping funilel ant1 colcl-finger conclenser. The acetic acicl 
was hro~liiilatecl in tlie pi-esence of acctj-l chloritlc (0.1 ml.), I-eel phosplioi-us 
(20 mgm.), n~itl a cl-j.stal of iodine with bromine (0.5 nil.). 'The latter u7as 
aclclt~cl tlropwise, n-liile the mist~ire  11-as lieatecl ~ ~ n d e r  I-ellus (-1.). 

'~11n?111xrripl recc2ie~rd J n t z ~ ~ n r y  4, 1.955. 
Co?llrib~~Lio?z fro111 LWc Dioisiotr of ;llott7,ic Cl~c~r~ris lry ,  l l /onlre~rl Ge71rr(1/ H o s p i f ( ~ /  Re~e(1rc11. 

I ~ r ~ f i l ~ ~ l e ,  .lIo?lfrenl, P.Q. 
e I ? ~  clrargc, D ,h i s ion  of i l to?nic Cl1en7islry. 
"IZc~cc~t~lly, n c o ~ r ~ ~ ~ ~ z ~ t z ~ i c a f i o  ( J .  / I t , / .  Cl~or7. Soc. 76: 3860. l!)54) frotrl a7sotl1er laborc~fory  l ~ n s  

nppl*c~red regnrdi?~g l l ~ r  nnlilzsberclr/osis nclioily IS S O I I L F  r f h y l ~ ~ r e r c n p f o  C O ~ I L ~ O I I ~ ~ S ,  i n c l l ~ d i ? ~ g  
sc,orral thionlhyl-fatly ncids. iVo delnils arc give7~ reyarding sytrthrlic ~iietlrods, cl?zd prr.szo~rcsb/y 
c(rrbon-11/-labelicd co,)7pozs?lds 7ocre 7 ~ 0 1  e?lr)/oyed i n  t h i s  invesli,yc~tion. 
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After two hours the reaction rnisture was hyclrolyzed with 2 to 3 1111. of 
water, and the unreacted bromine I-emovecl in a stream of nitrogen. The  
lasttraces of bromine were I-emovecl with 1 N sodium bisulphite. The  I-esulting 
solution u7as neutralized to  pH  8 with dilute sodium hydroxide, and evaporatecl 
,in vacuo. The  residue was clissolved in the minimum amount of water, ancl 
0.62 M sodium ethanethiolate (10 ml.) i11 ethanol was added. The mixtul-e mas 
shaken several times and allowed to  stancl for 24 hr. and then heatecl uncler 
reflux for three h o ~ ~ r s ,  ancl finally concentrated to dryness in vacuo. 

7'he residue was dissolvecl in water and the aqueous solution extracted 
continuously with ether for four to  five hours. The  aqueous layer was acidifiecl 
to  pH 2 with dilute sulphuric acid and extracted continuously overnight with 
ether. The ethereal solution was clried over sodium sulphate, and evaporatecl 
in a strearn of nitrogen. The  oily residue \tias clistillecl from a Spath bulb 
(bath temperature 100°C.) on the high-vacuum system yielding 0.1555 gm. 
(21%) of a colorless oil. Specific activity 200 counts per min. per mgm. urith 
50% counter geometry. qgO = 1.4800. 

Barium carbonate-C1"l mc. per mM.) was converted t o  sodium cyaniclc- 
C'.' l ~ y  Adamson's niethod (1). T o  0.4 mRI. of this radiocyanicle were added 
5 mM. (0.245 gm.) of carrier socliu~ll cyanicle, 8 1111. of 80y0 ethanol, ant1 5.4 
mM. (0.65 ml.) of ethyl p-chloroetl~yl sulpl~icle. The  mixture was heated untlcr 
reflux for four hours and the solvent was removed in vacuo. The  remaining 
oil was hydrolyzecl with a solution of 6 N hydrochloric acid ( 5  ml.) ancl glacial 
acetic acid (2.5 rnl.) in a sealed tube a t  100" for 12 hr. The  acetic ancl hytlro- 
chloric acids were I-emovecl in vacuo, ant1 the PI-ocluct dissolvecl in a t'ew 
~rnilliliters of \vatel-, ancl estracted eshaustively with chlorofornl. 'The chloro- 
form solution was shaken several times with an  excess of clilute socliunl 
hyclroside, then with water. The  combinecl allialine estracts ant1 washings 
were aciclifiecl to  pH 2 ancl extracted four times with chloroforn~. The combinecl 
chloroform solutions were clr-ietl over soclium sulphnte ant1 filtered. The f-iltl-atc 
was concentratetl and the remaining oil was tlistillecl uncler high vacuum 
from a Spat11 11~111. Yield 0.2612 gm. (36y0, l,ased on etI1j.l P-cI1lo1-octhyl 
sulpl~icle). Colorless oil. Activity yield: 15.9% from b a r i ~ ~ m  carbonate-C1-'. 
Specific activity 87,400 c.p.nl./~ngm. with 50% counter- geometry. Calc. for 
CjI-IloOrS : C, 44.76; S ,  23.90. Fountl: C,  -14.5; S ,  23.8. eg.5 = 1.-L805. 

A sample of non-radioactive w-thioethyl propionic acid was treated with a 
slight excess ol  thionyl cl~loricle, ancl the mixture heatecl a t  80°C. lor 10 nlin. 
to conlplete the reaction. Excess concentratetl arnmonium hytlroside was 
atlclecl carefully to  the resulting acid chloritle. The reaction mixture was 
evaporated to  tlryness in vacuo, ancl the arllicle clissolved in isopropyl ethcr-, 
ancl I-ecrystallized from the sarne solvent. Colorless plates, m.p. 6-I-65°C. 
Calc. for CjHllKOS: C,  45.08; X, 10.52; S ,  24.07. lTound: C, 4-1.3; N, 10.7; 
S, 2-1.5. 
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ALMOND ET AL.: SYNTIIESIS 681 

w-Thioethyl Butyric Acid- I -C1$ 
( a )  Cyanidation of Ethyl y-Chloropropyl Sulphide and IIydrolysis of the 

Nitril e 
A mixture of sodium cyanide (0.3 gm.), water (0.5 ml.), ethanol (5 ml.), 

and ethyl y-chloropropyl sulphide (0.693 gm.) (5) was heated under reflus 
for six hours. The ethanol was evaporated in vacz~o, the residue shaken with 
water to dissolve salts and then estracted with ether. The ethereal solution 
was dried with sodium sulphate and evaporated in a bomb tubc under a stream 
of nitrogen. The oily residue was heated with a mixture of 1.5 ml. each of 
glacial acetic acid and concentratecl hgrdrochloric acid for about three hours a t  
110°C. The acetic and hydrocl~loric acids mere removed in vacuo, and the crude 
acid purified bg7 the method described above for the preparation of ethyl 
thioacetic acid. After high-vacuum distillation, the product weighed 0.090 g ~ n .  
Yield 12%, based on ethyl y-cl~loropropyl sulphide. #" = 1.4803. 

( b )  Carbonation oj' the Ethyl y-Bromopropyl Sulphide Grignard Reagent 
Although ethyl y-cl~loropropyl sulphide formecl a Grignard reagent only 

in the preseilce ol ethyl bromide added as promoter, the corresponcling bi-01110- 
compound was active alone. 

Etllyl y-bromopropyl sulphide was prepared froin ethyl y-11:-droxypropyl 
sulphide and phosphorus tribroinide in carbon tetrachloride. 

I The Grignard reagent nras prepared from ethyl y-bromopropl-1 sulphide 
I 

(2.2 gin.), magnesium (0.3 gin.), and dry ether (30 ml.). Carbonation was 

I carried out according to the usual high-vacuum technique with carbon dioside 
liberated from 0.9048 gm. (4.6 mM.) of barium carbonate-C'"5.08 X lo5 
counts total activity) by means of concentrated sulphuric acid. The tnixture 
nns nllo~ired to wai-m slowly to room temperature with occasional shaking 
after the carbonation a t  approximately -20°C. was assu~ned to be complete. 
The magnesio complex was carefully deco~nposed with excess of dilute sul- 
~ ~ h u r i c  acid, and the ether lag-er was removed. The aqueous phase was extracted 
four t i~nes with ether and the combined ethereal solutions were washed with 
three portions of 0.5 N sodium hydroxide (total 15 ml.) then four times with 
\\-atel-. The combined alkaline solution and washings were saturated with 
sodium sulphate, acidified to pH 2, and extracted with ether. 

The ethereal solution was dried over sodium sulphate, and the ether removed 
leaving an oily residue. This residue was distilled in a Spath bulb under high 
vacuum a t  a bath temperature of 100" yielding 0.362 gm. of a colorless oil. 
Specific activity 570 c.p.m./mgm. Yield 53%, based on barium carbonate. 
Calc. for CGH1202S: C, 48.65; S ,  21.60. Found: C,  48.7; S,  21.8. = 1.4805 ; 
mixed R.I. with the product prepared by the previous method 7:" = 1.4805. 
The identity of the compounds obtained by the two procedures was further 
established by chromatography on filter paper. 

A crystalline amide could not be obtained from this compound with thionyl 
chloride and ammonia. 
Paper Chromatography of the Thioethyl Fatty Acids 

--lpproxirnately 0.1 mgm. quantities of the labelled acids in excess ammonium 
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hydroxide were chromatographed on Whatman No. 1 filter paper with butanol- 
water-ammonia by the ascending technique. Butanol (100 ml.) was shaken 
with water (25 ml.) and ammonium hydroxide (2 ml.) below room tempera- 
ture, and the butanol layer separated. An open beaker containing concentrated 
ammonium hydroxide was placed under the battery jar containing the chroma- 
togram. After approximately 15 hr., the chromatograms were removed and 
dried. 

The paper was sprayed with O.lyO aqueous chloramine-T, dried, and 
sprayed immediately with starch - potassium iodide solution (0.1 gm. soluble 
starch and 0.1 gin. potassium iodide per 100 ml.). White spots on a blue 
background indicated the presence of the thio-acids. Radioautographs were 
obtained by placing the dried chromatograms before treatment with chlor- 
anline-T in contact with Eastman No-Screen X-ray film for approximately 
two weeks. 

The following relative RF values were observed for the regions of masimunl 
corlcentration : 
R, C2H5SCH?COOH = 0.34 R C?H5S (CH?)sCOOH 

= 1.30 
R C2Hj SCHZCOOH 

I< C?H5S(CHz),COOH 
-- = 1.55 
R CZH5SCH2COOH 

A trace of radioactive contaminant with an RF of 0.12 was present in the 
w-thioethyl propionic and w-thioethyl butyric acids. 
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OXIDE COMPLEXES FORMED IN THE SYSTEMS 
PLATINUM METALS : ALKALI CARBONATES : OXYGEN1 

ABSTRACT 

On heating lllixt~rres of a platin~lm metal with an  alkali carbonate ill difierent 
ratios ancl a t  different ternperat~lres in an oxygen stream, two kinds of con~po~uncls 
are formed: 

(1) the cubic compounds Na,PtaO.j ancl Na,PdaOn, 
and 

(2)  a series of oxide complexes with compositiolls ABOy or A2B03, both 
isoruorphous with Na?SnOa. 

Although all metals of the platinum group forin oxides, anhydrous complexes 
ol their oxides have not been described. The observation that a t  high tempera- 
tures platinum crucibles are readily attacked by lithium oxicle in the presence 
of air ( I )  was the first indication that such complexes might be prepared. 
On investigating the reactions of lithium oxide - platinurn black mixtures in 
oxygen a t  1000°C., Bright reported the formation of a pi-oduct with the 
approximate formula Li?Pt03 (3).  Further study of the X-ray pattern has 
s h o ~ ~ ~ n  that this product was a c t ~ ~ a l l y  a mixture of two or more compounds. 

We have founcl that lithium oxide and platin~iin react in oxygen eve11 a t  
400°C. to form single compouncls, and that the same products are obtained 
from lithium carboilate - platinum mixtures. Because of the ease ~vith which 
carbonate-platinum mixtures could be haildled in comparison to those of the 
oxide (2), all subsequent reactions were restricted to the carbonate. Like the 
oxicle, the carbonate attaclrs most crucible materials, and it was necessary to 
use crucibles cut froin fused polycrystalline blocl<s of magnesium oxide. 

By replacing the platin~im black in the reaction mixtures by other finely 
clivided platinum metals, a iluinber of lithium complexes with Pcl, Rh ,  and Ir 
were prepared, and by the substitution of Na2C03 for Li2COCj, analogous 
sodium complexes have been obtained. 

The platinum ~netals  were used in the form of platinum black, prepared by 
the procedure described in Gmelin (5) (i.e., reduction with sodium formate); 
palladium black (5); rhodium and iridium sponge, both 99.95y0 pure, from 
British Drug Houses Ltd. 

Analytically pure sodiuin carbonate and lithium carbonate (i\/Iay ancl Baker) 
were preheated in oxygen a t  400°C. for about five hours. 

Portioils of metal and carbonate were weighed into a nlagnesium oxide boat 
and mixed intimately. This mixture was heated under a slow streain of oxygen 
which had been dried over sulphuric acid, silica gel, sodium hydroxide, and, 

'i'vIa?tuscript received December 28, 1954. 
Co?ttribzttio~t front tlte Department of Pltysical and Inorganic Che~izistry, Uninersity of Leiden, 

Tlte Netlterlands. 
2National Researclt Council Postdoctorate Overseas Fellow 1953-54. Present address: Division 

of Applied Clienzistry, National Research Coz~ncil, Ottawa, Canada. 
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finally, phosphorous pentoxide. Heating was continued until no further 
change in weight could be observed. 

Debye--Scherrer diagrams of the products were taken ill a 9 cm. Unicam 
a 1011. camera with Cu K ,  radi t ' 

RESULTS AND DISCUSSION 

I n  the systems Na-Pt-0 and Na-Pd-0, the first compounds formed were 
the cubic phases Na,Pt304 and Na,Pd3Od (a0 = 5.67 A and 5.64 A, respec- 
tively), the first of which has been described by Waser and NIcClanahan (8). 
Experimental and calculated values of sin'8 and of line intensities for one of 
these structures are given in Table I. 

TABLE I 
DEBYB-SCHERRBR DIAGRAM OF Na,PdsOd ( C U B I C ~  

vs, very strong; s, strong; m, moderate; IV, weak; v\v, very weal; 

hkl sin% (calc.) sin28 (obs.) I (calc.) I (obs.) 

m 

m-s 
m-s 

On heating mixtures of the molecular proportions metal : carbonate ::l: l  
for about 20 hr. a t  GOOO-lOOOOC., the A?BO3 compou~lds Li'RhO3, NaaIrOl, 
NazPtOz, and LizPt03 were obtained. These compounds are isomorphous with a 
series of complexes of quadrivalent elements, LizTi03, Na?TiO3, NazSn03, 
and Na2Pb03, investigated by Lang (G). Typical X-ray data are given in 
Table 11. 

I t  was not possible to prepare Na2Pd03 by this method, although quadri- 
valent pallacliun~ appears to exist in the phase LizPclOe. 
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SCHEER ET AL.: OXIDE COMPLEXES 685 

TABLE I1  
DEBYE-SCHERRER DIAGRAM OF Na2Pt03 (ORTHORIIOMBIC) 

hk I sin20 (calc.) sin20 (obs.) I (calc.) I (obs.) 

s 
S 

m 
W 
W 

S 
S 

S 

m-m 

- - 

The rhodium mixtures first formed the compounds LiRhOz and NaRh02,  
and it  seems probable that the latter compound is also transformed into the 
A2B03 compoulld Na2RhO3, but its crystal structure has not yet been 
established. 

I t  has been found that  both ABO? compounds are isomorphous with the 
A2BO3 compounds (Table 111). The  lattice of the compouncl LiRhOz consists 
of alternating iayers of lithium and rhodium atoms separated by oxygen 
layers. From this structure the crystal of the type is formed by the 

TABLE 111 
DEBTE-SCHERRER DIAGRAM OF NaRllOp 

-- 

hk I sin28 (talc.) sin28 (obs.) I (calc.) I (obs.) 

00 5 0.0220 0.0232 34. I s 
20 2 0.0854 0.0865 35.8  s 
0012 0.0880 0.0896 27.6 m-s 
20 ;1 0.0928 0.0047 48.6 s 
20 8 0.122 0.123 100.0 s 
2OlJ 0.144 0.145 28.1 m-s 

2:; ) 0.2028 
0.199 0.204 21.7 n-s 

2016 0.240 0.242 44.8 s 
06 0 0.250 0.250 74.2 s 
06-5 0.2723 0.2728 20.5 m-s 
2020 0.3275 0.3292 21.2  m 

) 0.3344 
0.3383 0.3375 65.7  s 

0024 0.3520 0.3481 14.1  \v 
40 8 0.3711 0.3705 15.1 m 
2022 0.3788 0.3817 6 . 8  w-m 
4010 0.3'3:31 0.3924 5 . 5  w 
0618 0.4483 
-1OB ) 0.4518 

0.4490 42.8  m-s 

4015 0.4885 0.4884 13.0  w-m 
2026 0 ,45162 0.4078 13 .7  n-rn 
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substitution of one lithium and two quadrivaleilt rhodium ions for three 
trivalent rhodium ions in the lattice, leading to the formula Lir13 RhzI3 O2 = 2/3 
LipRhO3. A very similar substitutioil has been observed in fluorides of the 
NaLaF4 type, which may be written as  Na3,2 La312 Fs or (Naa/p Lal,~)LaFs, 
and are isomorphous with NazThFs (9). 

According to Lang (6), the structure of NazSn03 can be described by 
reference to a monoclinic cell, as well as to a larger orthorhombic cell, three 
times the volume of the former. In  Table IV the parameters of both cells are 
given for the isomorphous ABOz and A2B03 complexes; whether the sym- 
metry is orthorhombic or pseudorhombic will be left undecided. 

TABLE IV 
LATTICE CONSTANTS OF THE AB02  AND A2B03 C O ~ ~ P O U N D S  EXPRESSED I N  ASGSTROM WITS 

rh = orthorhomic; mo = monoclinic; h k (31+h)rh = h kl,, 

The structure of these compounds is closely related to that of the hexagonal 
complexes of one of the iron metals, i.e. LiNiOp (high temperature modification) 
and NaNiOp (4), the difference lying in the relative positions of the metal 
layers. Both groups can be derived from a cubic close packed arrangement of 
oxygen ions, with the metal ions in the octahedral interstices. By a slightly 
different arrangement of the metal atoms the cubic structure of LiFeOZ is 
obtained. 

In  all of these groups the metal ions are surrounded by six oxygen ions, and 
in this respect are completely different from the compourlds of the Na,Pt30.2 
type, in which all platinum atoms are in the center of square PtOd groups. 
There can be no doubt that the Pt-0 bonds are due to dspZ hybridization, as 
in PtO (7) ; however there are two kinds of platinum ions in the lattice accord- 
ing to the formula NazPt~$zPt~f ,04.  The  range of the parameter s has not yet 
been determined. 

We intend to continue this investigation by including the remaining metals 
of the iron and platinum groups as well as other alkali metals. 
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THE PURIFICATION OF SEDOHEPTULOSE1 

hlethocls involving paper and cellulose co1~11nn chro~natography are described 
for the purification of sedoheptulose phosphate froin the mother liquor obtained 
from S E ~ Z L ~ I I  speclnbile by the procedure of LaForge and Hudson. The beginnings 
of crystallization with subrectangular arrangement of rod-like longulites of free 
sedoheptulose have been obtained by chromatographic separation in phenol from 
an equilibrium mixture of sedoheptulosan and sedoheptulose prepared by 
treating the former with 3 N hydrochloric acid a t  room temperature. .q spraying 
reagent for carbohydrates containing lcetose units is described. 

The 7-carbon sugar sedoheptulose has been known since 1917 when it was 
isolated by LaForge and Hudson (7) from Sedum spectabile in the form of a 
syrup. Ettel (4) in 1932 established its configuration as D-altroheptulose. 
The free ketose has not yet been obtained in crystalline form, but Pratt  et al. 
(9) in 1952 established the formula of the crystalline non-reducing anhydride, 
sedoheptulosan, as 2,7-anhydro-/3-D-altroheptulopyranose. 

The intermediate role of the sugar and its phosphorylated derivative in the 

I metabolic processes of plants and animals has been recently investigated in 
many laboratories ( 5 ,  11). The subject matter of the present communicatioil 

I 
I is, however, concerned solely with the purificatioil of the free ketose and its 

phosphorylated derivative. I The  previous assumption that  sedoheptulosai~ and sedoheptulose may be 
determined by the same color reactions (10) has been proved correct and this 
also applies to  sedoheptulose phosphate. 

Sedoheptulose phosphate has been isolated from the 'mother liquor' ob- 
tained from leaves of S. spectabile by the method of LaForge and Hudson (7). 
The yellow-green dense liquid was chromatographed on filter paper and illost 
of the yellow impurities remained a t  the starting line. Sedoheptulose phosphate 
was detected by orcinol reagent (1) and corresponding spots were eluted and 
determined spectrophotometrically bj- the cysteine-sulphuric and the carba- 
zole - sulphuric acid reactions (3). The former reagent gave a transient yellow 
color which changed to  orange after 48 hr., maximum density being a t  510 
mp, characteristic of sedoheptulosan (10). Carbazole-sulphuric produced 
the espected red color, but the mixture dicl not show the constant ratio 
D490/D400 = 1.90 characteristic of the anhydride, indicating the presence 
of impurities. A second chromatographic separation, using 100 spots each 
coiltaining 200 pgm. initially, produced a glassy yellow-product after elutioil 
a i d  evaporatioil i n  vacua. Larger amounts were purified on cellulose columil 

'~VIanz~script rcccived A Z L ~ Z L S ~  27, 1,954. 
Contribz~tion fro711 tile Dcpar!ltle?z! of Bolnny, 11TcGill U?ziversity, lllonlrec~l, Quebec. Grnlcfr~l 

ncknowledg~ne~zl i s  711nde to !he Chnrles F. Kelleri?lg Foz~?tdation, I'elloze, Spri?tgs, Ohio, which 
provided ge?tero?Lsfi?zc~?zcial sz~pport. 

2Research Associalc. 
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and this procedure also procluced a glassy product that ,  after drying, could 
be ground to  a yellowish white powder, which became sticky on exposure to 
air. Determination of bound phosphate indicated that  this substance was 
sedoheptulose monophosphate. 

Free sedoheptulose was not isolated directly from the mother liquor; however 
this sugar was separated chromatographically from the equilibrium mixture 
produced by incubating sedoheptulosan with 3 N hydrochloric acid for 12 hr. 
a t  room temperature. Difficulties were encountered since no spraying reagent 
could be found for sedoheptulosan. Of numerous solvents tried, phenol was 
found to be preferable for the separation of sedoheptulose from the equilibrium 
mixture. Chromatographic development in this manner produced two spots 
with the orcinol reagent. Similar spots were obtained by developing a solution 
of the equilibrium mixture in ethanol - butanol - N/20 l~>.drochloric acid 
(110: 10: 20). 

I t  is l;no\\ln that  the behavior of phenol as a solvent (G) in paper chromato- 
graphy differs from other organic solvents giving greater Rl values than could 
be expected from the water content. "The explanation probably lies in the 
fact that  phenols can form compounds with sugars analogous to these formed 
by water, so that  the distribution of a sugar between the aqueous phenolic 
solvent and water-cellulose complex will depend not only on the water present 
in each phase but also on the phenol." (6). 

When sedoheptulose phosphate and sedoheptulosa~l were developecl in 
phenol each gave one spot in different positions with the orcinol reagent, 
whereas the equilibrium mixture gave two spots in corresponding positions 
(Fig. 1). The explanation for this lies in the fact that  performed sedoheptulose 

FIG. 1 .  Paper chromatogram showing the mo\ enlent of scdohept~~lose (SE),  sedoheplulosan 
(SAX), and the ecluilibri~~~m mixture (EM) in phenol. 

EM 

in the equilibrium mixture moves slower in this solvent than sedoheptulosan, 
but the anh-).dride forms a new equilibrium mixture in its position OIL the paper 
in the presence of phenol. The newly formed free sugar is detected by the 
orcinol reagent but it does not separate from the anhydride during develop- 
ment. Therefore the two spots correspond to sedoheptulose and the ne~irly 
formed equilibrium mixture of sedoheptulosan and sedoheptulose. This 
property of separation of seclohept~~lose from the equilibrium mixture has 
served as a basis for its isolation in pure form. 

Spots corresponding to free secloheptulose were cut out,  eluted with water, 
passed through Amberlite anion exchange resin, and evaporated to dryness 
in vaczlo. A cr!-stalline substance was obtained which was identified as sedo- 

. 

descendinu 

0 0 
18.5crn. 30.2crn. 
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hept~ilose by its osazone. Complete crystallizatioll of a large quantity of 
sedoheptulose was not obtained, but only the beginnings of crystallization of 
sedoheptulose (Fig. 2). The experiments indicated that in order to obtain 
larger amounts of the substance it would be advantageous to combine both 
cellulose column and ion exchange chromatography. 

FIG. 2. The subrectangular arrangement of rod-like longulites of free sedoheptulose crystals. 

Dische (2) prepared the equilibrium mixture by treating sedoheptulosan with 
1% hydrochloric acicl on a steam bath for 30 min. and obtained three different 
spots with the orcinol reagent on his chromatograms in phenol. Noggle (8) 
used 0.2 N hj-drochloric acid on a steain bath for 30 min. and detected four 
spots under the same conditions. He  suggested that the first two R, 0.45 and 
0.70 represented sedoheptulose and sedoheptulosan ancl the other two spots 
  in known carbohydrates. 

I t  is possible that the heat treatment may produce other anhydrides of 
sedoheptulose (9). This is supported by Noggle's (8) use of Dowex 50 in the 
hydrogen form to prepare the equilibrium mixture in place of hot 0.2 N 
hydrochloric acid. Under these coi~ditons he detected only sedoheptulose 
and sedoheptulosan in the equilibrium mixture. Our separations were concerned 
oilly with mixtures produced a t  room temperature. 

In the course of studying various spraying reagents for sedoheptulosan, 
Dische's reagent (3) was modified and adapted for use on paper. Cysteine and 
carbazole dissolved in butanol and trichloracetic acid gave a brownish spot 
with sedoheptulose. This spray had a wide applicatioil and gave distinctly 
colored spots with reducing and 11011-reducing mono- and poly-saccharides 
containing ketose units. I t  \\?as fouild also that phlorogluciilol gave a bluish 
green spot with sedoheptulose. 
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EXPERILIEKTAL 

Purification of Sedoheptz~lose Phosphate by Chronzatography 
The purification of sedoheptulose syrup was accomplished either by paper 

or cellulose coluinn chromatography. 
In  the former procedure, 20 mgm. of the syrup was dissolved in 1 ml. of 

water and aliquots of 10 p1. were placed on Whatman No. 1 filter paper and 
developed for 36 hr. in butanol-ethanol-water (10: 1: 2). The resulting spots, 
located by orcinol, were cut out and eluted with 400 ml. water. This solution 
was evaporated in vacuo, redissolved in 1 ml. water, and chromatographed 
again in butanol - acetic acid - water (4: 1:  2). Near to the end of the evapora- 
tion a yellow-white precipitate appeared which formed a glassy product 
when dry. Recovery was 80%. The filter papers were previously washed with 
0.03 N hydrochloric acid, then with water to neutrality, and afterwards with 
0.5 N sodium hydroxide followed by water to neutrality. 

In the latter procedure, 20 ml. of a yellow solution of 1% sedoheptulose 
sirup in methanol was passed through a colun~n (25 cm. X 1.5 cm.) of 
Whatmail No. 1 cellulose. The yellow ring that remained on the column was 
eluted with water until the orcinol reaction became negative. The solution 
was evaporated in vacuo and a glassy yellow-white powder was obtained.The 
product was readily pulverized in a mortar but  eventually became sticky 
during exposure to air. 

In  solution, free phosphate was formed after hydrolysis with N hydrochloric 
acid for three hours on a steam bath. The  phosphate produced corresponded 
to a monophosphoric ester of sedoheptulose. Further purification of this 
material by paper chromatography did not alter its physical properties. 

The  first methyl alcoholic effluent was colorless and gave no orcinol reaction. 
After evaporation to dryness a small amount (lye) of amorphous white 
product was obtained. The substance was sparingly soluble in water, m.p. 
138'C., and gave no reaction for sugars. The nature of this product is as  yet 
unlcnown. 

Separation of Crystalline Sedoheptulose from the Equilibrium Afixture 
Crystalline sedoheptulosan was used as the starting material using descend- 

ing paper chromatographj. with a goy0 solution of freshly distilled phenol as  
the solvent. Sixty milligrams of sedoheptulosan were treated with 0.5 ml. 
of 3 N hydrochloric acid a t  room temperature for 12 hr., 3.5 ml. water were 
added; thus 1 ml. contained 15 mgm. of the equilibrium mixture (sedoheptu- 
lose and sedoheptulosan). Aliquots of 10 p1. of this solution were developed 
for 30 hr. on paper. The  components of the equilibrium mixture were identified 
by running parallel spots of sedoheptulose phosphate and sedoheptulosan. 
Two spots were observed on the path of the equilibrium mixture, one corres- 
ponding to sedoheptulose and the other to sedoheptulosan. Apparently 
sedoheptulose phosphate and sedoheptulose move a t  the same rate. The  
identification of sedoheptulosan by the orcinol spra). is due to the formation 
of a new equilibrium mixture in this spot. 

Elutions of spots from 3 ml. of a solution co~ltainiilg 45 mgm. of the equili- 
brium mixture in hydrochloric acid were combined and passed through 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
1.

38
.3

6 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Amberlite IR4B(OH) and evaporated in vaczco. Fig. 2 shows the beginnings 
of crystallization and the subrectailgular arrangement of rod-like longulites 
of free sedoheptulose obtained by this separation. Seven milligrams of the free 
1;etose was obtained corresponding to approximately 20y0 of sedoheptulose in 
the equilibrium mixture assuming 80y0 recovery. 

Aliquots of 10 PI. of sedoheptulose phosphate as well as the equilibrium 
mixture n-ere also developed in butanol - ethailol - N/20 hydrochloric acid 
(100: 10: 20). As with phenol one spot was obtained with sedoheptulose 
phosphate and two with the equilibrium mixture using the orcinol reagent. 

N e w  Spraying Reagent for Carbohydrates Containing Ketose lilzits 
Dische's reagent, a mixture of cysteine, carbazole, and sulphuric acid, was 

modified as follows: 
Cjsteine hydrochloride, 1.3 gin., was dissolved in 6 ml. of water, 15 gm. of 

trichloracetic acid were added, made up to 100 ml. with butanol, and 
0.12 gm. of carbazole was added. The sprayed papers were heated for 10 min. 
a t  85". 

The following carbohydrates containing ketose units show brown spots: 
dihydroxyacetone, fructose, sorbose, hexosediphosphate, ascorbic acid, 

I sedoheptulose, sucrose, turanose, melizitose, stachyose (two spots), and 
inulin. 

REFERENCES 
1. BENVESUE, A. and WILLIAMS, Ii .  T. Arch. Biochem. and Biophys. 34: 225. 1951. 
2. DISCHE, 2. J. Biol. Chem. 204: 983. 1953. 
3. DISCHE, Z. and BORENFREUND, E. J. Biol. Chem. 192: 583. 1951. 
4. ETTEL, V. Collection Czechoslov. Chem. Commu~ls. 4: 513. 1932. 
5. HORECKER, B. L., SMYRNIOTIS, P. Z., and KLENOW, H. J. Biol. Che~n.  205: 661. 1953. 
$. ISHERWOOD, F. A. and JERMYN, M. A. Biochem. J. (London), 48: 515. 1951. 
I .  LAFORGE, F. B. and HUDSON, C. S. J. Biol. Chem. 30: 61. 1917. 
8. NOGGLE, G. R. Arch. Biochem. and Biophys. 43: 238. 1953. 
9. PRATT, J. W., RICHTMYER, N. Ii., and HUDSON, C. S. J. Am. Chern. Soc. 74: 2200. 1952. 

10. UJEJSKI, L. and WAYGOOD, E. R. Can. J. Chem. 32: 14. 1953. 
11. VICKERY, H. B. J. Biol. Chem. 205: 369. 1953. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
1.

38
.3

6 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



THE REACTION OF ACTIVE NITROGEN WITH HYDRAZINE1 

BY G. R. FREE&I=\N AND C. A. WINKLER 

ABSTRACT 

Hydrazine was completely destroyed by active nitrogen, a t  both 150°C. and 
480°C., up to  a hydrazine flow rate of about 22 X 10-6 mole per sec., whereas 
ammonia production was small a t  hydrazine flow rates below about 12 X 
mole per sec. Thus it appears that  ammonia is formed in secondary reactions 
only. The results indicate that  NH?  radicals rather than hydrogen atoms may be 
prominent in secondary reactions. Comparison of the rate of hydrazine destruc- 
tion with the rate of production of hydrogen cyanide from ethylene indicates 
that excited nitrogen molecules do not make a large contribution to  the chemical 
reactivity of active nitrogen. 

INTRODUCTION 

The reaction of active nitrogen with ammonia (5) gave strong indication 
tha t  more than one chemically reactive species exists in active nitrogen.* 
I t  was therefore of interest to  study the analogous reaction with the related 
compound, hydrazine. 

EXPERINIENTAL 

The apparatus used was essentially the same as  tha t  described in earlier 
papers (3, 6) with one modification. Since hydrazine is a liquid (b.p. 113OC.) 
with a vapor pressure of 10 mm. a t  20°C., i t  was not convenient t o  store i t  as a 
gas. I t  was stored as a liquid in a cylindrical bulb (cross sectional area = 28 sq. 
cm.) which was connected t o  the flowmeter through a 7 liter ballast volume. 
The  storage bulb was immersed in a thermostat regulated at 20.95 f 0.05"C. 
The rate of flow of hydrazine into the reaction vessel was varied by placing 
jets of different sizes in the flowmeter. 

The molecular nitrogen flow rate was 9.2 X 10-5 mole/sec., correspoilding 
to  a pressure of 1.5 mm. Hg in the reaction vessel. In  some esperiments, where 
hydrogen atoms replaced active nitrogen, the molecular hydrogen flow rate 
was 8.0 X mole per sec., which gave an operating pressure of 1.0 mm. 
Hg. 

Anhydrous hydrazine (99%) was very kindly contributed by the Mathieson 
Chemical Corp. 

The only products from the reactions of hydrazine with either active 
nitrogen or hydrogen atoms are nitrogen, hydrogen, and ammonia. The  
condensable products were collected in a t rap containing standard sulphuric 
acid, immersed in liquid nitrogen. After the solution had been melted, the total 
amount of base in the products was determined by titration to  methyl red 
end point. The  hydrazine content of the solution was then determined by 

'Mantlscript received Decenzber 24, 1954. 
Contribwtion from the Physical Che~rtistry Laboratory, ilkGil1 University, Montreal, Quebec, 

witlzfi?za?zcial assistance from the National Researcl~ Cozrncil of Canada. 
* I t  seems probable that one activr species i s  7zitrogen atonzs, while some other con~pone?zt s t ~ c h  a s  

N2* or N J  might also contribute to the activity. 
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titration with iodate (I) .  The difference between the amounts of total base 
and hydrazine gave the amount of ammonia. 

Sonie comparative experiments were also made with the ethylene - active 
nitrogen system. In these, hydrogen cyanide was analyzed by the Liebig- 
D6nigGs method ( 7 ) .  

RESULTS A N D  DISCUSSION 

The yellow afterglow of active nitrogen was observable in the tube leading 
from the reaction vessel t o  the cold t rap a t  all hydrazine flow rates until that 
corresponding to  the maximum rate of decon~position of hydrazine was 
approached (up t o  about 20 X 10-6 mole per sec.). In  the ethylene - active 
nitrogen reaction, the yellow afterglow mas gradually replaced by the cyanogen 
flame; a t  420°C., no nitrogen afterglow could be observed a t  flow rates of 
ethylene above about 1 X mole per sec. However, a t  this temperature 
the cyanogen flame was observable in the tube leading from the reaction vessel 
t o  the cold trap a t  all ethylene flow rates until that  corresponding to  the 
maximum rate of production of hydrogen cyanide was approached (up t o  
about 13 X mole per sec.). Thus the presence, in the tube leading t o  the 
cold trap, of the nitrogen afterglow in the hydrazine reaction, and the cyanogen 
flame in the ethylene reaction, seem to  indicate the persistence of active 
nitrogen in the two reactions. Since active nitrogen reacts with ammonia to  
only about 15% the extent to  which it reacts with ethylene ( 5 )  or hydrazine, 
the persistence of the yellow afterglow in the ammonia reaction up to  flow 
rates much higher than that  corresponding t o  the maximum rate of destruction 

0 g 20- 
0 

B 
a 
I" IO- 
Z 
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OO-"- I0 20 30 40 

mCB/ ,  
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of ammonia may be talten as further indication of the presence of two active 
species in active nitrogen.* 

The relations between the hydrazine flow rate, the amount of hydrazine 
destroyed, and the corresponding amount of ammonia produced are shown 
in Fig. 1 for different temperatures. At both 150°C. and 480°C. hydrazine 
was completely destroyed up to  a flow rate of about 22 X mole per sec. 
The maximum rate of destruction increased by about l-lyo when the tempera- 
ture was increased from 150°C. to  480°C. 

From the shape of the ammonia production curves, it would appear that  
ammonia is formed only by reaction of hydrazine with a product of the 
hydrazine - active nitrogen reaction. The  amount of ammonia produced a t  
480°C. was smaller than the amount produced a t  150°C. in the range of lower 
flow rates, but the reverse was true a t  the higher flow rates (above about 
20 X mole per sec.). This was probably due to  a greater increase in the 
rate of the active nitrogen - hydrazine reaction than in the rates of the 
secondary reactions. Thus there would be less hydrazine available for secondary 
reactions until all the active nitrogen was consumed. The possibility that  am- 
monia was produced in the initial reaction, and destroyed by  subsequent 
reaction with excess active nitrogen is ruled out because the maximum rate of 
destruction of ammonia by  active nitrogen in the absence of any other reactant 
would be about 3 X mole per sec. under similar conditions (5). I t  is 

I TEMP - O C  

0 48 
12 0 4 5 8  

0 
W 

20 
N2H4 FLOW RATE - MOLE / SEC x lo6 

*This  persisletzce of the yellow afterglow implies the persistence of a species of nitrogen wlzicl~ 
contains at least 170 kcal. of energy, i.e. a species with suficient energy lo generate N2B311, 
molecules. 
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probable, also, that  the colnponent in active nitrogen capable of reacting with 
ammonia nrould be rapidly removed by reaction with hydrazine. 

There was a possibility that  hydrogen atoms might be formed from the 
attack of active nitrogen on hydrazine. Although the hydrogen atom - hydra- 
zine reaction has been studied (2,4) ,  some experiments were made in the present 
apparatus to permit a more direct estimate of the extent to which hydrogen 
atom reactions might contribute to  the over-all active nitrogen - hydrazine 
reaction. 

The hydrazine - hydrogen atom reaction was studied a t  48OC. and 45g°C., 
and the results are sho\vn in Fig. 2. At  4g°C., one mole of ammonia was 
produced for each mole of hydrazine destroyed. At  458"C., (1-a) mole of 
ammonia was formed for each mole of hydrazine destroyed, where 0 < a < 1. 
The value of a decreased, i.e. ammonia production increased, as the hydrazine 
flow rate was increased, probably in parallel with a decrease in hydrogen atom 
concentration available for secondary reactions as  the hydrazine flow rate was 
increased (due to direct reaction between H and NzH4). This would imply 
tha t  the decrease in yield of ammonia with increase of temperature was due 
to  attack of hydrogen atoms on ammonia, or on an intermediate from which 
ammonia might be derived. The  results can be explained by the following 
reactions: 

AH (ltcal.)* 

H+N,H4 -+ H,+N,H, - (8 to  13) [la] 
-+ NHJ+NHI - 39 [IbI 

2NnH3 -+ N2+2NHa - (144 to  154) PI 
H+NH( -+ H2+iSH? +4  [31 
NH?+N2H3 -+ Nn+H2+NH3 -(I17 to 122) [41 
2NHz -+ N2+2H2 - 90 [5aI 
2NH?+M + NzH4+D/I - G8 [SbI 
2H+M + H2+M - 102.7 161 
H+N,H,+M + NZH,+M - (90 to  95) [7aI 
H+NZH, + N2+2H, -(I13 to 118) [7bI 

' T o  calcrilate l t c ~ ~ t s  of reactions, tlia follozuing dissociation energies and heats of formation were 
i ~ s r d :  

DiYq = 9.766 ev. = 225.0 kcal. (Hendric, J.  AT. J. Clzem. Plzys. 22: 1503. 1954). 
DH;  = 4.455 ev. = 102.7 kcal. (Beutler, H.  2. physik. Clzenr. B29: 315. 1935). 
DH-NHI  = 4.65 ev. = 107 kcal. (Devins, J.  C. and Burton, M. J .  Am.. Cl~e)n. Soc. 7 6 :  2618. 

1954). 
AH,(NHa) = -10.94 kcal. (Handbook of cRe7nistry axd physics). 
AlI , (N2H4) = 62.7 kcal. (Reference ( I ) ,  this paper). 
Fronr these values, the follo7uing were calczilated: 
Aoerage N-H bond energy i n  NH:#  = 92.5 kcal. 
Average N-H bond rnergy i n  hrH2 = 85.5 kcal. 
Total bond e n e r ~ v  i n  N.?H., = LO7.7 kcal. u, - .  
D H ~ N - N H ,  = 67.7 kcal. 
Total bond cnergy i n  NI3n = 277.5 kcal. 

If il i s  then assllnred that tlzr uixrage H&-NH? bond energy = 60 kcal., the anerage H-N2H3 
bond r~zergy = 87 kcal. Tlzerejore, it was asszrnzed tlzat = 90 to .96 kcal. I t  was also 
assu7ned that DM-NH = 90 kcal.. and Dn-,v = 81 kcal. (these valz~es 7uerre abbrorinlated from the 

A .  

total bond energy lVHR and D.r -NH1):  '. 

If reaction [ l b ]  were the predominant initial reaction, one ammonia molecule 
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would be formed fro111 each hydrazine n~olecule destroyed. This \vould prohibit 
the reaction 

NH2+N,H4 --t NH3+NzI13 AH = - (12 to  17)ltcal. [S] 

since ammonia production never exceeded hydrazine consumption on a mole 
basis. At 458°C. and low hydrazine flow rates a large proportion of the ammonia 
formed by reaction [lb] would have to  be subsequently destroyed by hydrogen 
atoms (see Fig. 2). This xvould seem t o  require that  the ammonia so formed 
l ~ e  excited, since the rate of destruction previously observed with hydrogen 
atoms a t  440°C. ( 5 )  was much too small to explain the large value of cr found 
a t  458°C. and low hydrazine flow rates. 

Although reaction [la] is less favorable energetically than reaction [lb], 
its occurrence might be expected by analogy \\iith the corresponding hydrogen 
atom reaction with ethane,* 

C2H6+H --t C?HS+H, AH = -4.7 kcal. [gal 

which is generally accepted over the inore energetically favorable reaction 

C2H,+H --, CH4+CH3 AH = - 18 kcal. [9bl 

If reaction [la] were the predominant initial reaction, the high value of cr 

a t  458°C. and low hydrazine flow rates could be explained readily by the 
combined effect of reactions [3] and [7b]. I t  is also possible that some N?H:j 
radicals are destroyed on the walls a t  high temperatures to yield nitrogenand 
hydrogen but no ammonia. Although the NH2 radicals might have a significant 
concentration a t  high temperatures and low hydrazine flow rates, the hydrazine 
concentration should be very low because of reaction [la]; hence reaction [S] 
following upon [la] should not occur to any appreciable extent. 

There are two possible exothermic reactions between nitrogen atoms and 
hydrazine, 

N+N2H4 --t Pi?+Hz+i'JH, AH = -91 kcal. [1QaI 
-t N2+H?+IVH+H AH = -1 ltcal. [lob] 

If N3 were an active species, it ivould react i l l  the same manner as 3, but 
the corresponding reactions would be less exothermic by the amount of the 
N2-N bond energy in N3. Since hydrazine reacts rapidly with active nitrogen 
the most probable mechanism for the reaction, if N and Nj are assumed to be 
the reactive species, would seem to be: 

AH (kcal.) 

N+N,H4 N?+H?+NH? - 91 
NH2+N2H4 --t XH3+N2H3 - (12 to 17) [81 
2NaH3 i Nz+2NH3 - (144 to 154) PI 
NH2+hT2H3 + N,+H,+NHa - (117 to 122) PI 
2NHe i N2+2H? - 90 [&L] 
2NH2+M --t N2H4+i\/I - 68 [3 b] 

.*2'/1e b o d  slrenglhs involved here were laken frollz a paper by  Szzuarc, 11% C h e n ~ .  REUS. $7: 7 5 .  
1060. 
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FRHEM.IS .\ID WIYKLEII: A C T ~ V E  S ~ T K O G E S  69'7 

If Nz* were a reactive species, it could react with hydrazine without pro- 
ducing amn~o~ l i a  directly, or it might react to produce ammonia in a secondary 
reaction with the NzH3 radical derived from N atom attack on hydrazine: 

Reaction [12] \voulcl be follo\ved by [IOU]. Each Nc* would result in the 
decomposition of only one hydrazine molecule. 

Since ammonia is a product of secondary reactions only, i t  is possible to  
separate the effect of the secondar! reactions fro111 that of the total reaction. 
The ethylene - active nitrogen reaction a t  431°C. ~ v a s  used to estimate the 
total active nitrogen concentration because hydrogen cyanide production 
from other hydrocarbons stuclicd thus far has never been found to exceed that  
from ethylene. The maxim~im arnount of hydrogen cyanide produced was 
19.0 X mole per sec. I t  may be assumed that  if Na were a reactive species, 
each N3 \voulcI yield one molecule of hydrogen cyanide, and if Nz* were a 
reactive species, each N?* nrould ).ielcI tulo nlolecules of hydrogen cyanide. 
Therefore, if N3 and N were the reactive species, the maximum amount of 
h j  drazine decomposed ~vithout the procluction of ammonia should be approxi- 
rnately equal t o  the mawim~~nz amount of hydrogen cyanide produced from 
ethylene. If, however, NZ* makes a predominant contribution to the activity 
of active nitrogcn, the maxinlunl amount of hydrazine decomposed without 
the production of ammonia should be much smaller than the maximurn amount 
of 111-drogen cyanide produced fro111 ethylene. 

The only product of the active nitrogen hydrazine reactions considered 
above which could react further with hydrazine is the NHz radical. Therefore, 
e,~ch hydrazine molecule decomposed in a secondal-y reaction (reaction [8], 
followed by reactions [2] and [A]) would yield two molecules of ammonia. 
Since, in the hydrogen aton1 - hyclrazinc reaction, a t  low temperature, little, 
if an!-, N2H3 was destroyed without production of ammonia, it is reasonable t o  
assume that  the same is true for the active nitrogen reaction a t  130°C. There- 
fore, by subtracting one half of the amount of ammonia formed a t  150°C. 
fro111 the total amount of hydrazine destroyed a t  this temperature, for hydra- 
zine flow rates of 24 X loF6 mole per sec. and higher, it was estimated that  
15.8 X mole per sec. of hydrazine was destroyed by direct reaction with 
active nitrogen. This estimate must be increased by an amount corresponcling 
to the amount of hydrazine regenerated by reaction [5b]. I t  was not possible 
to calculate from the present results the extent t o  which reaction [5b] occurred 
uncler the conditions of the reaction reported in this paper. Therefore, it may 
be concluded only that the maximum rate of destruction of hydrazine by active 
nitrogen was a t  least 18.8 X mole per sec. The close agreement of this 
figure ivith that  for hydrogen cyanide production in the ethylene -active 
nitrogcn reaction indicates that  N?* makes, a t  best, only a snzall contribution 
to the chemical reactivity of active nitrogen, and therefore, that reactions 
[11] and 1121 only occur to a small extent or not a t  all. 
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698 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 33 

The increase in the maximum amount of hydrazine destroyed when the 
temperature was increased from 150°C. to  480°C. was presumably due to an 
increased rate of decomposition of hydrazine in reaction [8]. 

The long "induction period" in the ammonia production curves (1) indicates 
that  reaction [IOU] is much faster than reaction [8], which would be expected. 

The ammonia production curves tend to level off a t  a value corresponding 
to only about 35% of the NHZ radicals reacting according to  reaction [8]. 
This indicates that  the NHP radicals are removed quite rapidly by the com- 
bined effects of reactions [4], [5a], and [5b]. 
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T H E  REACTION OF METHYL RADICALS WITH ACETALDEHYDE1 

ABSTRACT 

The rates of formation of  methane and ethane in the photodecompositio~~ of 
acetaldehyde have been mcasured between 391 and 564°K.  'The rate constant 
for the reaction 

CH3tCH3CHO - CH4+CH,CO 
was found to be 

k = 1010.8 1.3 e-8000/RT nloles-l ,-rn.+3 sec-l. 

The abstraction of hydrogen from acetaldehyde by methyl radicals, reaction 
[I], was first proposed by Leermakers (10) as a step in the photolysis of 
acetaldehyde 

CH3+CH3CH0 + CH4+CH3C0. [ I  1 
Undoubtedly it  makes an important contribution to the rate of formation of 
methane, RM, in the photolysis, and a t  high temperatures it  predominates. 
For some time the activation energy, El, for reaction [I] was identified with 
the over-all activation energy, E,, for the high-temperature photolysis. 
I t  is now clear that this involved the assumption of too simple a mechanism 
for the photolysis for which the reported values (1, 8, 10, 11) of E, lay in the 
range 8.3-10.0 kcal./mole. 

Under conditions where reaction [ l ]  is the only source of methane RM = 

kl[CH3][CH3CHO] but any attempt to  state the methyl radical concentration 
in terms of the light absorption involves specific assumption about the possible 
reactions of the methyl radicals. For an estimate of k1 it  is safer to derive the 
methyl radical concentration from the rate of forination of ethane, RE. This 
involves the one assumptioll that  any ethane formed arises solely from 
reaction [2] 

CH3+CH3 + C,H,. PI 
The11 [CH3] = k2- :~ , )  and hence 

klk2-: = R,Iz,-: [CH,CHO]-l. 

Since, however, under the conditions of low light intensity which were used, 
reaction [I] is so much faster than reaction [2] ethane was not detected in the 
products of photolysis without the aid of the mass spectrometer. Volman and 
Brinton (13) were able to attain a higher concentration of methyl radicals 
by the thermal decomposition of di-t-butyl peroxide in the presence of acet- 
aldehyde and were thus able to measure RE and hence klkz-:. With Ez = 0 (7) 
they obtained El = 7.5 ltcal. per mole over a narrow temperature range 

l~ l~anzrscr ip t  received November 29 ,  1954. I Co?ttributio?t from the Division of Pure Clzenzistry, National Research Cozrncil, Ottawa, Canada. 
Issued as N.R.C. No. 3543. 

?National Research Council of Canada Postdoctorate Fellow, 1952-63. Present address: T h e  
Cltemzcal Laboratories, King's  College, University of Durham, Newcastle-upon-Tyne, England. 
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and with a rather large percentage conversion of reactant. Ausloos and 
Steacie (2) have now extended the temperature range using methyl radicals 
from the photolysis of azomethane and obtained a value El  = 6.8 kcal. 
per mole. 

Although ethane was first detected by mass spectrometer in the products of 
the photolysis of acetaldehyde (3, 4, 6) it was not measured so as to give 
absolute values of RE to allow calculatio~l of klk2-: (with the possible exception 
of one point (12) a t  300°C.). During the course of work on the photolysis of 
acetone a t  low pressures (5) it became evident that the right conditions 
could be obtained for the formation of ethane from acetaldehyde in amount 
sufficient for measurement in a gas burette. Thus klk3-' could be accuratell- 
measured in the direct photolysis. The results of experiments under these 
conditions are presented in this paper. Although it is somewhat higher than 
the value of El (6.8 kcal. per mole) obtained from further measurements on 
the direct photolysis by Ausloos and Steacie, a value (E l  = 8.0 kcal. per mole) 
lower than the over-all activation energy, E,, is favored. 

The  apparatus used is described in detail elsewhere ( 5 ) .  The reaction cell 
was of quartz, 100 cm. in length and 1185 ~ m . ~  in effective volume. All experi- 
ments were with about 10 mm. of aldehyde. The length of vessel allo~ved 
sufficient absorption of light a t  this pressure of aldehyde, and the volume 
allo~ved the accumulation of sufficient products without going beyond about 
five per cent decomposition. 

TJI~O sets of experiments were performed: experiments 57-66 with a Corning 
9700 filter, ~vllose transmission exceeds 50% a t  wave lengths greater than 
2900 A ;  experiments 79-85 with Corning 9863 and 7740 filters, where the 
transmission exceeds 50% only above 3100 A. The reduction in intensity in 
the second set is thus largely a t  the expense of higher energy quanta between 
2900 and 3100 A. For each set a separate calibration of the photometer mas 
made using, as standard, the carbon monoxide yield from acetone above 
125°C. Carbon monoxide, hydrogen, and methane were separated from ethane 
by a liquid nitrogen trap. Carbon monoxide and hydrogen were burnt on hot 
copper oxide. The resultant carbon dioxide was measured after the water was 
trapped wit11 dry ice. The  water, representing hydrogen, was measured by 
difference. 

RESUL'TS A N D  DISCIISSION 

The results are listed in Table I .  The ratio p = R,R,-~[cH~CHO]-~ is 
shown as a function of temperature in Fig. 1, which also includes the similar 
measurements reported by Ausloos and Steacie (2) for 35 111111. of aldehyde. 
I t  is evident that the three sets approach, with increasing temperature, a line 
of slope corresponding to about 8 lccal. per mole. 

The curvature a t  low temperatures indicates that  other sources of methane 
are becoming significant by comparison with the reduced rate of reaction [I]. 
Although more possibilities will have to be considered, it is convenient first 
to discuss the curvature in terms of a primary intra~nolecular rearrangeme~lt 
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DODD: METI-IYL RADICALS 70 1 

TABLE I 

Pressure, 
Expt. I mm. I, R,, R ,  R,, R ,  P klk2-k 

Cor?zi?~g 9700;  2900-3300 A ;  ko' = 0 . 4  

59 406 0.18 42.3 37.7 26.3 3.33 9.29 23.8 8.34 
GO 406 9.22 43.0 37.4 28.3 3.37 9.08 25.9 9.95 
57 430 9.67 39.1 52.5 37.0 3.22 10.7 31.3 17.4 
58 430 9.69 42.7 50.8 36.9 3.51 10.5 31.6 16.6 
6 1 471 10.64 40.4 92.5 72.0 7.68 13.3 54.4 40.8 
62 482 10.85 43.1 112.2 88.2 12.5 14.6 63.8 49.5 
63 505 11.2 36.9 146.8 119.2 17.0 16.0 83.4 70.3 
64 537 12.0 45.7 263 224 28.0 21.3 135 119 
66 562 12.7 37.8 393 340 32.0 24.8 188 172 
65 564 12.7 40.4 438 356 - 24.4 198 180 

Units: aldelryde presszrre, nz?n.; I,, 10-l2 i lT/~o ct11.-~ set.-I; rates, 10-l2 112oles C I ~ I . - ~  set.?; and 
klk2-l ,  mole-f c n ~ . " ~  seec-k. 

6 
FIG. 1. The  temperature dependence of RhI /R i  [CHaCHO]. 
a> Expts. 57-66; @ Espts.  72-85; 0 Ausloos and Steacie, direct photolysis. 
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(quantum yield, ko') so that  the relevant steps in the mechanism are: 
CH3CHO+hv --t CHI+CO, k,'I, 
CHZCHO+hv --t CH,+CHO, k01n 
CH3+CH3CHO --t CH4+CH3CO, kl 
CH,+CH3 --t C2Hs. k 2 

These lead to the equation: 

in which, evidently, the last term becomes relatively smaller a t  high tempera- 
tures. The  Arrhenius plot for p should tend with increasing temperature 
towards a straight line corresponding to that  for klkz-i, as is the case. Further 
support is given to this interpretation of the curvature in Fig. 1 by the fact 
that ,  so far as my experiments are concerned, the curvature is proportionately 
less (i.e., commences a t  lower temperatures) in the set of experiments in which, 
other things being equal, the light intensity was lower. Furthermore it is 
possible to estimate the values of the quantum yield, kd, which will give a 
straight line Arrhenius plot for klk2-f. Thus, k,' = 0.4 for the experiments 
with light of wave length down to 2900 A and 0.1 for those more closely 
limited to 3130 A. These are reasonable values in accordance with the view 
that  kOf is greater a t  shorter wave lengths. I t  is not possible to make the same 
assessment for the experiments done on the direct photolysis by Ausloos and 
Steacie (2) since they did not measure I,: it  is probable that  the intensities 
lay between those of the two sets of experiments reported here. 

If account is taken of the fact that  the formation of ethane is pressure 
dependent (5, 9) a correction must be applied to kz since these experiments 
were performed a t  10 mm. pressure. This amounts to  depressing the curves 
by 0.05 logarithmic units throughout. The two sets of corrected numbers 
are shown in Fig. 2 where they lie well on the line: 

\;ITith the accepted value for ka (at high pressures) (7) this gives 

I~lcluded in Fig. 2 are results obtained by Volman and Brinton (13) and by 
-Ausloos and Steacie (2) using methyl radicals derived from the thermal 
decompositioll of di-t-butyl peroxide and from the photolysis of azomethane. 
The agreement in the overlapping temperature range is very good. On the other 
hand Ausloos and Steacie's iigures, talten independently, lie on a line yielding 
El  = 6.8 ltcal./mole, a difference from 8.0 ltcal. which probably lies outside 
systematic experimental error. But the points a t  27 and 51°C. lie above this 
line and the extra methane has been attributed to wall reactions. I t  may be 
suggested that  any reaction leading to  such amounts of additional methane 
a t  these temperatures would still malte a significant contribution to the meth- 
ane formation a t  higher temperatures and may thus explain the whole of the 
discrepancy between the two sets of data. 
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DODD: METHYL RADICALS 

FIG. 2. The temperature dependence of k1k2-3. 
Expts. 57-66; 9 Expts. 72-85; 0 -4usloos and Steacie, methyls from azomethane; 

0 Volman and Brillton, methyls from di-t-butyl peroxide. 

Production of methane a t  the walls may make some coi~tributioll to the 
curvature in Fig. 1, though this becomes less likely a t  higher temperatures. 
The reaction [3] 

CH3+CH0 --t CH,+CO [31 

is, however, an important alternative to the primary rearrangeinent as an  
explanation of the curvature. The values given to ko' are thus upper limits. 
The occurrence of reaction [3] might be tested by high intensity flash experi- 
ments with mixtures of CH3.CHO and CD3.CDO: under conditions where 
only radical-radical reactions occur the presence of CHBD and of CD3H in the 
products would confirm reaction [3]. 

The confirmation of a low value of El (and, consequently, of a more reason- 
able frequency factor, A l )  in experiments on the photolysis of acetaldehyde 
itself makes it  certain that  the photolysis mechanism is complex. Since a t  high 
temperatures reaction [l] is nevertheless the principal methane-producing 
reaction the complications probably lie in other reactions which affect the 
relationship between the methyl radical concentratioil and the light intensity. 
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T H E  HYDROLYSIS O F  PHOSPHATE DIESTERS WITH BARIUM 
HYDROXIDE1 

ABSTRACT 

The rate of alkaline hydrolysis of diphenyl phosphate has been found to  be 
increased by the presence of barium. Similarly, desoxyribonucleate (DNA), 
which is not hydrolyzed rapidly by hot sodium hydroxide, is hydroIyzed by bar- 
ium hydroxide. Only a very small proportion of the total phosphorus of either 
diphenyl phosphate or DNA is converted to  inorganic phosphate during this 
hydrolysis. In addition to  hydrolysis of the phosphate ester bonds of DNA, hot 
alkali also causes the deamination of desoxycytidylic acid residues and probably 
of the amino-purine nucleotides as  well. 

INTRODUCTION 

For the study of nucleotide sequences in desoxyriboilucleate (DNA) i t  
seemed desirable to use a nonspecific hydrolytic agent to bring about partial 
degradation of the polymer to fragments whose identity could be established. 
Statements by Bredereck and Miiller led us to believe that in hot alkaline 
solution, DNA would be degraded to tetranucleotides. Preliminary experiments 
showed that such degradation did not occur, but the work of Cherbuliez and 
Leber (9, 10) suggested that the reaction might proceed more readily if barium 
hydroxide were used instead of sodium hydroxide. I t  was found that barium 
hydroxide did apparently catalyze the hydrolysis of phosphate esters, and a 
more detailed study of the reaction with a model compound was undertaken. 

EXPERIMENTAL 

Materials and Methods 
DNA was prepared from calf thymus glands by the method of Hammarsten 

(12). 
Diphenyl phosphoric acid was prepared by hydrolysis of dipheilyl phos- 

phoryl chloride, which xvas kindly supplied by Dr. E. Baer. The product was 
recrystallized by dissolving it in hot water, acidifying the solution, and 
chilling. 

Desoxycytidylic acid was prepared by the method described by Hurst, 
Marko, and Butler (14). 

Desoxyuridylic acid was kindly given to us by Mr. I. G. Walker, who made 
it by deaminating desoxycytidylic acid with nitrous acid. 

Determinations of phenol were done by the method of Folin and Ciocalteu 
(11) as modified by Kunkel and Tiselius (16). 

Determinations of total phosphorus and inorgailic phosphate were done by 
the method of King (15). 

Hydrolysis of Diplzenyl Phosphate 

The hydrolysis of diphenyl phosphate was studied because this compound 
resembles DNA in containing a doubly-esterified phosphate group. The rate 

lilta'nnzlscript receioed Nove?ilber 26, 1054. 
Contribzrtion f'ronz the Department of' Biocl~et~zistry, Uniaersity o f  Toro71t0, Toronto, 071ta~io.  

VVutio7~c~l Reseurclc Co~r7lcil Fellow. 
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of appearance of phenol and inorganic phosphate was determined in a solution 
containing 0.025% diphenyl phosphoric acid, sodium hydroxide, and barium 
chloride in the concentrations shown in Figs. 1 and 2. For each determination 

FIG. 1. Initial rate of release of phenol from diphenyl phosphate (0.025% solution) in the 
prcsence of 0.1 N sodium hydroxide and various concentrations of barium chloride. 

NaOH CONC'N (NORMALITY) 

FIG. 2. Initial rate of release of phenol from diphenyl phosphate (0.025% solution) in thc 
presence of 0.2 11I barium chloride and various co~~ccntrations of sodium hydroxide. 

a 3 ml. sample was cooled, acidified with 10% hydrochloric acid, and the bar- 
ium precipitated by adding 0.5 ml. of saturated sodium sulphate solution. 
The barium sulphate was removed by centrifugation and total phosphorus, 
inorganic phosphate, and phenol were measured in the supernata~lt liquid. 
RiIost experiments were carried out in a boiling water bath; for the experiment 
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I IELLEISER A N D  BUTLER: I-IYDROLYSIS 707 

to investigate the effect of temperature on the reaction, the reaction mixture 
was sealed into glass tubes, which were heated in an oil bath. 

The release of inorganic phosphate was in every case very slow compared 
to the release of phenol. The inorganic phosphate in various experiments 
amounted to from 0.1 to  0.4% of the total phosphorus after five hours' heating. 
Phenol, on the other hand, was released rapidly. Fig. 1 shows the effect of 
var>,ing the concentratioil of barium chloride in the reaction mixture on the 
initial rate of appearance of free phenol. I t  can be seen that only very slow 
hydrolysis took place in the absence of barium chloride; as more barium was 
added to the digest, the rate of hydrolysis became greater. Fig. 2 shows the 
effect of varying the concentratioil of sodium hydroxide in the reaction 
mixture. The  initial rate of appearance of free phenol was found to be directly 
proportional to the concentration of sodium hydroxide for concentrations up 
to 0.4 N. Evidently diphenyl phosphate was hydrolyzed to phenol and mono- 
phenyl phosphate, but very little hydrolysis of the resulting monophenyl 
phosphate occurred. 

TABLE I 
EXTENT OF HYDROLYSIS OF DIPHENYL PHOSPHORIC ACID (FINAL CONCENTRATION 0.025%) BY 

VARIOUS HYDROLYTIC AGENTS AFTER FIVE HOURS AT looo 

Extent of hydrolysis 

Hydrolytic agent Rloles free phe~lol Moles inorganic phosphate 
per mole diester per mole diester 

approx. 0.01 M &(OH)? 0.039 
(saturated) 

approx. 0.007 iM h/Ig(OH)? 0.012 
( sa t~~ra ted)  

no addition 0.0103 

TABLE I1 
EXTEXT OF HYDROLYSIS OF DIPHENYI, PHOSPHORIC ACID (FIXAL CONCENTRATION 0.023%) 

Bl -  0.1 N SODIU&l HYDROXIDE, 0.2 M BARIUM CHLORIDE AFTER ONE HOUR AT 
VARIOUS TEMPERATURES 

Temperature, MoIes free phenol (per nlole diester) 
(degrees C.) released 
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Table I shows the effect of other di- and tri-valent cations on the hydrolysis 
of diphenyl phosphate. None of these was found to be as effective as barium 
in accelerating the reaction. The effect of temperature on the reaction, shown 
in Table 11, conforms to the relation of Arrhenius. 

Hydrolysis of D N A  
The progress of the hydrolysis of DNA was followed by measuring the rate 

of increase in solubility in 1Oyo trichloroacetic acid of the phosphorus-contain- 
ing compounds of the mixture (17). Solutions containing 5 mgm. per ml. 
of DNA and the concentrations of sodium hydroxide and barium hydroxide 
shown in Table I11 were heated on a boiling water bath. Samples were treated 
as described for diphenyl phosphate to remove the barium, with precautions to 
avoid precipitation of DNA. To the solution from which the barium had been 
removed was added an equal volume of ice-cold 20y0 trichloroacetic acid. 
After filtration, the phosphorus contents of the original solution and of the 
filtrate were determined. This gave a measure of the solubility of the alkali- 
treated material in 10yo trichloroacetic acid. Inorganic phosphate was also 
determined on the filtrate. 

Table 111 shows that the hydrolysis of DNA apparently proceeds in accord- 
ance with expectations based on the findings with diphenyl phosphate. DNA 
is degraded to acid-soluble fragments with the production of only a little 
inorganic phosphate, and the reaction is accelerated by increasing the concen- 
tration of either barium or hydroxide. I t  was also found that the reaction 
could be speeded up by conducting it a t  llO°C. in a sealed reaction vessel. 

TABLE 111 
EXTENT O F  HYDROLYSIS O F  DNA BY VARIOUS COXCENTR.4TIONS O F  SODIUhl  AND BARIUM 

HYDROXIDE AFTER T W O  HOURS A T  100' 

NaOH conc'n, Ba(OH)? conc'n, % acid-soluble 56 inorganic phosphate 
N N 

Constant hydroxide concentratio~z 
0.30 0.30 
0.50 0.10 

Constant bariz~nz chloride co~rce7~tration (0.0b M )  
1 .o 
0.5 
0 .2  
0 .1  

Deamination of Desoxycytidylic Acid 
I t  seemed probable that the drastic conditions employed for hydrolyzing 

DNA would not only cleave phosphodiester linkages but would also deaminate 
the purine and pyrimidine bases. This possibility was investigated by subjecting 
desoxycytidylic acid to the same conditions as those required to hydrolyze 
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DNA, and measuring the rate of deamination of this compound to desoxyuri- 
dylic acid. 

Shugar and Fox (18) showed that uracil has an isosbestic point a t  235 mp, 
i.e., changes in pH of solutions of uracil from values of about 1 to 7 do not 
affect the extinction a t  this wavelength. Cytosine, on the other hand, exhibits a 
large change in the extinction a t  235 mp when the pH of the solution is changed 
from 1 to 7. Therefore any difference in the extinction a t  235 mp between 
pH I and 7 of a solution containing only desoxycytidylic and desoxyuridylic 
acids should be proportional to the quantity of desoxycytidylic acid present, 
and independent of that of desoxyuridylic acid. This relationship was verified 
experimentally by adjusting the pH of solutions containing varying propor- 
tions of desoxycytidylic and desoxyuridylic acids to 1.0 and 7.0 using a 
Beckman model G pH meter. The optical densities of the solutions were read 
a t  235 mp on a Beckman model DU spectrophotometer. I t  was found that 

58.8 AE = pgm. of desoxycytidylic acid per ml. 
where AE is the difference in optical density of two solutions containing the 
same quantity of desoxycytidylic and desoxyuridylic acids, adjusted to pH 1 
and 7 respectively. AE is independent of the concentratio11 of desoxyuridylic 
acid. 

The extent of deamination of desoxycytidylic acid (final concentration 
0.05y0) under various conditions, as measured by this method, is shown in 
Table IV. I t  is evident that under no conditions could DNA be hydrolyzed by 

TABLE IV 
DESTRUCTION OF DESOSYCYTIDYLIC ACID (FINAL CONCENTRATION 0.05%) USDER 

VARIOUS CONDITIONS 

Time of Temp. Hydrolytic agent NHdOH % destruction of 
digestion ("c.) 0.05 ill BaC12 plus: conc'n, N desosycytidylic acicl 

5 hr. 0 1 0.2 iV NaOH - 59 
5 hr. 91 0.1 N NaOH - 3 4 

!)O min. 110 0.1 iV NaOH - 77 
-45 min. 110 0.1 iV NaOH - :i 2 
60 mill. 110 0.1 N NaOH 0 . 4  (5  7 

alkali without considerable deamination of desoxycytidylic acid, and probably 
of the other nucleotides as  well. This finding is in keepi~ig with that of Hurst 
(13), who found that all the nucleotides are readily deanlinated in hot alkaline 
solution. I t  was thought that speeding up the hydrolytic reaction by raising 
the temperature, or adding a large amount of ammonium hydroxide to the 
reaction mixture might reduce the amount of deamination, but neither of 
these measures brought about any appreciable reduction. 

IIISCUSSION 

The catalysis of hydrolysis of phosphate esters, as well as anhydrides of 
phosphoric acid by di- and tri-valent cations in alltaline solution, has been 
reported by several groups of investigators. Bamann et al. (1-7) have noted 
this type of effect with hydroxides oi lanthanum and other rare earths; their 
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results are difficult to assess, however, since the insolubility of these hydroxides 
makes it impossible to state their concentration in the system. These worlters 
have interpreted their findings as "phosphatase models". They have compared 
the specificities and pH optima of various rare earth hydroxides in hydrolyzing 
a large number of esters and anhydrides of phosphoric acid. 

Cherbuliez and Leber (10) studied the effect of calcium hydroxide on the 
hydrolysis of esters of phosphoric acid, though without quantitative analysis 
of the products of the reaction. They observed a catalytic effect with calcium, 
but not with barium hydroxide. 

The statement of Bredereck and Miiller (8) concerning the lability of DNA 
to sodium hydroxide has been shown to be misleading. Weygand, Wacker, and 
Dellweg (19) have reported the hydrolysis of DNA by lead hydroxide; these 
workers isolated desoxyribosides from the hydrolyzate in yields ranging from 
1-6%. 

Although we have demoilstrated that increasing the concentration of barium 
hydroxide leads to more rapid hydrolysis of phosphate esters, we have not 
found any explanation for the phenomenon. We see no virtue in making 
ailalogies with the equally poorly understood phenomenon of enzymic catalysis. 
Cherbuliez and Leber (10) propose a mechanism which involves the formation 
of phosphoilium ions, but if it were valid, monovalent cations should also 
catalyze the hydrolysis of phosphate esters, and we have demonstrated that 
they do not. 

The fact that an increase of sodium hydroxide concentration in the absence 
of barium does not appear to lead to ally acceleration of the hydrolysis, 
while an increase of either barium or sodium hydroxides when both are present 
does lead to such an acceleration, suggests that the true catalytic agent may 
be undissociated barium hydroxide. In order to be certain of this i t  would be 
necessary to have measurements of the degree of dissociation of barium 
hydroxide a t  high temperatures and hydroxyl ion concentrations. 
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SYNTHESIS AND CHARACTERIZATION OF 
D-XYLOFURANOSE-5-PHOSPHATEL 

BY J. L. BARNWELL, W. A. SXUNDERS, AND R. \iV. WATSON 

Phosphorylation of 1,2-0-isopropylide11e-~-sylose \\,it11 diphenylphosphoro- 
chloridate yielded crystalline 1,2-0-isopropylidene-~-s).lofura11ose-5-dip11e11)~1- 
phosphate. Subsequent hydrogenolysis in glacial acetic acid over -4dams' catalyst 
qi~antitativelyre~~~ovedphen~~lgro~~psasshown by infrareclanalysis. Mild hydroly- 
sis in acetic acid for two hours a t  80°C. removed the isopropylidene grouping, 
and D-xylose-5-phosphate was isolatccl as an a~norphous barium salt. -4 yield of 
S l y o  of theoretical was obtained fro111 1,2-0-isopropylidene-D-sylose, or an  
over-all yield of 72% from xylose. The prodilct \\.as characterized through its 
a~norpho i~s  barium, d isodi~~nl ,  and dipotassiilm salts, and its crystalline di- 
bri~cine and distrychnine salts. 

One of the earliest observations on phosphoryl group migration in sugar 
phosphates was that  of Levene and Raymond (10). In  attempts to prepare 
xylose-3-phosphoric acid (8, 9, 10, 11) as a basis for testing Robinson's sugges- 
tion that  xylose was the pentose component of nucleic acid (13), 5-acetyl-, 
5-benzoyl-, and 5-benzyloxycarbonyl-1,2-O-isopropylidene-~-xylose were sepa- 
rately phosphorylated with phosphorus oxychloride (10, 11). After removal 
of the acyl and isopropylidene groups by hydrolysis, the only product obtained 
was D-xylose-5-phosphate. Migration of the phosphoryl group from carbon-3 
to carbon-5 a t  some stage of the synthesis was explained by postulating the 
formation of a cyclic intermediate (11). The possible significance of this 
exchange reaction in biological systems, as well as fundamental interest in 
the mechanism, have indicated the need for more complete investigation. 
In the present commuilicatioil a revised synthesis for the preparation of 
D-xylose-5-phosphate is reported. 

The only previously reported synthesis of D-xylose-5-phosphate was that 
of Levene and Raymond (10, 11). Phosphorylation of 1 ,2-0-isopropylidene-D- 
xylose (20 gm.) with phosphorus oxychloride in dry pyridine a t  -30°C., 
followed bj7 drastic hydrolysis in 2 N sulphuric acid a t  80°C. for two hours 
yielded 5.5 gm. of barium D-xylose-5-phosphate. This represented 14.3% of 
the theoretical yield from 1,2-0-isopropylidene-D-xylose, or approximately 
12% from xylose. In the present study substitution of diphenylphosphoro- 
chloridate as the phosphorylating agent in dry 2,6-lutidine followed by 
hydrogenolysis and mild hydrolysis in acetic acid has increased the yield 
from 1,2-0-isopropylidene-D-xylose to 81%. The  over-all yield of barium-D- 
xj.lose-5-phosphate from xylose in a typical synthesis was 72%. 

The  phosphorylation product, 1,2-0-isopropylidene-~-x~lose-5-diphenyl- 
phosphate, may be obtained pure by recrj7stallizatioi1 from carbon tetrachlor- 
ide. I ts  elementary ailalysis conforms to the theoretical, and it has an extremely 
sharp melting point (within 0.2'). Infrared analysis of fi11el~7 ground crystals 

lJla7zzlscript recelued Ja i~ l rary  4 ,  1.9.5.5. 
C o n t r ~ b ~ l t i o ~ i  froni the Di.Jzszoiz of Applred Biology, iVatio7rnl I<esearcli Laboratories, Ottatva, 

Ca71ada. Issued a s  N.R.C. No.  3547. 
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in a nujol mull shows characteristic pllenyl absorption bands and a stsong 
hyclrosyl pealr. The sharp melting point suggests the absence of isomeric 
phosphates and the greater reactivity of the primary hydroxyl indicates 
preferential phosphorylation in the 5-position. The  assumption that phenyl 
groups would prevent double phosphorylation through hindrance is borne 
out by the elementary and infrared analyses. 

If the phosphorylated product is homogeneous, acid conditions cluring 
hydrogenolysis and hydrolysis would favor retention of the phosphoryl 
group in positioil 5. The final product in the form of its barium salt has no 
inorganic or acid-labile phosphate, and it  consumes 3.0 moles of oxidant 
when reacted with sodium periodate a t  pH 4.7. Barium, phosphorus, and 
pentose are close to theoretical for a monophosphorylated compound. How- 
ever, when subjected to periodate oxidation either in 0.05 N sulphuric acid or 
a t  pH 4.7, samples prepared by different methods release from 3 to 7y0 of 
formaldehyde. The amount of formaldehyde released may be correlated with 
the pH during acetic acid hydrolysis. No exact estimate of the purity of the 
product may be made a t  present, although the samples used for characteriza- 
tion probably contain 97y0 D-sylose-5-phosphate. 

Crystalline derivatives of D-xylose-5-phosphate have not previously been 
reported. Levene and Raymond (10) performed an elementary analysis on 
the barium salt and determined specific rotations for the barium and disodium 
salts. In the present study attempts to prepare crjistalline metal salts were 
unsuccessful. Dilithium, disodium, dipotassium, as well as the barium salts 
precipitated from water and ethanol in amorphous form. In order to place 
identification on a crystalline basis the dibrucine and distrychnine salts were 
prepared and their constants determined. 

ESPERIMEXTXL 

Preparation of 1 ,2-0-Isopropylidene-D-xylose and Diphenylphosphorochloridate 

Pure 1,2 ;3,5-di-0-isopropjilidene-D-xylose (1 15 gm.) was prepared from 
pure xylose in 87y0 yield (6). Hydrolysis of this product gave 1,2-0-isopro- 
pylidene-D-xylose in yield (12). By molecular distillation this compound 
was obtainecl as colorless crystals with [a]F = - 19.3 (c = 5.70 in water) (14). 
Diphenylphosphorochloridate in essentially pure form (212 gm.) was prepared 
from 1.1 moles of freshly distilled phosphorus oxychloride and 2 moles of 
redistilled phenol (79% yield) (3, 4). 

Phosphorylation of 1 ,2-0-Isopropylidene-D-xylose 
Crystalline 1,2-0-isopropylidene-D-xylose (3.25 gin.) was mixed with 

reagent benzene and the benzene distilled to remove traces of water. After 
removal of the benzene freshly distilled anhydrous 2,6-lutidine (60 gm.) (2) 
was added, the mixture shal<en until solution was complete, and cooled to 
-20°C. with dry ice. Dry diphenylphosphorochloridate (15 gm.) was added 
dropwise over a period of 10 min. from a separatory funnel fitted with a drying 
tube. After standing for two days a t  5OC. the reaction mixture was filtered, 
and the crystalline 2,6-lutidine-hydrochloride washed several times with cold 
2,6-lutidine. After evaporation of the filtrate to a thiclr sirup water was added 
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and the distillation to dryness repeated to  remove 2,6-lutidine. The resulting 
sirupy residue was dissolved in 100 ml. of chloroform, washed nine times with 
100-ml. portions of water, and the washings discarded. The chloroform solution 
was evaporated to a sirup in vaczco a t  35"C., the last traces of chloroform being 
removed by azeotropic distillation after addition of ethanol. Colorless needles 
were obtained by crystallizatioi~ from ether. (Yield 10.8 gm., 93% of theo- 
retical.) After it was recr~~stallized from carbon tetrachloride, washed with 
petroleum ether, and clried in vacuo a t  50°C., the pure 1,2-0-isopropylidene-D- 
xj-lose-5-diphenylphosphate had 111.p. 102.2"-102.4": [a]: = + 10.8 (c = 2.21 
in chloroform). (Found: C, 56.10; H ,  5.38. Calc. for C?,,H?,OsP: C, 56.84; 
H ,  5.49.) The compound was soluble in chloroform and acetone, slightly 
soluble in ether, ethanol, and carbon tetrachloride, and insoluble in water and 
petroleum ether. 

fIydrogenolysis and IIydrolysis o j  1,2-0-Isopropylidene-D-xylose-j-diphenyl- 
phosphate 
Low pressure hydrogenation of the crystalliile phosphorylation product 

(2.0 gm.) over 0.20 gm. of Adams' catalj-st (1) in GO ml. of glacial acetic acid 
was complete in 115 min. The solution was filtered and the filtrate, after 
adjustment to pH 1.5 f 0.2 with water, was hydrolyzed a t  80 f 2OC. for 
two hours. Acetic acid was removed by vacuum distillation, the sirup dissolved 
in 90 ml. of water, and 0.3 N barium hydroxide added until the pH reached 
8.5. Removal of illorganic phosphate was effected by centrifuging the slightly 
turbid aqueous solution before the addition of four volumes of ethanol. 
After standing a t  5°C. for two hours the colorless barium salts were separated 
by centrifugation and washed with 75% ethanol and ether before drying in  
vacuo over anhydrone. (Yield, 1.33 gm.) Concentration of the supernatant 
liquid to 20 ml. on a Craig evaporator a t  30°C., readjustment of the pH 
to 8.5 with saturated aqueous barium hydroxide, and reprecipitation with four 
volulnes of ethanol recovered 0.245 gin. for a total yield of 1.575 gm. (90% of 
theoretical). 

Characterization of D-Xylose-5-phosphate 

Data obtained by analysis of the barium salt isolated from the reaction 
mixture agreed with theoretical values calculated for a monophosphorylated 
pentose. (Found: Ba, 37.51; P ,  8.64; pentose 40.2. Calc. for CsH90sPBa: 
Ba, 37.59; P, 8.58; pentose 41.0.) Peiltose was estimated by the modified 
method of Cohn and Volkin (5). A series of analyses a t  different time intervals 
showed maximum color development with D-xylose-5-phosphate in 15 min. so 
that the heating period was reduced from 20 min. to 15 min. 

Free xylose-5-phosphoric acid had [ol]iO = +25.0 (c = 2.00 in water) and 
the specific rotation remained unchanged for two days. The disodium salt, 
prepared by addition of a stoichiometric quantity of dilute sodium carbonate 
solution to the barium salt, had an initial [a];' of +10.0 (c = 2.00 in water, 
pH 7.2) which changed with time in a levorotatory direction to +7.0°, +4.4', 
+ 1.9", O.OO, and - 1.0' after one two, three, four, and five days respectively. 
The dipotassium salt had [a]: = +13.4 (c = 2.09 in water, pH 8.9). In 
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half-saturated sodium tetraborate solutioil the specific rotation of the di- 
sodium salt increased gradually in a dextrorotatory direction. After two, 
three, four, and five days the initial rotation of [a]:' = +5.5 (c = 2.00 in 
water) had changed to +6.8", +8.5", + l O . l O ,  and +10.6O respectively. 
Several attempts were made to prepare crystalline metal salts of xylose-5- 
phosphoric acid. Under the conditions explored, the dilithium, disodium, 
dipotassium, and barium salts were always obtained in amorphous form from 
either water or ethanol. 

Acid-labile phosphate, measurable by King's method (7), was not released 
by hydrolysis of the barium salt for seven minutes in N hydrochloric acid a t  
100°C. Oxidation with 0.1 M sodium periodate a t  pH 4.7 consumed 3.0 moles 
of oxidant in 58 hr. However oxidation of various samples of the barium 
salt either with 0.1 M periodic acid in 0.05 N sulphuric acid or with an equiva- 
lent coilcentration of sodium periodate a t  pH 4.7 released from 3 to 7% 
formaldehyde, measured colorimetrically using chromotropic acid. 

T o  identify D-xylose-5-phosphate on a crystalline basis, dibruciile and 
distrychnine salts were prepared and their constants determined. The former 
was prepared by adding a stoichiometric amouilt of brucine sulphate hepta- 
hydrate in 15 ml. of water to 100 mgm. of barium xylose-5-phosphate dissolved 
in water. Barium sulphate was removed by filtration and the filtrate evaporated 
to dryness in vacuo a t  35OC. The crude dibrucine salt weighed 262.8 mgm. 
(90% yield). When recrystallized from ethanol by rapid evaporation, it 
formed long colorless needles of a hydrate from which water of crystallization 
was completely removed by heating for two hours in vacuo a t  50°C. The degree 
of hydration of the dibrucine salt varied with the conditions during its forma- 
tion. On standing in room air overnight the anhydrous salt took up water 
exactly equivaleilt to an octahydrate. MThen equilibrated over a water - sul- 
phuric acid solution (sp. gr. 1.420, relative humidity = 35) in a closed vessel, 
it combined with 6.5 moles oflwater. Recrystallization from absolute ethanol 
gave a hydrate with 3.5 HZO. Analyses were therefore performed on the an- 
hydrous salt. (Found: P,  3.06; pentose 14.02. Calc. for C ~ I H ~ ~ N ~ O ~ ~ P :  P, 
3.04; pentose 14.72.) Pentose was determined by the modified Cohn-Volkin 
procedure (5) after titration of the dibrucine salt in water to pH 10 with N/10 
sodium hydroxide. The anhydrous salt had [a]g = -37.8 (c = 2.02 in chloro- 
form) and it decomposed without melting above 150°C. 

The distrychnine salt was prepared by the same procedure followed for the 
dibrucine salt. Recrystallized from ethanol and ether it formed a tetrahydrate 
on standing in room air. (Found: P, 3.07; pentose 15.15. Calc. for C47H56- 
N4OI2P.4H2O: P, 3.20; pentose 15.46.) The pure compound had [a]g  = -33.2 
(c = 1.02 in water) and like the dibrucine salt i t  decomposed above 150°C. 
without melting. 

The authors wish to thank Dr. Morris I<ates for his kindly interest and 
advice, and acknowledge their indebtedness to Mr. F.  Rollin for preparing the 
infrared spectrograms. 
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GLYCERIDE SYNTHESIS 
I. SYNTHESIS OF SYMMETRICAL DIGLYCERIDES FROM 

DIHYDROXY ACETONE AND ALLYL ALCOHOL1 

BY P. J. BARRY? AND %. 1\4. CRAIG 

1,3-Distearoxy acetone and 1,3-dipalniitoxy acetone were prepared by inter- 
esterilication of the methyl esters of the fatty acids with l,3-dipropionosy 
acetone diethyl mercaptal. The 1,3-diglycericles were obtained by hydrogenation 
of the Icetone group. Allyl tetrahydropyranyl ether was osidized to l-tetra- 
hydropyranyl glycerol which was acetylated and interesterihed with methyl esters 
of fatty acids to produce 1,3-diglycerides. 

Numerous references may be found in the literature for the synthesis 
of symmetrical and unsymnletrical diglycerides (11). The methods used 
involve blocking a primary hydroxyl group as  an acetal or ether, i.e. trityl, 
reacting the glycerol derivative with 2 moles of the particular fatty acid 
chloride, and subsequent hydrolysis or hydrogenolysis to yield the desired 
diglyceride. Clocker and other worlters (2,1,7)  have synthesized simple tri- 
glycerides readily and in good yield by the interesterification of triacetin and 
the methyl ester of the fa t ty  acid with sodium methoxide as a catalyst. The 
advantages of interesterification are ( a )  the mild conditions for the reaction 
and (b) the use of the methyl ester directly which is the usual derivative by 
which the fatty acids are purified through fractional distillation and fractional 
crystallization. A side reaction has been found in the interesterification of 
triacetin and methyl esters but the product has not been identified. The 
present work describes the preparation of symmetrical diglycerides by interes- 
terification using dihydroxy acetoile or ally1 alcohol as starting materials. 

Schlenit, Lamp, and DeHaas (12) have synthesized a number of fatty 
acid mono- and di-esters of dihydroxy acetone using glycolic acid chloride as a 
starting material. The diglycerides were produced from these products by 
hydrogenation over Raney nicltel. Dihydroxy acetone (3) and mono fatty-acid 
derivatives of dihydroxy acetone (12) will undergo monomer-dimer intercon- 
versions. 

In the present work the ketone group was protected as a mercaptal to 
eliminate this difficulty. The series of reactions a t  the top of page 717 outliile 
the synthesis of diglycerides from dihydroxy acetone. 

The yield of 1,3-dipropionoxy acetone diethyl mercaptal was much higher 
than the diethyl ketal. The 1,3-distearoxy acetone diethyl mercaptal was 
easily separated from the interesterification and the yields were almost 
quantitative in the remaining steps to the diglyceride. The method represents 
a direct preparation of 1,3-diglycerides without a p-a shift which is usually 
encountered due to an initial blocking of a primary hydroxyl group in the 
glycerol. Dipalmitin was also prepared in the same manner. The preparation 

lllfanzlscript received Decenzber 16,  1954. 
Co~ztribzrtio~z fro111 the National Researcl~ Council of Calzada, Prairie Regional Laboratory, 

Saskatoo~z. Sask. Issued as Paber No. 184 on tlze Uses o f  Plant Products and as N.R.C. No. 35L6. 
Wut ion f l l  IZesearclz Co?rncil'of &nada ~ o s t d o c t o r a t ~  Fellow 1053-54. 
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BARRY AND CRAIG: GLYCERIDE SYNTHESIS. I 717 

CHzOH CHz0-COCHzCH3 CHz0-COCHzCHs 
propionic ethyl 
anhydride I ortho- 1 /OEt 

C = O  C = O  c 
pyrldlne 1 formate I \ O E ~  

CHz0-CO(CH2) 16CH3 CHZO-COCH?CH~ 
1 /SEt stearate 

y \SEt  

1 RaNi I 
C = O  - CHOH 

I Hz I 
CHZO-CO(CHZ)I~CHJ CHZO-CO(CH~)I~CH~ 
97 % 97 % 

.+ of unsaturated diglycerides would require a different procedure for reduction 
of the ketone group to an alcohol. 

The synthesis of diglycerides from allyl alcohol required the formation of 
an acetal of allyl alcohol. The use of 2,3-dihydropyran for the preparation of 
acetals of alcohols has been investigated by Paul (lo), Ott  et al. (8), and 
Parham and Anderson (9). The reaction proceeds smoothly and in good yield 
and the acetal is readily cleaved by a mineral acid. Parham and Anderson 
(9) found it difficult to obtain the monoacetal of ethylene glycol. Preliminary 
work in this laboratory showed that it was difficult to  obtain a monoacetal 
of glycerol. However allyl alcohol readily forms an acetal with 2,3-dihydropyran 
and oxidation of the ethylenic bond would yield the required monoacetal of 
glycerol. 

The following series of reactions were followed for the synthesis of diglycer- 
ides from allyl alcohol. 

CHz CHn CHzOH 
11 2,3-dihydropyran 11 
CH , CH K M no, I 

H+ 
+ CHOH 

I I 
CHzOH CHzOR* CHzOR 

78% 
pyridine 

CH~O--CO(CH~)I~CHJ CHzO-CO(CH2) IGCHJ 
66%1 Ac20 
CHzOAc 

I 
CHOH H+ CHO-CO(CH2) lsCHj CHOAC 
I -+ 1 methyl stearate I 

-+ CH~O-CO(CH~) 1 6 ~ ~ 8  I I 

NaOCH3 CHzOR 
CHzOR 

64% 
Dipalmitin, 64%. 
R', tetrahydropyranyl group. 
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The oxidation of the ally1 tetrahydropyranyl ether by KMn04 in aqueous 
solution a t  5OC. proceeded smoothly and in fair yield. Acetylation of the 
1-tetrahydropyranyl glycerol gave a low yield which may have been due to 
the conditions of isolation of the diacetyl derivative. The interesterificatioil 
with methyl stearate produced a gel which is likely responsible for the relatively 
low yield of distearin. This series of reactions for the synthesis of symmetrical 
diglycerides merits further study, since the number of steps involved is 
considerably reduced as compared to conventional procedures. 

EXPERIMENTAL 
I. Preparation from Dihydroxy Acetone 

(a) 1 ,S-Dipropionoxy Acetone 
1,3-Dipropionoxy acetone was prepared according to the method given by 

Fischer and Mildbrand (3). Five grams of (0.55 mole) dihydroxy acetone* 
was added to a solution of 100 ml. of dry pyridine and 120 gm. (0.923 M.) 
propionic anhydride, then shaken for 15 min., and allowed to stand a t  room 
temperature for two days. The solution was poured into ice water and extracted 
with ethyl ether. The ethereal solution was washed successively with dilute 
hydrochloric acid, 5y0 sodium bicarbonate, and water and was dried over 
anhydrous sodium sulphate. The ether was removed and the 1,3-dipropionoxy 
acetone was crystallized from petroleum ether (Skellysolve "F"). Yield, 54%; 
m.p., 60-60.5'C. Analysis for C9H1405: C, 53.67%; H, 6.909%. Calc.: C, 
53.46%; H, 6.978y0. 

(b) 1,S-Dipropionoxy Acetone Diethyl Ketal 
The procedure used by Hurd and Pollack (4) was followed for the prepara- 

tion of the diethyl ketal. Four grams of dipropionoxy acetone, 3.9 gm. of 
ethyl orthoformate, 5.8 gm. of ethyl alcohol, and 60 mgm. of p-toluene sul- 
phonic acid were refluxed for eight hours and allowed to stand for 24 hr. The 
solution was neutralized with sodium ethoxide and made up to  40 ml. with 
water. Extraction of the aqueous solution with petroleum ether (Sl<ellysolve 
"F") yielded 1.2 gm. of a yellow oil (yield 22%) which was distilled din vacuo 
to give a colorless oil, ni5 1.4296. 

(c) I ,S-Dipropionoxy Acetone Diethyl &fercaptal 
Five grams of dipropionoxy acetone was dissolved in 50 ml. ethyl mercaptan 

followed by the addition of 2.5 gm. anhydrous zinc chloride. The mixture 
stood in a salt-ice bath for 24 hr. and was poured into a saturated aqueous 
solution of sodium bicarbonate. The aqueous solution was filtered and extrac- 
ted with ethyl ether. The  ethereal solution was dried and distilled. A colorless 
liquid, b.p. 157-158 a t  6 mm., was obtained in 91y0 yield. The  product was 
purified by distillation to yield 5.7 gm. of 1,3-dipropionoxy acetone diethyl 
mercaptal, n g  1.4966. Analysis for S:  found, 20.58y0; calc., 20.7570. 

(d) 1,s-Distearoxy Acetone Diethyl Mercaptal 
Three grams of dipropionoxy acetone diethyl mercaptal, 6 gm. of methyl 

stearate, and 0.3 ml. of a saturated solution of NaOCHs in methanol were 

*Supplied by Dr. A. C. Neish, Prairie Regional Laboratory, National Research Council, 
Saskatoon, Sask. 
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placed in a flask and heated on a rotary evaporator in a steam bath under 
vacuum. The mixture was extracted with ethyl ether and crystallized to  yield 
5.6 gm. (77%) of 1,3-distearoxy acetone diethyl mercaptal, m.p. 49.1-49.4OC. 
Analysis for S: found, 8.7470; calc., 8.7970. 

(e) 1 ,S-Dipalmitoxy Acetone Diethyl Mercaptal 

Two grams of dipropioiloxy acetone diethyl mercaptal, 3.55 gm. of methyl 
palinitate, and 0.2 ml. of a saturated NaOCH3 in methanol solutiorl were 
treated as in (d). The 1,3-dipalmitoxy acetone diethyl mercaptal was crystal- 
lized from acetone. Yield, 3.53 gm. (81y0); m.p., 39.5-40.0°C. Analysis for 
S: 9.48%; calc., 9.52%. 

(f) 1 ,S-Distearoxy Acetone 
One gram of distearoxy acetone diethyl inercaptal was dissolved in 9.5 1111. 

of hot acetone and 0.5 ml. of water was added. Then 2.5 gm. of HgCl, in 10 ml. 
of acetone was added and the mixture was refluxed for four hours. 4 further 
25 ml. of acetone was added and the mixture was refluxed for 20 inin. and 
filtered while hot. The residue was washed carefully with hot acetone and the 
1,3-distearoxy acetone was crystallized from the acetone. Yield, 97y0; m.p., 
87-87.5OC. 

(g) 1,3-Dipalmitoxy acetone was prepared in the same manner in a 97% 
yield with a m.p. 82-82.5OC. (reported map. 77-78OC. (12)). 

(h) 1 ,S-Distearin and 1 ,S-Dipalmitin 

1,3-Distearoxy acetone, 0.67 gm., was dissolved in 75 ml. of tetrahydrofuran 
and was hydrogenated over Raney nickel a t  50 p.s.i. for three hours a t  room 
temperature. The 1,3-distearin was recrystallized from acetone. Yield, 0.65 
gm. ; m.p., 78.5-7g°C. (reported m.p. 79.5OC. (6)). 

1,3-Dipalmitin was prepared in the same manner in a similar yield, m.p. 
72.0°C. (reported m.p. 72.5 (6)). Analysis for C35HGBO6: C,  74.07T0; I-I, 12.17%. 
Calc.: C ,  73.89%; H, 12.0470. 

11. Preparation from Allyl Alcohol 
(a) Allyl Tetrahydropyranyl Ether 
Allyl alcohol, 11.5 gm., 2,3-dihydropyran, 17 gm., and one drop of con- 

centrated HCl were mixed a t  room temperature. The reaction mixture was 
shalcen in a wrist action shaker for three hours a t  room temperature and was 
then neutralized with NaHC03. The product was distilled over NaHC03 a t  
b.p. 165-167OC. in 78y0 yield, n g  1.4421. 

(b) 1-Tetrahydropyranyl Glyceryl Ether 

Allyl tetrahydropyranyl ether, 106.5 gm., was suspended in 450 ml. water 
and cooled to 5OC. in an acetone - dry ice bath. One hundred and twenty 
grams of KMn04  in 2550 ml. of water was added with stirring a t  a rate that 
maintained the temperature of the mixture a t  5OC. 51°C .  After the addition 
was completed the mixture was allowed to stand in the cooling bath for two 
hours and was then heated for one hour on a steam bath. The solutioil was 
filtered, cooled to room temperature, and saturated with Ic2CO3. The  oil was 
separated from the aqueous mixture, dried, and dissolved in ethyl ether. 
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The ethereal solution was dried over KzCO3 and the ether was removed to 
yield 102 gm. (G6.5y0 yield) of crude product. The product distilled a t  146- 
149°C. a t  4 mm. pressure, n g  1.4736. Oxidation of 1-tetrahydropyranyl 
glycerol ether with periodic acid (5) was quantitative showing a lnoiloether of 
glycerol. 

(c) 2,3-Diacetoxy-1 -tetrahydropyranyl Glycerol 
Twenty five grams of tetrahydroglyceryl ether was added to a solution of 

150 ml. of pyridiile and 80 ml. acetic anhydride and shaken for one hour a t  
room temperature. The mixture was allowed to stand a t  room temperature 
for two days, poured into ice water, and allowed to stand for two hours. The 
aqueous solution was extracted twice with ethyl ether and the ethereal solution 
was washed successively with water, 10yo HCI, water, 5y0 ' 0 a C O 3  solution, 
and water. After the solutioil was dried over anhydrous Na2S04, the ether 
was removed and the product was distilled. The 2,3-diacetoxy-1-tetrahydro- 
pyranyl ether was obtained in soy0 yield, ni5 1.4456, saponification value 
426.5, calculated 430.7. 

(d) I ,Y-Distearin by Acyl Chlorides 
Tetrahydropyranyl glyceryl ether, 4.6 gm., was dissolved in 10 ml. of dry 

pyridirle and 25 ml. of dry CHC13 and 10 gm. of stearyl chloride (2) dissolved 
in 10 ml. of dry CHC13 was added slowly to the reaction vessel. The mixture 
was allowed to stand a t  room temperature for one hour and was then refluxed 
for 12 hr. The product was extracted with petroleum ether (Skellysolve 
"F") which was washed with water, dilute hydrochloric acid, and water and 
was dried over anhydrous sodium sulphate. Dry HC1 gas was bubbled into the 
petroleum ether solution for one-half hour. The solution was allowed to stand 
a t  room temperature for one hour and filtered. The 1,3-distearin was recrystal- 
lized from acetone, yield 12.6 gm. (72y0 of theoretical), with a m.p. 78.5-79°C. 
(reported m.p. 79.5 (3)). Analysis for C39H7605: C,  73.56%; H ,  12.06%. 
Calc.: C, 73.55%; H ,  12.10y0. 

(e) I ,Y-Distearin by InferesteriJicatio~z 
2,3-Diacetoxy-1-tetrahydropyranyl glyceryl ether, 2.6 gm., was reacted 

with 6.0 gm. methyl stearate and 0.2 ml. of saturated solution of NaOCH3 
in methanol under vacuum a t  90-95OC. Petroleum ether (Skellysolve "F") 
was added to the mixture and the soaps were removed by filtration. The 
solution was dried over anhydrous NaZSO4 and the salt was then removed by 
filtration. Dry HC1 gas was passed into the solution for one-half hour and 
allowed to stand for one hour a t  room temperature. The precipitate was 
filtered and crystallized from acetone to yield 3.95 gm. (My0 yield) of 1,3- 
distearin, m.p. 78-79°C. (reported 79.5"C.). Analysis for C39H7605: C,  73.41%; 
H ,  12.07y0. Calc. for C,  73.55y0; H ,  12.10y0. 

Cf) 13-Dipalmitin, m.p. 72.5-73.5OC. (reported m.p. 72.5"C. ( C i ) ) ,  was 
prepared in a similar manner in 63y0 yield. 

REFERENCES 
1. BAUR, F. J. and LANGE, W. J. A I ~ .  Chem. Soc. 73: 3926. 1051. 
2. CRAIG, B. Nf., LUNDBERG, W. O., a11d GEDDES, W. F. J. Am. Oil Chemists' Soc. 29: 128. 

1952. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
1.

38
.3

6 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BARRY AND CRAIG: GLYCERIDE SYNTHESIS. I 721 

3. FISCHER, H. 0 .  L. and MILDBRAND, H. Ber. 57: 707. 1924. 
4. HURD, W. C. and POLLACK, i\/I. A. J .  Am. Chem. Soc. 60: 1909. 1938. 
5. JACKSON, E. L. Organic reactions. 11. John Wiley & Sons, Inc., New York. 1946. 

D. 341. 
6. JACKSON, F. L., DAUBERT, B. F., ICING, C. G., and LONGENECKER, H. E. J. Am. Chem. 

SOC. 66: 289. 1944. 
7. LUNDBERG, W. 0. and CHIPAULT, J. R. Hormel Inst. Univ. Minn., Ann. Rept. 1947-48. 
8. OTT, A. C., MURRAY, M. F., and PEDERSON, R. L. J. Am. Chem. Soc. 74: 1239. 1952. 
9. PARHAM. W. E. and ANDERSON. E. L. I. Am. Chem. Soc. 70: 4187. 1948. 

10. PAUL, R'. Bull. soc. chim. Me&. 1: 971: 1934. 
11. RALSTON, A. W. Fatty acids and their derivatives. John Wiley & Sons, Inc., New York. 

1948. 
12. SCHLENK, H., LAMP, B. G., and DEHAAS, B. W. J. Am. Che~n. Soc. 74: 2550. 1952. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
1.

38
.3

6 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



~ - - 

NOTES 

TETRAETHYL PYROPHOSPHATE LABELED WITH PHOSPHORUS-32 

A supply of P32-labeled tetraethyl pyrophosphate (TEPP) was required 
for research a t  this laboratory and, as no details of its synthesis' were found 
in the literature, the method described here was developed. The specific 
activity of the product was low, 65 microcuries per gram, but this could be 
increased by altering the ratio of active to inactive phosphorus and no major 
modification of the technique would be required. 

E X P E R I M E N T A L  

Labeled phosphoric acid,2 suitably diluted with inactive orthophosphoric 
acid, was converted via silver phosphate to triethyl phosphate using reactions 
reported by Baldwin and Higgins (I). 

P O P  + 3Ag' pH + Ag3P04 

Heat  
&Sap01 + 3CzHaBr -b (C?H5)3P04 + 3AgRr  

The final step of the synthesis utilized a reaction reported by Bell (2). 

Heat  
2(C?H,),PO, + SOC12 -b (C?H,)rP?07 + 2C?H,CI + SO? 

Since the experimental technique is novel the details are reported in full. 

Tetraethyl Pyrophosphate 
Labeled triethyl phosphate (13.29 gm., 72.4 millimoles, 47 PC. per gm.) 

was placed in a Hickman vacuum still3 and treated with 4 ml. (6.6 gm., 55.6 
millimoles) of thionyl chloride. The still was fitted with a receiver and a calcium 
chloride tube. The  system was suspended about one-half inch above a small 
hot plate and a thermometer was fixed in a horizontal position with its bulb 
touching the center point of the bottom of the still. Heating was adjusted 
until the thermometer was steady a t  70-75' and this temperature was main- 
tained for 24 hr. The temperature was then raised to 140' for half an hour to 
ensure completion of the reaction. During the total reaction time 1.5 ml. 
of excess thionyl chloride collected in the receiver while the sulphur dioxide 
and ethyl chloride passed off through the calcium chloride tube. The still was 
allowed to cool and then was fitted to a vacuum manifold. With the pressure 
a t  10 mm. and the thermometer indicating 120" the last traces of reactants 

' T h e  use of radioactive T E P P  has been reporfed (3, 4,  6 ,  6 ,  7). References (3) and ( 4 )  were 
concerned with labeled Aeraethyl tetraphosphate ( H E T P )  which probably contained T E P P  ns 
the active principle. 

?One millicurie of Pa2  as phosphoric acid, obtained fronc Atonzic Energy of Canada Limited, 
Chalk River, Ontario. 

3Fisher Scientific Co., Cat. No. 9-124, modified by  the addition of two ground-glass joixts. 

7 2 2  
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and by-products were removed. After one-half hour the pressure was lowered 
to  0.002 mm. and the tetraethyl pyrophosphate was distilled into weighed 
receivers. A forerun of 1.5 ml. (optimum quantity determined by inactive 
runs) was discarded and 6.4 gm. (61%) of T E P P  was collected, b.p. 95-100°/ 
0.002 mm., ntb 1.4174. (The boiling point and refractive index were determined 
on inactive samples produced in the same manner.) The  corrected specific 
activity was 65 pc. per gm., representing a recovery of 41% of the initial 
radioactivity. The over-all chemical yield, also based on phosphoric acid, was 
49%. 

1. BALDWIN, W. H. and HIGGINS, C. E. J. Am. Chem. Soc. 74: 2431. 1952. Document 
3563. American Documentation Institute, Washington, D.C. 1951. 
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IDENTIFICATION OF DIHYDROCONIFERYL ALCOHOL 

Dihydroconiferyl alcohol (3-(3-methoxy-4-hydroxyphenyl)-l-propanol) (7) 
is an important degradation product of lignin. I t  has been found not only in 
hydrogenolysis reaction mixtures (3, 9) but also after degrading naturally 
occurring related products ( 5 ) .  

Recently, this compound was found to be present in spruce sulphite 
liquor (6). At the same time, dih3-droconiferyl alcohol was also found in the 
oxidized sulphite liquors (8). 

During these investigations, extensive use has been made of the available 
methods of identification which are described in these papers. However, an 
important fact is reported here because of its special interest for those working 
a t  present in this field. 

The UV spectra of dihydroconiferyl alcohol and similar compounds were 
reported by Schuerch (9), who found an absorption maximum of 265 mp 
(determined in butanol). This value appeared to  be in disagreement with the 
known rule that hydroxy groups in the 7-position in the side chain cause only 
negligible shifts of the UV absorption curve of the parent hydrocarbon (2). 
The UV absorption maxilllum of this hydrocarbon, coerulignol, is 281 mp (1, 4). 
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and by-products were removed. After one-half hour the pressure was lowered 
to  0.002 mm. and the tetraethyl pyrophosphate was distilled into weighed 
receivers. A forerun of 1.5 ml. (optimum quantity determined by inactive 
runs) was discarded and 6.4 gm. (61%) of T E P P  was collected, b.p. 95-100°/ 
0.002 mm., ntb 1.4174. (The boiling point and refractive index were determined 
on inactive samples produced in the same manner.) The  corrected specific 
activity was 65 pc. per gm., representing a recovery of 41% of the initial 
radioactivity. The over-all chemical yield, also based on phosphoric acid, was 
49%. 
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IDENTIFICATION OF DIHYDROCONIFERYL ALCOHOL 

Dihydroconiferyl alcohol (3-(3-methoxy-4-hydroxyphenyl)-l-propanol) (7) 
is an important degradation product of lignin. I t  has been found not only in 
hydrogenolysis reaction mixtures (3, 9) but also after degrading naturally 
occurring related products ( 5 ) .  

Recently, this compound was found to be present in spruce sulphite 
liquor (6). At the same time, dih3-droconiferyl alcohol was also found in the 
oxidized sulphite liquors (8). 

During these investigations, extensive use has been made of the available 
methods of identification which are described in these papers. However, an 
important fact is reported here because of its special interest for those working 
a t  present in this field. 

The UV spectra of dihydroconiferyl alcohol and similar compounds were 
reported by Schuerch (9), who found an absorption maximum of 265 mp 
(determined in butanol). This value appeared to  be in disagreement with the 
known rule that hydroxy groups in the 7-position in the side chain cause only 
negligible shifts of the UV absorption curve of the parent hydrocarbon (2). 
The UV absorption maxilllum of this hydrocarbon, coerulignol, is 281 mp (1, 4). 
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In view of this discrepancy, we re-examined the spectrum of dihydroconiferyl 
alcohol. A sample was synthesized according to the procedure of Schuerch (9) 
and characterized by the refractive index and the preparation of the known 
derivatives (5). 

We found absorption maxima of 281.6 mp (solvent: 95% ethanol) and 
281.8 mp (solvent: n-butanol). 

Therefore, dihydroconiferyl alcohol cannot be regarded as an exception to 
the above-men tioned rule. 

E X P E R I M E N T A L  PART 

The  sample of dihydroconiferyl alcohol was prepared by reduction of ethyl 
hydroferulate with lithium aluminum hydride according to the literature (9). 
The compound was characterized by the preparation of the benzoate and 
p-nitrobenzoate and the purity was checked by the refractive index and paper 
chromatography (6). 

The  spectra were determined with a Beckman model DU spectrophoto- 
meter, and the resulting da ta  appear in Table I. 

TABLE I 

ULTRAVIOLET SPECTRUM OF DIHYDROCONIFERYL ALCOHOL 

Concentration, Maximun,  Molar 
Solvent mgm./l. ml.r extinction 

95% ethanol 27 281.6 2871 
95% ethanol + 0.5 mole I<OH/l. 27 297 3845 
n-bu tan01 3 0 281.8 
n-butanol + 0.5 mole KOH/I. 30 297 

NOTE: Equal exti?zction ualzres for both nezrtral and alkaline solzrtions: 268.6 mp. 

1. AULIN-ERDTMAN, G. Svensk Papperstidn. 47: 91. 1944. 
2. BRAUNS, F. E. Chemistry of lignin. Academic Press, Inc., New York. 1952. p. 219. 
3. HIBBERT, H. ,  BREWER, C. P., and COOKE, L.  &I. J. Am. Chem. Soc. 70: 57. 1948. 
4. HILLMER, A. and SCHORNING, P. Z. physik. Chem. A, 167: 407. 1933; 168: 81. 1934. 
5. KAWAI, S. et al. Ber. 72: 367. 1939. 
6. I~VASNICKA. E.  A. and MCLAUGHLIN. R. R.  Can. T. Chem. 33: 637. 19.55. - ~ ~ ~~~ 

7. NOMURA, H'. and HOTTA, S. science Repts. ~6hok; l  Imp. Univ. 17: 693.- 1928. 
8. REID, S. T O  be published. 
9. SCHUERCH, C. and GRANATH, M. J. Am. Chem. Soc. 75: 707. 1953. 
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STUDIES IN THE POLYOXYPHENOL SERIES 
IX. THE SYNTHESIS OF PAPAVERINE AND PAPAVERALDINE BY THE 

POMERANZ-FRITSCH METHOD' 

BY DONALD A. GUTI-IRIE,~ ARLEN W. FR.~NI<,~ AND C. B. PURVES 

ABSTRACT 

Fritsch's cyclization of N-(a-veratrylveratry1idene)-an~inoacetal in sulphuric 
acid was shown to  give 1.1% of papaverine and 23% of an  isomer, n1.p. lG4.5- 
165.5"C.; hydrochloride, m.p. 212°C. decomp., which was supposed to  be 4,5- 
bis(3,4-dirnethoxypheny1)-2fI-pyrrolenine, produced by an internal conden- 
sation of the acetal or the corresponding aldehyde with the reactive methylene 
group. A similar structure was proposed for another unidentified isomer prepared 
by Schlittler and Miiller. Ilydrogenation of Fritsch's acetal gave N-(a-veratryl- 
veratry1)-aminoacetal, m.p. 69.5-7O0C., which was cyclized to  a base, m.p. 
155.5-156°C.; N-aceiyl derivative, m.p. 203.5-204"C., formulated as 2,3-bis(3,4- 
dimethoxypheny1)-3-pyrroline. Substances pres~imed to  be the intermediate 
aldehyde and aldol were isolated as  colorless oils. Condensation of the dil- &one 
veratril with aminoacetal, followed by cyclization of the crude product, con- 
stituted a new two-step synthesis of papaveraldine in 8y0 yield, and the reduction 
of the latter to  papaverine was known. 

Other crystalline compounds prepared incidentally and thought to be new 
were veratril monoanil, m.p. 172-173°C.; a,al-biveratrylidenean~ii~oacetal, m.p. 
101-102°C. ; a  compound formulated as  2,3-bis(3,4-dimethoxyphenyl)-4-ethylmer- 
captopyrrolidine hydrochloride, m.p. 184-185°C.; from this a n  unidentified 
mercury complex, n1.p. 109°C. decornp.; 4,4'dibe11zylosy-3,3'-dimethoxy- 
desoxybenzoin, n1.p. 141-142°C.; and its osime, m.p. 137.5"C. 

INTRODUCTION 

The opium alkaloid papaverine is now produced in about 15% yield from 
vanillin by the Bischler-Napieralski isoquinoline synthesis (3, 4), but the 
possible application of the less familiar Pomeranz-Fritsch synthesis is still of 
interest because the product would in theory be obtained in fewer steps. 
Pomeranz (15) was the first to plan this application, but the attempts of Allen 
and Buck ( I ) ,  Fritsch (8 ) ,  and Schlittler and Miiller (17) to put it into effect 
gave disappointing results. The present article reveals some of the factors 
that caused these attempts to fail, and describes modifications that lead to 
syntheses of papaverine and papaveraldine. Manske (14) reviewed the general 
methods available for the synthesis of isoquinolines. 

'nFanz~script received December 31,  1954. 
Contribution from the Divisio~z of Industrial and Cellulose Chemistry, McGill University, 

and front the Wood Chemistry Division, P z ~ l p  and Paper Research Institute of Canada, Montreal, 
O m .  Abstracted from Ph.D. theses sz~btnitted to the Universitv in M a v  1952 bv  D.A.G. and in 
~ Z L ~ U S ~  195.4 by -A. W. F. 

ZPresent address: Esso Laboratories, Standard Oil Devclopnteczt Co., P.O. Box  51, Li~zden,  N.J., -- - . 
U.A.A.  

3Present address: Division of P z ~ r e  Chemistry, National Research Council, Ottawa, Caczada. 
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Fritscl~ (8) reported in 1903 that N-(a-veratrylveratry1idene)-aminoacetal 
(I),  prepared by condensing desoxyveratroin with aminoacetal, was cyclized 
with 75% sulphuric acid a t  room temperature to give a 13% yield (based on 
desoxyveratroin) of a yellow compound melting a t  162"C., or 15°C. higher 
than papaverine (111). Found: C,  70.7; H,  6.4; N,  4.8y0. Calc. for papaverine, 
Cz0HZ104N: C, 70.7; I-I, 6.2; N, 4.1%. Like papaverine, the yellow compound 
was soluble in acetone and sparingly soluble in ethanol and ether. On the 
basis of these results, Fritsch claimed that the compound was isomeric with 
papaverine, but he did not attempt to establish its structure. 

As a preliminary to repeating Fritsch's sj.nthesis, i t  was noted that  one 
mole of water was expelled and one mole of anlinoacetal was retained when 
benzoin was boiled with an excess of the acetal, and formation of the Schiff 
base was presumably complete. A new compound, the desoxybenzoi~l from 
0-benzylvanillin, was incidentally prepared in crystalline form. Desoxyvera- 
troin was then condensed with amilloacetal by distilling a mixture of the ttvo 
substances a t  atmospheric pressure and up to 245°C. until the water and the 
excess of amiiloacetal were removed. Several attempts to carry out the con- 
densation under milder coilditions failed. The product, the Schiff base (I),  

CH (0Et)z 

mas an  uncrystallized, viscous yellow oil, just as described by Fritsch (8). 
Cyclization of the Schiff base in 83yo sulphul-ic acid gave an 18-23yo yield of 
yellow needles melting a t  164.5-163.5"C., xvl~ose co~nposition confirmed the 
suppositio~l that the compound was an isomer of papaverine. A small amount 
of papaverine (1.1%) was isolated from the mother liquor by clzroinatography 
on an alumina column. 

One possible isomer, 5,6-dimethoxy-1-veratrylisoquinoline, which might 
have arisen by cyclization a t  position 2 rather than position 6 in the veratryI 
nucleus, could be dismissed immediately, since this isomer had been prepared 
unambiguously by the Bischler-Napieralski method as  a white crystalline 
solid, m.p. 89-91°C. (13). Another possibility was the isomer 4,s-bis(3,4- 
dimethoxypheny1)-231-pyrrolenine (11), formed by  an  interllal aldol condensa- 
tion of the acetal, or of the aldehyde produced by hydrolysis, with the reactive 
methylene group in (I). A mass of evidence was assembled in support of this 
structure. The absence of active hydrogen (Zerewitinoif) and an inability to 
prepare an acetyl or benzoyl derivative indicated the absence of the N-H 
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group. The  base formed no methiodide, but a solution in hydrochloric acid 
and acetone deposited an orange-colored crystalliile hydrochloride which 
was somewhat unstable to hot solvents and was sparingly soluble in water. 
Further support for structure (11) was gained from the infrared absorption 
spectrum of the base. The presence of two very close bands a t  805-810 cm.-l, 
corresponding to two uilsymmetrical triply-substituted benzene rings, ex- 
cluded the isoquinoline ring structure (papaverine has only one band in this 
region). A C=N band a t  1566 cm.-I and the absence of the N-H band showed 
that,  if a pyrrole ring were present, the hydrogen atoms would have to be 
distributed around the ring in an abnormal manner. 

In accord with structure (11), we would like to propose a structure for 
another unidentified isomer of papaverine, obtained by Schlittler and Muller 
in 1948 (17). The Schiff base N-(a-veratrylveratry1)-iminoacetal (IV), pre- 
pared by  condensing 1,2-bis(3,4-dimethoxypheny1)-ethylamine with glyoxal 
semiacetal, was cyclized with 75% sulphuric acid in 10% yield to a white 
crystalline compound melting a t  222-223OC. and with the carbon and hydrogen 
coiltent required for C20H2104N. The product was probably 2,3-bis(3,4- 

dimethoxypheny1)-2l-I-pyrrolenine (V), differing froin (11) only in the positioil 
of the C=N bond. 

An attempt was made by Allen and Buck (I) in 1930 to synthesize papaverine 
by the Fischer-Rugheimer modification of the Pomeranz-Fritsch synthesis. 
This modification, which was the subject of a recent paper (7), consisted of 
cyclizing N-benzylaminoacetals with sulphuric acid in the presence of an  
oxidizing agent such as  arsenic pentoxide. Allen and Buck found that condensa- 
tion of 1,2-bis(3,4-dimethoxypheny1)-ethylamine with broinoacetal a t  150°C. 
yielded a red oil, presumably N-(a-veratrylveratry1)-aminoacetal (VII), 
which could not be crystallized and which gave no crystalline derivatives. 
When the oil was treated with arsenic pentoxide in sulphuric acid solutions of 
various strengths, nothing but black amorphous material was obtained. 
In  the present work, attempts were made to condense the amine with excess 
chloroacetal in boiling xyleile, or with a slight excess of bromoacetal in cold 
benzene, but the first experiment yielded a black gum, and the second a white 
amorphous solid coiltaining almost no nitrogen. In both cases much of the 
original amine could not be recovered. Allen and Buck ( I )  apparently em- 
ployed the dimethyl acetal of bromoacetaldehyde instead of the more common 
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diethyl acetal used in the above experiments, and a direct comparison with 
their results was not possible. 

I t  was then discovered that the desired secondary amine, N-(a-veratryl- 
veratry1)-aminoacetal (VII), could be prepared in good yield as  a white 
crystalline solid by hydrogellation of the Schiff base (I) over Raney nickel. 
Cyclization of this crystalline amine (VII) under the conditions of the Riig- 
heimer synthesis gave a white crystalline solid, m.p. 155.5-15G°C., in yields 
of up to 56%. The product had the compositioil of dihydropapaverine, 
CzOHz304N, but differed from the lcnown substances 3,4-dihydropapaverine, 
m.p. 97-9s°C., and pavine (VI), m.p. 201-202'C. (2, 18). Analogy with the 
cyclization of the Schiff base (I) suggested that the new substance was either 
the hitherto unknown 1,2-dihydropapaverine, or 2,3-bis(3,4-dimethoxypheny1)- 
3-pyrroline (IX),  formed by an internal aldol condensation of the acetal (or 
aldehyde) with the reactive methylene group. The former, however, was shown 
to be an unstable intermediate in the reductioll of papaverine with tin and 
hydrochloric acid, cyclizing spontaneously in the acid solution to  pavine 
(VI) (18). The absence of pavine in the acidic reaction mixture from the 
cyclizatioll of (VII) was, therefore, an indication that no 1,2-dihydropapaverine 
was produced. 

/\ PH\ \ /NH\ 
CH CH? CH CH2 MeO-C CI-I CHa 

-+ I 

I VI I  VI I I ,  R = 01-1 or SCrHj I X  

I 

The over-all pattern of the infrared spectrum of the new base favored a 
structure similar to the pyrroleiline (11). A double band a t  799-808 cm.-I 
indicated, as in the pyrrolenine, the presence of two unsymmetrical triply- 
substituted benzene rings. The presence of an N-H group was established 
by the presence of the N-H stretching frequency and by the preparation of a 
crystalline acetyl derivative. The base was, however, completely destroyed 
when attempts were made a t  dehydrogenation to  the pyrrolenine with seleilium 
a t  250°C., with palladium-on-charcoal a t  190°C., or with palladium black in 
boiling decalin. 

Other experiments on the cyclization of the secondary amine (VII) a t  20°C. 
showed that  sulphuric acid of 20 to  65% strength was capable of hydrolyzing 
the acetal, but was unable to convert the product (aldehyde or aldol; see 
below) to the pyrroline (IX). At an acid strength of 75 or 83%, fair yields 
of the pyrroline were obtained, with or without arsenic pentoxide, but  the 
duration of the reaction was critical (Fig. 1) because the product was unstable 
toward the condensing agent. When samples of the crystalline pyrroline were 
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dissolved in 83y0 sulphuric acid a t  room temperature and worked up in the 
usual manner after 2 and 18 hr., the recovery of the pyrroline was only 4873, 
and 18%, respectively. The fact that the conditions of cycliz a t ' 1011 were so 
narrowly defined constituted another reason why 411en and Buck (I) failed to  
isolate the pyrroline. 

The hydrolysis of N-(a-veratrylveratry1)-amii~oacetal (VII) to the free 
aldehyde was studied in the hope that  this procedure would reduce the time 
required for the subsequent cyclization. When the hydrolysis was carried out 
with 2 N hydrochloric acid for seven hours a t  100°C. there was obtained, as 
anticipated, a product exhibiting a very strong positive dinitrophenylhydrazine 
test for the carbonyl function, and 92y0 of the theoretical amount of ethanol 
was recovered. The crude, gummy product was cyclized in 83% sulphuric 
acid over a four-hour period to the pyrroline (IX) in 32% yield (based on 
the acetal). When the acetal was hydrolyzed with conceiltrated hydrochloric 
acid a t  20°C. for 0.5, 3, 6, 24, and 51 hr., the ethanol recovered amounted to  
14, 71, 98, 100, and 99y0, respectively, of the theoretical amount. Even after 
six hours, when the hydrolysis was complete, the colorless guin which formed 
the product gave a negative dinitrophenylhydrazine test for the carbonyl 
function. This product was probably the intermediate aldol, 2,3-bis(3,4- 
dimethoxypheny1)-4-pyrrolidinol (VIII, R = OH). Concentrated hydrochloric 
acid, then, was presumably capable of cyclizing the acetal or aldehyde to  the 
aldol, but not of dehydrating the aldol to the pyrroline. 

Support for this argument was unintentiollally provided by the results of 
an attempt to prepare the free aldehyde, N-(a-veratrylveratry1)-amino- 
acetaldehyde, by conversion of the acetal (VII) to the thioacetal, followed by 
cleavage of the thioacetal with mercuric chloride and cadmium carbonate 
(22). Instead of the expected thioacetal, the crystalline product, isolated from 
the reaction of the acetal with ethyl mercaptan in concentrated hydrochloric 
acid, had the composition of the sulphide, 2,3-bis(3,4-dimethoxypheny1)-4- 
ethylmercaptopyrrolidine hydrochloride (VIII, R = SC?HS). The  concentrated 
hydrochloric acid had effected, a t  some stage in the reaction, an aldol con- 
densation. 

Treatment of the sulphide with mercuric chloride and cadmium carbonate, 
under the conditions riorrnally employed for the hydrolysis of a thioacetal 
to the corresponding aldehyde (22), gave a brilliant yellow mercury complex, 
m.p. 109OC. decomp., which contained nitrogen atoms, methoxyl groups, and 
mercury atoms in the ratio 2:  8 :  1. When the complex was decomposed with 
hydrogen sulphide a colorless oil resulted, which was probably the aldol 
(VIII, R = OH), since tests for halogen and carbonyl groups were negative, 
and the oil yielded up to  34% of the pyrroline (IX) when aliquots were treated 
with 83y0 sulphuric acid. 

In retrospect, it appeared that a major obstacle to the completion of the 
synthesis of papaverine by the Pomeranz-Fritsch method was the reactivity 
of the methylene group in N-(a-veratry1veratrylidene)-aminoacetal (I), and 
that this obstacle might be removed by replacing the group with, for example, 
a hydroxyl or keto group. Veratroin was not a suitable starting material, 
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because it was difficult to purify (12), and would probably not withstand the 
drastic coilditions required for condellsation with aminoacetal. On the other 
hand, the diketone veratril was a stable, crystalline compound, readily pre- 
pared by mild oxidation of veratroin (10, 12), or by methylation of vanillil, a 
substance now isolated from oxidized waste sulphite liquor and of poteiltial 
conlmercial importance. I t  was found advantageous to methylate the vanillil 
in the form of its bright yellow crystalline disodium salt. 

Many attempts were made to prepare the desired mono-Schiff base, N- 
(a-veratroy1veratrylidene)-aminoacetal (X), by condensing veratril with 
various proportions of boiling aminoacetal. The conditions fillally employed 
were slightly milder than those for the similar condensation of desoxyvera- 
troin, but efforts to  employ a lower temperature resulted only in the quantita- 
tive recovery of the veratril. After isolation, the product soon deposited a 
substa~ltial quantity of the disubstituted compound, a,af-biveratrylidene- 
amiiloacetal (XI), as ivlihite crystals. Since this compoulld yielded veratril on 
hydrolysis with dilute acid, no further internal condensation, such as formation 
of an imidazole (11), had occurred. The remainder of the product was a yellow 
oil which resisted attempts a t  purification by chromatography on Magnesol 
or cellulose columns. A paper chromatogram of the oil, developed with petrol- 
eum ether saturated with water, and sprayed with acid 2,4-dinitrophenyl- 

hydrazine, showed a yellow spot a t  Rf 0.79 and a red spot a t  Rf 0.68. Reference 
chromatograms with veratril and the crystalli~le di-Schiff base showed yellou- 
spots a t  the base line and a t  Rf 0.70, respectively. The oil therefore contained 
some of the di-Schiff base and also a carbonyl compouild which was assumed 
to be the sought-for mono-Schiff base (X). The  oil, hoxvever, could not be 
crystallized, and repeated attempts to isolate the mono-Schiff base ended in 
failure. Attempts to reach the same goal by partial hydrolysis of the di-Schiff 
base were also fruitless. These failures were unexpected, because a prelimiilary 
condensatioil of veratril with boiling aniline readily gave the pale yellow 
crystalli~le nloiloanil in good yield. 

An attempt was also made to isolate the secondary ami~le correspondiilg to 
the mono-Schiff base (X). The Schiff base mixture, or the pure di-Schiff base 
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alone, consumed no hydrogen when shalien with Adams' platinum oxide 
catalyst and 30-40 p.s.i. of hydrogen for 25 hr. a t  room temperature. Hydro- 
genation of the Schiff base mixture over freshly prepared Raney llicliel a t  
1500 p.s.i. for three hours a t  80-90°C. gave an oil which slowly deposited 
2y0 of the unchanged di-Schiff base, but none of the desired secondary amine. 
Only 7% of veratril was recovered after hydrolysis of the residual oil with 
dilute hydrochloric acid, and neutralization of the acidic mother liquor caused 
the separation of a red ether-soluble oil (83% of the original veratril) which 
mas not examined in detail. 

In default of the pure mono-Schiff base (X), the experiments on cyclization 
\\-ere carried out on the original crude mixture. No papaveraldine ( S I I )  was 
isolated from attempted cyclizations in 83% sulphuric acid for 20 hr. a t  room 
temperature, or in concentrated sulphuric acid for three minutes a t  150°C., 
but an 8% yield, based on veratril, resulted from a cyclization carried out with 
72% acid a t  room temperature or less. This result amounted to a new synthesis 
of papaverille (111), for papaveraldine was known to be reduced to papaverine 
with zinc dust and acetic anhydride (5, 19), as well as in a less direct ~ v a y  
(5). 

EXPERIRIIENTAL 

Melting points were not corrected. The infrared spectra were obtained from 
Nujol mulls. 

1 Veratroin xvas prepared from veratraldehyde by the benzoin condensation, 
I and was reduced to desoxyveratroin substantially as described by I<ubiczeli 

(12). After the observation of Fritsch (8) that desoxyveratroin could not be 
separated from traces of veratril by crj~stallization had been confirmed, the 
crude product, 11.3 gm., mas boiled for two hours under reflux with 100 ml. 
of anhydrous ethanol, 10 ml. of glacial acetic acid, and 6.7 gm. of Girard's 
"T" reagent for carbony1 compounds (the hydrochloride of N-trimethyl- 
aminoacethydrazide) (9). When cool, the solution was poured into 300 gm. 
of ice and water containing 21.5 gm. of potassium carbonate and was extracted 

I xvith benzene until the extracts were colorless. The adduct was decomposed by 
acidifying the aqueous residue to pH 1 with hydrochloric acid, and an hour 
later the precipitated desoxyveratroin, 4.6 gm., was collected. The best over- 
all yield was 18%, and m.p. 103.5-101.3"C., the recorded values being 106°C. 
(12, 21) or 107°C. (1). 

Desoxyveratroin oxime, melting correctly a t  128.5-129°C. (1, 12), was 
obtained in 99% yield by stirring a slurry of desoxyveratroin, hydroxylamine 

I hydrochloride, and sodium acetate in aqueous ethanol for three days a t  room 
temperature. A yield of only 677, was obtained when the hydrochloride was 
used in pyridine solution (1). This oxime was reduced to 1,2-bis(3;l-dimethoxy- 
p11enyl)-ethylamine in 78% yield by sodium amalgam (1, lo) ,  and in 69% 
yield by hydrogenation for 50 min. a t  SO-100°C. and 1300 p.s.i. over a Ra~ley  

a ium- nicliel catalyst. This catalyst was apparently more suitable than pall d '  
on-charcoal, which recently failed to give the expected result (21). 
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T o  prepare veratril, a misture of 30.2 gm. (0.1 mole) of vanillil, m.p. 233- 
233.5"C. (diacetate, m.p. 139-140°C.), 24 gm. of sodium hydroxide, and 200 
ml. of water was shaken rapidly until solution was complete. In a few minutes 
the red solution begail to deposit in practically quantitative yield the bright 
yellow needles of the disodium salt of vanillil, which was washed with ethanol 
and dried in vncuo over solid potassium hydroxide. This salt melted above 
265"C., was insoluble in all common organic liquids, but dissolved readily 
in water to give a yellow solution. A mixture of the dry, powdered salt with 
28 ml. of dimethyl sulphate and 500 ml. of toluene was heated for five hours 
under reflux, and was then cooled. The next day the solid product, 55 gm., was 
freed from sodium salts by being ground in a mortar with 10yo sodium car- 
bonate, and the residue of almost pure veratril weighed 26.6 gm. (80.5y0). 
One recrystallization from glacial acetic acid raised the melting point to 
224-225"C., the recorded value being 223°C. (12). Veratril was also obtained 
by methylating vanillil with dimethyl sulphate and aqueous sodium carbonate 
or methanolic sodium hydroxide, but the yields were only sly0 and 6670, 
respectively. Oxidation of the crude veratroin described above with copper 
sulphate in pyridine ( lo) ,  or by air and alkali (12), gave veratril in over-all 
yields of 10yo or less from veratraldehyde. 

Aminoacetaldehyde diethyl acetal was prepared in 35y0 yield from chloro- 
acetal as described by Richmond and Wright (16); the colorless product had 
the right composition, boiled correctly a t  160-165°C., and yielded a picrate 
melting correctly a t  142-143°C. When the chloroacetal was replaced by 
bromoacetal the yield of aminoacetal decreased to 14y0 or less; none was 
obtained from chloroacetal and sodamide suspended in boiling liquid ammonia, 
ether, or toluene. 

4,df-Dibenzyloxy-3,s'-dimetl~oxydesoxybenzo~n 

In accord with I<ubiczekls general procedure (12), a solution of 35 gm. of 
0-benzylvanillin, m.p. 61°C., and 5.2 gm. of potassium cyanide in 100 ml. of 
ethanol was boiled under reflux for four and one-half hours in an atmosphere 
of hydrogen. The  gum which precipitated when the solutioll was poured into 
400 ml. of cold water was dissolved in 400 ml. of ether, and the ethereal 
solution was washed with dilute sodium carbonate, dilute sodium bisulphite, 
and finally with water. After the solution had been dried, evaporation of the 
ether left the benzoin as a crude oil, which was then dissolved in a boiling 
mixture of methanol, 300 ml., acetic acid, 150 ml., and water, 75 ml., and 
reduced by the gradual addition of 39 gm. of zinc dust during one and one-half 
hours. The white solid that separated when the solution cooled was extracted 
with acetone from excess zinc dust, and the extract was poured into water. 
The long white needles that separated weighed 9.5 gm. (28y0) and their melting 
point of 141-132°C. was not changed by recrystallization from ethanol. 
Found: OCH3, 13.0, 13.2%. Calc. for C30H2805: OCH3, 13.2%. The oxime 
could not be prepared by stirring the desoxybenzoin with hydroxylamiile 
hydrochloride and sodium acetate in 80y0 ethanol, but  an 85y0 yield resulted 
when the substance was boiled for five and one-half hours with a solution of 
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the hydrochloride in pyridine. After three recrystallizatioils from ethanol, 
the melting point of the oxime was 137-137.5"C., depressed to 124-133°C. by 
admixture with the origiilal desoxybenzoin. 

Cyclization of N-(a- Veratrylveratry1idene)-aminoacetal (I) 
A 12.5 ml. distillation assembly containing 25 gm. (0.079 mole) of desoxy- 

veratroin and 30 gm. (0.225 mole) of aminoacetal was swept out with nitrogen 
and the heating was adjusted from time to time to give slow, uniform distilla- 
tion of the excess aminoacetal. The temperature of the liquid rose steadily 
over the course of one hour from lG.i°C. to 245"C., as the last traces of the 
excess aminoacetal were carried over. The light yellow still residue of crude 
Schiff base (I)  weighed 29.8 gm. (calc. 34.1 gm.). 

Part  of this oil (15.0 gm.) was dissolved in 160 ml. of chilled 83% sulphuric 
acid, the crimson solutioll was stirred for 20 hr. a t  room temperature, and was 
then mixed with 500 gm. of chopped ice. The  slurry was made allraline with 
aqueous sodium hydroxide and extracted with benzene. Extraction of the 
benzene solution with 0.1 N hydrochloric acid and addition of excess aqueous 
sodium hydroxide to the aqueous extract gave a slightly brown solid, which 
was then talcen up in hot ethanol, decolorized with charcoal, and filtered. 
On cooling, there separated 2.89 gm. (21.5y0 based on desoxyveratroin) of 
yellow needles melting a t  164165°C. The  melting point was raised slightly 
to 164.5-165.5"C. by recrystallizatioll from ethanol. Found: C, 70.5, 70.8; 
H ,  6.3, 6.2; N, 4.01, 4.02; OCH3, 35.9, 36.1y0; mol. wt., determined cryo- 
scopically in benzene, 354, 336. Calc. for C20H2104N: C,  70.7; H ,  6.2; N, 4.13; 
OCH3, 36.6%; mol. wt., 339. Determinations made in anisole by the Zere- 
witinoff method showed the presence of only 0.12, 0.07 gm. of active hydrogen 
per mole. The compound was very soluble in chloroform, pyridine, glacial 
and aqueous acetic acid, sparingly soluble in acetone, methanol, and ethanol, 
and i~lsoluble in water and ether. 

The hydrocl~loride, prepared by adding a little concentrated hydrochloric 
acid to an acetone solution of the base, melted with decomposition a t  212°C. 
Found: C1, 9.36, 9.33y0. Calc. for C20H2204NC1: C1, 9.46y0. This orange- 
colored substance was only sparingly soluble in water, and was rather unstable 
to recrystallizatioll from hot solvents. 

The brown ethanol filtrate, from which the yellow base had been removed, 
was evaporated to dryness and the residue digested exhaustively with boiling 
petroleum ether. Filtration and evaporation of the extract left 0.39 gm. of a 
pale yellow solid melting over the range 134-138°C. This solid was dissolved i11 
dry benzene and chromatographed on an alumina column; the yellow base, 
C20H3104N, washed through the column weighed 0.17 gm. (1.3y0) and melted 
a t  164-165°C. The  column was then extruded and all but the upper 0.5 cm., 
which was deep brown in color, was extracted with 57,  pyridine in meth- 
anol. This extract yielded, on filtration and evaporation, 0.15 gm. ( l . lyo)  of 
papaverine, m.p. 146.5-147.5"C. The base was converted to its hydrochloride, 
m.p. 221-222°C. The melting points of the base and its hydrochloride were 
identical with those of authentic papaverine and its hydrochloride, respectively, 
and no depressio~l in the melting points was observed on admixture. 
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N- (0- Veratrylveratryl) -aminoacetal ( VII) 

The crude Schiff base ( I ) ,  obtained as a pale yellow oil from a condeilsatiori 
of 20.0 gm. of desoxyveratroin with 33.7 gm. of aminoacetal, was dissolved in 
100 ml. of ethanol and hydrogenated with 2 gm. of Raney nicliel in a 300 ml. 
steel bomb a t  1300 p.s.i. and 80-100°C. for 80 min. The yellow oil remaining 
after filtration and evaporation of the bomb contents was dissolved in 150 ml. 
of N hydrochloric acid and the solution was extracted several times with 
ether. A small amount (1.8 gm.; 9y0) of desoxyveratroin was recovered from 
the ether extract. Neutralization of the acidic aqueous solution with s o d i ~ ~ m  
hydroxide caused the deposition of a mass of white crystals, which after 
washing and drying weighed 16.5 gm. based on desoxyveratroin) and 
melted a t  66-68°C. Repeated crystallization from methanol gavc fine white 
felted needles and raised the melting point to 69.5-70°C. Foulid: C,  66.5, 
66.5; H ,  8.3, 8.3; N, 3.25, 3.29; OCH3, 42.6, 42.2y0. Calc. for C24H35O6N: 
C, 66.5; I-I, 8.2; N, 3.24; OCH3 (OCzH6 calc. as OCHS), 43.0%. The product 
was very soluble in dilute millera1 acids, ether, ethyl acetate, chloroform, 
and benzene, was only slightly less soluble in ethanol and methanol, and was 
insoluble in water. 

In subsequent preparations ~ ~ n d e r  appareiltly identical conditions the yield 
of N-(a-veratr>ilveratr)i1)-an~inoacetal (VII) was only 20-257, of the de- 
soxyveratroi~l used. 

2,5-Bis(S1~-d~ime!l~o~y~henyL)-S-~yrroline (IX) (Fig. 1) 
The followiilg esperimeilt was typical of the series. A solution of 1.0 gm. of 

the acetal (VII) in I 1  ml. of chilled 83y0 sulphuric acid was allo~vecl to stand 
for seven hours a t  room temperature, and was then poured into ice water. 
After extraction with benzene, the acid solution was made alkaline and 

FIG. 1. Per cent yield of 2,3-bis(3,4-dimethoxypheny1)-3-pyrroline (IX) from cyclization 
of N-(a-~leratrylveratry1)-aminoacetal (VII) in sulphuric acid a t  20°C. for various times; 
0 in 83% acid, @ i n  76% acid. 

filtered. The acid-soluble white precipitate weighed 0.44 gm. (56y0) and 
melted a t  150-154OC. The melting point was raised to 155.5-156OC. by 
successive precipitation from hydrochloric acid solution with alkali. Found: 
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C,  70.3, 70.2; H ,  6.9, 6.8; N,  4.05, 4.11, 4.02; OCH,, 35.7, 35.5y0. Calc. for 
C2oH2,04N: C,  70.3; H, 6.8; N,  4.10; OCH,, 36.47,. 

Treatment of the base with acetic anhydride in pyridine for three days a t  
room temperature gave a yield of the N-acetyl derivative melting a t  
203.5-204°C. Found: N, 3.56, 3.60; OCH,, 32.1, 32.2y0. Calc. for C2eHnjOjN: 
N ,  3.66; OCH,, 32.4%. 

2,S-Bis(S,~-dimethoxyphenyl)-~-ethylmercaptopyrrolidine 3Iydrochloride (VI I I ,  
R = SC2FI5) 

The  acetal (VII), 3.65 gm. (0.0084 mole), was added to a stirred suspension 
of 15 ml. (0.20 mole) of ethyl mercaptan in 100 ml. of concentrated hydrochloric 
acid. After 24 hr., the mixture was poured into 100 ml. of water and the solution 
was washed with benzene. The solution was made alkaline xvith aqueous 
sodium hyclroxide and again extracted with benzene. The benzeile extract, on 
drying over anhydrous sodium sulphate and evaporating, yielded 1.98 gm. of a 
colorless oil. oil wasdissolved in acetone and converted to the hydrochloride 
by treatment with a few drops of the concentrated acid; the gum left on 
evaporation of the solution slowly crystallized when heated a t  60°C. in vaczlo 
for two hours. The product, washed with dry acetone and dry ether and 
then dissolved in a little methanol, was precipitated into dry ether. Weight, 
1.38 gm. (37.5y0), and m.p. 18G185"C. Found : C,  60.0; H ,  5.9; N ,  3.08, 2.99; 
S,  6.90, 7.08; OCH3, 28.0, 27.9%. Calc. for CnnHSo0,NSCl: C, 60.0; H ,  6.9; K,  
3.18; S ,  7.28; OCH,, 28.2y0. The base, prepared from the hydrochloride by  
treatment with alliali, was an oil which appeared to decompose. 

A solution of 1.29 gm. (0.003 mole) of the crystalline hyclrochloride in water 
was made allialine ancl extracted with benzene. The colorless oil left after 
evaporation of the dried extract xvas dissolved in 70 1n1. of acetone to which had 
been aclded 3.75 gm. of mercuric chloride, 4.8 gin. of cadmium carbonate, ancl 
1.0 ml. of water. The mixture was stirred for 24 hr. a t  room temperature, ancl 
was then filtered. The residue left after evaporation of the filtrate was clis- 
solved in a large volume of chloroforn~ ancl was washed with clilute aqueous 
potassium iodide followed by water. Evaporatioil of the dried chloroform 
solution left 1.17 gm. of a brilliant yellow solid melting with decomposition 
a t  85°C. The melting point was raised to 109°C. by repeated solution in 
acetone and precipitation with ether. Found: N ,  1.88, 1.90; OCH,, 16.9, 
17.2; Hg, 13.8y0. These figures were in the ratio 1.96 N:  8.0 OCHS: 1.0 Hg. 

A solution of 0.800 gm. of this mercury complex in aqueous acetone con- 
taining a few drops of acetic acid was treated with hydrogen sulphide until no 
further precipitation of black mercuric sulphide occurred. This precipitate was 
dried and weighed to  j~ield the analytical figure for mercury quoted above. 
The acetone solution was diluted with water, made allialine, and extracted 
with benzene. Evaporation of the dried extract left 0.468 gm. of a colorless oil 
which was negative to tests for halogen and carbonyl groups; yield as the aldol 
(VIII,  R = OH) based on the sulphide (VIII,  R = SC2H5), 65%. 

This oil was treated with 5 ml. of 83y0 sulphuric acid a t  room temperature. 
Aliquots were removed a t  various intervals and the pyrroline (IX) was 
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isolated as outlined previously. After 1.5, 3 ,  5, 7, and 15 llr. the yields of I X  
(based on the oil) were 22,30,34,  19, and 2y0 respectively. The authenticity of 
these products was established by mixed melting point with samples of the 
pyrroline (IX). 

Condensation of I7euatril with Aminoacetal 
A mixture of 16.5 gm. (0.05 mole) of veratril and 25.0 gm. (0.17 mole) of 

aminoacetal was boiled gently under reflux in a nitrogen atmosphere until all 
of the veratril was dissolved. After cooling, the viscous red product was dis- 
solved in ether and the solution was filtered to remove the uncha~lged veratril, 
which in this run weighed only 0.1 gm. The ethereal solution was extracted 
several times with water to remove the excess aminoacetal, then was dried 
over anhydrous potassiunl carbonate and evaporated. On rubbing with a 
little ethanol, the residue partly crystallized in well-formed white hexagonal 
plates, which weighed 3.3 gm. (12%) and melted a t  98.5-100°C. after one 
recrystallization from ethanol-water. Two more recrystallizations from eth- 
anol-water raised the melting point to 101-102°C.,   in changed by recrystal- 
lization from ligroin. Found: C, (34.3, (33.8; H ,  7.8, 7.7; N, 4.82, 4.84, 4.89, 
4.84; OCH,, 43.3, 43.4%. Calc. for cup'-biveratrylideneaminoacetal (XI),  
C B O H ~ I O ~ N ~ :  C, 64.3; H ,  7.9; N,  5.00; OCHS (OC2Hj calc. as OCH3), 44.3%. 
Another 1.2 gm. of this di-Schiff base was recovered from the eluates of the 
experiments on column chromatography, bringing the total yield up to lG%. 
The product mas very soluble in methanol, ethanol, ether, chloroform, and 
benzene, less soluble in hot ligroin, and insoluble in water. 

A solution of 47.G n1g111. of the di-Schiff base, 2 ml. of ethanol, ,uld 10 ml. 
of N hydrochloric acid was kept for 10 hr. a t  room temperature and then 
filtered. The veratril weighed 6.3 mgm. (23%) and melted a t  223.5-224°C. 
(mixed m.p. undepressed). The recovery of veratril was increased to 42% 
when the reaction was carried out on the steam bath for six hours under 
reflux. 

Pa~avera ld ine  (XI I )  
Condensation of 3.30 gm. of veratril with 5.0 gm. of aminoacetal as  de- 

scribed above gave 6.G gm. of a partly crystalline red oil, and 0.33 gm. of 
veratril was recovered. Part of this mixture of Schiff bases, 4.7 gm., was 
dissolved cautiously in 50 ml. of 'i2y0 sulphuric acid and kept for two days a t  
5°C. and for another three days a t  room temperature. The  dark red solution 
was poured onto 30 gm. of chopped ice, filtered, and extracted twice with 
ether. When the aqueous portion was neutralized with 10yo sodium carbonate 
an amorphous buff-colored solid separated, together with much black gummy 
material. A solution of the solid in benzene was combined with a benzene 
extract of the filtrate, and applied to a G in. alumina column. The black 
material remained a t  the top of the column. The benzene eluates were separately 
evaporated, the residues tal<en up in dilute hydrochloric acid, and the solutions 
distilled to dryness under reduced pressure. Some of the fractions yielded a 
crystalline hydrochloride, m.p. 189-192°C. These fractions were combined, 
taken up in hot water, and neutralized with concentrated ammonia. The  
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base which separated, when collected on a filter and washed thoroughly with 
water, weighed 0.177 gm. (8%) and melted a t  205-207OC. One recrystallization 
from methyl ethyl ketone gave 0.135 gm. of papaveraldine melting a t  208- 
20g°C., not depressed on admixture with an authentic sample, m.p. 208- 
209"C., prepared by oxidation of papaverille with selenium dioxide as de- 
scribed by Taylor (20). 

The hydrochloride, prepared by coveriilg the base with 10% hydrochloric 
acid, heating the mixture on a steam bath, and adding water dropwise until 
solution was complete, crystallized on cooliilg in fine yellow needles, m.p. 
198-19g°C., undepressed on admixture with a sample similarly prepared from 
authentic papaveraldine. Papaveraldine was reported to melt a t  210°C. 
corr., and its hydrochloride a t  200°C. corr. (6, 20). 

Veratril Monoanil 

-4 mixture of 3.30 gm. (0.01 mole) of veratril and 4.65 gm. (0.05 mole) of 
freshly distilled aniline was heated under nitrogen for three hours with 
steady reflux (bath temp. 230°C.). The  mixture partly crystallized on cooling. 
After being triturated with ether in a mortar, the mixture left a residue of 
1.73 gm. which was identified as  veratril recovery). 

The ethereal mother liquor was evaporated to dryness and the residual 
oil was mixed with 5 ml. of ethanol. A crop of yellow crystals, 0.757 gm., 
slowly separated. Further dilution with ethanol yielded two more crops of 
0.826 gm. and 0.476 gm. Recrystallizatioil of the middle crop from ethanol 
gave a product, m.p. 172-173OC. with stroilg siilteriilg a t  15g°C., which 
appeared to be a mixture of two crystalline substances, one pale yellow and 
the other golden yellow. Recrystallization from ethyl acetate removed the 
golden yellow impurity, and the veratril monoanil then melted a t  172-173OC. 
Found: C, 70.8, 70.7; H, 5.7, 5.8; N,  3.33, 3.36; OCH?, 30.5, 30.5%. Calc. 
for C24H2305N: C, 71.1; H, 5.7; N, 3.45; OCH3, 30.6%. The anil was very 
soluble in chloroform, soluble in benzene, ether, and hot ethyl acetate, slightly 
soluble in ethanol, and insoluble in water and hexane. 

A solution of 30.2 mgm. of veratril monoanil, 2 ml. of ethanol, and 5 ml. 
of N hydrochloric acid was heated on the steam bath for six hours under 
reflux. After cooling, the mixture was poured into water, allowed to stand 
undisturbecl for several hours, and filtered. The veratril weighed 22.8 mgm. 
(%yo) and melted a t  223.5-224OC. (mixed m.p. undepressed) . 
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THE VAPOR PHASE PHOTOLYSIS OF HEXAFLUOROACETONE 
IN THE PRESENCE OF METHANE AND ETHANE1 

ABSTRACT 

The photolytic decomposition of hexafluoroacetone by light of wavelength 
3130 A has been used to  produce trifluoromethyl radicals for a study of their 
reactions with methane and ethane. I t  has been shown that these radicals 
abstract hydrogen with greater facility than do methyl radicals. The activation 
energies for the two reactions 

CFa+CHd+ CFaH+CHs 
and 

CFa+CnHs+ CFaH +CzHa 
are found to be 10.3 f 0.5 kcal./mole and 7.5 f 0.5 kcal./mole respectively, 
if one can assume zero activation energy for the recombination of trifluoromethyl 
radicals. 

INTRODUCTION 

Relatively few kinetic studies have been made on the reactions of fluoroalkyl 
radicals and most of those so far reported have not yielded very precise data  
about the elementary reactions of these radicals. In part this is the result of 
analytical difficulties in haildliilg the mixtures of fluorinated compounds in the 
reaction products. Further difficulties have arisen because of low quantum 
yields (as in the photolysis of trifluoromethyl iodide (2, 4, 6)), side reactions 
caused by  the necessity of using high temperatures for pyrolyses (as in the  
pyrolysis of tristrifluoromethyl arsine (I)),  or the production of more than 
one type of radical in the primary breakdown (as in the photolysis of trifluoro- 
acetone (12)). Some exploratory work on the photolysis of hexafluorodimethyl 
mercury (11) showed that  trifluoromethyl radicals were produced by straight- 
forward fission of the mercury-carbon bonds but the total yield was small on 
account of the low volatility of the substrate. 

During a preliminary study of the photolysis of hexafluoroacetone it was 
found that this compound fulfills most of the requirements of a source of 
trifluoromethyl radicals and tha t  a simple analytical procedure can be devised 
for estimating the products. I t  was therefore decided to  begin a study of the 
elementary reactions of these radicals with an investigation of their reactions 
with the simpler hydrocarbons, using the photolysis of hexafluoroacetone as  
the source of the radicals. 

Between 80" and 300°C. hexafluoroacetone yields on photolysis only hexa- 
fluoroethane and carbon monoxide, in the stoichiometric proportions. The 
quantum yield is independent of light intensity and is only slightly affected by  
pressure in the range used (20-100 mm.). In  the presence of hydrocarbons 
fluoroform is found in the products and under certain conditions replaces the 
hexafluoroethane almost completely. For instance when 25 mm. hexafluoro- 
acetone is photolyzed a t  120°C. in the presence of an equal amount of isobutane 

lMa?zzrscript received November 30, 1954. 
Contribution from the Division of Pure Chemislry, National Researclz Council, Oltawa, Canada. 

Issued as N.R.C. No. 3554. 
2National Research Cozkncil of Canada Postdoctorale Fellow, 1963-66. 
3National Research Cozrncil of Ca?tada Postdoctorate Fellow, 1961-64. 
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over 99% of the fluorine appears in the products as  fluoroform. I t  therefore 
seems that above 80°C. the primary decomposition is a simple split into 
radicals 

CFsCOCF3 + 2 CF3 f CO 

and that these radials can abstract hydrogen or dimerize according to the 
composition of the reaction mixture. Above 300°C. some attack on the walls 
of the vessel takes place with the formation of silicon tetrafluoride and carbon 
dioxide, though the rate of this reaction can be considerably reduced by 
placing on the inside of the vessel a thin coating of calcium fluoride. No carbon 
tetrafluoride was found even a t  the highest temperatures used (about 350°C.) 
so it appears that the activation energy for reactions such as 

CF3f CF3COCF3 + CF4f CF3COCF2 
is quite high. 

A more detailed report on the photolysis of hexafluoroaceto~le will be 
presented elsewhere. The present paper describes experiments in which this 
compound was photolyzed in the presence of methane and ethane. 

EXPERIMENTAL 

Apparatus 
The apparatus was essentially the same as that used in experiments on the 

photolysis of acetone described in earlier papers from this laboratory. The 
light source was a B.T.H. high pressure mercury lamp (type ME/D, 250 watts) 
operated on 220 v. d-c. This lamp gives a coilcentrated beam of light which 
was easily collimated by a single quartz lens and a stop. The quartz reaction 
vessel (10 cm. long, 5 cm. diam.) had a volume of about 190 ml. I t  was found 
desirable to use a beam of light of smaller diameter than the vessel in order to 
reduce attack on the walls by fluorinated radicals a t  high temperatures, so 
the illuminated volume was only 62 ml. A layer of calcium fluoride a few 
wavelengths in thickness was sputtered on to the inside of the vessel to further 
prevent access of the radicals to the quartz. ( I t  should be stated that there is 
no proof that these precautions are necessary a t  the lower temperatures used 
in studying hydrogen-abstraction reactions such as those reported here. 
The vessel and optical system were designed for experiments a t  high tempera- 
tures a t  which this form of attack is troublesome.) The reaction cell was 
heated in an alumi~lum bloclc furnace, the temperature of which could be 
controlled to within 1°C. 

All the runs describecl in this paper were carried out using a combination 
of 5 cm. nickel sulphate (200 gm./l.), 1 cm. potassium chromate (0.2 gm./l.), 
1 cm. potassium hydrogen phthalate (5 gm./l.), and a 3 mm. C.S. 7--54 (9863) 
filter to isolate the 3130 A line. 

iVfaterials 
Two samples of hexafluoroaceto~~e were presented by the Minnesota Mining 

and Manufacturing Co., to whom we are greatly indebted. Further samples 
were prepared in collaboration with Dr. L. C. Leitch and Mr. A. T .  Morse by 
the permanganate oxidation of perfluoroisobutene (3, 10). The final sample 
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AYSCOUGH ET AL.: PHOTOLYSIS OF IIES.-~FLUOROACETOXE 745 

after drying over Pz06 was distilled in a Podbielniak column and a small 
middle cut taken for use. This material had a b.p. of -27.8"C. a t  754 mm. 
pressure, and when analyzed on the mass spectrometer showed a spectrum 
which could be completely identified with that expected from CF3COCF3. 
I t  was stored in a blackened bulb a t  liquid air temperature because some 
decomposition was observed a t  room temperature. The methane and ethane 
were Phillips Research Grade and were found by mass spectrometric analysis 
to contain less than one per cent impurity (mainly higher hydrocarbons). 
Procedure 

Hexafluoroacetone was admitted to the heated reaction vessel and its 
pressure measured on a mercury manometer. When methane was to be added 
the hexafluoroacetone was condensed in a cold finger close to the cell a t  
- 180°C. while the methane was admitted. After allowing the hexafluoroace- 
tone to warm up to cell temperature the total pressure was measured. From 
this the pressure of methane could be obtained. After the reactants were 
mixed for a t  least five minutes by means of a Toepler type pump the reaction 
vessel was isolated by closing a cutoff valve and the light switched on. When 
ethane was used the two reactants were condensed separately into the cold 
finger and then mixed as before. The photolyses were allowed to proceed until 
the amount of decomposition was about five per cent. No correction for pyroly- 
sis was necessary in the experiments described. 
Analytical Methods 

The products were analyzed by means of two LeRoy stills in conjunction 
with a mercury diffusion pump and a combined Toepler and gas burette. 
The bulk of the hexafluoroacetone was condensed in the first still a t  - 145°C. 
while the second still was maintained a t  -210°C. to retain all the products 
except CO (and CHI in reactions with this gas). Mixtures of CO and CH4 
were estimated mass spectrometrically. The second still was then raised to 
- 155°C. to collect the C?FG, CF3H, C2H6, and SiF4 and C 0 2  if present. Two 
methods were used to analyze this fraction; the mass spectrometer was used 
when an approximate estimate of all the components was needed, but  in most 
of the experiments described here CzFG and CFjH accounted for a t  least 95% 
of this fraction and it was found more convenient and probably more accurate 
to use the infrared absorption of these compounds for the estimation. Both 
have very strong and sharp bands in the region 1300 cm.-1 to 1100 cm.-I 
and there is very little overlapping. In the presence of a large excess of ethane 
correction must be made for the pressure broadening of the CF3H band. When 
mass spectrometric and infrared analyses were made on the same mixtures 
the agreement was excellent. The hexafluoroacetone remaining was examined 
mass spectrometrically for the presence of other products such as C F ~ C H B  
and CF3CH2CH3, but quantitative analysis for such substances is very un- 
certain. 

RESULTS 

In Table I are presented the results of experiments in which hexafluoro- 
acetone was photolyzed in the presence of methane or ethane, together with a 
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TABLE I 

Products, & P ~ H  
Ttmp., Press. Press. Time, moles/sec. X loL0 x X 10'" 

K. CFICOCFs. RH. sec. R ~ . w . ~ R H ~  

HexafEuoroacetorze alone 
394 51 .O - 3600 24.7 - 25.4 - 

406 49.0 - 1800 25.3 - 27.1 
433 25.0 - 2700 18.4 - 19.5 - 
494 24.7 - 2400 16.3 - 17.4 - 

R H  = methane 

few runs without hydrocarbon. The runs were carried out in several series 
with different light inteasities to show that the value of the ratio RCF3H/ 
R 4  C2B6 (CHI) is not affected by changes in intensity. This method of grouping 

the results also had the effect of showing that there was none of the progressive 
change in rate constants due to surface effects that  had been a feature of 
previous investigations (1). 

Hexafluoroethane and fluoroform are major products a t  all temperatures 
and these clearly result from dimerization and hydrogen-abstractioi~ reactions 
of trifluoromethyl radicals. The  following reaction scheme will account for 
these products. 

CF3COCF3 -t 2 CF,+CO [I I 
2 CFa -t CsF6 PI 

CF3 +CH4-t CF3H +CH:I [31 
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AYSCOUGH ET AL.: PHOTOLYSIS O F  HEXAFLUOROACETOKE 7-17 

Since CF3CH3 and CzH6 were found in appreciable amounts in the products 
from experiments with methane as substrate it  is reasonable to assume that  
the methyl radicals produced in reaction [3] disappear by reactions such as 

and 

The disappearance of the ethyl radicals produced in reaction [3'] can be ac- 
counted for by the analogous reactions 

and 

The amount of CF3CH3 and CzHs increases markedly with temperature as 
would be expected from this mechanism. Further support for this reaction 
scheme can be provided by  evaluating the functions 

R1 = [2(CzF6) + (CFXH) + (CF,CH3)]/CO and Rz = [ 2 ( ~ a ~ e )  + (CF3CH3)I/CO 

which should both be equal to unity if all the radicals call be accounted for 
in this way. For three runs in which complete analyses were made the values 
were, for R1, 0.97, 0.95, 0.97 and for Rz, 0.85, 0.90, 1.05. This is considered 
satisfactory in view of the difficulty of estimating small quantities of CF3CH3 
in the presence of excess hexafluoroacetone. 

If the reaction mechanism suggested is substantially correct, the rate of 
formation of CaF6 can be expressed by 

and the rate of formation of CF3H by 

RCF,H = k3[CF31[CH41 
or k3'[CF3] [C2H6]. 
From these equations i t  follpws that 

k3/kzf = RCFQH/R? [CH4] = A ~ / A ~ * . ~ - ( E J - ~ E ~ )  IRT 
:2p6 

and kat/kp+ = RCF3H/R~zF6[C2H6] = A3'/A $ . ~ ( E J ' - : E ~ )  IRT. 

Reference to Fig. 1 will show that the Arrhenius plots for both reactions are 
straight lines within the experimental error, in the temperature range used. 
The values obtained by the method of least squares for the differences in 
activation energy are 

E3- $E? = 10.3 kcal./mole 
E3'- $E2 = 7.5 kcal./mole. 

Assuming an effective cell volume of 62 ml., the ratios of rate constants a t  
182OC. (455OK.) are 

k3/k24 = 1.52 X 10-12 (rnolecule/cc.)- kec.- 
k3'/k2t = 3-18 X 10-11 (rnolecule/cc.)-fsec.-f 
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lo3/ TOK. 

FIG.  1. Arrhenius plots for the photolpsis of hesafluoroacetone. 

and the ratio of steric factors 

For these calculations the collision diameters assumed were as follows: CHZ, 
3.5 A ;  CH4, 3.5 A ;  C2H6, 4.5 A ;  CFS, 4.0 A. The mean square deviation of the 
values of the activation energies is 0.22 kcal./mole in each case, but the syste- 
matic errors in the analyses are probably greater and the error is more likely 
to be about 0.5 kcal./mole. 

DISCUSSION 

I t  has been show11 that hexafluoroacetone is a convenient source of tri- 
fluoromethyl radicals and that the technique used for studies of the reactions 
of methyl radicals may be applied in a very similar manner to these radicals. 
At the moment lack of sufficient quantitative data makes a close comparison 
between methyl and trifluoromethyl radicals rather speculative. In order to 
use the available data it  is necessary to make certain assumptions about the 
steric factors and activation energies for the dimerization reactions of methyl 
and trifluoromethyl radicals. I t  is now reasonably certain that the steric 
factor for the recombination of methyl radicals is about unity and the activa- 
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tion energy zero or very nearly so (5, 7, 8), and there seems to be no reason to 
suppose that  the steric factor is markedly different for the dimerization of 
trifluoromethyl radicals. This suggestion is supported by the fact that  the 
steric factors obtained in this study are "normal" (compare the value 6 X 
obtained by Trotman-Dickenson, Birchard, and Steacie (13) for the reaction 
CI-I~+C~HC, + CH4+C2HS). However, i t  does not appear to be entirely 
justifiable to assume zero activation energy for the dimerization of trifluoro- 
methyl radicals. Sieger and Calvert (12) have mentioned this possibility, basing 
their suggestion on configurational differences between methyl and trifluoro- 
methyl radicals. I t  seems to us that even if there is no important difference in 
configuration the marked polarity of the carbon-fluorine bonds will result in 
dipole-dipole interaction a t  some stage of the reaction which may cause an 
energy barrier of significant proportions. However, it is extremely unlikely that  
it would be as high as 5-6 kcal. which would be necessary to bring the values 
of E3 and E3' into line with the currently accepted values for the analogous 
reactions CH3+CHd -+ CH4+CH3 (13-14 kcal.) (14,9), and CH3+C2Hs + CH4 
+C?& (about 10.4 kcal.) (13). Thus there is little doubt that trifluoromethyl 
radicals do abstract hydrogen with greater facility than do methyl radicals, 
though it would not be wise to suggest that  the observed differences in activa- 
tion energies for abstraction by methyl and trifluoromethyl radicals have any 
great quantitative significance. On the basis of present information the 
difference appears to be about 3 kcal./mole, assuming for the moment zero 
activation energy for the reaction 2 CF3 -+ C2Fs. Sieger and Calvert give a 
value of 2.3 kcal./mole for this difference in the case of abstraction of hydrogen 
from trifluoroacetone (12). I t  is, however, clearly desirable to determine the 
rate constants of the dimerization reaction with sufficient accuracy to  evaluate 
the activation energy and pre-exponential factors before discussing this 
question further. 
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FREE RADICAL RECOMBINATION IN T H E  PHOTOLYSIS O F  
ACETONE1 

ABSTRACT 
(CHzC0)2-I-C'" (I) was prepared by irradiating (CHa)?CO in the presence 

of CH:I-C14. Acetone was then irradiated a t  room temperature with light 
of 2537 a in the presence of (I). Radioactivity was found in all products which 
contained methyl groups but not in any carbon monoxide product. The amount 
of carbon-14 ultimately found in acetone confirms that the quantum efficiency 
of the primary photolytic process is nearly unity and that extensive recombina- 
tion of methyl and acetyl radicals to  form acetone is responsible for the  low 
over-all quantum efficiency of decomposition. 

INTRODUCTION 

The photolysis of acetone has been exhaustively investigated. (For reviews 
see Dorfman and Noyes (2) and Steacie (7).) One important feature of the 
mechailism is the explanation of the low quantum yield a t  low temperatures 
by the recombination reaction: 

CH3+CH3CO -+ CH3COCH3. 
I t  seemed of value to make a direct check of this reaction by the use of radio- 
active carbon. 

EXPERIMENTAL 

The Photolysis System 
Irradiatioils were carried out in a cylindrical quartz vessel 45 mm. in dia- 

meter and 108 mm. long with polished plane parallel windows. Illumination 
was supplied by a neon-mercury resonance lamp in a quartz envelope with a 
filter of chlorine gas so that the light was mostly 2537 A. Three different lamps 
were used in the course of the experiments. All irradiations were carried out 
a t  room temperature. 
Measurement of Radioactivity 

All samples were counted in Geiger-Mueller tubes as gases, so that no 
counts were lost because of self-absorption or window absorption and o~l ly  a 
geometry correction was necessary. The counting efficiency of each gas 
mixture was checked by the response given to an external radioactive standard. 
Usually no external quench was required, but if necessary a Neher-Harper 
type of electronic quenching circuit was used. Sufficient counts were observed 
so that the uncertainty in the count rate recorded was less than other errors 
such as measurement of sample size, loss by adsorption, or in stopcock grease, 
etc. 

Preparation of Biacetyl-I-C14 
Active (CH3C0)2 was prepared by  irradiating a mixture of CHaCOCH3 

and CHaI-C14 in the vapor phase. I n  the first attempt a mixture of 2.7 X 

lManuscript receiued October 22, 1954. 
Contribittion from Division of Cllemistry, lVational Research Couwi l ,  Ollawa, Canada, and 

Royal iMiliLary College, ICingston, Canada. 
?Present address: Royal iMi1,itary College, Kingston, Canada. 
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NALDRETT: PHOTOLYSIS OF ACETOSE 751 

moles acetone and 8.6 X 10-5 moles of active methyl iodide with an activity 
of 1.9 X lo7 disintegrations per minute was irradiated for 110 hr. with a 
current of 30 ma. through the lamp in the irradiation system described. Less 
than 0.5% of the activity was recovered as (CHBCO)~-C'~  and since the 
amount was not sufficient, the preparation was repeated. For the second 
preparation a mixture of 5 . 6  X moles of acetone and 2.3 X 10-5 moles of 
CHJ-C14 with an activity of 8.5 X lo7 d.p.m. was irradiated for 690 hr. 
with a lamp current of 100 ma. The light absorbed in the cell was of the order 
of 1019 quanta/hour. A tubulation which had been added to the irradiation 
cell was kept a t  0°C. and served to reduce the amount of biacetyl vapor in 
the light beam, so that  reaction to carbon monoxide and ethane was reduced. 
The 3.8 X moles of biacetyl recovered had an activity of 7.4 X lo6 
d.p.m. This amounts to 9.1% of the total methyl groups and 8.7% of the total 
activity in the reaction cell. Although neither of these figures is very reliable, 
the similarity between them seems to indicate that there has been a very high 
degree of exchange of methyl radicals amongst the molecules CH31, CHa 
COCH3, and (CH3C0)2. 

Radioactive tracers and also mass spectrometer analysis showed that  
biacetyl and acetone were not separated by low pressure fractionation in a 
Ward type still to the extent expected from their relative vapor pressures. 
However, for the purpose of this project the presence of acetone in the biacetyl 
was not a disadvantage, provided that the acetone was not radioactive. T o  
ensure this, bulk amounts of inactive biacetyl (about 0.75 gm.) and of inactive 
acetone (about 0.3 gm.) were added to the micro amount of active biacetyl 
product, and the acetone fraction was then separated in the Ward type still. 
Further additions of inactive acetone and fractionations were made until the 
process had been repeated seven times. No further changes in the specific 
radioactivities of either the biacetyl or acetone fractions were observed in 
the last three fractionations, indicating that the removal of radioactive 
acetone was complete. Mass spectrometer analysis showed that  there was 
about 14% inactive acetone in the active biacetyl sample. 

Analysis  of the Products 

After the irradiation the products were separated into fractions by means 
of a Ward-Savelli still (5). The temperatures of the four condensers were set 
a t  -183"; -140"; -78"; -GO0 respectively, and the fractions as separated 
consisted largely of (1) CH4 and CO; (2) C.2H6; (3) (CH3)2CO, and (4) 
(CH3C0)2. The  carbon monoxide was removed from the methane fraction by 
oxidation over hot copper oxide and absorption in Hscarite. KO measurable 
amount of hydrogen was found in preliminary runs and attempts to estimate 
it separately from the carbon monoxide were discontinued. The volumes of 
the fractions were measured and the quantities are shown in Table I as moles 
X lo5. The analysis of the products of Photolqaes Kos. G and 7 was made by 
means of a mass spectrometer. 
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TABLE I 
PHOTOLYSIS OF ACETONE A S D  BIACETYL-I-CL.' 
pp 

Reactants Products 
Irradiation - Degree Quanta 
conditions Moles CHI-CM Moles CHI-Cl" of ab- 

x 1 0 5  X 1 O ~ - - -  ex- sorbed 
Lamp Quanta CH3-C1? CHa-C" change --- 

x l o - ? ~  x 107 XlO' I n  hlole- 
Photo- esti- acetone cules 
Igsis mated re- 

number from CO Suhstalicc actant 

1 B 2 . 8  (CH:,CO)? 15.2 36.0 7.35 35.4 
(CH3)zCO 2.25 33.2 
C ~ H ,  3.73 32.6 
CO 9.25 
CH 4 0.55 34.0 
'fotal or av. 15.2 36.0 34.1 

CHI 0.69 
Total or av. 167.2 

3 A 0.95 I C H ~ C O ) ~  
ICH,)?CO 
CzHc 
co 
CHa 
Total or av. 

4 C 3.4 (CH3CO)? 
(CH:) ?CO 
C2HG 
CO 
CH4 
Total or av. 

- - 

CH 4 

Total or av. 

CHI 
Total or av. 

co 19.7 
CHI 2 .74 2 6 1  
'Total or a\,. 329.9 1.82 1.09 
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"?' 
r a.3 

The radioactivity of each of the fractions was measured directly in Experi- 
ments 1, 3, and 5. In the other experiments each fraction was further treated 
after the volume was measured, by addition of carriers and hold-back carriers 
and refractionated until radiochemical purity was attained. For example, 
after the volume of the acetone product had been measured, there was added 
to it convenient amounts of ethane, acetone, and biacetyl, and the ace- 
tone fraction was again recovered by fractionation in the Ward-Savelli 
still. The process was repeated, usually three times, until it was assured tha t  
the radioactivity was definitely associated with the substance being deter- 
mined and not with a contaminant. Some of the product was sacrificed to the 
more volatile and to the less volatile carriers a t  each fractionation, and in 
the end the total radioactivity recovered in all of the products was only about 
one half the total activity of the reactants. 

OBSERVATIONS .AND DISCUSSIOSS 

The results of some typical experiments are listed in Table I. Esperiment 
No. 2 shows results which are typical of the behavior of pure acetone when 
irradiated in this system; the results are quite similar to what has been reported 
by others. Experiment No. 1 shows typical behavior of pure biacetyl; these 
observations also are similar to what has been reported by others (1). The 
remainder of the table indicates what was observed when mixtures of radio- 
active biacetyl and inactive acetone were irradiated. The products obtained 
in these experiments are not far different from the composite which would 
result from the separate irradiation of the biacetyl and the acetone. The 
addition of biacetyl therefore does not seem to have any particular effect 011 

the decomposition of acetone and the co~lclusions can probably be applied to 
the photolysis of pure acetone. 

The most significant feature of the observations is that after irradiation, 
radioactivity is present in every substance which contains methyl radicals, 
but no radioactivity was found in the carbon rno~loxide fraction in any experi- 
ment. This confirms the fact that free radicals play a major role in the photo- 
Ipsis reactions and that recombination of free radicals to acetone occurs. 

The next to the last colurn~l in the table shows an estimate of the degree of 
escha~lge of radicals amongst acetone and the other substances. This figure is 
simply the ratio of the specific: activity of the methyl groups in acetone to 
the average specific activity of all inethyl groups recovered. However, for some 
experiments only about half of the original radioactivity was recovered, 
and i l l  using this figure as a measure of the extent of exchange, it is assumed 
that the fraction of active acetone lost between the first measurenlent of vol- 
ume and the counting after purification is the same as the average loss of the 
other active compounds. Of course this assumption may be in error; the only 
justification for it is that i t  gives results which are consistent with those 
obtained in experiments in which nearly all of the radioactivity was recovered, 
and in which this assumption does not enter. I t  would appear that exchange 
was from one fifth to three fifths completed by the irradiation given in these 
experiments. 
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The results indicate that the exchange increased with irradiation, although 
a precise measurement of the number of quanta absorbed was not made. 
The  dimensions and the intensity of the light beam in these experiments were 
not carefully controlled since the irradiations extended over several days 
and had to be left unattended. However, an estimate of limited value can 
be made from the yield of carbon monoxide. The quantum efficiency for the 
production of carbon monoxide in the photolysis of acetone a t  room tempera- 
ture by light of 2537 A was determined by Herr and Noyes (3) to  be 0.22 for 
somewhat similar light intensities and pressures of acetone. The validity of 
this figure for the conditions of the experiments described here was established 
by determining the amount of hydrolysis of a solution of monochloroacetic 
acid (6) under the same experimental conditions before and after Photolysis 
No. 6. The light absorbed by the cell from Lamp C during Photolysis No. 6 
was thereby determined to be 2.8 X lo1* quanta per hour, and the quantum 
efficiency of carbon monoxide production from these data is 0.20. This figure 
was used to calculate the total quanta absorbed, and the quanta per molecule 
for each photolysis as  shown in the table. The differences in the absorption 
coefficients of biacetyl and acetone for the radiation involved is certainly 
less than 1OY0 (4) and therefore equal absorption has been assumed in making 
the calculations. 

On the simplest assumption that  one quantum per molecule will produce 
free radicals and permit exchange, it  would be expected tha t  the figure for 
degree of exchange would be similar to the figure for quanta absorbed per 
molecule. These figures are reasonably similar except for Photolysis No. 8, 
aild for this experiment the estimate of quanta absorbed from carbon monoxide 
production seems too low by comparison with Photolysis No. 3 in which the 
same lamp was used for a shorter irradiation. These observations are confirma- 
tory evidence that the quantum efficiency is close to  unity for the primary 
process: CH3COCH3+ hv = CH3 +CHBCO and that the recombination of 
radicals to reform acetone accounts for the low over-all quantum efficiency of 
decomposition of acetone. 

The behavior of Cl2H3 and C12H3C0 will, of course, not be quite the same as 
that  of the C1" compounds. The isotope effect will, however, be negligible as 
far as  our present purpose is concerned. 
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THE DETERMINATION OF MOLECULAR WEIGHT1 

ABSTRACT 

The molecular weights of organic compounds of known constitution have 
been determined with satisfactory accuracy, using milligram quantities of 
materials, by a static measurement of the vapor pressure difference between pure 
solveilts and solutions of the con~pounds. The  method may be used over a 
considerable temperature range. The suitability of solvents is governed by their 
chemical stability and vapor pressure. Results obtained using conlpounds in the 
molecular weight range of 600-1000 are reported. 

INTRODUCTION 

A previous publication (4) indicated some success in using static measure- 
ments of the difference in vapor pressure between pure solvents and solutions 
to estimate the molecular weights of non-ionizing solutes. The procedure 
utilized a mercury micromanometer that was relatively insensitive to the 
vibration normally encountered in laboratories. In the previous work com- 
pourlds having molecular weights below about 350 were used and the measure- 
ments were all made a t  20°C., using solvents to which a hydrocarbon base 
stopcock lubricant was substantially inert. 

Since the method appeared to be applicable to the measurement of the 
molecular weights of polymers with relatively low degrees of polymerization, 
it seemed desirable to extend the temperature range of the instrument and to 
increase the number of usable solvents, by eliminating the possible contamina- 
tion from stopcoclt grease. As this has involved considerable modificatioil in 
the construction and operation of the apparatus, the present communicatioil is 
intended to record some of the more essential refinements that have been 
suggested as the result of several years of use and to indicate results that 
have been obtained. Compounds of molecular weight up to about 1000 that  
had ltnown constitutions, with a variety of solvents, concentrations, and 
temperatures, have now been used successfully. 

i lPPARATUS AND EXPERIMENTAL 

The apparatus that was eventually adopted is shown in Fig. 1. Part A 
was built in such a way that it could be enclosed by a thermostat coi~structed 
of "aluminum foil backed masonite" and "ten test", equipped with heaters, 
fans, and thermoregulators to give temperatures that varied not more than 
&l0C.  in various locations within the box and &O.l°C. in any one location, 
over the range 30' to 100'. 

Continuous resistance heaters controlled by variacs were located on the 
side walls of the thermostat and a low power intermittent heater controlled 
by the thermoregulator was located in the slip stream of a 10 in. fan. The  
manometer and burette were enclosed in a secondary ten-test box, open a t  

I-Tfanuscript receirlcd January 6 ,  1955. 
Contribution from the Division of Applied Clzevzistry, National Research Cozlncil, Ottawa, 

Canada. N.R.C. Xo.  3555. 
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the top and coiltaining an  8 in. fail blowing outward, located in one side near 
the bottom, to give a coiltinuous downward flow of air through the box. 
The temperature within this box did not vary by more than 0.2OC. Thermo- 
s tat  "C" contained the solutioll and solvent holders ellclosed in a copper 
blocli, the details of which are shown in Fig. 2. This thermostat consisted of a 

FIG. 2. Enlarged view of copper bloclc. -4, sample holders; B, glass wool i t ~ s ~ ~ l a t i o n ;  C, 
cel!ulose acetate sleeve; D, mercury film; E,  stirrers; F, recessed portion of copper block; 
G, magnet. 

2 liter, wide mouth, dewar flask. I t  was maintained a t  10-30' below the air 
thermostat to prevent solvent condensatioil in the conilecting tubing. The 
temperature of the oil contained in the thermostat w,as coi~trolled to ~ t 0 . 0 0 0 5 ~ C .  
Good thermal contact was maintained between the sample holders and the 
copper blocli with a film of mercury and the copper block itself was partially 
insulated from the bath with a piece of cellulose acetate tubing and a heavy 
coat of shellac. Both solution and solvent were stirred with glass sheathed 
bars of iron, actuated b y  an alnico magnet that oscillated in a vertical direction 
with a frequency of about 20-25 cycles per minute. 

As suggested in the earlier paper, etching of the inside of the two bulbs 
forming the arms of the U tube was found desirable to give reproducible 
contact angles a t  the mercury-glass-vapor interface. This is important 
since the operation of the mailoineter assumes that the volume of mercury 
transferred between the arms of the U tube is proportional to the pressure 
change. Experiments have indicated that the contact angle is quite sensitive 
to temperature changes, changes in the type of vapor contained in the bulb, 
and probably to  large differences in the pressure of any one vapor. No pair of 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
1.

38
.3

6 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



758 CAN;\DIAN JOLIIISAL OF CIlISMlSTRY. VOL. 33 

bulbs yet used seems to behave in an identical fashion and while the zero 
point of the instrument has remained consta~lt to f0.001 mm. for periods up 
to 10 days, if conditions are lcept reasonably constant, it may change sub- 
stantially if, for example, alcohol vapor is substituted for benzene or the 
vapor pressure of the solvent is raised by several centimeters with mercury 
cutoff I< open. These effects obviously become Inore important as  the magni- 
fication factor of the instrument is increased. The behavior of the manometer 
was invariably good if the contact angle was sufficiently diffuse that no sharp 
line of contact was visible a t  the mercury-glass interface. I t  could frequently 
be improved by contaminating the mercury surface with about lo-' to lo-" 
gm. of lithium stearate added in distilled methanol. Contact angles rarely 
gave any trouble, however, a t  temperatures above about 30°C. 

The most convenient method found for etching the bulbs to the desired 
degree co~lsists in placing a few grams of 200-325 mesh carborundum in the 
bulbs along with a few cubic centimeters of water and sections of flattened 
lead shot. The bulbs are then rotated for 16-24 hr. a t  a speed just below that 
required to carry the pieces of lead around with the rotating bulb. This must 
be followed by a thorough cleaning and steaming before the bulbs are fixed 
into the rest of the apparatus. Final traces of grinding residues were sometimes 
removed by reducing the pressure suddenly when the glass surface was wet 
with methanol. 

All of the stopcocl<s within the thermostat in contact with the solvent vapor 
were replaced with short arm mercury cutoffs equipped with glass check 
valves. The cutoffs coulcl be controlled by two way stopcoclts located outside 
the thermostat. The  stopcoclc separating the two arms of the U tube was 
lubricated with a film of clried aquaclag" plus a very thin film of heavy lithium 
stearate grease. This tap was operated by a felt lined stirrup attached to an 
iron roc1 extending through the top of the thermostat. I t  did not have to be 
relubricated more frequently than once in two years. I t  was exposed to 
temperatures up to 90°C. A mercury sealed 4 mm. pyrex stopcock similar to 
Corning 7500 was found quite satisfactory for this valve. The large bulbs 
and the stopcock were set in plaster of Paris to ensure rigidity. 

In order to increase the range of the manometer, a series of small bulbs 
about equal to the measuring capillary in volume were located in the short 
piece of capillary (E) above the right hand arm of the U tube. These bulbs 
were marked volumetrically with etches. If, during a measurement, the tail 
end of the mercury thread was off scale when the advancing end reached the 
first etch, it was merely pushed on to the etch that allowecl a reading to be 
made on the measuring capillary. In the present case three bulbs were used 
to give a total range of about two millimeters pressure difference, with a 
magnification of approximately 2000. The diameters of the bulbs that formed 
the arms of the U tubes were about 5 cm. 

A change in manometer design was examined wherein the essential difference 
was the reversal of the positions of the measuring capillary and bulb D. 

*A disprrsion of graphite in water prepared by the Acheso7z Colloids Corp., Port Huroz ,  
Michigan, U.S. A. 
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The expansions in capillary E were then placed below the bulb forming the 
right hand arm of the U tube. In this model the volume of mercury in the right 
hand arm was measured by withdrawing it into the empty bulb D and again 
noting the location of the mercury thread in the measuring capillary when the 
tail end of the mercury was a t  a convenieilt etch. While this design offered the 
advantages a t  high magnifications of using much less mercury and of a 
considerable saving of time, during readings, owing to the fact that oilly a 
small thread of mercury rather than a large volume had to pass through the 
measuring capillary, the older model was quite satisfactory for most worlr. 

In malriilg a molecular weight determination, the solute in amounts varying 
from 0.1 to about 2 mgm. was weighed into a 3 to 4 mm. i.d. pyrex tube. 
After placing the stirrer within the tube, it was sealed to the apparatus and 
the pressure reduced to about lop5 min. Pure solvents, previously deaired by 
refluxing in vacuo until a sample of the vapor could be condensed into a 1 mm. 
capillary to give a thread of liquid containing no bubbles, were stored in the 
bulbs B outside of the air thermostat. 

A cold finger containiilg dry ice made a satisfactory reflux condenser for 
the deairiilg procedure. Although slightly different methods were used with 
the various solvents, the Reagent Grade compounds were usually passed 
through a chromatographic column packed with silica gel and alumina, and 
dried with calcium hydride (1, 2) wherever practicable, prior to degassing. 
The amount of solvent to be used was measured in the vapor state in the 
calibrated volumes TI contained in a thermostat. After the solvent vapor in 
the connecting tubing was condensed into the reservoir, the vapor in one of 
the bulbs "H" was quantitatively condensed on the solute sample. The 
requirement on the solvent side could then be supplied from the other bulb, 
and the solvent and solution connected to their respective sides of the ma- 
nometer. If the determination was the first after the interior of the apparatus 
had been exposed to the air, i t  was flushed with solvent vapor, to displace 
residual air or water vapor adsorbed on the glass ~valls, and re-evacuated. 

In the early operation of the apparatus i t  was learned that the manometer 
provided a sensitive means of testing the purity of the solvent. If pure solvent 
was condensed in about the same volume in both the solveilt and solution 
holders, no vapor pressure difference should be detectable after successive 
portioils were renloved from one of the containers. Solvents of this purity are 
not infrequently difficult to obtain, however, and in order to reduce any 
fractioilation of solvent that  might occur to a minimum during a determina- 
tion, two closely similar volumes were used a t  TI. The dead space on either 
side of the U tube was made the same, the final adjustment being made by 
selection of the position in F to which the mercury was adjusted to read the 
vapor pressure of the pure solvent. Small compensating adjustments in 
volume required by the use of different size sample holders could be made by 
changing slightly the positioil of the mercury level in the necks of cutoffs I 
and J before a vapor pressure difference was measured. Since the apparatus 
was contained in a thermostat, thermal expansioil of the mercury was not a 
problem. The zero point of the manometer needed to be checked only in- 
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frequently, usually after a series of readings for one concentration. The ilull 
point not infrequently varied from run to run but this appeared to be due to 
the distillation of mercury within the system when no solvent vapor was 
present. There was no indication of a zero point change during a run. 

As observed by Frazer and his associates (3) the attainment of vapor pres- 
sure equilibrium required only about 30 min. provided the solvent was air 
free; a trace of air increased this time considerably, however. When high 
vapor pressures were used, it was necessary to lcnow the dead space on the 
solution side of the manometer accurately since the concentration of the 
solution was determined by making the appropriate dead space correction on 
the amount of solvent measured in H. 

By condensing the solvent in side arm L after a determination was conl- 
pleted, the solvent could be used over again to prepare a slightly more con- 
centrated solution for a second determination. I t  was thus possible to measure 
the vapor pressure difference on a rather wide range of solution concentratioil 
on a single solute sample and with a minimum expenditure of pure solvent. 
A usual solution contained between 15 and 90 mgm. of solvent. 

Consecutive readings of vapor pressure lowering on the same sample 
normally did not vary by more than one per cent. 

RESULTS 

The  results of the determination of molecular weight of sucrose octaacetate 
(mol. wt. = 678), raffinose hendecaacetate* (mol. wt. = 967), and three 
samples of bitumen? in various solvents and a t  a number of temperatures are 
shown in the accompanying graphs. Variations from the mean are normally 

SUCROSE OCTA ACETATE 

IN METHANOL AT 20°C. 

FIG. 3. Variation in molecular weight of sucrose octaacetate with concentration i n  methanol 
a t  20°C. 

6 0 0  

*Ki?zdlyvsupplied by Dr. R. P. A. Sinzs. 
tKind1y:suppIied by Dr. D. S. ildo?ttgontery. 
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SIRIANXI A N D  PUDDINGTON: MOLECULAR W E I G H T  

FIG. 4. Molecular weight of sucrose octaacetate and raffinose hendecaacetate in benzene 
a t  various temperatures: (1) sucrose octaacetate a t  30°C., (2) sucrose octaacetate a t  50°C., 
(3) sucrose octaacetate a t  55OC., (4) raffinose hendecaacetate a t  55°C. Solid lines in:each case 
represent theoretical molecular weight. 

MOLECULAR WEIGHT OF 

BITUMEN FRACTIONS IN BENZENE 

AT 30'  C. 

L * 
J 
3 
0 
W _I 

p 6 0 0  - 

5 0 0  - 
- 3 

X CONCENTRATION 

FIG. 5. Molecular weight vs. concentration for three samples of bitumen in benzene a t  
30°C. 
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not more than two per cent. With the crystalline materials dependence of 
molecular weight on concentration over the range examined was noted only 
with sucrose octaacetate in methanol a t  20°C. and in concentrations in excess 
of 8% by weight. This is probably due to association of the solute. The bitu- 
men samples on the other hand behaved like polymers. The weight of solute 
used in all cases was between 0.3 and 1.1 mgm. The method has been used 
successfully to determine the molecular weights of polymers up to about 
20,000. The results of this work will be presented in a future publication. 

I t  is a pleasure to acknowledge the substantial contributions made by 
G. Stainsby and R. A. Campbell to this work. 

REFERENCES 

I .  BROWN, A. S., LEVIX, P. iLI., and ARRAHAMSOS, E. W. J. Chem. Phps. 19: 1226. 1951. 
3. DAVIS, R. T. and SCHIESSLBR, R. J. Phys. Chem. 57: 966. 395:3. 
3. FRAZER, J. W. C. and LOVELACE, B. F. J .  AIL Chem. Soc. 36: 2439. 191-2. 
4. PUDDINGTON, I. E. Can. J. Research, B, 27: 151. 1940. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
1.

38
.3

6 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



PARTICLE MOTIONS IN SHEARED SUSPENSIONS 
111. FURTHER OBSERVATIONS O N  COLLISIONS O F  SPHERES1 

ABSTRACT 

Two-body interactions between glass spheres of diameters n, and a2 caused by 
velocity gradients vary with al/ap. When I < al /a2  < 2 ,  well-dehned collisions 
similar to  those previo~~sly  reported for spheres of equal size can be observed. 
Fair agreement is found between the experimentally observed and calc~llated 
collision frequencies over a range of particle concentrations and velocity gra- 
dients. \i'hen al/a? > 2 the particles are separated a t  all times and the phenomena 
of interaction are Inore complex. Single air bubbles rotate a t  the same angular 
velocity as rigid spheres. When two air bubbles of equal size are bro~lght into 
collision a d o ~ ~ b l e t  is formed; instead of the mirror-image separation observed 
with neutral rigid spheres, the do~tble t  continues to rotate for as  many as  60 
rotations before coalescence occurs. Less f r eq~~en t ly  a do~tblet  with distinct 
particle separation is observed. Periods of rotation of both types of doublet and 
certain details of the rotational orbit of a d o ~ ~ b l e t  of touching air bubbles have 
been measured and compared with values predicted from Jeffery's theoretical 
equations for rigid ellipsoids. Apart from their intrinsic interest, the phenomena 
described are of importance in theories of viscosity and coag~~lat ion of suspensions 
and colloidal dispersions. 

INTRODUCTION 

In an earlier paper (5), the two-body collisions of rigid neutral spheres of 
equal size suspended in a liquid subjected to a velocity gradient were described 
in some detail. I t  was shown experimentally that  in a simple field of fluid 
shear described by 
[I] u = Gy, 

v , w = O  

where u, v ,  and w  are the respective velocities along the X-, Y-, and Z-axes 
and G is the rate of shear, two spheres can approach one another along an 
undisturbed rectilinear path parallel to the X-axis until they come into 
apparent collision at the rate 
121 f = 4a3nG/3 
[31 = 8 c G / r .  

Here, f denotes the number of collisions per particle per unit time, a the 
particle diameter, n the number of particles per unit volume of suspension, 
and c the volume of particles in the suspension. 

The doublet formed by two colliding spheres rotates about the Z-axis a t  a 
constant angular velocity 
[41 a = G/2 

until i t  reaches the mirror image through the Y-Z plane of the initial position 
of contact; the two particles then separate. 

LManzrscript received J a n z ~ a r y  17, 1955. 
Contribnltion frow P u l p  and Paper Research Institute of C a ~ ~ a d a  and the Department of 

Chenzistry, iMcGill University, Montreal, Que. 
2Holder of a Fellowship from the National Research Council of Canada. 
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The measured values of the mean and maximum doublet lives and the 
distribution function of doublet lives were shown to be in good agreement 
with values calculated from the experimentally established mechanism of 
doublet behavior. Most of the experimental evidence suggested that  the 
contact between the spheres of the doublet is real, resulting from a force which 
is generated by distortion of the local field of fluid motion and which operates 
to  push the particles together. In one set of experiments, however, in which 
the motion was interrupted by a period of quiescence, the behavior of the 
doublets suggested tha t  the particles do not come into true contact (5). 

Equations [2] and [3] are readily derived (5, 8) by calculating the number of 
particle centers which are carried in unit time along rectilinear paths parallel 
to  the X-axis, a t  the translational velocities given by equation [I], into a 
"collision sphere" of radius a drawn about the center of a reference sphere. 
For simplicity the reference sphere is placed a t  the origin of the coordinate 
system. If two spheres of different diameters a1 and a2 approach one another 
in a similar manner until they collide, the binary collision frequency is obtained 
by substituting (al+ae)/2 for a in equation [2], i.e. 
[a f12 = (a1+a2)~n2G/6 
where f l 2  is the number of collisions per unit time suffered by a type-1 sphere 
with type-2 spheres, and ne is the number concentration of the latter. If c2 is 
the volume fraction of t y p e 3  spheres in the suspension, ~a2~np/6  = cz, whence 
by substitution in equation [5] 

The present paper deals with an experimental study of interactions in 
binary suspensions of rigid spheres of different diameter ratios and in sus- 
pensions of air bubbles of approximately equal size. These experiments were 
carried out to extend the earlier observations (ti), to  test equation [6], and to 
attempt to resolve the question of whether or not the two spheres of a doublet 
come into true physical contact. Although the question of contact remains 
incompletely answered, a number of interesting and, it  is believed, significant 
observations were made which have application to theories of viscosity and 
coagulation of suspensions and colloidal dispersions. 

EXPERIMENTAL PART 

The experiments were conducted in the concentric cylinder apparatus 
previously described (9). Single particles and doublets were observed a t  the 
origin of a field of motion as defined by equation [I.], through a microscope 
directed along the Y-axis of the coordinate system so that  the particles were 
viewed as their projections on the X-Z plane (Fig. 1). The velocity gradient G 
could be calculated with a precision of 0.1% from the measured speeds of 
rotation and could be varied continuously from 0 to 2.5 sec-l. 

Binary suspensions of rigid spheres were prepared by suspending glass 
spheres ranging from 5p to 180p in diameter in corn sirup having a viscosity 
of about 50 poises and a density of 1.3 gm./cc. The experimental methods for 
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MANLEY A N D  MASON: SHEARED SUSPENSIONS. 111 

FIG. 1. Coordinate system for describing velocity gradients and motions of spherical 
doublets. Experimental observations are made along Y-axis so that particles are viewed as 
projectio~ls on the X-Z plane. 4' is the azimuthal angle referred to Z as the polar axis, and A the 
azimuthal angle referred to Y as polar axis. The angular velocity w = -ddl /dt .  

uniform dispersion and deaeration previously employed with monodisperse 
systems were used (5). For measurements of the collision frequency fis, a 
supply of two sizes of glass spheres having a narrow size distribution was 
prepared by screen fractionation of bulk samples. The size spectra are given 
in Table I. Suspensions of volume concentration c2 from 0.4 to 1.6% were 
prepared; each of these suspensions contained about 0.02 volume per cent of 
type-1 spheres which were used as reference particles. 

TABLE I 

Diameter al, yo of diameter Diameter a?, Ojo of diameter 
~1 <a, u <a? 

Number average diameter = 1 '79~  Number average diameter = 117p 
Standard deviation = 9 . 0 ~  Standard deviation = 4 . 4 ~  

Attempts to produce suitable uniform dispersions of fluid drops were only 
partly successful. However, dilute "foams" of air bubbles of unknown and 
variable concentration were prepared by vigorous mechanical stirring of 
viscous liquids such as corn sirup and glycerine. After agitation, the systems 
were allowed to stand so that larger bubbles rose to the surface leaving behind 
bubbles of fairly uniform diameter of about 1501*. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
1.

38
.3

6 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



RESULTS 

1. Glass Spheres 

General 

The  type of interaction between two spheres of diameters al and as (where 
al > a?) was found to depend upon the ratio al/a2. In systems in which 
nl/az < 2 approx., collisions were easily recognizable and, indeed, were similar 
to those of equal-sized spheres (5). The  doublet formed by the two colliding 
particles appeared t o  rotate as a rigid dumbbell until a position was reached 
which was a mirror image about the E'Z plane of the point of initial contact; 
separation then occurred and each sphere was restored to the same y-coordinate 
existing before the onset of collision. 

When al/a2 > 2, the interactions were much more complex and the particles 
could be seen to  be separated a t  all times. One striking type which was re- 
peatedly observed was as  follows: upon approaching a large sphere, a small 
sphere began to describe the type of planetary motion around the large one 
as  illustrated in Fig. 2, moving in a gradually widening spiral path past the 

FIG. 2. Planetary motion of a sphere rnovi~rg ill an  up\\.ard spiral path around a larger 
reference sphere (schematic). 

equatorial plane until it attained a latitude roughly equivalent to  tha t  a t  
which it started. I t  then separated from the large sphere a t  a velocity which 
appeared to be equal to that with which it approached. Upon reversal of the 
field of fluid 11lotion (by reversing the directions of rotation of the two con- 
centric cylinders), it was found that  the smaller sphere continued to move 
upwards. In  a number of instances, a "zig-zag" motion of the small sphere 
upwards in a roughly constant X-Z plane was also observed. 

Collision Frequency 

These measurements were made using spheres having the dimensions give11 
in Table I .  The collision frequency fjz was determined over a range of values 
of c2 and G in the samc manner as  for  non no disperse spheres (5). The  results 
together with the values calculated from equation [GI are summarized in 
Table 11. For a total of 857 observed collisions the ratio fobs/fcnlc = 1.08; 
since the standard deviation of this ratio is estimated to  be 16% from the 
spreads in particle diameters given in Table I and 3% from the rand0111 
sampling error of 900 collisions, the agreement may be considered satisfactory. 
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TABLE I1 
COMP..~RISOY OF OBSERVED AKD C.\LCULATED COLLISIOK FREQUEKCIES 

Volume fraction, 
iV" fl?, 

c:! X 103 G, set.-I Obs./Calc. 

Total 857 Mean 

2. Air Bubbles 

General 

Single air bubbles were not visibly deformed up to  the highest velocity 
gradients attempted (2.5 set.-l) and were found to spin about the Z-axis in 
the same manner as  rigid spheres (9). Two bubbles, upon approaching one 
another, formed a doublet which rotated about the Z-axis; however, instead 
of rotating through the angle 24, where 4 (< n/2) is the azimuthal angle 
corresponding to  the point of initial contact (Fig. I) ,  and then separating a t  
the mirror image of the initial position of contact ( -4)  as  was observed with 
equal-sized glass spheres (5), the doublet continued to  rotate for as  many as  
60 complete rotations over a periocl as  long as one-half hour, unti l  the pair 
sz~dde?zly coalesced i n f o  a si?zgle bubble. During the interval between initial 
contact and coalescence, the doublet rotated about the Z-axis in a manner 
qualitatively similar to that  of a rigid cylindrical particle, i.e. somewhat like 

FIG. 3. Photomicrographs of a d o ~ ~ b l e t  of air bubbles (of different diameters) a t  A >  0 
(No. I), A < 0 (No. 2), and after coalescence to  a single sphere (No. 3). 
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a precessing gyroscope (9). -4 doublet in two positions before and one position 
after coalescence to a single sphere is shown in the photomicrographs in Fig. 3. 

Practically all of the interactions observed were as described above, i.e. 
the bubbles came into apparent contact and after a time coalesced. In many 
instances, a doublet of bubbles in contact collided with a singlet to form a 
triplet of which a pair eventually coalesced, thus forming a doublet which 
eventually coalesced into a singlet. In a number of cases doublets were formed 
in which the bubbles were clearly separated, but which executed a number of 
complete rotations as a pair and then separated. 

Rota t ion  of S ing le  Bubb les  

I t  has been shown theoretically (4, 11) and confirmed experimentally (9) 
that a single rigid sphere spins about the Z-axis a t  the angular velocity given 
by equation [4], i.e. with a period 

I t  was considered to be of interest to  see how closely equation [7] was 
followed by air bubbles. 

Although the bubbles were opaque in the directly illuminated microscope 
field, their rotational motion could be followed by observing particles of carbon 
2 p  to 5p in diameter which were dispersed in the liquid medium and became 
lodged a t  the air/liquid interface during the agitation process. One of these 
particles suitably chosen could be used as a convenient reference point. The 
time required by the particle to malte two successive crossings of the X-Z plane 
(Fig. 1) was talten to be the half-period of rotation. The precision of these 
measurements was not as high as with glass spheres ( 5 ,  9) ; the latter were 
transparent in the microscope field and reference marks on the surface or 
inside of the particle could be seen throughout the rotation. 

TabIe 111 contains the observed periods of rotation of an air bubble over a 
range of velocity gradients. For purposes of comparison the periods calculated 
from equation [7] are also given. The agreement is seen to be reasonabIy good 
considering the difficulty in making accurate measurements. 

TABLE 111 
PERIODS OF ROTATION OF SINGLE AIR BUBBLES 

G, set.-' Mean 
0 bserved observed Calculated 

These results show that over the range of velocity gradients studied here, 
the air bubbles rotate like rigid spheres. This observation accords with Garner's 
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MANLEY AND MASON: SHEARED SUSPENSIONS. 111 769 

observation that a t  low Reynolds numbers sedimenting fluid spheres behave 
as  though they were solid, i.e. they fall a t  the Stolies velocity without the 
expected circulation of fluid inside the drop (3). 

Periods of Rotation of A i r  Doublets 
A series of measurements of the periods of rotation TZ about the Z-axis of 

the doublet formed by two colliding spheres which ultimately coalescecl was 
made over a range of shear rates. The experimental method was similar to 
that previously described for cylindrical particles (9). In these experiments 
care was taken to select doublets having bubbles of equal size. Table IV shows 

TABLE IV 
PERIODS OF ROTATION OF DOUBLETS FORMED BY THE COLLISION 

OF FLUID S P H E R E S  

G ,  set.-' Mean T2, sec. TzG/2* 

Dozlblet No. 1 
0.581 
0.846 

Dozrblet No. S 
0.566 
0.733 

typical results for two doublets over a range of shear rates. I t  will be noted 
from values shown in the last column that T2 varies inversely with the velocity 
gradient. 

Periods of rotation of two doublets of separated and hence non-coalescing 
bubbles were also measured; these are given in Table V. 

TABLE V 
PERIODS OF ROTATION OF AIR DOUBLETS IVITHOUT 

BUBBLE CONTACT 

According to Jeffery (4), the period of rotation about the Z-axis of a rigid 
prolate spheroid of axis ratio r is given by 

PI T2 = 2 d r + ( l / r > l / G  

which for 7 = 2 yields a value TzG/2rr = 5 /2 .  I t  is seen from Table IV that 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
1.

38
.3

6 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



770 CANADI.4S JOURNAL O F  CHEMISTRY. VOL. 33 

the period of rotation of a doublet of contacting spheres is greater than tha t  of 
a spheroicl of correspor~cling axis ratio. The  "equivalent ellipsoidal axis ratio" 
re may be calculated from equation [8] by inserting the measured value of 
TzG/2n. This yields a value of re/r = 1.69 for contacting bubbles; this is 
considerably higher than the corresponding values of 0.5 for a doublet of 
neutral rigid spheres (equation [A]), and 0.6 to  0.7 for rigid cylindrical particles 
having r's ranging from 130 to 20 (9). 

Details of Orbit 

I t  has been previously shown (9) that  the spherical elliptical orbit of a 
prolate spheroid predicted by Jeffery (-1) may be transformed to  the form 

191 tan X = tan A,,,. sin 2 d / T  

where t is time, X is the angle between the Z-axis ancl the X-Z projection of 
the major axis of the particle (Fig. I ) ,  ancl A,,, is the maximunl value of X 
achieved in a particular orbit. Equation [9], which clescribes the rocking to 
ancl fro between the angles f h , , ,  of the X-Z projection of the particle, has 
been confirmed experimentally for rigid cylindrical particles (9). 

Tlie variation of X with time of a doublet of touching air bubbles was 
~neasurecl using a goniometric ocular on the xnicroscope in the same manner 
as with cylindrical particles (9). The results, which are shown plotted over a 
half-rotation in Fig. 4, show excellent agree~nent with equation [9]. 

FIG. 4. Variation of the az i~~ lu tha l  angle h (Fig. 1) with time for a semirotation of a doublet 
formed by thecollision of two air bubbles of equal size. The poilits are calcirlated from measured 
values of h and T? and the curve from Jeffcry's equation for a rigid ellipsoid in the form of 
equation [9]. 
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General 
Except ~vhen ul /a2  > 2 ,  when the particles can be seen to be separated a t  

all times, the evidence of true contact between glass spheres from these experi- 
ments and froin the inore detailecl experiments reportecl and disc~issecl previ- 
ously (5) is inconclusive. 

The planetary motion observed ~vhen al /a2  > 2 ,  and ~v l~ i ch  became more 
markecl as the ratio was increased, is complex in nature but may be a inani- 
festation of streamlines around the larger of the two spheres; circular streain- 
lines in the X-Y plane around an isolatecl I-igicl sphere may be expected, but 
the details have not yet been worlted out from theory. No explanation can 
be offered for the "zig-zag" motion. The upwarcl motioil of the smaller sphere 
relative to the larger, which has been shown to occur iildepenclent of the 
direction of rotation of the spheres, is most probably due to differential 
sedimentation, since a clownward sedimentation of the glass spheres in the less 
clense liquid mecli~im is to be expected. 

The coalescence of the air bubbles, while not positive proof of contact, 
suggests an initial approach of the two spheres close enough so that they adhere 
with sufficient force to prevent separation in the mirror-image position 
observed with glass spheres. Owing to the uncertain nature of the long range 
Loncloil - van der \iVaal1s attraction forces, ancl of the electrostatic repulsion 
ancl electroviscous effects existing in thin licluicl films which are revealed in 
the experiments of Derjaguin ( I ) ,  Elton ( 2 ) ,  and others, caution must be 
exercised in interpreting the significailce of the observations on coalescence 
until additional experiments are carried out. 

The formation of air bubble cloublets with complete separation cannot be 
explained although it is possible that it may be related to the planetary motion 
observed in the binary systems of glass spheres. 

Steady State Concentmfion of Doz~blefs  
The persistence of a doublet of neutral rigicl spheres for a finite period 

between collision ancl separation causes a steacly state concentration of 
doublets to be built up when the suspension is stirred, causecl to flow, or other- 
wise subjected to a velocity gr,ldient. At statistical ecluilibrium, the number 
korn~ecl per unit time equals the number which die by separation. T ~ L I S  if F is 
the total number of doublets fonnecl in ~iili t  volume per unit time, and + is 
the mean cloublet life, then the steady state number of cloublets n' per unit 
volume is given by 
[lo1 n' = +F. 

For equal-sized spheres, F = f n / 2  ancl + = a / G  (5). I t  readily follo~vs that  
the volun~e fraction of doublets (c ' )  in the steacly state becomes 

where c is the total volume concentration of singlets. Equation [ l l ]  can be 
valid only a t  low concentrations since the depletion of the system of singlets 
and the formation of triplets, etc., have been ignored. Several values from 
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equation [I l l  are shown in Table VI where it is seen that even a t  low concen- 
trations an appreciable fraction of neutral spheres can exist in doublet form. 

I TABLE VI 
STEADY STATE CONCENTRATION OF DOUBLETS IN A 

SUSPENSION OF NEUTRAL SPHERES 

G ,  volume c', volume % 100 G ' / G  

We wish next to consider the doublet concentration in a binary system 
where al/a2 < 2. Equation [6] gives the collision frequency per particle; the 
collision frequency per unit volume F12 is given by fl27zl. Thus for collisions 
between k different species uniformly dispersed, the total number of two-body 
collisions of all types in unit time and unit volume is given by 

the factor 3 appearing since each collision has been counted twice under the 
summation sign. This reduces to 

I For a binary system, i.e. k = 2, this yields 

the first two terms correspo~lcling to 1-1 and 2-2 collisions respectively, and 
the third to 1-2 collisions. Assuming that the doublet life for unequal spheres 
is the same as that for equal spheres, it follows that the steady state concen- 
tration of doublets is given by 

[Is] c' = 8cl2+8c2" (l+al/a2)3(1 +a23/a13)~1~2. 

I t  is readily shown that c' is a minimum when a1 = a2 ;  it follows thereiore 
that polydispersity may increase the steady concentration of doublets. 

Recently we have shoivn (6) how doublet formation as described above in 
monodisperse and polydisperse suspensions may be used to modify a theoretical 
equation due to Vand (11); this illodification gives good agreement with meas- 
ured values of the relative viscosity of rigid spheres a t  concentrations up to 
18% by volume. 

The  interaction phenomena are of interest in connection with the well- 
linown increase in rate of coagulation of hjxlrosols and aerosols caused by 

1 stirring, turbulent flow, etc. The  theory of this effect, which is based upon the 
1 increase in collision frequency due to velocity gradients (ortholtinetic collisions) 
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MANLEY A S D  BI.ASOS: SHICARED SUSPESSIOXS. 111 773 

over the normal Brownian (perilcinetic) collisio~ls, was first developed by 
S I I IO~UC~O\VS~<~ (8) and has since been extended by Tuorilla ( lo) ,  Muller (7),  
and others. 

\Ve are indebted to A. 1'. .Arlov for the preparation of the photomicrographs 
shown ill Fig. 3. 
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T H E  RECIPROCAL SALT-PAIR SYSTEM: SODIUM CHLORIDE - 
AMMONIUM SULPHITE - SODIUM SULPHITE - AMMONIUM 

CHLORIDE - WATER AT 20°C. AND 60°C. 

PART I. TERNARY SYSTEMS' 

Solubility data ha\-e heen obtained a t  20°C. ancl GO°C. for the follo\\ing 
ternary systems: 

( I )  NaCI-NH.,CI-Hz0 (2) SHnCI-(NFI,!2SO:;-I-I0 
(3) Na9SOa-(SI-II)?SO~-H?O (4) NaC1-Na?S03-I-120 

S o  evidence of the formation of d o ~ ~ b l e  salts or of solid so!utions in the first three 
systerns was obtained. Arn~~ lun ium sulphite monohydrate does not appear to  
tlehydrate a t  60°C. in sol~rtions sat~rrated with socliun~ sulphite or a m m o n i ~ ~ m  
chloride. In the study of the NaCI-XI-1,CI-H?O system, the data agree \\~ith aver- 
age values obtained from the literature and some tliscrepancies in the publishecl 
clata have been noted. In  the NaCI-Sa?SOa-H?O system some anomalous results 
can be explained on the basis of the existence of solid solutions of the hyclrated 
ant1 anhydrous forms of sodi~rm sulphite and sodium s~rlphatc. 

'The ~vorlc described in the present paper and in a following paper \%-as 
carried out for the purpose of obtaining clata necessary for the clevelopment 
of a process for making sodium sulphite ancl ammonium chloride directly 
from sodium chloride, sulphur dioxide, and ammonia. The carrying out of 
such a process industrially requires careful control of liquor compositions in 
order that products of high purity may be obtained. Because the solubility 
data in the literature were insufficient for such control of the proposed process, 
a phase rule study urns made of the reciprocal salt-pair system: NaC1-(SI-11)2 
S0.rNazS03-NH4C1-Ha0, at 20°C. and GO°C., and of the four associatetl 
ternary systems. 

Analytical reagent (A.R.) an~moniun~ sulphite was fouild to contain a 
relatively high percentage of sulphate and its use was abandoned after a 
series of prelimi~lary experiments. Amnlonia and sulphur clioxide gases n-ere 
added in place of solid ammonium sulphite wherever possible. When the solid 
[(NH.+)2S03.IIzO] was needed, it was freshly prepared from the constituent 
gases; the solid, thus prepared, was found to colltain much less sulphate than 
the reagent chemical. Ammonium sulphite was used in some cases in the forin 
of a thicli slurry, in order to avoid the oxidation which occurs during filtering 
and drying oper a t '  1011s. 

Sodium sulphite heptahydrate for the 20°C. work was freshly prepared by 
cooling a saturated solution of anhydrous sodium sulphite. I t ,  also, was used 
in the form of a slurry when it was possible to do so. 

111T~~~llt2~scripL rrcelved J ( ~ n z ~ a r y  17, 1.(/6:7. 
Conlrib1rtio7i fror~z Cc?~Lri1.1 Researcli Laboralory, Canadian Indirstries (1,954) Linzited, dIcA1n.s- 

terville, Q~ccbrc. 
'Present address: C C I ~ ~ L ~ ~ C I ~ L  Tnd7rstries (1.954) Lin f i t ed ,  Na?nil!o7~, Ontario. 
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LABASH A N D  LUSBV: SALT-PAIR SYSTEMS. I 775 

The ammonium chloride, sodium chloride, and anhydrous sodium sulphite 
were of A.R. grade. The  latter contained about 1% of sodium sulphate. 

(2) Procedure 
A constant temperature bath was used, of which the temperature was 

controlled to &O.l°C. For most of the work, solutions were stirred in three- 
necked flasks using glass propeller-type stirrers. In earlier work it was found 
that the sulphate content of the solution increased considerably over a period 
of a few days, particularly a t  60°C. In most of the present work therefore the 
air mas displaced with nitrogen in order to  keep oxidation a t  a minimum. 
I t  was also found that ammonia has quite an appreciable vapor pressure over 
these solutions. Loss of ammonia therefore occurred and this resulted in the 
formation of bisulphite ion. Solutions were analyzed frequently for bisulphite, 
which was then neutralized by the addition of ammonia gas. 

A solution was sampled by allowing salts to settle and then quickly drawing 
a sample up into a pipette. A short length of glass tubing containing a wad of 
absorbent cotton was attached by a rubber tube to the lower end of the pipette 
to prevent any salts being drawl1 up into the pipette. In the case of solutions 
above room temperature the pipette and filter tube were heated. The sample 
was run into a weighing bottle which was then stoppered and weighed. The 
sample was diluted in a volumetric flask and suitable aliquots were talten for 
analysis. 

The procedure used in studying the ternai-). systems consisted in preparing 
a saturated solution of a single salt, to which portioils of the second salt were 
then added, and the solution was stirred in the presence of an excess of the 
first salt. After time was allowed for equilibrium to be reached, the solution 
was analyzed. Additions of the second salt were continued until the composi- 
tion of the solution became constant. When it was desired to determine the 
composition of the solid phase, the "rest" method of Schreinemalters was 
followed. Use was also made of the inicroscope for identification of solids. 

Duplicate analyses were not usually carried out on solutions representing 
points on lines of terilary (or quaternary) systems. The data for solutions a t  
points of intersections of lines (univariant points), however, are averages of 
two or more analyses. 

(3) Analytical lMethods 

(a) Biszrlphite 
Owing to the buffering action of the sulphites, these solutions could not be 

analyzed accurately for bisulphite or free ammonia by a direct titration with 
standard alkali or acid respectively. The sulphite was therefore oxidized to 
sulphate and bisulphite to bisulphate by the addition of neutral hydrogen 
peroxide (A.R.). This oxidation was carried out a t  room temperature because 
the hydrogen peroxide contained a stabilizer which developed acidity in a hot 
solution. The oxidized solution was then titrated with standard alltali in the 
presence of methyl red to determine bisulphite, now in the form of bisulphate. 
Excess ammonia, when present, was titrated with standard acid in the presence 
of phenolphthalein, after oxidation of the sulphite. 
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(b )  Sz~lfihite 
I n  order to minimize oxidation an aliquot was tal;en immediatelj. after 

dilutioll of the sample and was added to AT/10 iodine solution, the excess of 
which was then titrated with N/10 thiosulphate solution ~ ~ s i l i g  starch iildicator. 
The sulphite concentration was calculated in the usual nray ancl a correction 
was made when bisulphite was present. 

( 6 )  Sulfihate 
An aliquot was oxidized with bromine water and the total sulphate mas 

determined gravimetrically as barium sulphate. The actual sulphate content 
of the solution was then determined by subtracting from the total sulphate, 
the sulphate equivalent to the sulphite and bisulphite in the liquor. 

( d )  Chloride 
A fourth aliquot was analyzed for chloride by the standard volu~netric 

method using N/10 silver nitrate in excess ancl back-titrating with N/10 
ammonium thiocyanate, using ferric alum indicator. 

( e )  Amrnon i .~~~  
Ammonium was determined by the method of Ronch6se (ll), which is 

based on the fact that  formaldehyde reacts with the ammonia contained in 
ammonium salts to form hexamethylene tetramine. The liberated acid can 
then be titrated to give a measure of the combined ammonia. Because formal- 
dehyde reacts with sulphites, however, the solution used for the alnmoniunl 
determination was that in which the sulphite had already been oxidized wit11 
iodine as described above ( b ) .  Methyl red was added to this solution a t  the 
end of the thiosulphate back-titration and the acid was exactly neutralized 
with sodium hydroxide solution. An excess of neutral 20% formaldehyde 
solution was added and the solution was heated to about 50°C. for a feu; 
minutes. The acid liberated by  the reaction between ammonia in the ammon- 
ium salts and the formaldehyde was then titrated with standard sodium 
hydroxide solution using phenolphthalein indicator. The sodium hydroxide 
nras standardized by the same procedure using dried A.R. ammonium chloride. 

The neutralization of 20y0 formaldehyde solution was done by taking a 
measured quantity, diluting it with water to about the same extent as in a 
regular analysis, and then titrating it with sodium hydroxide, using phenol- 
phthalein indicator. From the volume of sodium hydroxide used in this 
titration was calculated the amount to be added to the bottle containing the 
20y0 formaldehyde. Alternatively, an electrometric titration was also found 
to be usef~tl i l l  exacll). neutralizing the acidity of the 20% formaldehyde 
solution, which otherlvise is difficult because of buffering action. 

(f) Sodium 
Sodium was deterini~led by the standard method of converting all sodium 

salts to the sulphate, evaporating the solutio~l to dryness, and heating the 
residue to constant weight. 

The accuracy of the analytical lnetllods nias such that duplicat-e alinlyses 
cherl;cd within 2 parts per 1000 in the rase of the sulphite, a m r n o ~ ~ i ~ l m ,  ant1 
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1 1 1  

chloride tleterminations, ant1 within 4 parts per 1000 for sodium ant1 total 
sulphate determinations. 

ESPERIAJILIENTAI, RESUL'TS A N D  DISCI'SSIOS 

( I )  lV1l.I CI-.iVa CI-11,O System 
r.  I he data obtained i11 the present worl; a t  20°C. and (50°C. are presented in 

Tables I and 11. 

T-ABLE I 
SOLGUIL~TT DATA 1 3  THI; SYSTEM: 

NI-I,CI-NaCI-HzO a t  20°C. and 60°C. 

(a) 'l'cmp. 20°C. (bl  Temp. GO°C. 

Compozition of Composition of 
golution, \\eight yo Solid phases solution, weight Yo Solid phases 

- 

NaCl N H ,Cl SaCl  SH,CI 

26 :3G 0 NaCl 0 35 37 .\'H,CI 
23 10 6 32 NnCl 
20 04 8 02 SaCl  
18 30 13.78 NaCl 
17 6G 1 1  79 NaCl 
17 63 14 87 NaCI+NH4CI 13.60 24.70 SH,CI+XaCl 
13 57 17 38 NHICl 
8 41 20 06 NH,Cl 
4 27 24 02 XH4CI 27.03 0 Na Cl 

0 27 2G NHACI 

I I I I I I  

2 0  0  2 0  40 60 8 0  100 120 

T E M P E R A T U R E  'C. 

FIG. 1. Mutual solubilities of sod i~~rn  chloride and ammonium chloride. 
0 @ Published data, averaged where possible. 
a A Published data, differing considerably from average values. Numeral indicates 

literature reference. 
Data obtained in present work. 
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TABLE I1 
SUMMARY OF PUBLISHED SOLUBILITY D.4TA FOR AQUEOUS SOLUTIOSS StITURATED WITH BOTH 

NaCl AND NHICI 

Composition of solutiorl, 
Temp., 'C. weight O/ ,  A~ithors 

NaCl NHJCl 

- 10 19.70 8 .75 Yarlil;ov (14) 

10 20 Ferlotiev i l l  

. . 
10.2 Rivett (9) 
10.22 Sborgi and Franco (10) 
10.08 Yarliliov 

Sborgi and Franco 
Yarli kov 

Fedotiel, 
Mondain-.\iIonval 
Toporescu (12) 

Rengade (7) 
Gerassimov 
Yarlikov 
Present work (Table 1) 

Lauffenburger and Brodsky 
Restaino (8) 
Rivett 
Sborgi and Franc0 

Fedoticx- 

Toporescu 
Yarliliov 

Rivett 

Fedotie~. 

Gerassimov 
Restaino 
Toporesc~~  
Yar1il;ov 

15.7" 
11.96* 
13. GO* 

Rivett 
Zil'berman and Ivanov (15) 
Present work (Tablc I )  

Gerassimov 

Rivett 
Yarlikov 

Restaino 
W~irrnser (13) 

*Not zcsed i?z averagizg the data, and plotted separately in F ~ K .  1 
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I t  was noted that there were quite large differences between the present 
data and those in the literature, for solutioils saturated with both sodium 
and ammonium chlorides a t  60°C. Consideration of these differences led to a 
survey of all the available literature data on the mutual solubilities of these 
two salts. The  original papers, the Iilternational Critical Tables and the 
haildbooks of Seidell and Landolt-Bornstein, were consulted. The  data thus 
found are summarized in Table I1 and plotted in Fig. 1. 111 those cases where 
two or illore sets of data were available a t  a given temperature, the average 
values were plotted. However, data differing coilsiderably from the average 
were not included in the average but were plotted separately. In addition 
to these larger discrepancies which are shown in Fig. 1, several si~laller ones 
are apparent from a study of the data in Table 11. 

An explanation of some of these discrepancies may be that sufficient time 
of agitation was not allowed for equilibrium to be reached. In some cases, 
the explanation may be the occurrence of typographical errors. For example, 
Yarliltov (14) gives the same value for NaCl a t  35°C. and 50°C. The 50°C. 
value is evidently a typographical error as it can be calculated from other 
data which he gives in Table I1 of his paper that the value a t  5OoC. should be 
22.8 instead of 23.9 gm. NaC1/100 gm. of HzO. The 50°C. value of Yarlikov 
(14.48%), given in Table I1 of the present paper was calculated using the value 
of 22.8 gm./100 gm. of HzO. 

Data obtained in the present work a t  20°C. and 60°C. for solutions saturated 
with both salts appear to be in quite good agreement with curves representing 
average values of the published data, as  indicated in Fig. 1. 

(2) !VH4 Cl-(NH4) ?SO3-HzO Sysfenz 
(a) 20°C. Data 
The data are given in Table I11 and Fig. 2. 
Ishiltawa and Muroolta (3) showed that ammonium sulphate does not form 

solid solutions with ammonium sulphite and there is 110 evidence in the 

TABLE 111 
SOLUBILITY DATA I N  THE SYSTEM: 
KH,CI-(SMd) ?SOa-H?O AT 20°C. 

Composition of so lu t io~~ ,  Composition of rest, 
Point in weight % weight yo Solid phases 

Fig. 2 - 
NHICl (NH,)? (NH,)? SI-I,Cl (XI-Id), (NHn)? 

so1 so, so? So ,  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
1.

38
.3

6 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



literature for the existence of solid solutions of ammonium chloride and 
ammonium sulphate. The sulphate content of a given rest could therefore 
only be due to ammonium sulphate in the adhering mother liquor and to 
oxidation of the sulphite by air during filtration. Because the sulphate content 
of the rest was usually much higher than that wrhich could be accouilted for 
by the adhering mother liquor, a correctioil mas made by coilverti~lg the 
a~nrrlo~lium sulphate in the rest to ammonium sulphite and adding this value 
to  the (NHa)?S03 value before the rest composition was plotted in Fig. 2. 

The data i n  Table 111 and Fig. 2 show 110 evidence of double salt or solid 
solution formation between ammonium chloride and ammonium sulphite a t  
20°C. 

FIG. 2. Ammonium chloride - ammonium sulphite - water system a t  20°C. 

Hz0 

NH,CI 

FIG, 3. .4mrnoriiuni chloride - animonil~m sulphite - water system a t  GO°C. 
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( 6 )  60°C. Data 
The data in Table IV and in Fig. 3 show no cviclcnce oi the formation of a 

double salt or of solid solutions of ammonium chloricle and ammonium sulphite 
a t  60°C. The results also i~ltlicate that ammonium sulphite monohydrate 
does not cIehyc11-ate a t  60°C. in solutions containing arnn~oniunl chloride, 
although no rest analyses iirere made to confirm this point. 

The composition ot the solutio11 saturated with both salts is considerably 
different from that fou~ld by Zil'berman and Ivanov (15). 

'T'.-lBLE IV 
SOLCHII~ITY DATA IU T H E  STSTLM: 
NHdCI-(NH,)?SOI-H20 AT GO°C. 

Point in Composition of solution, weight yo Solid phases 
F i g . 5  ---- 

NHaCl (NH,)?S02 (NH4):S01 N H ~ H S O S  NH? 

No,SO3 (~H+),so3 

FIG. 4. SoCli~~lll ~~1lphite-a11lnlo11i~11ll sulphite- water system at 20°C. 
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(3) Na2S03- ( N H 4 )  2S03-TI?0 System 

(a). dO°C. Data 
When portions of each salt were added to a saturated solution of the other 

salt, it was found that the two final compositioils a t  20°C. were not the same 
(Table V and Fig. 4). This result indicates the formation of a new solid phase 
between G and H, but sufficient work was not done to establish its nature. 

TABLE V 

Pvir~t Composition of solution, Composition of rest, 
1 11 weight yo weight yo Solid phases 

Fie.. -L -- a - xa2S03  (NHS1 (NH4)1 Na2SOa (NHI)? (NHdI.1 

SOa SO, SO3 SO, 

H 17.26 25.75 1.30 21.56 41.24 1.95 Undetermined 
17.21 25.70 0.80 42.79 4.82 0.85 Na?S0,.7H?O 

60°C. Data 
Little work was done on this system a t  60°C. and only the data for two 

solutions saturated with both salts are given in Table VI. These solutions 

TABLE VI 

Composition of solutio~l, weight ?& 
Solid phases 

Na2S03 (NHA) ?SO3 Na?SO, NHdHSOn NEla 

(8.35 -15.08) * - - - (NH,) 2S03.H?0,, Na30.1 
7.76 44.7 0.74 0 0 .08  Not deterni~ned 
7.69 45.0 0.71 0.08 0 Not determined 

were obtained by starting with solutions saturated with sodium sulphite and 
with ammonium sulphite respectively, and adding portions of the other salt 
until the compositions became constant. I t  is seen from Table VI that these 
compositions are practically identical, but these data do not show whether 
there is formation of a double salt or a solid solution a t  60°C. or if dehydration 
of ammonium sulphite monohydrate occurs. The data obtained, however, are 
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LABASH AND LUSBY: SALT-P.AIR SYSTKMS. I 783 

in fair agreement with those of Zil'berman and Ivanov (15) for a solution 
saturated with respect to (NH4)20Ss.H?0 and Na.S03. 

(4) N a  Cl-Na2S03-Hz0 System 
( a )  20°C. Data 
The data obtained are given in Table VII and are shown plotted in Fig. 5 .  

Between P and C, the solid phase is NaC1, and between Q and L it is Na?SOa. 
7H20.  The space between L and C indicates the existerice of an ~~ndetermilled 
solid phase. 

NoCl Na2S O3 

FIG. 5. Sodil~m chloride - sodium sulphite - water system at  20°C. 

NaCl Na,SO, 

FIG. 6 .  S o d i ~ ~ m  chloride - sodium sulphite - water sys ten~ at  GO°C. 
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SOI.UI~ILI~I.\' D.\T.\ I S  THE SYSTEM: 
YaC1-Xa2SO3-l-lrO .2.r 20°C. ,tsn AT GO°C. 

Compositio~~ of solutiot~, Compositio~~ of rest, 
I'oin t weight yo \\.eigI~t. yo Solicl pli:~sos 

i n  ------- 
hg~lre NnCl NarSOi Xn.SO., KaC1 Na.SO1 Na,SO: 

.41 20°C. 

Fio. .i . - 
P 26.36 0 - - - S a c 1  

24.22 8.26 0.22 - - NaCl 
C 23.68 4 .35  0.21 65.25 24.28 1.75 U~~deter l~i i~iet l  

Fig. 6 
p 27.03 - - NaCl 

c 25.77 1.89 0.30 71.8 16.02 0.68 r2pparerltly NaC1 +XazSO, 
(24.23 2.36)" NaCl +Na?SOn 

1 25.14 3 . 0 1  0.10 37.58 44.60 1.12 Apparently XaC1+Na2S03 
18.85 5.98 0.93 2.16 88.3 3 .10 Na2S03 
14.03 9.57 0.70 3.34 77.2 2.22 Na?S03 
12.75 10.64 1.05 2.16 83.01 2.66 Na?S03 
11.09 11.46 2.40 2.86 76.50 1.47 Na?S03 
10.88 11.27 1.06 - - - I\TarSOj 
7 .55 15.80 2.04 2.11 72.00 5.40 Na?SO, 
4.45 18.90 1.32 0.99 75.75 3.40 Na?SO:I 
2 .98 21.90 1.02 0.76 78.00 6.21 Sa?SO, 
1.29 22.50 0.05 0.41 76.30 4 .43  Na2SO:j 

( I  0 22.86 0.67 - - - Sa.>SO:, 

( b )  60°C. Data 
Sodium chloride was addecl to a so lu i io~~ saturatecl with sodiuin sulphite 

(q) until a constant composition \vas reachecl a t  I (Table VII and Fig. 6). 
Similarly, when sodium sulphite \vas addecl to  a solutio~l saturated with sodium 
chloride the point c was obtained. The experiment alas repeated several 
times with the same result being obtained each time. That  is, the compositioils 
of the two solutions stopped a t  L and c respectively, solid sodium chloride a t  1, 
and solid sodium sulphite a t  c having little effect on the compositions even 
after several days' stirring. Thus, there appeared to be an undetermined solid 
phase present in this system a t  60°C. as well as a t  20°C. 

The following attempts were made to obtain solutions between c and 2, 
since analysis of the rests from such solutions should give the identity of the 
solid phase in the region between c ancl I .  Portions of a filtered solution a t  2 
were added to three bottles of 150 ml. capacity. T o  each bottle were added 
0.1 gm. of sodium sulphite ancl 1.0 gm. of sodium chloride. Similarly, a solutioll 
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a t  c mas filtered and portions of it were placed in three bottles. To  these were 
added 0.1 gm. of sodiuln chloride and 1, 2 ,  and 3 gm. of sotliuin sulphite 
respectively. These bottles were closed with glass stoppers (greased) and 
rotated, so that the solids fell from top to bottom of each bottle and vice versa, 
during a revolution, for seven ~veeks in a constant te~nperature bath. At the 
end of that time the bottles were reinovctl, and analyses were matle on thc 
solutions and rests. 

The data obtained are given in Table VII I .  I t  \\-ill be noted that the sulphate 
content in solutions cn is very low and is evidently in error. The sodium sulphite 
content in solutions c, c,, c?, illld C ,  shows con~paratively little change except 

S o l ~ ~ t i o n  Sol~rtion, weight % Rest, \\eight % Rel~iarks 
- 

o .  SaCl  Ka?SOj Na?SOI KaCI Na?SOr NavSOl 

c 25.77 1.89 0.30 71.S 16.02 0 .68  
C I -35.20 1 . 7  0.62 1 .70 87.8 4.70 Soll~.  c+O. 1 pln. NaCl ancl 

1 .  0 im. NnuSO:) 
r :  25.25 2.08 0.70 1.66 88.6 3.90 Sol11. c t 0 .  1 em.  NaCl ancl 

2 . 0  grn. Na2SO3 
CR 25.5;i' 2 .51  0.04 11 . 7 i  7 .  3 .25 Sol11. c+O. 1 a m .  NaCl ancl 

3 . 0  gm. Na&O.; 

11 25.03 2.08 0 .  30 66 . O O  18.87 5.96 Solrl. I+O. I gni. Na?SO:; ancl 
1 .0  gln. NaCl 

1. 23. :3G 2.  68 0 . X  - - - Sol~i .  1+0.1 gm. NapSO:; and 
1 . 0  gm. IVaCl 

1; 24.72 3.00 0.56 I .  38.70 4:I(i Sol11. I+O. 1 gni. Na?SOn ancl 
1 . 0  em. NaCl 

in the case of solution cn but even in this case it is still considerably below the 
value for the solution a t  I. Two grams of sodium sulphite would have been 
sufficient, had it all dissolved, to nlove the composition of the solution from 
c to I. In the case of the experiments i l l  which sodium chloride and a small 
proportion of sodiunl sulphite were added to solutions a t  I (Table VIII) ,  
there was no significant decrease in the sulphite content nor increase in the 
chloricle content during seven weeks, for the first and third solutions (I, and 
I,,). In the case of solutioil 12 ,  the decrease in the contents of both sodiunl 
chloride and sodium sulphite ancl the fact that there was insufficient rest for 
ant1 analysis indicate that water lealied into this bottle. 

Because a series of solutions with compositions lying betwccil I ancl c was 
not obtained, the results of these experiments do not indicate the nature of 
the unknomil solid phase. A possible explanation of the results may be the 
formatioil of solid solutions of sodium sulphate in  sodiuin sulphite, as several 
such solid solutions are 1<11olr711. I t  might be, for cxample, that sodiiiin chloride 
is in eqi~ilibriunl with one solid solution of sodiuin sulphate in sodium sulphitc 
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a t  c (60°C. diagram) and with a different solid solution a t  I .  In a secoild paper 
dealing with the quaternary system the nature of the solid phase between 
L and C (20°C. data) and betwee11 I and c (60°C. data) will be discussed 
further. 
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T H E  RECIPROCAL SALT-PAIR SYSTEM : 
SODIUM CHLORIDE - AMMONIUM SULPHITE - SODIUM 

SULPHITE - AMMONIUM CHLORIDE - WATER A T  20°C. AND 60°C. 

P A R T  11: T H E  QUATERNARY SYSTEM1 

ABSTRACT 

In the above quaternary system a t  60°C., besides those representing the four 
salts a t  the corners of the Janecke diagram two other saturation areas were 
found. .4t 20°C. there are three, and possibly more than three additional areas. 
In the course of the present work it was not possible to  establish the nature of 
the  solid phases in these additional areas of the quaternary system. I-Iowe\.er, 
the data  of Lewis and Rivett suggest tha t  a t  least some of these un1;nown areas 
may indicate the presence of different solid solutions of sodium sulphate in 
sodium sulphite. This quaternary system appears to  be a rather complex one 
and much further worl; remains to  be done in order to  complete the 1;nowledge 
of it a t  60°C and 2OoC., particularly a t  the latter temperature. 

INTRODUCTION 

Zil'berman and Ivanov (6) made a study of the reciprocal salt-pair s j~stem: 
KaCI-(NH4)2SO3-Na2SO~NH4Cl-H& a t  60°C. and 85"C., and of the system: 

I 
KaCI-h'H4HS03-NaHS0:-NH4C1-H20 a t  25°C. and 60°C. The ultimate 

I purpose of their work was the same as  that  of the present morlt, namely, the 
I industrial preparation of sodium sulphite and ammonium chloride froin 

sodium chloride, sulphur dioxide, and ammonia. 
The process as developed in this laboratory and used in the plant a t  I-Iamil- 

ton, Ont. (I), consists essentially in adding sulphur dioxide and ammonia gases 
to a nlother liquor containing sodium chloride in suspension, and centrifuging 
off the precipitated sodium sulphite a t  (30°C. The mother liquor is coolecl to  
20°C., the ammonium chloride which crystallizes out is centrifugecl off, and 
the mother liquor is used for the next cycle. 

Such a cyclic process as outlined above is the subject of several German 
patents dating from 1887. Zil'berman ancl Ivanov point out that  these patents 
are very vague in regard to  the details of the process and that they founcl it 
necessary to carry out solubility studies in order to define more precisely the 
operating conditions. I t  was for the same reason that the present work \vc7as 
undert  A 1 ten. 

I n  the previous paper (2) data were given on the four ternarjr systeins 
associated with the reciprocal salt-pair system: NaCl-(NH4)?S03-Na2S03- 
NH4CI-H?O a t  20°C. and (30°C. The present paper contains clata on the 
quaternary system. 

The  experimental methods were essentially the same as those used for the 
ternary systems. 

'~l.lnn14script received Janztary 17 ,  1955. 
Contribz~lion from Centrar! Rcsearclz Laboratory, Cartadiai~ Indzrstries (1954) Liirzitcd, AfcMas-  

teruille, Qwbcc. 
?Present address: Canadian Industries (1.954) Linzited, Hanzilton, Ontario. 
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The presence of sulphate ion as an impurit). presents a difficult). in the 
accurate plotting of the data according to the method of Janecl~e for recipro- 
cal salt-pairs. Because it was usually not lino\vn how the sulphate was distri- 
buted between the ammonium and sodium ions, the ionic ratios of these t\\-o 
ions mere basecl on the total sodium ancl ammo~i iu~n values. 

( I )  60°C. Data 
111 Fig. 1 it u~ill be noted that there are two saturation areas \\There the 

solicl phase has not bee11 iclentified, namely, ( a )  the area between the lines 
rb  and le, and (b) the area between the lines ej and do. 

FIG. I .  Sodi~rm chloride - a m ~ ~ ~ o n i ~ ~ l n  sulphite - soc l i~~m sulpllitc - ammoni~rm chloride - 
water system a t  CiO°C. 

(a) Area between cb ancl le a t  GO°C. 
The  points c and 1 a t  the top of this area have alreadj, been cliscussed under 

the KaC1-Na?S03-H20 system (2). Ammon~um chloride was addecl in  portions 
to a solution a t  c,  in the presence of excess sodium chloride and sodium 
sulphite, and the solution was anal) zed after each addition. In this \\ray several 
points were obtained along the line cb. At b the solids were filtered off and each 
of the three salts sodium chloride, ammonium chloride, a11d sodium sul- 
phitc \\.as added singly, to the filtered solution, which was stirred for several 
hours in each case. S o  change in composition occurred and it ~ I I L I S  seemed 
that the solutio~i a t  b was saturated with these three salts. Points along 
cb were also obtained by adding socliu~n sulphite to solutions plotting to the 
left of cb. 

T o  a solution a t  a ,  in the presence of excess socliurn and ammo~~ium chlorides, 
soclium sulphite was addecl and points were obtained along ab. The composi- 
tion became constant a t  b,  and \vas practically the same as that obtained by 
starting from r (Table I).  

The point e was obtained b ~ .  adding xmmorii~~in chloride to a saturated 
solution of sodium sulphite and then, after the composition had become 
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constant, adding sodium chloride. No change in composition occurred when 
the latter salt was added so the solution a t  e was also apparently saturated 
with the three salts, sodium chloride, ammonium chloride, and sodium sulphite. 
Points along the line le were obtained by adding sodium chloride to solutions 
which plotted to the right of this line. In some cases the composition did not 
stop a t  this line, but moved illto the cbel area. The addition of ammonium 
chloride to a solution on the lower part of the line le always caused the com- 
position to move towards the corner s of the diagram until the line be was 
reached. 

Points on be were also obtained by adding sodium chloride to  solutions 
plotting below be. Once the composition reached a point on be, however, the 
presence of an excess of solid sodium chloride did not cause the composition 
to move towards b. Also, no noticeable change in composition occurred in a 
few hours on adding the three salts sodium chloride, ammonium chloride, 
and sodium sulphite separately to solutioils represented by points on the line 
be. There was no difficulty, however, in moving the composition from b to e 
by adding ammonium sulphite to a filtered solution a t  b. 

(b) Area between e j  and do a t  GO°C. 
When ammonium chloride was added to a saturated sodium sulphite 

solution, the composition moved along the diagonal from p to e ,  where the 
I composition became constant. Similarly, when sodium sulphite was added to a 

saturated ammoilium chloride solution, the composition moved from s to  d. 
The  existence of the two points d and e indicates the presence of another solid 
phase, which could be a double salt or a solid solution. Poi~its d and e were 

I also obtained when these experiments were repeated using solutions which 
I 

were slightly ammoniacal. This was done because the only known double salt 
containing sodium and ammoniuni sulphites has the formula 2Na2S03.(NH4)2 
SaO5.10H2O (4). This double salt was encountered in the present work in 
certain solutions containing bisulphite ion, but it dissolved readily when the 
solution was neutralized with ammonia. The possibility of its formation was 
therefore assumed to have been eliminated by avoiding acidic conditions in 
the above experiments a t  the points d and e ,  and the existence of the area 
between d and e is presumably not due to formation of this double salt. 

Chemical analysis and microscopic examination of the rests indicated the 
presence of sodium chloride, ammonium chloride, and sodiunl sulphite a t  e 
and ammonium chloride and sodium sulphite a t  d. The microscopic technique, 
however, would not have revealed the presence of solid solutions if these had 
differed only slightly in optical propelties from the pure salts. I t  was decided 
to investigate the nature of the unkno~vn solid phase by attempting to  obtain 
points between d and e in the pseudoternary system: NH4Cl-Na?S03-H20 in 
the following manner. 

All solids were filtered from a solution a t  e ,  which was then divided into five 
portions. To each portion (about 150 gm.) was added 0.1 gm. of sodium sulphite 
and 1.0 to 2.5 gm. of ammonium chloride, the latter quantity being more 
than sufficient to move the compositioll to d if i t  dissolved. Similarly, to each 
of five portions of filtered liquor a t  d were added 0.2 gm. of ammonium 
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TABLE I 
RECIPROCAL SALT-PAIR SYSTEM: NaCI-(NH4)2SOrNazS03-NHaCI-H-120 AT 60°C. AND 20°C. 

Colnposition of solution, weight 0/,  
Line Solid phases 

IVaCI NH4CI (NH4)cSOn Na?SO:, Na2S04 NHaHS03 NH3 

Point in Fig. 1 
a - NaCI, NHaCl 

NHdCI, NaZSO,, NaCI* 

NaCI, NazS03* 

NHaCl, NazSOa* 
NHaCI, NazS03, NaCl 

NI-IaCI, Na2S03, NaCI* 

IVHaCI, (IVH~)?SO~.HZO 

NI-ItCI, NaZS03, (NI-14) zSO~.I-IZO" 

NHdCI, NaZS03, (NM4)2S03.Hz0 

NaCl, Na2S03* 

NHaC1, NaZS03* 

NaCI 

NaZS03 

(NHI)zSO~.HZO 

NHaCl 
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AI. 20°C. 

Point in Fig. 2 
A - 17.63 1-1.87 0 0 0 

NHaCI, Na2S03, NaCI* -I 
- Undetermined 

- NH4CI, Na2S03, NaCl* 

NHaC!, (NHJ2S03.HzO 

- Undetermined 

- Undetermined G 
m 
5 

- NaCI, Na2S03.7H20, Na2S03 

- Undetermined 

- NHdC!, Na2S03* 

0 NaCl 

- Na2S03.7HzO 

- (NH~)zSOI.HZO 

-3 
*Apparent solid phases. w 

F 
tZil'beriwan and Iva?tov (6) .  
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chloride and 2 to  6 gm. of sodium sulphite. These solutions and their respective 
solids were placed in bottles and rotated in the constant temperature bath 
a t  60°C. for six to seven weeks. At the end of that tirne the solutions and rests 
were analyzed. 111 all cases except two (dl and d r ) ,  the solution compositions 
were found not to have changed appreciably and the rests, as indicated by 
analysis, were mostly a~nmonium chloride a t  e  and mostly sodium sulphite 
a t  d (Table 11). Because points were not obtained between d and el these 
experiments did not result in the identification of the solid phase betweer? the 
lines e j  and do. 

The areas between b and d ,  and between o and j were not explored; cE and o 
do not represent univariant points but simply the last points dctermined along 
the line do. The line do was explored by adding ammonium sulphite to a liquor 
a t  d. I t  was noticed that  the composition had a tendency to  move across the 
area between e j  and do, so that  when one analysis showed the composition to 
be on do, the analysis after another addition of ammonium sulphite frequently 
showed the composition to be on ej. T o  avoid this difficulty, solutions were 
made up whose compositioils were represented by points below do. On addi- 
tion of anhydrous sodium sulphite in excess, the compositions moved to  points 
on do. 

I t  is interesting to  note that the composition found by Zil'berman and 
Ivanov (6) for the solution saturated with sodium chloride, ammonium 
chloride, and sodium sulphite corresponds with the composition of the solution 
a t  d ,  xvhich in the present work was found to be not saturated with sodium 
chloride (Table I and Fig. 1). This difference may be due to a difference in the 
sulphate content of the two solutions. 

When sodium sulphite was added to a solution a t  f ,  points mere obtained 
along fj, and the composition became constant a t  j .  Ammollium chloride was 
added to a solution a t  g and the composition was followed along gj until j 
was again reached, as indicated in Table I. Analysis of the rest indicated the 
presence of anhydrous sodiulll sulphite, amnloniun~ chloride, and ammonium 
sulphite, but it  was not determined whether the latter was in the form of the 
hydrate or not. 

When ammonium sulphite hydrate was added to a solution a t  e, along with 
excesses of sodium sulphite and ammonium chloride, points were obtained 
along e j  until the solution reached a constant composition. I t  will be seen that  
the final composition j in this case is somewhat different from the other two 
compositions, particularly in respect to  the ammonium chloride value (Table 
I).  This difference may be due to the higher content of sodium sulphate in 
this particular solution. The difference between the composition of the solution 
a t  j, obtained by Zil'berman and Ivanov, and the present values may also be 
due to differences in the sulphate contents. 

(2) 20°C. Data 

The 20°C. data are given in Table I and Fig. 2. 
The  points C and L have already been mentioned in connection with the 

ternary system NaCl-Na2S03-H20 a t  20°C. (2). T o  a solution a t  C in the 
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FIG. 2. Sodiu~n chloride - ammonium sulphite - sodium sulphite - ammonium chloride - 
water system a t  20°C. 

presence of excess sodium chloride and sodium sulphite, portions of ammonium 
chloride were added. Analyses gave solution compositions which plotted 
along the line CB. Finally the point B was reached where the solid phases 
appeared to  be sodium chloride, anhydrous sodium sulphite, and ammo~lium 
chloride. Several points on CB were also obtained by adding anhydrous 
sodium sulphite to solutions to the left of CB in the sodium chloride area. 
Similarly, by adding sodium sulphite to a solution a t  A ,  the composition 
followed the line A B  until it became constant a t  B. Tlle two compositions 
thus obtained agree quite well (Table I). 

Points were obtained along LK by adding sodium chloride to solutioils in 
the sodium sulphite heptahydrate area to the right of LIi. Such solutioils were 
a~lalyzed after each addition of sodium chloride until their con~positions be- 
came constant and remained so for several days. The apparent solid phases 
were sodium chloride and sodium sulphite heptahydrate. 

Several solutions were obtained, which plotted along a line betureen CB 
and LK, and which appeared to be in equilibrium with sodium chloride and 
anhydrous sodium sulphite but sufficient work was not done to establish 
definitely the position of this line. 

The point R was obtained by adding ammoilium chloride in portions to  a 
solution saturated with sodium sulphite heptahydrate (Q). The composition 
of the solution moved along the diagonal QS until it approached Ii, when it 
left the diagonal and became constant a t  I<, where the solid phases appeared 
to be sodium sulpliite heptahydrate, anhydrous sodium sulphite, and sodium 
chloride. After further portions of ammo~iium chloride had been added, the 
composition retur~led to the diagonal and moved to the point N, where the 
solid phases were apparently ammonium chloride and anhydrous sodium 
sulphite. 

Several solutions were obtained which were apparently in equilibrium with 
sodium sulphite heptahydrate and anhydrous sodium sulphite in the region 
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between IC and El  but this area was not studied sufficiently to establish the 
boundary line between the hydrated and anhydrous forms of sodium sulphite. 
The procedure followed in these experiments was to add ammonium chloride 
to  solutions in contact with excess sodium sulphite heptahydrate. The  results 
were inconsistent, possibly because of metastable states of equilibria. KO data 
are given therefore. 

The point I was obtained by adding anhydrous sodium sulphite to a liquor 
a t  F in equilibrium with solid ammonium chloride and ammonium sulphite 
hydrate. The composition became constant a t  I where the solid phases were 
apparently ammonium chloride, anhydrous sodium sulphite, and ammonium 
sulphite monohydrate. Points on the line IG were obtained by adding anhydrous 
sodium sulphite to  solutions whose compositions plotted below IG. 

The point I was apparently reached also by adding ammonium sulphite 
monohydrate to a solution a t  D and following the line DI.  The difference in 
composition between the two solutions a t  I  (Table I )  is possibly due to the 
difference in sulphate content. Several points along B I  were obtained by 
adding anhydrous sodium sulphite to solutions below this line. Solutions 
plotting between B and D usually moved slowly towards BE in'the presence of 
an excess of anhydrous sodium sulphite. In  some cases the compositions 
changed quite quickly on the addition of sodium sulphite, to points between 
D and E.  On the other hand solutions along DI  showed little tendency to 
change even after a week's stirring. 

The  addition of sodium chloride to  solutions along the line BD caused the 
compositions to move immediately to  points on BE.  For example, on taking a 
solution a t  D in contact with excess ammonium chloride and anhyclrous 
sodium sulphite and adding sodium chloride to it, the new composition 
corresponded to E.  The solids were filtered off and the clear solution was 
stirred separately with each of the three salts. No significant change in 
composition was observed, which indicated that the solution a t  E was appar- 
ently saturated with ammonium chloride, sodium chloride, and anhydrous 
sodium sulphite. 

Solutioils along BE behaved similarly to those along be in the (50°C. diagram. 
That  is, the addition of sodium chloride to a solution on BE in the presence 
of excess ammonium chloride and anhydrous sodium sulphite did not have 
any noticeable effect on its composition. On the other hand, ammonium 
sulphite added to solutions along B E  caused their compositions to move along 
B E  to E. 

By adding ammonium sulphite (in the form of ammonia and sulphur 
dioxide gases) to  a solution on NJ, a constant liquor composition was reached 
a t  J. The filtered solution was tested singly with the three salts-anhydrous 
sodium sulphite, ammonium chloride, and ammonium sulphite (added in the 
form of the two gases), but no appreciable change in the liquor composition 
was noted in any case. 

The present data a t  20°C. as plotted in Fig. 2 indicate that there are a t  
least three unltnown saturation areas one of which, within the region of the 
points Ii, IT, G, I, and J may represent solutions in equilibrium with anhydrous 
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sodium sulphite. A possible explanation of the presence of these unli110~11 
saturation areas is discussed below. 

GENERAL DISCUSSION 

111 the 60°C. diagram (Fig. l), the existence of unlcnown saturation areas 
could indicate the presence of double salts 01- solid solutioils of either sodium 
chloride and sodium sulphite or ammo~lium chloride and sodium sulphite. 
I t  would seem more reasonable, however, t o  base an  explanation of the results 
on the formation of solid solutions of sodium sulphite and sodium sulphate. 
(Sulphate was a n  impurity in the present work.) Such solid solutions are well 
known as a result of the ~vorl; of Lewis and Rivett (3, 5). Thus, the line cb 
may represent solutions in equilibrium with sodium chloride and one solid 
solution of sodium sulphate in sodium sulphite, while in the case of the line 
le the solids may  be sodium chloride and a different solid solution. area 
between the lines cb and le (and similarly the area between bdo and ej) ~vould 
then be due to the overlapping of two areas which represent solutions sat~irated 
with respect to  two different solid solutions of sodium sulphate in sodium 
sulphite. I n  a similar manner may be explained the existence of unlcno~vn 
saturation areas in the 20°C. diagram. The  tendency of sodium sulphate and 
sodium sulphite to form metastable solid solutions may explain some appar- 
ently metastable states of equilibrium encountered in the present study. 

The  quaternary system is obviously more complicated a t  60°C. than the 
results of Zil'berman and Ivanov indicate, and it is still more complex a t  20°C. 
I t  is not the intention of the present authors to  continue the study of this 
system of salts b ~ ~ t  it is hoped that  the information presented in these two 
papers will be of assistance to  others in future studies. Much work remains 
to be done on the quaternary system a t  20°C. and 60°C. particularly on the 
identification of the solid phases, and X-ray diffraction techniques should be 
very useful in such studies. Literature data  on the three ternary systems 
containing sulphites are also rather scanty, so that  salt systems containing 
sulphites present a large field for phase rule investigations. 
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ON THE INTERMOLECULAR FORCE FIELD OF NITRIL@S1 

r1BSTR:ICT 

The nature of thc intcrmolccular force lieltl of the nitriles is considerccl on the 
basis of the electron orbital strtrctirre and charge clist~-ibc~tio~~ of the nitrile group. 
The dircctio~lal nature of thc forcc Liclcl is d11e to a well-directed lone pair orbital 
or] the ?j atom, xvliich may bc expcctetl to exhibit strong dotlor properties, and 
two T-orbitals nrhich Inay exhibit weal; donor properties. Accordin~ly with good 
acceptor molecules s~rch as chloroform arlcl hyclrogen chloricle, sirnple I : 1 
molecular addition compouncls should occur. The esiscence of molecular corn- 
plexes of this type mas confirrnecl xvith the aicl of binary freezing-point cliagralns 
which were determined for accto-, propio-, butyro-, and benzo-nitrile with 
chloroform ancl hydrogen chloride. l'hc 1: 1 association complcs was absent, 
however, in  the system acctonitrile-chloroform. This is accor~nted for by the 
strorlgcl- assocratlon occurring in acetonitrile itself, t11e nature of which is clis- 
cussed. The structure of the 1: 1 molecular cornpleses is considered. Additional 
molecular complexes with lon~er nitrile mo!e ratios are indicated in the freczing- 
point diagrams. Of particular interest are thc xvell-defined compouncls appearing 
in the nitrile - hyclrogcn chloritle systems with the composition RCN.5HCI. 
.l'hc possibility that  the sr-orbitals of tile nitrile group rnay function as  donors in  
these compounds is discussed, and a tentative structure is suggested. 

IXTRODUCTIOS 

Because of its highly directional character, the intermolecular force held 
of the niti-ile group is of particular interest. Although the nitriles, as for 
example the allcyl nitriles, RCN, have high dipole moments, the strong 
inolecular association of such molecules cannot in general be attributed priin- 
arily to dipole interaction. The  charge distribution which gives rise to  the 
strongly polar force field is made up of two n-orbitals which are directed a t  
right angles to each other and centered mainly in the region between the C 
and N atoms, ancl of a lone pair orbital centered on the N atom. Thc  latter 
can be represented approximately by a digonally hybridized sp  orbital directed 
along the CN axis, and i t  is accordingly an excellent "donor" (7). Thus  boron 
trifluoride, a typical vacant orbital acceptor, forms stabIe addition compounds 
with nitriles (4) and hydrogen cyanide associates into linear chains by hydrogen 
bonding (1). Because the lone pair orbital on the N atom is directed along the 
molecular axis, it is largely responsible for the high dipole moment of the 
nitrile group. Moreover, because of the greater electronegativity of the N atom 
relative to C, the n-orbitals will be displaced somewhat toward the N atom. 
Accordingly the over-all charge distribution will be such as to make the N 
atom considerably more negative than the C atom, which map be roughly 
represented as follows: 

+ - 
R-C = N- - - 

the dotted line indicating the direction of the lone pair orbital. 

1 Manuscript received Janziary 81, 1955. 
Co?~tribzltio?z from tlze Division of Pare Clzenzistry, National Research Cozincil, Ottawa, Canada, 

and the Deparllnent of Chemistry, University of Manitoba, Winnipeg,  ACanitoba. Issued as 
N.R. C. No. 8562. 

"ummer Research Associate, Division of Pzrre Clrentistry, National Research Co~incil, 1954. 
Preselzt address: Department of Clze.mis&ry, University of Manitoba, Winnipeg,  Manitoba. 
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Molecular association in acetonitrile vapor has been studied by Lambert 
et al. (3). From measurements of the second virial coefficieilt as a function of 
temperature, it was concluded that dimerization occurs, with a heat of dimer- 
ization of approximately 5200 cal./mole. Dimerization was considered to be 
clue to  dipole interaction resulting from a parallel orientation of dipoles as 
shown in (I). This configuration mould, however, appear to be extremely 

unlikel\~, since the mutual repulsions of the high charge densities in the region 
of the CN triple bond xvould make it unfavorable. The  configuration shown 
in I1 in which the N lone pair orbital is directed a t  the C atom of the second 
molecule would appear to  be a more probable one. This structure is closely 
related to  the configuration observed in the crystal of the linear molecule 
dicyanoacetylene (2);  instead of a parallel arrangement of the rod-shaped 
molecules, the structure is an  open one in which the closest approach between 
neighboring molecules is between the N atom of one inolecule and one of the 
innermost C atoms of the second molecule. 

Apart from molecular interactions involving a "donor" action of the N lone 
pair orbital, there is also the possibility of a similar role by the two T-orbitals 
of the CN group. Such interaction to form the so-called T-complexes has 
been observed for the ethylenic and aromatic T-electrons. I t  is very probable, 
however, that  the "donor" action of the T-electrons in the nitrile group is 
much mealcer than that  of the N lone pair orbital and may become significant 
only in the presence of very strong electron acceptors (acids). 

The present ~vorl; was unclerta1:en in order to  obtain a better understanding 
of the nature of the iorce field of the nitriles and their molecular associations. 
I t  was desired to  investigate particularly those molecular associations of the 
nitriles which will lead to definite coinpound formation in the solid, the 
configuration of ~ v l ~ i c h  can later be established by X-ray methods. Accord- 
ingly, the freezing-point diagrams of aceto-, propio-, butyro-, and benzo-nitrile 
with chloroform and with hydrochloric acid have been determined. Both 
chloroforin and hyclrocl~loric acid may be expected to function priinarily only 
as acceptors, and hence if only the I\; lone pair orbital of the nitrile group 
interacts strongly with these reagents, simple I :  I addition compounds may 
be expected to appear in the freezing-point diagram. 

A modified Bec1;mann freezing-point apparatus ~ v a s  used to  obtain cooling 
curves. The  inner glass cell, which contained the mixture being studied, was 
joined to a vacuum system. A glass stirrer into which was sealed a small iron 
slug was moved up and dolvn by mechanically driven magnets. Cooling was 
effected blr conduction to liquid nitrogen and the rate could be altered by 
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changing the pressure in the space between the inner cell and the outer glass 
tube. 

A glass thermocouple well was sealed into the inner cell and temperatures 
were measured using two copper-constantan junctions. The  thermocouple 
voltage (reference junctions in ice) was recorded continuously during cooling 
with a recording potentiometer. A platinum resistance thermometer was used 
to obtain a calibration of the thermocouple-recorder arrangement. 

Colnpositions of the binary liquid mixture were changed by addition of 
one of the components, either from a pipette or by condensation from a 
weighing bulb attached to  the vacuum system. Hydrogen chloride was added 
to the nitrile by condensing it into the cell with liquid nitrogen. The amount 
of gas condensed was obtained by measuring the pressure change in a cali- 
brated volume. Reagent grade chemicals were used throughout without 
further p~rrihcation. Interpretation of cooling. curves was based on the analysis 
by WIair et a/. ( 5 ) .  Temperature measurements mere accurate within f 0.3' C. 

RESULTS 

The  freezing-point diagrams for chloroform with each of the four nitriles 
studied are plotted in Fig. I.. In Fig. 2 the corresponding binary diagramsfor 
hydrogen chlor-icle with each of the three alkyl nitriles are shown. The  melting 
points of the addition compounds appearing in these diagrams are collected 
in Table I .  

1 SYSTEM CHCL.-CH.Ct4 

MOLE % HlTRlLE 

FIG. 1. Freezing-point diagra~ns for sonle nitrile-chloroform systems. 
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MOLE % N I T R I L E  

FIG. 2. Freezing-point diagrams for some nitrile - hydrogen chloridc systems. 
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TABLE I 

~ ' IELTING POISTS OF MOLECULAR ADDlTlOX CO1IPOUXDS 

I I 

DISCUSSION OF RESULTS 

C o ~ n p o ~ ~ n d  h1.p. c.) 
- - 

C2HjCN.CHC13 - 90 5 
CsH7CK.CHC13 -101.5 
C3H7CS.3CHClj ( -  91.5)' 
CoHoCN.CHCI3 (- 67.5)* 

CH jCN.HCI - 63.2 
2CHjCC.3HCl ( -  88)" 
CHjCh .5HCl - 123.6 

The occurrence of intermolecular complexes of both chloroforn~ and hydro- 
gen chloride with the nitriles in a 1:  1 mole ratio had been anticipated. The 
considerations underlying this expectation have been outlined above and the 
results amply confir111 the basic concepts of the nature of the molecular inter- 
action put forward. However, the absence of the 1 :1 complex in thechloroform- 
acetonitrile system was unexpected. The  most probable explanation of this 
anomaly is that  acetonitrile is capable of associating with itself more strongly 
than with chloroform. The nature of the mutual association of acctonitrile 
molecules has already been referred to; i t  does not appear liltely that  this is 
due to dipole association but results from the positive character of the C atom 
of the nitrile group. The latter accordingly acts as an acceptor to the donor 
lone pair orbital on the N atom of a neighboring molecule. In the higher 
nitriles the positive character of the nitrile C atom is less pronounced owing to 
the greater inductive effect of the larger alltyl groups. In these nitriles the C 
atom is now a weaker acceptor than the H atom of the chloroform molecule, 
with which they accordingly form the 1 :  1 compound. 

If the above explanation for the absence of the 1 : 1 compound in the aceto- 
nitrile-cl~loroform system is correct, we may expect that  with a much stronger 
acceptor (acid) than chloroform, such as HCI, the mutual association in aceto- 
nitrile would be disrupted in favor of the more stable addition compound 
CH3CN.HCI. This is confirmed by the freezing-point diagram shown in Fig. 2. 

Since the donor lone pair orbital on the N atom of the nitrile group is 
directed out along the C-N axis the 1:  1 addition compounds of the nitriles 
with chloroform and hydrogen chloride can be assigned the following structures: 

Compound h1.p. (" C.) 
- 

CH,CN.THCI - 125.0 
C?H5CN.I-ICI - 97.2 
2CnHsCN 3HCI (-117)T 
C?HjCN,5HCI - 129 
C3H7CN.HCI - 80.6 
2C7HsCN 3HCI (- 109) * 
C3HjCS.5HCI - 180 

where the dotted line indicates the direction of the lone pair orbital. The 
latter forms a hydrogen bond with the H atom of chloroform and with that  of 
hydrogen chloride. These structures presumably involve a completely linear 
configuration of nuclei" as follows: C-CsN- - -H-C in the first com- 

* T l ~ i s  state?i1e?~t asszrnzes a colli,zear conJigz~ration of t l ~ e  lone pair orbital direction and tlze 
If-X acceptor in the hydroge?~ bond (see Ref. ( 7 ) ) .  
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pound, and C-CGN- - -H-C1 in the second, where in each case the 
first C atom is part of the allcyl group. A determination of the crystal structure 
of these compounds, which may be expected to have a somewhat open struc- 
ture, would therefore be of interest. 

The 1:  1 addition compounds of the nitriles with hydrogen chloride cannot 
be regarded as salts. The low melting point of these coinpounds is not compa- 
tible with such a structure. On the other hand there is some evidence that in 
the presence of moisture the addition compound may slowly change to the 
corresponding salt. Thus if acetonitrile is saturated with hydrogen chloride 
and allowed to stand a t  room temperature in the presence of water vapor, 
white crystals, presumably the salt, are observed to separate from the solution 
after several days. The transition from a molecular addition compound, in 
which the binding forces are primarily the electrostatic forces of a hydrogen 
bond, to that of the corresponding salt may be expected to be favored by the 
presence of a high dielectric medium such as water. Hydrolysis of the nitrile 
under these conditions (room temperature) to the corresponding carboxylic 
acid may however occur to some extent. 

The fact that the nitriles do not readily form salts with hydrogen chloride, 
whereas the corresponding amines do, is of some interest in connection with 
the relative donor properties exhibited by the nitrogen lone pair orbital in 
these two classes of compounds. From considerations of the degree of s p  
hybridization occurring in the N lone pair orbital in amines (or ammonia) and 
in the nitriles, it was previously concluded (7) that the latter should exhibit 
stronger donor properties. This conclusion is, however, not confirmed by the 
present results. An alternative relative measure of donor strength of lone pair 
orbitals is the ionization potential since, for molecules of the type under 
consideration here, ionization involves removal of an electron from the lone 
pair orbital. Hence the lower the ionization potential the stronger should be 
the donor property of the lone pair electrons. The ionization potentials for 
acetonitrile and methylamine are 12.4 ev. and 9.4 ev. respectively (6), which 
thus appear to represent more nearly the relative donor strengths indicated 
by the present experiments. 

Additional molecular compounds other than the 1: 1 compounds also occur 
in some of the freezing-point diagrams a t  lower nitrile concentrations. A 
number of these have incongruent melting points. Thus butyronitrile forms 
an incongruent melting compound with chloroform having the probable 
composition C3H7CN.3CHC13. The three alkyl nitriles studied all form incon- 
gruent melting compouncls with hydrogen chloride with the probable compo- 
sition 2RCN : 3HC1. 

Of particular interest are the well-defined compounds occurring in the 
alkyl nitrile- HC1 systems with the composition RCN: 5HCI (a further 
compound with even lower nitrile concentration appears in the acetonitrile- 
HCI system). From the general shape of the freezing-point diagrams, these 
compounds are evidently much less stable than the corresponding 1: 1 com- 
pounds. Since they appear in all three nitrile systems, the allijil group, R,  is 
not a determining factor, and hence the additional donor "centers" which 
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are evidently brcught into play must be attributed to  the nitrile group. Apart 
from the lone pair orbital on the N atom, the only other possible clonor 
"centers" available are the two a-orbitals of the C-N triple bond. Since these 
orbitals are orthogonal to each other ancl are directed a t  right angles to the 
C-N axis, the configuration shown in Fig. 3 would appear to be the most 

Fig. 3. 

probable structure for the 1: 5 compounds. One HCI molecule is boncled to 
the N lone pair, while four HCI ~nolecules are accommodated in a plane a t  
right angles to the molecular axis. I t  is assumed that each a-orbital can act as 
donor to two HCI molecules which are directed in the plane at an orientation 
of 180". Little is known about the donor properties of a-orbitals, and particu- 
larly about those of the "triple" bond. Ho\\iever, if such donor action, even 
though it is weak, is possible a t  all, one might expect it to be manifest under 
the conditions of the present experiments, that is to say a t  low temperatures 
and in the presence of a strong small-molecule acceptor such as HC1. i\/Ioreover, 
i f  the above-postulated structure is correct one might expect analogous struc- 
tures to occur with hyclrogen chloride and acetylene or its derivatives. This 
possibility is now being investigated. 

We wish to  thanli i\/Ir. Yves Lupien for assistance in some of the experi- 
mental measurements. 
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HYDROGEN PEROXIDE AND ITS ANALOGUES 
VII. CALORIMETRIC PROPERTIES OF THE SYSTEMS 

Hz0 - H?O? AND DzO - D20p1 

BY PAUL A. GIGUBRE, B. G. MORISSETTE?, 
A. W. OLMOS~, AND 0 .  K N O P ~  

ABSTRACT 
The heat of mixing of hydrogen peroxide and water and the  heat of vapor- 

ization of the mixtures were measured over a wide concentration range a t  O0 C. 
with a Bunsen ice calorin~eter and a t  26.V with a diphenyl ether calorimeter. 
The heat capacities of the solutions were determined between these two tempera- 
tr~res. Similar measurements were carried out on the corresponding deuterium 
compounds. The heat of decompositio~l of hydrogen peroxide catalyzed by 
colloidal platinum was also measured a t  2G.D0 as  a function of concentration. 
Correlatioil of all the results leads to the following recommended values for the  
therrnochemical properties of the pure peroxides in the  liquid state a t  25' C. 

1320. n,o, 
Heat of decon~position (kcal./mole) 23.44 i 0.02 23.41 + 0.02 
Heat of vaporizatioll (kcal./mole) 12.34 i 0.03 12.51 i 0.05 
Heat of mixing (cal./mole) 819 i 2 807 IIZ 2 
Heat capacity (cal./deg. mole) 21.35 i 0.05 22.9 + 0.1 
A number of related functions are given for convenience in recalculating these 
quantities to other temperatures. Apart fro111 their practical value the new data 
are of interest in coniiection with molecular association and hydrogen bonds. 

INTRODUCTION 

A previous paper in this series (5) reported measurements of some thermal 
properties of hydrogen peroxide made a t  0' C. in an ice calorimeter. Among 
these were preliminary results on the heat of decomposition of the liquid a t  
various concentrations, which showed serious discrepancies with other pub- 
lished values. In view of the importance of such data in thermochemical 
equations involving hydrogen peroxide it  was felt desirable to repeat the 
measurements using a more reliable technique. I n  order to minimize the 
importance of corrections to 25' C., the standard temperature, an isothermal 
calorimeter worliing with diphenyl ether (m.p. 26.9') mas used as described 
elsewhere (7). This calorimeter also has the advantages of greater sensitivity 
and easier operation than the ice calorimeter. 

Calculation of the heat of formation of gaseous hydrogen peroxide from the 
heat of decomposition of the liquid requires knowledge of the heat of vapor- 
ization. Therefore, this quantity was also ineasured a t  the same temperature 
as a function of concentration. Comparison of the results with those previously 
found a t  0' C. revealed a strong temperature dependence of the heat of mixing 
of hydrogen peroxide and water. As only scanty data on this property were 
available in the literature, the present measurements were extended to include 

'Manz~script  received Jal t~cary 14,  1.9<55. 
Contribution front the Defiartme~zt of Chemistry, Lava1 University, Quebec, Que., with financial 

assistance from the National Research Coz~tzcil of Canada. 
?Holder of a Natio~zal Research C O Z L ~ C Z I  Bursary, 1961-52. 
3Holder of a Scholarship under the Bureau of Sc ie t~ t~ f ic  Research of the Provitice of Qz~ebec, 

1952-54. 
'On leazte of absence fronr the Nova Scotia Tech~rical College, Hali fax,  N . S  
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GIGUERE ET AL.: HYDROGEN PEROXIDE. VII 80s 

direct determinations of the heat of mixing a t  both 0' and 26.9' C. from 99% 
clolvn to fairly low concentrations of peroxide. 

The iinportance o i  these ~neasurements is t\vofold. First, they ~ n a k e  possible 
a more exact correlatio~l between the various sets of therr~~ocher~iical clata ancl 
a more accurate extrapolation to  arrive a t  the properties of pure hydrogen 
peroxicle. Secondly, tile\- provide much-neetlecl experimental material for 
testing the valiclit~. of proposed theories of solutions of non-electrolytes. 
Incleed, the system llydrogen peroxide - water is of special interest in tha t  
connection as  i t  is probably the simplest binary s\.stem \\;it11 extensive h ~ . d m -  
gen bonding. 'The only systematic investigation of sufficient accurac!. t o  
warrant calculation of the relevant therrnoclynamic functions dealt with vapor 
pressure of the rnistul-es (14). Howcvcr, the results hacl to be extrapolateel 
considerably beyond the telnperature range of the measurements. Even i f  the  
present results are only of a modest degree oL precision they are valu~tble in 
that the>- provicle :t dil-ect source of information on the associative properties 
of the system h~rclrogen peroxide -- water. 111 the meantime, the availabilit\- 
of mixtures of deuterium perosicle and heavy water was an incentive to estentl 
the investigation to the isotopic system of compounds. 

THE SYSTEM Hz0 - H?Oz 

S o  far the heat of clecomposition, the latent heat of vaporization, and the 
heat of mixing of mixtures of hydrogen peroxicle and water have been investi- 
gatecl and reported in the literature (cf. (15) Col- a I-eview). Of tllcse quantities 
the last one is by  far the smallest. I t  may be obtained indirectly from the other 
two but the calculations involve differences between two large quantities. T o  
arrive a t  reasonabl)? precise values the heats oi deco~nposition or vaporization 
would have to be measurecl with much greater accuracl. than has been clone 
until no\v. Therefore, it seemed more logical to  determine experimentally the 
heat of mixilia of hydrogen peroxide and watel- ancl then to use the results to 
obtain accurate values of the heats of decomposition ancl vaporization from 
pertinent clata for the pure components. 

T h e  temperature dependence of these quantities coulcl he ascertained eitller 
directly, by measurements a t  two or more different temperatures, or indirectly 
through Kirchhoti's equation. For the latter metllod the heat capacities of 
the solutions are needed, ;uncl since no I-eliable da ta  could be founcl in the 
literature for this quantity,  it was cletel-~ninecl a t  a number of concentrations. 

Heas Capacity 
'The methoel and experimental details were essentially the sallle as  usecl 

previously for measuring the heat capacity of pure licl~~icl ll~rclrogerl per- 
oxide ( 5 ) ,  except t-hat the initial temperature of the sample was 26.9' C. instead 
of 25'. 'The results listed in 'l'ablc I give a n  iclea of the precision of the measure- 
ments. I n  particular, the average oi thl-ee determinations with pure water 
agrees to better than 0.1 % with the accepted values of the meall specilic 
heat c, over the same temperature interval. Extrapoltttion leads to 0.628 cnl.; 
deg. gm. or 21.35 cal./cleg. mole for ~ U I - e  H 2 0 r ,  a value consicleretl fairly 
necur;tte on account of the short estrapolation ancl the practici~lly straight-line 
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806 CANADIAN JOCRNAL OF  CHEMISTRY. VOL. 33 

TABLE I 
ENTHALPY CHAXGES BETlYEEN Oo AND 26.9' OF H20-Hz02 MIXTURES 

Heat effect 
Coiicen tration, Weight of measured, CP, 

100 w ,  solution, cal./gm. cal./deg. gm. 
P"" solution 

FIG. 1. Molar elithalpy changes and average heat capacities bct\\reen 0" aiitl 26 .9"  for 
H?O-H?OI and DzO-DzO? mixtures. 
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relationship in that range. A slightly higher value, 0.632 cal./deg. gm., has 
been reported by Foley and Cigu&re; the discrepancy was traced to a small 
error in the calibration of the mercury thermometer used by these authors. For 
the present work a platinum resistance thermometer (Leeds and Northrup, cer- 
tified a t  the National Bureau of Standards) was employed. 

A plot of the molar enthalpy change of the solutions from 0' to 26.9' C. is 
shown in Fig. 1 as a function both of the weight fraction w, and mole fraction 
N, of hydrogen peroxide. From a large-scale graph sinoothecl values were 
obtained and from these various related properties were clerived for con- 
venience in calculating other thermochemical quantities of the peroxide- 
water mixtures as illustratecl below. These derived functions are defined in 
Table 11 and their numerical values are given in concentration steps of low,. 
For these calculations the following constants were usecl: oxygen, C, = 

6.97; water vapor, C, = 7.98; hydrogen peroxide vapor, C, = 10 cal./deg. 
mole (11). 

SMOOTHED VALUES OF TIIE .IVERAGE HEAT CAPACITIES AND RELATED PROPERTIES 
OF H?O-H?O? MISTURES BETWEEN o0 AND 26.9" 

Concet~tration Cp AmCpD ACprb D,C, B,C, BCP, 
caI./deg. cal./deg. cal./deg. cal./deg. 

100 w, 100 N, mole s o l ~ ~ t i o i ~  mole H?O? nlole solution ~nole Ha02 
- ~- 

0 0 18.06 0 - 8.90 -10.00 O 9.1 
10 5.6 17.87 -0.38 -6.72 - 9.78 0.30 6.92 
20 11.7 17.88 -0.57 - 4.84 - 0.6s 0.50 5.04 
30 18.5 18.04 -0.63 -3.41 - 9.69 0.66 3.57 
40 3G.1 18.27 -0.G5 - 2.50 - 9.77 0.70 2.68 
50 34.6 18.61 -0.59 -1.71 - 9 0.66 1.91 
60 14.3 1!).00 -0.52 -1.18 -10.14 0.60 1.36 
70 55.3 10.48 -0.40 - 0.73 -10.39 0.51 0.92 
80 67.9 1 9  -0.31 -0.46 -10.6j 0.44 0.65 
90 82.7 20.62 -0.16 -0.19 - 0 9  0.32 0.38 

100 100 2 1 . 5  0 0 -11.38 0.19 0.19 

aAmCp = C,(solution)--V,,C,(H.O, 1)-N,C,,(H.O?, I) = lV, AC,. 
"AC, = (1 +n)C,,(solution) -?lC,(I-I?O, I) - C,(H?O?, I). 
CD,,Cp = iV,,C,(H20, g)+N,C,,(FI?O~, g) - C,,(solution). 
dB,,,Cl, = CI,(H?O, I )  +{NpC,,(02, g) - C,(solutioll) = N,,eC,. 
eOC, = (l+~~~)C,isolution) - (I  +?? )c , (H~.o ,  I )  -;C,(O?, g). 

IIent of Mixing 
Previous measuremeilts of this quantity reported in the open literature are, 

in chronological order, those of de Forcrand (3), of Roth, Grau, and NIeichs- 
ner (13), of Evans ancl Uri (A) ,  and of Iiubaschewski and Webcr (10). How- 
ever they covered only a narrow concentration range and the experimental 
conditions were not always fully stated. For the present work two different 
experimental techniques were tried in succession. In the first one (experi- 
menter M.) two small test tubes, one fitting inside the other, were used. The 
inner tube containing the peroxide solution had a very thin bottom so that it 
could easily be broken with a glass rod that also served as a stirrer. I t  was 
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808 CAYADIAN JOURK.\L O F  CHEMISTRY. VOL. 33 

noticed that the thermal lealc was always slightly greater after the mixing 
owing to a slight decomposition of the peroxide by the glass fragments. How- 
ever, the difference mas small (of the order of 0.5 cal./hr.) and the correctiorl 
was applied from the instant of mixing. 

In the second method (experimenter K.),  which was applied only to measure- 
lllents in the diphenyl ether calorimeter, the water was added to the peroxide 
solution in a small test titbe from a long pipette fitted with a rubber bulb. 
Care was taken that  the tip of the pipette did not touch the inside walls of 
the test tube nor the peroxide solution. The tip of the pipette mas formed into 
a thicli-walled capillary and it mas coated ~v i t h  a thin film of Halocarbon 
grease to  reduce the size of the drops and prevent them fro111 creeping LIP the 
outer wall of thc pipette. The  amount of water added mas determined by  
difference weighing. T o  prevent drops of water from falli~lg prelnaturely into 
the peroxide solution the pipette mas warmed a little before it was filled with 
water and weighed. Stirring was achieved b!. means of a small glass-enclosed 
magnet (Alnico alloy) resting in the peroxide solirtion. .L\ similar magnet mas 
placed in the bottom of the calorimeter well and so oriented that  it repelled 
the magnet in the test tube. Raising and lowering the latter proviclcd sufficient 

0 0  
0 0.2 0.4 0.6 0.8 1.0 

IP 

FIG. 2. Heat o l  mixing of Ilydrojien pcrosidc and watcr a t  Oo ; ~ l ~ t l  2(j.!)' C 
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I GIGUERE ET At.: HYDROGEN PEROXIDE. V I I  809 

1 stirring. The  progress of the mixing operation could be followecl visually to  
1 some extent by observing the "schlieren" in the so!ution but  the o111y safe 
1 indication that the mixinn was complete was the thermal leak of the calori- 

meter as shown by the movement of the mercury in the capillary (7). 
A run lasted about two hours including the determination of the heat leak 

of the calorimeter after the reaction. The f inJ  concentration of the solution 
was checliecl by means of the refractive index; the agreement with the calcu- 
latecl con~position was al\vays good. The maximum amount of liquicl that  could 
he accominodated in the test tube was only 3 1111. I;or that reason most of the 

1 determillations \*rere carried out with concentrated solutions of peroxide in 

1 order to have a good precision on the calorimetric measurements. This had the 

I advantage of minimizing the importance of extrapolation to 100% hydrogen 

1 peroxide. On the other hand, it increased the uncertainty a t  low concentrations 
1 because the curve flattens out then (Fig. 2) and the differential heat effect 

becomes progressively smaller. On recalculating to one mole of peroxide the 

I<XFERIMENTAL DATA OX THE HEAT OF MIXING OF HYDROGEN PEROXIDE .4ND WATER 

Concentration, 100 zap LVeight of initial Heat effect Correction -AHmis, -A,,,Hmix, 
solution, measured applied cal./mole cal./mole 

Initial Final gm. cal./moIe IIy02 H?02 solution 

'Observer -16. tObseruer K.  
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experimental error is magnified gradually, so that it is quite large a t  zero 
concentration of peroxide. 

The experimental results given in Table 111 refer to both one mole of per- 
oxide, AH,,, and one mole of solution, A,H,, = N, . AH,,, as  is customary. 
Graphical extrapolation led to 834 cal./mole for the heat of mixing of the pure 
peroxide to infinite dilution a t  26.g°C. and from this, the correction to he 
applied to each determination was computed. The results a t  26.9' were taken 
as the basis of the correlation for the following reasons. They are twice as numer- 
ous as those a t  0' and they were obtained by two different experimenters 
using two different techniques in one of which, a t  least, errors due to decompo- 
sition of the peroxide were successfully eliminated. Then the measurements 
were made a t  a later stage when more experience had been gained. Finally 
the diphenyl ether calorimeter is more than three times as sensitive as the ice 
calorimeter and its performance has also been found to be somewhat more 
regular and reliable. 

A set of smoothed values of the heat of mixing a t  26.9" were obtained by 
interpolation and extrapolation from the composite aggregate. As may be 
seen in Fig. 2 the majority of experimental points fit very closely to the 
smoothed curve. By means of the equations 

[I1 AH,,(TO C.) = AH,i,(26.9' C.) - AC,  . A T  
and 
PI AnlHmI,(TO C.) = AmITm1,(26.9' C . )  - Am,CD . A T ,  

where A T  is the temperature interval from 26.9' and the terms AC,  and A,,,C, 
are taken from Table 11, the smoothed values of the heat of mixing given in 
Table IV were obtained. I t  may be pointed out here that recalculation of the 

TABLE IV 
SMOOTHED VALUES O F  THE HEAT O F  MIXING O F  Hz0 AND H20: AT 0' AND 25O 

Concentration, 
100 w, 

0 
10 
20 
30 
40 
50 
60 
70 
80 
90 

100 

data to 0" C. involves no great uncertainty since it does not require linowledgc 
of the instantaneous values of the heat capacity of the solutions, the enthalp3- 
changes having been measured directly between the two very same tempera- 
tures. The fit of experimental points to the calculated curve a t  0' is not espe- 
cially goocl (Fig. 2) .  In particular it is strange that the two points sho\\~i11g the 
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greatest discrepancy were duplicated closely. X similar situation occurred in 
previous measurements of the heat of decomposition ( 5 )  and must have 
originated in the performance of the ice calorimeter. 

A plot of the heat of mixing per mole of solution shows that the curve for 
26.9" is nearly symmetrical with respect to the axis N = 0.5 (Fig. 4). In fact a 
general second-degree equation derived from all the experimental results in Table 
I11 exhibited no significant departure from a symmetrical form. Considering the 
exceptional nature of the hydrogen peroxide - water mixtures this property 
is interesting. The  dotted line in Figs. 3 and 1 refers to  the equation derived 
by Scatchard, Kavanagh, and Ticlinor (14) froin their vapor pressure measure- 
ments. Their expression 

leads to much too high values, especially for dilute peroxide solutions, but this 
is not surprising as the numerical coefficients were chosen in such a way as 
to give an eq~~a t ion  independent of temperature. These authors felt that the 
accuracy of their lneasurements clid not warrant calculation of the variation 
of the heat of mixing with temperature. The)- pointed out that their e q ~ ~ a t i o n  

-P 
FIG. 3. Comparison of various published data for the heat of mixing of hydrogen peroxide 

and water with the present: ones recalculated to 20° (solid curve). 
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0 

FIG. 4. Heat of mixing, per mole of solution, of hydrogen peroside and water a t  0" and 
2tj.9" C. 

should yield more correct values of the heat of mixing in the temperature range 
of their vapor pressure measurements, namely 60' to  90' C., and this is borne 
out by the trend of the curves in Fig. 3. 

Heat of Vaporization 
Measurements of the heat of vaporization a t  26.9' were carried out as  cie- 

scribed before ( 5 )  and mostly with concentrated solutions in order to  secure 
a reliable value for  the pure peroxide. T h e  quantity obtained by extrapolation, 
12,315 cal./mole, was combined with the heat of mixing t o  obtain the heat of 
vaporization a t  various concentrations. Agreement with the experimental 
results (in Table V) is ver17 good in all cases, the maximum deviation (at 

TABLE V 
HEAT OF VAPORIZATION OF H20-H20? MIXTURES MEASURED AT 26.9' 

Concentration, 
100 w ,  

99.3 
98.4 
57.4 
74.2 
48.1 

4,HVn, (expt.), 
cal./gm. 4,,,Hvnp (espt.) A,H,,, (calc.) 
solutlon kcal./mole solution - 

'Average of three detertninations. 
tAuerage of four deter t n i n c ~ t i o ? ~ ~ .  
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'74.2y0 HH"02) being less than 0.3y0. From these data smoothed values were 
obtained for 0" and 2.5' by means of the equation 

PI A,,II ,.,, (To C . )  = A,,l-l,,,(2G.9° C.)  - D,C,, . AT 

Here again ('Table VI) excellent agreement is found with the quantit?- previ- 
ously I-epol-tecl for pure hydrogen peroxicle a t  0°, 12.59 kcal./mole (5).  

CALCCLATED VAI.UES OF TH1.I IiEAT OF VAPORIZATION 

01: H?O-Ha02 MIXTURES 

A,H,.,,,, kcal./~nole solution 
Concentration, 

100 zu , O0 2.5' 

IIeat of Decomposition 
In view of the difficulties encountered previously with a solicl catallst a 

colloidal solution of platinum was used this time. I t  allows a better control of 
the reaction rate, especially a t  the beginning, and complete clecomposition is 
more easily achieved Any dilution effect of the platinum sol must be entirely 
negligible in the present conclitions. The colloidal suspension was prepared 
after the classical method of Bredig (1) in which an electric arc is strucli be- 
tween platinuln wires immersed in distilled \vatel-. The  circuit conlpl-isecl 
130-volt battery in series with a 90-ohm shunt and a 22-henry inductance. 
Because the latter was too low f o ~  stable performance the arc lasted only 
15-20 sec. a t  a time. The brownish suspe~lsion of platinum was filtered to  
remove all coarse particles and diluted to a suitable concentration. Then it 
was placed in a small pipette closed by a stopcocl< and protected b>- a tiny 
glass tube over the tip to prevent drops of the catalyst from falling prema- 
turely in the peroxide solution. The latter was contained in a small test tube 
in the central well of the calorimeter. Once thermal equilibriunl \\Tas reached 
the pipette was talien out of the protective tube and the colloidal solution was 
aclded dropwise, very slowly a t  first, to secure a reasonable reaction rate. 
Analysis of the residue confirmed that in all cases decomposition \vas complete. 
I n  between runs it was necessary to clean the test tube with aqua regia as 
otherwise the sample of peroxide decomposed spontaneously owing to traces 
of platinum adsorbed on the glass. 

The results of seven determinations (by experimenter i\/l.) are cornpared in 
Table VII with values calculated from the heat of mising and the heat of 
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-ArnHdect 
Concentration, -AHdc,(e~pt.! -Affd , , (~al~. )"  -AHd,,(calc.)t bcal./moie 

100 w ,  l<cal./mole peroxide solutio~l 

22.79 23.44 7.83 
23.05 23.39 13.91 
23.42 23.46 22.77 
23.42 23.43 22.82 

Average 23.44~t0.02 - 

"Of solillio?~ a1 initial co1~cenlral107z zv,,. 
?Of p7ire hydrogen peroxide. 

decomposition of the pure peroxide averaged from extrapolations of each 
experimental result (in the fourth column). The latter quantities agree among 
themselves t o  within A20 cal. except for that a t  74.2% H202 for which the rate 
of reaction was too fast. When the present results are compared with those of 
previous authors (5, 12, 13) the only serious discrepancies arise from some of 
the preliminary measurements of Foley and GiguGre considered doubtful a t  
the time. As was done for the other calori~netric properties sn~oothed values of 
the heat of the chemical reaction 

[ N D  H20?+Nw H20](1) --t H?O(l)+3N, 02( .~)  

were calculatecl for 0" and 25" C. by means of the equations 

[51 AII,,,(TO C.) = A12,,,(26.9" C.) - BC, . AT 
and 
[GI Anllldec(To C.) = A,,,I3deC(26.9" C.) - B,CD . AT; 

these values are shown in Table V I I I .  The quantities thus found for 0" were 
deemed more reliable that an). obtainable from direct determinations with the 

TABLE VIII  
HEAT OF DECO~IPOSITION OF H20-H?02 MIXTURES AT 0' AXD 2s0 

CALCULATED FROM EXPERIMENTAL DATA AT 26.9' 

-AHd,,, kcal./mole H202  -- - A r n H d ,  ,, lical./rnolc solution -- 
Concentration, 

100 w, 0" 25" 0" 25" 
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GIGUERE ET AL.: HYDROGES PEROXIDE. VII  815 

ice calorimeter. As has been remarked before (6) the heat of decomposition 
of pure hydrogen peroxide in the liquid state is practically temperature- 
independent. 

T H E  SYSTEM DzO - DzOr 

The same general pattern was followed in measuri~ig the thermochelnical 
properties of the deuterium compounds except that no determinations of the 
heat of decomposition were carried out because the amount of isotopic ma- 
terial needed would have been prohibitive. Instead, this quantity was calcu- 
lated from the corresponding one for hydrogen peroxide and the zero-point 
energy difference of the two molecules (11). This method (details to be pub- 
lished later) leads, no doubt, to  more reliable results than could be achieved 
experimentally a t  present. On the whole the calorimetric measurements for 
the deuterium system of compounds were fewer and less accurate than for the 
hyclrogen compounds because of the difficulty and cost of preparation of 
deuterium peroxide. In fact .this compound has been available in convenient 
quantities only since the application of the electrodeless discharge method (8). 

TABLE IX 
ENTHALPY CHANGES, BETWEEN Oo AKD 26.g0, OF D20-D?O? MIXTURES 

Heat effect 
Concentration, Weight of measured, c ~ r  

100 w ,  solution, cal./gm. cal/deg. gm. 
g ~ n .  solutioil solution 

0 5.0822 27.33 1.016 
0 5.0822 27.30 

TABLE X 
SMOOTHCD V.\LUCS O F  THE AVBR.ZGB HE4T C l P l C I T I E S  O r  DiO-DIO? MIXTURES 

BETWEEX 0" AND 26.9" 

Concentration, D?O? ~ C P ,  DmCp," 
c P 4 n t C p  a cal./deg. cal. /deg. 

IOOw,, 100N, cal./deg. mole D?O? ~no le  solution 
mole solution 

0 0 20.35 0 -9.00 - 12.22 
10 5.81 20.10 -0 -10 - 6.88 -11 8, 
20 12.10 19.9s -0.67 -5.50 -11.51 
3 0 19.23 20.01 -0.8:3 -4.32 - 11.37 
40 27.02 20.1, -0 88 -3.26 - 11.30 
50 35.71 20.30 -0.87 -2.44 -11.2, 

"."."See Table I 1  for definitions. 
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IIeat Capacity 
Three solutions only \yere measi~red (Table IX) as the highest concentration 

of deuterium perosicle available at  the time \\-as about 75%. Two determina- 
tioris with liquid heav) water (9'3.6y0 D20) gave a value within lYo of that 
estrapolatccl from thc most recent data (2). *As could be expected the experi- 
mental points fall on a curve nearly parallel to that for the hyc11-ogeri co~npounds 
(Fig. 1). This property was relied upon to extrapolate the curve to 100yo D201. 
-4 set of smoothed values of C ,  (Table X)  were obtained from a large-scale plot. . . I he mean heat capacity of heavy water vapor was taken as 8.13 (9), ancl 
that of cleuterium peroxiclc vapor, as 1 1  cal.,'cleg. mole (11). 

IIent o j  ,lIi.~.itig 

The second of the above-described n~ethotls was followed for measuring the 
heat of mixing of r l eu t e r iu~~~  perositle and heavy water at  26.9" C. -4s shown 
in Table XI ant1 Fig. 5 the clata are quite extensive, covering the conlposition 
range from 98.3% D202 (the highest concentration everobtainecl) for the initial 
solution, to 7.1% for the most dilute solution. S~noothed values of the heat of 

"'P 

FIG. 5. Heat of m i ~ i r l g  at 26.9' C. for  tlic s).stem T>20-D202. 
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GIGUERE IST AL.: HYDROGICS PEROXIDE.  VII  817 

C o ~ ~ c c ~ ~ t r a t i o n ,  100 ZLJ,, \\.eight of initial Hcat cltect Correctio~l -I,,,II,,, ,,, 
solution, mcai~~recl applied -MI,,,,. cal./mole 

Initial Final g ~ n  cal./molc I-I!O! solutioi~ 

!)8.:3 81) 8 2.5100 I l(i :l.5 151 123 
96.6 86 2 2.5(38!1 131 (i() 21 1 I64 
97.0 82 :3 2.33050 20fi 4 i 25:i 182 
96.6 7:3 7 1.S48-3 305 (i0 Xi6 222 
$11 0 Mi 8 1.5401 290 140 430 227 
97 0 (54 7 1.5830 407 47 4.54 220 
$11.0 59 1 1 21):<8 :i72 1 4 0  312 228 
91  0 52.0 I .4:<70 -i I 4 140 nnn 208 - - - 

T.-lBLE S I I  

AH,,,i,, cal./mole D202 A,,,H,,,i,, cal./rnole soiutio~i 
Concentration, ---- 

100 w , ,  0" 2.5" 0" 25" 

mixing were calculated as  in the case 01 the hydrogen ~~eroxide  -- water system; 
obviously, the uncertainty of these quantities (Table X I  I )  is greater than tor 
the hydrogen compounds. I t  is interesting to note that  the heat of mixing of 
the DzO - D ? 0 2  s) stem is srnaller than that of the HZ0 - H?02 system contrary 
to the other calorinletric properties. ?'he difference is particularl) m:~rketl for 
the A,&, function (1;ig. 6). The signilicance of this situation will be con- 
sidered later in the light of other associ,~tive properties ol the two binary 
S) stems. 
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0 

FIG. 6. Heat of mixing, per Inole of solution, for D*O-D?O?  mixtures. 

Ien t  of l'aporization 

This quantity was the only one measured both a t  O 0  and 26.9' C. for the 
deuterium compo~~ncls. The latter set of data  (Table XIII) were used for 

IIEAT O F  V:\I'ORIZATIOX O F  D ? O - D 2 0 2  h i IXTURES MEASURED AT o0 AND 26.g0 

A,H,,,(espt.), 
Concentration, cal. /gm . A m ~ v z , p ( e ~ p t . )  AmHv.p(~alc.) 

100 w ,  solution kcal./mole solution 
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GIGUERE ET AL.: HYDROGEN PEROXIDE. VII  

T.4BLE XIV 
SMOOTHED VALUES OF THE HEAT OF VAPORIZATION OF 

DzO-DzO? MIXTURES 

A,H,,,, kcal./mole solution 
Concentration, 

100 w ,  0" 25" 

calculating the smoothecl values a t  0' ancl 25' (Table XIV) from the heat of 
mixing and the heat of vaporization of pure deuterium peroxide found b y  
extrapolation. As in the case of \\rater, isotopic substi t~it ion by deuterium 
raises the heat of vaporization of hyclrogen peroxide, the effect (170 cal./mole) 
being about half of tha t  for water (330 cal./mole). 

CONCLUSIONS 

l'he present thern~ochemical clata for hydrogen peroxide ancl its mixtures 
with water are recommenclecl as superseding previous values because they are 
based on extensive series of calorin~etric measurements closely intercorrelatecl. 
T h e  heat of deconlposition ancl heat of vaporization were determined directly 
on very concentrated solutions in order t o  arrive a t  accurate values of these 
quantities for the pure peroxide. Sumerous determinations of the heat of 
mixing enabled interpolation over the a~hole  concentration range. ITinally, 
froin the heat capacities of the mixtures i t  is possible t o  recalculate the various 
properties with fair accuracy over a moderate temperature interval. Although, 
in general, the caloriinetric measurements were executed in such a way as  t o  
yieltl the maximum of internal consistency, it must he remembered, in using 
the new clata, t h a t  they are  not all 1;nown to  the same degree of accuracy. 

1 s  for the system D?O-D202, the above n~easurements provide us not only 
with the thermoclynan~ic properties of the pure peroxide, but  also with coinpre- 
hensive clata on an isotopic system of compounds, the onl). one, no doubt ,  thus  
investigated so far. I n  a following paper of this series we intend t o  present a 
tliscussion of these two binary systems froin the point of view of the existing 
theories of solutions of non-electrolytes, together with recalculatecl values of 
the excess functions ant1 other associative properties. 
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011 a nlesurk A 0" C. clans Lln calorimPtre ?I glace, e t  k 26.9' clans un calori- 
mPtre A os>.de de ph6nyle les propri6tks thern~ochimiques suivantes de ink- 
langes de peroxyde cl'hydrog@ne et d'eau A cliffkrentes concentrations: chaleur 
spkcificlue, chaleur cle vaporisation, e t  cllaleur de mi:lang-e. Des Inesures 
semblables ont ensuite kt6 elfectukes sur les compos6s isotopiques, peroxyde 
cle deutkrium e t  eau lourde. La chaleur cle d6composition du peroxyde d'hj,dro- 
g&ne catalyske par le platine colloidal a Cti: dkterininke de  nouveau avec prk- 
cision. Par corrklation interne de ces clonn6es on est arrivi- 2 un systPine dc  
fonctions e t  cl'6quations permettant cle calculer les quantitks thermochimiques 
?I toute concentration e t  sur Lin intervalle de  tempi-rature modkr6. 

Outre leur int6ret pratique les nouveaux r6sultats sont importants du point 
cle vue cle la th6orie des solutions cle liquicles associi-s. 
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COMBINATION AND DISPROPORTIONATION O F  ETHYL 
RADICALS: INFLUENCE O F  THE REACTION H+CPHB = CPHG1 

ABSTRACT 
The mercury (3P1) photosensitized hydrogenation of ethylene has been 

studied a t  room temperature as a function of cthylene concentration, mercury 
concentration, and light intensity. In addition to combination and dispropor- 
tionation, ethyl radicals have been shown to take part in the reaction 

H+CzHj = C?Hs  
The conditions favoring this reaction have been established and anomalous 
values previously found for the ratio of ethane to butane have been explained. 
The \~alue obtained for thc ratio of the rate constants for the disproportionation 
and combination of ethyl radicals, O.15f . O l ,  is in excellent agreement with thc 
values obtained by other methods. Hcsane formation is of some importa~lce a t  low 
light intensities and hie11 ethylenc conccntrations, and is adeoaatelv accounted 
for by the reactions 

C?H;+CzH, = C4H9 
CdH9+C?ISj = ceH1.1. 

INTRODUCTION 

I t  is now generally agreed that in systems containing ethyl radicals both 
combination and disproportiollation will take place. From the variety of data 
discussed by Steacie (13) it is clear that in some instances it is not justifiable 

I 

I to equate the ratio of the rate constants for disproportionation and combina- 
tion, k4/k3, to ( C ~ H G ) / ( C ~ H ~ O ) ,  (CPH~)/(C~HIO),  or to i((C?H,) S (C&S)/ 

1 (C4H10) because of the occurrence of secondary reactions which consume 
ethylene or because the products may be formed in some other way. When 
these factors are taken into account both reactions appear to have small or 
negligible activation energies and steric factors not greatly different from 
unity (6). Nevertheless, in the case of the mercury photosensitized hydrogena- 
tion of ethylene there are differences in the apparent value of k4/k3 a t  room 
temperature which are greater than the experimental errors. 

There is little doubt that the basic mechanism of the reaction a t  room 
temperature is the following: 

Hg*+Hz = 2H+Hg [ I ]  
H +CaH4 = C2Hs PI 

2CzH5 = C4H10 PI 
2C2H5 = C?Hs+C?H4. 141 

However, from the amounts of ethane and butane formed Moore and Taylor 
(11) found k4/k3 to be 0.17, while Le Roy and I<ahn (9) found values ranging 
from 0.22 to 0.61. In their recent study of the mercury photosensitized hydro- 
genation of acetylene Cashion and Le Roy (4) found evidence for reactions 
[3] and [4], although the ratio (C~HG)/(C~HIO) varied from 0.77 to 1.25. 

'~ICa~zz~script received January 27, 1955. 
Contribzltion from the Department of Cltetnistry, U?tiversity of Toronto, Toronto, Ontario. 

2Present address: Soiiaerville College, Oxford. 
3Present address: Division of Applied Chefizistry, Natio?tal Research Council, Ottawa, Ontario. 
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The latter authors suggested that in systems containing atomic hydrogen, 
as well as ethyl radicals, "high" values of the ratio might be obtained because 
of the followillg reactions: 

H +CzHj = CeH s* [51 
CzHG* = 2CH3 [GI 

CzHG*+M = C2Hs+M. [71 

This set of reactions was first postulated by Darwent and Steacie (5) in order 
to explain their results on the mercury photosensitized decompositioil of 
ethane. The over-all reaction 

H +C?Hj = CzHG [SI 

would be more likely to occur a t  high pressures, while the over-all reaction 

would be more lilcely to occur a t  low pressures. Nevertheless, even a t  the low 
pressures (ca. 0.5 mm.) used in the Wood-Bonhoeffer discharge method there 
is some evidence that D atoms will add to ethyl radicals by the ailalogue of 
reaction [S] (14, 15). Berlie and Le Roy (2) studied the reaction of H atoms 
with ethane in a manner which made it possible to detect the occurrence of 
reaction [8], and their results indicate that it taltes place to some extent a t  
pressures as low as 5 mm. 

In the present investigation we have been able to show that reaction [8] 
is of considerable importance in the mercury photosensitized hydrogenatioil 
of ethylene a t  room temperature and that when it is taken into account a 
value of k4/k3 may be obtained which is in good agreement with the most 
reliable values obtained by other methods. 

The followiiig local rate equations are obtained for the mechanism con- 
sisting of reactions [I], [2], [3], and [4]: 

[il 
[ii] 

I t  follows that  the ratio of the final concentrations, (C?H6),/(C4H10) ,, should 
be independent of light intensity and the concentrations and equal to k4/k3. 

If reactions [5], [GI,  and [7] are included in the mechanism the local rate 
equations cannot be solved explicitly unless certain approximations are made. 
Most of the present experiments were carried out with total pressures of the 
order of 220 mm., and the carbon balances indicated that reaction [GI was of 
no importance. The net effect of reactions [5] and [7] will be the consumption 
of H atoms and ethyl radicals by reaction [S]. Two limiting conditions then 
arise: ( A )  the rate of reaction [8] is sufficiently small that the relative con- 
centrations of H atoms and ethyl radicals are not appreciably affected by its 
occurrence, and (B) the rate of [8] is sufficiently large that it controls the ethyl 
radical concentration. 

For the limiting condition ( A )  it can be shown that 

[iii] 
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SMITH 12T AL.: ETHYL RADICALS 823 

This equation applies to local rates and cannot be integrated rigorously 
without a knowledge of the spatial distribution of I ,  and of the radical con- 
centrations. I t  is possible to calculate I, as a function of the distance from 
the front window of the cell from a knowledge of the mercury concentration 
and the extinction coefficients for the absorption of 2537 A radiation (which 
vary across the width of the absorption line), but the calculation can only 
be carried out for an assumed form for the emission line from the lamp. 
The rates of diffusion of the various species would also have to be taken into 
account. The spatial integration of [iii] is therefore fraught with a considerable 
amount of difficulty. Nevertheless, if a number of experiments are carried 
out with the same lamp, and using the same mercury concentration, the 
spatial distributio~l of I ,  will remain constant, and under these conditions it 
will probably be justifiable to integrate [iii] with respect to time, viz., 

The quantity I, in this expression will be the effective average value of 
I,. 

The expression analogous to [iv] for the limiting condition (B) is 

If we set (C2H4),/(-A(C2H4)) = U, equation [v] may be written in the more 
convenient form, 

For example, i f  a constant conversion of 50% is used in each experiment 
(a- l+l /3u) will be equal to 7/6. 

EXPERIMENTAL 

A number of exploratory experiments showed that (C2H,)f/(C4Hlo)f 
decreased when either the incident light intensity or the co~lcentration of 
mercury in the cell was reduced. In both cases this would amount to a reduction 
of I ,  which, in its rigorous definition, is the number of quanta absorbed per 
unit volume per unit time a t  a point in the reaction vessel. I t  was also found 
that the ratio of ethane to butane increased when the ethylene co~lcentratiorl 
was decreased a t  constant hydrogen pressure. Previous work had shown 
that below 200°C. the ratio was not sensitive to hydrogen pressure over the 
range from approximately 100 to 300 mm. (9). 

Since the preliminary experinlents appeared to bear out the predictions 
of the theory outlined above, a number of experimerlts were carried out to 
study in detail the effect of incidcnt light intensity, mercury concentration, 
and cthyle~le pressure. I n  addition, some experiments were performed using a 
cell with an optical path length of approximately two millimeters. With such 
a cell the amount of surface exposed to H atoms and ethyl radicals would be 
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approximately doubled and surface reactions, if they occurred, would be 
enhanced. 

All of the experiments were carried out a t  room temperature and all pres- 
sures were corrected to 25OC. Products were fractionated by low temperature 
distillation (8) and the Cs fraction was analyzed for ethylene and ethane by 
the method of Pylre, I<ahn, and Le Roy (12). For the experiments reported 
here the lamps were of the low pressure type with rare gas carrier; for such 
lamps the half-width of the emission line is somewhat greater than for a true 
resonance lamp (10) and the effective reaction zone will penetrate farther into 
the cell. 

E F F E C T  OF I N C I D E K T  LIGHT INTENSITY 

These experiments were carried out in a static system using a 1 liter spherical 
cell with a plane Vicor window. Initial hydrogen pressures were approximately 
180 mm., initial ethylene pressures were approximately 20.5 mm., and the 
average pressure drop was 10.7 mm. The incident light intensity was varied 
simply by  changing the distance between the lamp and the cell; in this way 
the rate of pressure drop was varied from 1.42 X to 163 X 10-3 mm. 
min-I. 

The values of I, were u~lknowil and hence the results could only be expressed 
in relative terms. The inverse square law \vould not be valid for a finite source 
and thus the distances from lamp to cell could not be used to obtain relative 
values of I,. However, since all of the products are saturated -A(C,H4) 
will be equal to - A P ,  and the rate of pressure drop will be equal to the rate 
of consumption of ethylene. The latter is equal to (l+k3/(k3+k4))Ie forthe 
limiting condition (A) ,  and to I, for the limiting condition (B). 

In  Fig. 1 a plot of (CzHs) f / (C4H~~)  against [( - A P)~~%]-'~O~[(C~H~)~/(C~H~),] 
is &own; this corresponds to the use of equation [iv], i.e. to the limiting con- 
dition (A). I t  is seen that as I ,  approaches zero (C2H6)I/(C4H10)f becomes 
linear in I>. The intercept a t  I, = 0 is 0.145, in good agreement with the values 

FIG. 1. Test of equation [iv] for variations in incident light intensity. 
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of k.,/k3 obtailled a t  rooin temperature by other methods (vide Table I). 
The decrease in slope which sets in a t  high light intensities (large values of the 
abscissa) is not predicted by the present mechailism; the curvature in Fig. 1 
is opposite to  that  predicted on the assumption that the limiting condition 
(B) obtains a t  high light intensities. Because of the assumptions involved in 
the spatial integration of I, this is not surprising. However, regardless of 
detailed mechanisms, it is obvious that reaction [S] should become negligible 
a t  low light intensities and that under these conditions (C2H,)j/(C4H,o)j 
should approach k4/k3. 

EFFECT OF MERCURY CONCENTRATION 

Even though we do not linow the spatial distribution of I, it is clear that a 
reduction in the mercury concentration in the cell will cause a decrease in the 
number of quanta absorbed in unit time in any unit volume. According to the 
present mechanism this should cause a decrease in (CPHG) j/(CkH10) j. number 
of experiments were performed with a circulating system in which the gases 
were passed through a trap containing mercury a t  temperatures ranging 
from 27°C. to  - 12°C. before entering the cell. In each case hydrogen pressures 
of approxinlately 220 mm. and ethylene pressures of approximately 17.5 
mm. were used. The pressure decreases were not kept as close to 50% of the 
initial ethylene pressure as in the other experiments and ranged from 5.7 to 
14 mm. The incident light intensity was kept constant by fixing the position 
of the lamp with respect to  the cell window. As shown in Fig. 2, the ratio 

FIG. 2. Influence of the lnerctlry concentration in the cell 011 the ethane/butane ratio. 

(C2H6)j/(C4H10)j decreases as the mercury concentration is lowered, in 
agreement with the predictions of the present mechanism. I t  would be expected, 
of course, to  approach a constant value, k4/k3, as I e  tends toward zero. 

EFFECT OF OPTICAL PATH LENGTH 

Since, in a mercury photosensitization experiment, most of the light is 
absorbed very close t o  the entrance window, an increase in the ratio of the 
surface to  the effective volume of the reaction zone can best be accomplished 
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by using a cell with a short optical path. The cell was constructed by blo~ving 
a bulb in the middle of a piece of quartz tubing and then heating and suc1;ing 
in one side to form a concave cell with more or less parallel sides approxi~nately 
two millimeters apart. The side arms of the cell were painted black. 

A series of three experiments using this cell and four with a cell having an 
optical path length of about 10 cm. were made using a circulati~lg system. 
The same distance between lamp and cell was used in each case. Initial 
hydrogen pressures were approximately 205 mm.; initial ethylene pressures 
were approximately 17.5 mm. With the small cell (C2H6)j/(C4H1~)j was 
0.22g&.006; wit11 the large cell it was 0.227&.00i. I t  would therefore appear 
that surface reactions, if they do occur, have no influence on this ratio. 

EFFECT OF ETHYLENE COXCENTRATION 

A series of experiments was performed in which the initial ethylene pressure 
was varied from 0.75 mm. to 17.9 mm. using a constant hydrogen pressure of 
approximately 218 inm. To  provide sufficient products for analysis a t  the 
lower ethylene pressures a circulating system containing a buffer volume was 
used. The average fraction of ethylene consumed in any experiment was 
0.52s.05. The results are plotted in Fig. 3 according to  equation [iv]. The 

FIG. 3. Influence of ethylene concentration on the ethane/butane ratio. Since approximately 
50% of the initial ethylene was used in each experiment, the abscissae are, roughly, O.B/(CYH.,)O. 

value of I, should be constant for the series, a t  least to a first approximation, 
since both the position of the lamp and the mercury concentration in the cell 
were fixed. The range of values of (C2H6)j/(C4H10)j shown in this figure is 
greater than any obtained previously by the method of mercury photosensiti- 
zation and illustrates the important effect of ethylene concentration. 

The  value of k4/k3 obtained from the intercept of Fig. 3 isapproximately 
0.16. Accepting this value, it follows that  for initial ethylene pressures of the 
order of I mm., and with the light intensities used in these experiments, 
approximately four times as much ethane is produced by reaction [8] as  by 
reaction [4]. 
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Fig. 3 shows an  appreciable curvature up\vards a t  low ethylene pressures 
(large values of the abscissa). Such a curvature would be expected if the 
limiting condition (B) were to come into play. However, it is believed that a t  
least part of this curvature is due to the fact that the rate of circulation of 
the gases becomes important a t  low ethylene co~~cen t r a t io~~s .  

The circulating pump used had a displaceme~lt of 30 ~ m . ~  min-l. At high 
ethylene pressures this would be sufficient to ensure that the partial pressure 
of ethylene in the gas leaving the cell would not be nluch less than in the gas en- 
tering the cell.But a t  low ethylene pressures most of the ethylene entering the cell 
would be consumed. Because these experiments were of short duration much 
of the gas never left the buffer volume and as a result, although o i~ly  approxi- 
mately of the total ethylene was consumed a considerably larger figure 
would apply to the gas which actually passed through the cell. If this effect 
could be allonred for the points for low ethylene pressures in Fig. 3 would be 
moved to the right, thus prolo~lging the range of linearity of the curve. 

HEXANE FORMATION 

At low light intensities, particularly a t  the higher ethylene concentrations, 
low temperature distillation indicated a product having a vapor pressure in 
the hexane range. Under the most favorable conditions for its formation i t  
amounted to only 2.1% of the saturated products. I t s  vapor pressure was 
determined in the range -52' to -72' using the low temperature still (8) 
and the values agreed within a range of approximately 5°C. with those 
calculated for n-hexane from the data of International Critical Tables; 
the thermocouple used had not been calibrated. The vapor pressure a t  27OC., 
determined as the condensation pressure in a McLeod gauge, was 155 mm., 
compared to 163 mm. calculated for n-hexane. 

The most probable method of formation of n-hexane is by the sequence 

The conditions which were found to be the most favorable for the formation of 
hexane are the least favorable for the occurrence of reaction [8] and hence 
it is unliltely that any hexane would be formed by the addition of H atoms to  
hexyl radicals. 

For the limiting condition ( A ) ,  

[vii] 

I t  was pointed out previously that the rate of pressure drop should be pro- 
portional to the effective average value of I,, and hence, to a first approxima- 
tion, (C6H14)f/(C4H10)1 should be directly proportioilal to (CzH,),/(-AP/ 
at).'. The data plotted in Fig. 4 show that  this is approximately true. Because 
of the small amounts involved, hexane could not be measured with very 
great accuracy. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
1.

38
.3

6 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C.IS.IDI.IS JOLRK.4L OF CI-IEMlbTKY. VOL. 33 

., FIG. 4. Correlation of herane formation with equation [vii]. The effective average value of 
10 is assumed to be proportional to the rate of pressure drop. 

DISCUSSION 

From the present data the most   rob able value of k4/k3 is 0.15f.01. This 
is in good agreement with most of the recent work based on other methods, 
as shown in Table I. 

VALUES OF kl/ka OBTAINED BY DIFFERENT METHODS 
(lioom temperature) - - 

Method k . l / k ~  Ref. 

Photolysis of diethyl mercury 0.35 
Photolysis of propionaldchyde 0.1 

(6) 

Photolysis of diethyl ketone 0.12 ZIZ .02 
(3) 

Photulysis of 2,2',4,4' tetradeuterodiethyl 
(7) 

ketone 0 .1  
Photolysis of azoethane 

(16) 
0.13 * .02 

This research 0.15 & .Ol 
(1) 

The discrepancies among the values of the ratio ( C ~ H G ) ~ / ( C ~ H I O ) ~  obtained 
by the method of mercury photosensitization can now be understood. Moore 
and Taylor (11) used an initial ethylene pressure of 40 mm. and their value 
of 0.17 would therefore be expected to  be only slightly larger than k4/k3. 
Le Roy and Kahn (9), using the full intensity of the lamp and an initial 
ethylene pressure of 13.3 mm., obtained 0.61 and 0.44 for the ratio; from 
the pressure drops they observed the final pressures of ethylene would be 
approximately 1.0 and 1.3 mm., respectively. Using a lower light intensity, 
initial ethylene pressures of 15.7 mm., and final ethylene pressures of 5.3 and 
5.9 mm., they obtained 0.22 and 0.28 for the ratio. Their results are therefore 
not out of line with those obtained in the present investigatio11. 
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Cashion and Le Roy (4) fouild ethane and butane to be important products 
in the mercury photosensitized hydl-ogcnation of acetylene and attributed 
their origin to ethyl radicals procluced in the reactioils 

However, since they found the ethane/butane ratio to be in the range 0.77 
to 1.25 they coi~cl~idecl that ethane must be formed in some reaction in addition 
to [ill, namely [B]. An examinatioll of their results shov~s that for coilditions 
in which [12] would be negligible compared to [2] (i.e. (Hz) -) 0 ,  their Fig. 2) 
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tion in this case would have been zero a t  the beginning of the experiment aiid 
about 0.2 mm. a t  the end. The large valucs of the ratio obtained by them 
can be adequately explained in terms of the present mechanism.They mere 
reluctant to attribute ethane/butane ratios of almost ten times the accepted 
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reaction 

CzHs t C2Ha = CzHsf CZH?. [I31 
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THE RELATIVE ABUNDANCES OF NEODYMIUM AND SAMARIUM 
ISOTOPES IN THE THERMAL NEUTRON FISSION 

OF UY3.5 AND UY33 1 

ABSTRACT 

The relative fission yields of neodymium and samarium isotopes have been 
measured with a mass spectrometer for samples of natural urani~rm and U233 that  
had been irradiated with moderated neutrons. The cross sections for neutron 
capt~lre by S111~.~~ and SIII'~' have been determined to be GG,200+2500 barns and 
12,000 barns respectively, relative to  the cross section of a BIO monitor. The 
half-lives of P ~ n l . ' ~  and Srnl5' have been evaluated to be 2.52f 0.08 yr. an?-93 yr., 
respectively, from satnarium fission yield data for samples differing In age by 
seven years. 

INTRODUCTION 

Inghram, Hayden, and Hess (5) have reported a mass spectrometric deter- 
mination of the relative abundances of rare earth isotopes separated from 
fission products in uranium fuel rods. The values obtained were considered to 
represent relative fission yields of U235, although the previously accepted 
mass-yield curve (9) for the thermal neutron fission of U235 was considerably 
different in this mass region. Inghram et al. pointed out, however, that the 
mass spectrometric values represent yields for the neutron energy distribution 
found in thick uranium slugs and do not necessarily correspond to those for 
the thermal neutron fission of U2". Likewise, the various pile neutron capture 
cross sections reported by Inghram et al. need not be applicable for a thermal 
neutron energy distribution. 

This paper reports the mass spectrometric determination of the relative 
yields of neodymium and samarium isotopes for the thermal neutron fission of 
U235 and U?33. The amount of neutron capture by Sm14%and Sm151 was large in 
a sample of uranium for which the integrated neutron flux was monitored 
with BF3. From the observed ratios of the samarium isotopes in this sample, 
the measured fission yields of samarium isotopes, and the change in the 
B1O/B" ratio for the BF3, the neutron capture cross sections of Smlag and Sm151 
relative to that of BIO were obtained. Since the relative abundances of the 
samarium isotopes were measured a t  different times after irradiation for 
the various samples, i t  was possible to evaluate the half-lives of Sm151 and 
Pm147. 

EXPERIMENTAL 

For the study of the fission yields for U23j, four samples of normal uranium 
metal were irradiated in the NRX reactor a t  Challc River and one a t  Oak 
Ridge. A 50 mgm. sample of U03, in which the uranium content was 14.4 
atom % U233, 0.6 atom % U2", and 85.0 atom % was irradiated in the 

lA[anzlscriPt received January 17, 1955. 
Contribntion from the Departnlent of Chemistry, Hamilton College, ?Ilcillaster University, 

Hamilton, Ontario. 
2Holder of a Researclt Council of Ontario scholarship, 1953-54. 
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TABLE I 

Sample Forrn Reactor Neutron flux, II,:Qdnys t.,t daqs 
1t/cr11.?/sec. 

il Uranium metal NIIX, Chalk 
20 grii. River 

thermal column 5 . 0  X 101° 81 618 
B Urani~~l i i  rnctal Xl iX,  Challc 

1.0: gm. Rivcr 7 . 0  X lo1? 31 
C Uranium mctal Oak Ridge 0.0  X 10" 18 

30 gm. 
D Urarli~~rn rnctal NRX, Chalk 

3.0 grii. liiver 2.30 X lo'? 36 
E 50 niem. UOz N R S .  Chall; 

-- 

* T i m e  of i rmdia t~ol t .  
t T i ~ n c  fmtn begi1~ni71g of irradiatiolz 2~1ztil tinle of cl~enzical separatio~t and al~alysis  by Illass 

spectrometer. 

NRX reactor for the study of U?33 fission. The irradiation data are summarized 
in Table I .  In no case was the integrated flux greater than 2 X 101%zeutro~zs/ 
cm.5 and hence P~'~"id not contribute more than O.lyo to the fission products 
of either UZ3%r UJ33. In  sample D, the contribution from fast neutron fission 
of U238 was estimated from pile data to be 2.5y0; it was probably comparable 
in samples B and C. Sample A ,  which was irradiated in a thermal column, had 
essentially no U238 fission. Unfortunately, in the case of sample A ,  the time 
of irradiatio~z was divided into three periods so that the time between periods 
could not be neglected. Since several determinations of fission yields were 
made for sample A a t  widely different times, and since there are three corres- 
ponding values of tz for each of these determinations, the value of t2 tabulated 
for sample A is only an approximate average. 

The uranium, after dissolution in nitric acid, was separated from the fission 
products either by ion exchange or by precipitation from solution a t  pH 7 
with hydrogen peroxide. The ion exchange method permitted a separation of 
the neodymium from the samarium and other fission products, whereas the 
peroxide precipitation method did not. I t  was found, however, that separation 
of the rare earths prior to mass spectrometric analysis was not necessary. 
The peroxide precipitation method was preferred since a much higher chemical 
yield of neodymium and samarium could be obtained. 

The mass spectrometer that was used was a 90" sector instrument with 
magnetic scanning and a hot filament ion source (2). When a platinum-plated 
tungsten filament was used, neodymium and samarium samples of 0.01 pgm. 
were adequate. The neodymium yields were measured from the NclO+ ion 
spectrum a t  a relatively low filament temperature; the samarium was measured 
from the Sm+ ion spectrum which occurred only a t  a higher filament tempera- 
ture. The SmO+ ions also appeared a t  this higher temperature and were used 
for the determination of the Sm152/Sm154 ratio since a Lao+ peak a t  mass 155 
tended to interfere with the Sm154 metal ion peak when the fission products 
were not separated from each other. Since, in each case, only mass spectra of 
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the expected fission isotopes were observed, and since no changes in the ratios 
were observed with time, it was assumed that no other elements co~ltributed 
to the mass spectrum of either the s a m a r i ~ ~ m  or the ileodymium. 

RESUL7'S 

The  relative abundances of the samarium isotopes obtained from the 
thermal neutron fission in four samples of normal uranium and one sample 
of uranium coiltaiiliilg 14.4y0 Ua3 are given in Table 11. The  fissioil samarium 

TABLE I1 
THE RELATIVE ABUE;DA?ICES OF NEODYXIIUM ,ZSD S , \ ~ X A R I U ~ I  ISOTOPES IX TEE THERMAL XEUTROX 

FISSION OF U 2 3 " 4 ~ ~  U233 

I 

Sample 1 Relative abundances of isotopes 
- 

Neodymiz~nz isotopes for U23jfissio?t 

Nd1I3 Nd'l' Ncll'j Nd"" Nd1'8 N ~ U O  I_---- -- -- 

A Observed 1,000 (0.713) 0.663 0.502 0.280 0.109 
Relative yield 1.000 (0.912) 0.663 0.502 0.280 0.109 

B Observed 1.000 0.723 0.665 0.506 0.282 0.112 
Relative yield 1.000 0.943 0.665 0.506 0.282 0.112 

C Observed 1.000 0.923 0.666 0.507 0.282 0.110 
Relative yield 1.000 0.923 0.666 0.507 0.282 0.110 

Average 1.000 0.930 0.665 0.505 0.281 0.110 
S.D. +0.012 +0.001 &0.002 ~0.001 2t0.002 

D Observed 
Relative yield 

Inghram et al. 1 1000 0.860 0.670 0.520 0.304 0.122 

Sa?nariz~m isotopes for U235 fission 

1 S1111.17 Sn1149 Sm150 Sm161 SI1115? Sm154 

1.000 0.820 O.GG5 0.504 0.280 0.110 
1.000 0.923 0.665 0.504 0.280 0.110 

C Observed 1.864 0.979 0.021 0.374 0.251 0.068 
Relative yield 1 2.10 1.000 0.000 0.398 0.251 0.068 

A Observed 
Relative yield 

D Observed 1.025 0.797 0.203 0.373 0.267 0.068 
Relative yield 1 2.10 1.000 0.000 0.398 0.251 0.068 

0.724 0.987 0.013 0.393 0.250 0.068 
(2.05) 1.000 0.000 0.398 0.250 0.068 

Average 
S.D. 

Inghram et al. 1 1.96 1.000 0.000 0.405 0.254 0.083 

Sa?nariunz isotopes for U233fission 

Sm141 S r n 1 4 p m ~ 6 c  S&I Sn,15Z Sllllj" 

Neodynzitr?n isotopes fnr U233fission 

E Observed 0.846 0.405 0.595 0.327 0.373 0.061 
Relative yield 1 2.81 1.000 0.000 0.422 0.278 0.061 

E Observed 
Relative vield 

hTd143 hTdl44 Nd145 Nd116 Nd148 Ndl50 

1.000 0.543 0.587 0.441 0.224 0.089 
1.000 0.579 0.587 0.451 0.224 0.089 
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abundances reported as the observed values have been corrected for contami- 
nation by natural samarium. The contamination corrections, which were 
about two to three per cent of the total samarium present, were based on the 
natural abundances of the samarium isotopes and the measurement of the 
Sm1.ls which is not formed in fission. In order to obtain the relative cumulative 
fission yields shown in Table TI, it was necessary to take into account several 
ltnown iluclear processes which occur i11 the various fission chains which 
form samarium isotopes. The equations relating the observed ratios to the 
cumulative fission yields of the samarium isotopes have been given by Inghram 
et al. (5). 

Since beta decay in the mass 150 chain from fission terminates a t  Nd150, 
the observed Sm1jo is the result of neutron capture by Sm149. The total relative 
yield for the mass 149 chain was obtained by direct addition of the Sm149 
and Smljo abundances. The ratio of the observed Sm14g to Sm150 is given by 
equation [I]. 

where N149/Nlj0 = the observed ratio of Sm14Qo Sm1jo, 
6 2 ~ " ~  = the neutron capture cross section for Sin149, 

$ = the neutron flux, 
tl = the time of irradiation. 

For samples A and C, the amount of Sml4+apture was small and the flux 
could be estimated only froin pile operation data. For sample D, however, 
there was a large amount of Sm150 formed, and the flux was accurately deter- 
mined from the change in the B1O/B1l ratio in a sample of BFa that was irrad- 
iated simultaneously. The ratio of the BlO/B" ratio before irradiation to the 
BIO/Bll ratio after irradiation was found to be 1.029dC0.001. The valueof 
5~lO$t~, where 5u10 is the neutroil absorption cross section for BIO, was calculated 
to be 0.0286&0.0010 assuming that  all of the change in the ratio of the boron 
isotopes was due to the BlO(?z, a)Li7 reaction. From the observed ratio N149/ 
N160 for sample D, a value of 0.472dC0.007 was calculated with equation [ l ]  
for 62u149$tl. Thus, the ratio G ? ~ " g / 5 ~ 1 0  is 16.5&0.6 a t  a n  estimated neutron 
temperature of 57OC. This ratio corresponds to a neutron capture cross section 
of 66,200dC2500 barns if a value of 755 barns (1) is usecl for the neutron capture 
cross section of natural boron and 18.83% (4) is used for the natural abundailce 
of B'O. 

The fission yield of Sm15' relative to that of Sn1l4"s given by equation [2] 
as a function of the observed samarium ratios and the time. 

where N151/(N149+N150) = the ratio of Smljl to Sm149 plus Sm160 observed a t  
time tp, 

fisl/f149 = the ratio of the cumulative yields of mass chains 
151 and 149, 
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6?X151 = the decay constant of Sml5I, 
C ~ U ' ~ ~  = the neutron capture cross section for Sm151, 

+ = the neutron flux, 
tl = the time of irradiation, 
t2 = the time from the beginning of irradiation until the 

time of chemical separation and isotopic analysis. 
If the time of irradiation is short compared to the time of the analysis, and 
if t l  is small compared to the half-life of Sm151, equation [2] reduces to equation 
PI. 

In  the case of samples A and C, the contribution to mass 150 resulting from 
neutron capture by Srnl4"s only 1 to 2y0, and, therefore, neutron capture by 
Sm151 will be negligible provided its cross section is less than that  of Sm149. 
Thus, for samples A and C, equation [3] reduces to equation [4]. 

The observed relative yield a t  mass 152 is given by equation [5], and its 
simplified forms, comparable to equations [3] and [4], are given by equations 
[6] and [7]. 

Thus, for samples A and C, the observed Sm1j2 ratios are the actual relative 
fission yields as  shown by equatio~i [7]. The yield of Sm151 for these samples, 
however, is dependent on the half-life of Sm151 as shown by equation [a]. 
From the observed ratios for these two samples, it was possible to solve this 
equation for both fl51/fl49 and 62Xl5l .  For sample A ,  the uncertainty of the 
value of t2 in this calculation is not significant. The value obtained for fl51/fl49 

is 0.398 and for 62X151 is 0.00747 yr.-I which corresponds to a half-life of 
93 yr. 

The yields of Srn151 and Sm15? for sample D have been set equal to the values 
obtained from samples A and C. For sample D, 62(r151r#dl may then be calculated 
from either the observed ratio Sm1"/(Sm'49+Sm150) and equation [3], or the 
observed ratio Sm15?/(Sm14g+Sm150) and equation [6]. These equations give 
values of 0.090 and 0.080, respectively, for 62(r151+tl. From the value of 5 ~ ' ~ + t l ,  

the cross section of natural boron, and the natural abundance of Bl0 given 
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MELAIKA ET AL.: NEODYMIUM A N D  S..ZIMARIUM ISOTOPES 835 

above, values of 12,500 and 11,200 barns are obtained for the neutron capture 
cross section of Smljl. 

The amount of Smlai7 relative to the amount of Srnl4"pls Sm1jo is given by 
equation [8]. 

where 62X"7 = the decay constant of Pmld7. 
In equation [8], there are two unknowns, 61X147 and f147/fi49, and these can 

be evaluated using the observed data from samples C and D if it is assumed 
that f147/f149 is the same for both samples. A value of 0.275~t0.007 yr.-I was 
obtained for 01X1" which correspo~lds to a half-life of 2 . 52 f  0.08 yr. The ratio, 
f147/f141), was found to be 2.104Z0.04. The  limits of error assigned to the above 
values are obtained only from the standard deviatioils of the mass spectrometric 
results for samples C and D. Data for sample A were not used for this cal- 
culation because of the uncertainty introduced by the three-period irradiation. 

Since the samarium yields were determined for only one set of irradiation 
co~lditio~ls with U233, the relative fission yields could not be obtained in the 
same manner as  above for Ua5. In this case, it was necessary to assume a 
smooth fission mass-yield curve, which gave 0.422 for the ratio flsl/fl49 and 
0.278 for the ratio f15?/f149. 

For this U233 sample, neutron capture by Sm14%as considerable, and equa- 
tion [I] was used to solve for G2~'4g4tl. A value of 2 .194~ 0.09 was obtained. 
Also, equation 131 may be used to solve for 62a1514tl if the value of 0.422, 
interpolated from a smooth yield-mass curve, is taken for the relative yield of 
mass chain 151 to 149. A value of 0.229 is obtained for 62a151/62~1"? If a value 
of 66,200 barns is taken for the value of 62a149, then a value of 15,200 barns is 
is obtained for 62~151.  

The results for the relative abu~lda~lces of the neodymium isotopes in the 
fission of U235 and LT"3 have been given in Table 11. The abundances reported 
as the observed values have already been corrected for contamination by a 
small amount of natural neodymium. The  contamination corrections, which 
were about 0.5y0 of the total neodymium present, were based on the natural 
abu~ldances of the neodymium isotopes and the measurement of NdM" which 
is not formed in fission. The relative fission yields take into account the amount 
of 282-day Ce which had not decayed to NdM4 a t  the time of analysis. The 
Ce14' correction for sample C was negligible. 

DISCUSSION 

Table I1 shows that the relative fission yields of the neodymium and 
samarium isotopes resulting from the thermal neutron fission of U235 decrease 
more rapidly with increasing mass than the yields obtained by Inghram et al. 
(5). The difference (e.g. 11% a t  mass 150) appears to be real since the precision 
of either set of data is better than one per cent. This may be the result of 
different neutron energy distributions, since the fission products analyzed 
by Inghram et al. were obtained from a fuel rod where a large fraction of the 
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neutrons would have energies of several NIev., whereas in the present work 
neutron energies were essentially thermal. When fission is induced by particles 
of very high energy, it is well kuown that the fission yield curve tends to  
become more symmetrical. Some evidence of this change has been shown to 
occur even with fast (fissioil) neutroils. For example, in the case of P~1!3~, 
the relative yield of masses 153/140 was found to be 0.074 for thermal neutrons, 
whereas the same relative yield was 0.096 for fast (fission) neutrons (12). 
Whereas the neutron energy may account lor the greater part of the difference 
between the relative yields reported by Inghram et al. and those obtained in 
this work, it is also necessary to consider that fission products contributed by 
the fast neutron fission of U'" aand to a snlaller extent from the thermal 
neutron fission of P~'~%rnay have influenced the values obtained by Inghram 
et ad. 

Apart from the general increase in the slope of the mass-yield curve, the 
preseilt results indicate that the yield of mass 144 is about 7% greater than 
the value obtained by Inghrarn et al, and hence could not fall on a smooth 
curve such as Inghram et al. have drawn. The apparently high yield a t  mass 
144 may be talcen as evidence for the fine structure predicted for this mass 
by Pappas (8). 

Table I1 also shows the relative fission yields of the ~leodymiurn and 
samarium isotopes resulting from the thermal neutron fission of U233. These 
relative yields are probably accurate to within one per cent except a t  mass 154 
where a combination of a low yield and a comparable contamination correctio~l 
make this particular yield uncertain. 

A further correction must be made for the contributioi~ to the fission pro- 
ducts from the 0.6 atom % U3"jresellt in the sample. The largest correctioil 
would occur a t  Ndljo where the relative yield would be reduced by about 
one per cent if i t  is assumed that the cross section for the formation of the 
neodymium isotopes is approximately the same for U233 a i d  V23"s~ion. 
Comparison of the relative yields of neodymium and samarium for U'33 with 
those for U235 show that the former decrease more rapidly with illcrease in 
mass of the fission product. By radiochen~ical methods, Steinberg et al. (13) 
have obtained yields a t  masses 1-14 (3.4y0) and 153 (0.078y0) while Grummitt 
and Williinson (3) have obtained yielcls a t  masses 114 (2.27") and 147 (O.GY0) 
for thermal neutron fission in Although the agreement between these 
groups a t  mass 144 is poor, the relative values obtained by each group coilfirm 
the steeper slope of the U233 mass-yield curve when compared to the 
mass-yield curve given by Coryell and Sugarman (10). 

The value of the half-life of Pml" found in this work is 2.52h0.08 yr. which 
is longer than the value of 2.26 yr. obtained by Inghram et al. (5). The 2.52 yr. 
value, however, is based on relative abundances measured a t  different times 
rather than an assumed yield as was used by Inghram et al. The value of 
2.52+0.08 yr. compares favorably with the value of 2.6s0.2 yr. obtained by 
a counting-rate decay method (1 I ) .  

The half-life of Sm151 based on changes in the relative abundances of Sn1151 
in fission products differing in age by about seven years is found to  be 93 yr. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
1.

38
.3

6 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Wlzereas no limit has been set on the accuracy of this value it is considered 
ill reasonable agreement with n value of 73::; yr. found by Ihrralter et al. 
(6) from the change in Sm'jl abundaitces over a 3.8 yr. period. 

The 66,200f 2500 barn value obtaiiled for the neutroll capture cross section 
of Sml.iVs based on a 755 barn cross section for natural boron. Nuclear Data 
(7) have reported a value of 65,000 barns for the cross section of S~n'~%averaged 
for a mi~x~vellian distribution of neutron energies a t  a tempera t~~re  of 20.4"C. 
A value of 47,000 barns for pile i~eutrons has beell reported by Inghram et  al. 
(5). This value, however, is not strictly comparable to the other values without 
more specific information about the ~leutron energies. A cross section of 12,000 
barns has bee11 fouilcl for Snzl"' relative to a 755 barn cross section for natural 
boro~i. I t  is difficult to set a limit of accuracy 011 this value since the observed 
changes i n  the isotopic abutldalices from which this value was calculated 
were small. The value of 15,200 barns obtainecl from the U?3Uata  is based 011 

assumed fission yields and hence has unltnown reliability. Inghram et al. ( 5 )  
have obtained a cross section of 7200 barns for the pile neutron cross sectioil 
of Sm151 based on assumed fissioil yields for U"". 

Absolute fission yielcls may be obtained from the relative thermal rzeutrolz 
fission yields of the U'35 arid U?33 whelt suitable normalization values are 
obtained either by raclioche~nical or isotope dilutioil methods. 
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CATALYSIS ON FILMS O F  ARSENIC, ANTIMONY, 
AND GERMANIUM1 

.%rsenic, antimony, and germanium films laid down on glass surfaces by 
decomposition of the hydrides have been studied from the standpoint of reaction 
kinetics in three sets of reactions: the decompositio~l of hydrides atid deuterides, 
the interaction of hydrides ancl molecular deuterium, and the eschange reaction 
of hydrogen and deuterium. Only in the first of these have the surfaces marl;ed 
catalytic activity. 'The orders of reaction and the activation energies have bee11 
cletermi~ied. The accelerated catalytic influence of foreign elemerits, notably 
antimony in arsine decomposition, has been established. The results obtained 
contrast strikingly with the properties of clean filaments and evaporated films 
among the transition elemeiits. The results e~nphasize the basic importance of 
chcmical factors and de-emphasize the importance of surface cleanliness as a 
controlling factor ill problems of chemisorption and surface catalysis. 

I t  is a pleasant opportunity to outline, in tribute to a lifetime devotcd to 
acacleiuic teaching ancl research by Professor Otto Maass in physical chemistry, 
some results in an area of physical chemical investigatioil which, while remote 
from the area which Professor Maass has so diligently ancl successfully 
cultivated, nevertheless has been contemporaneous with that work and has 
brought to the writer a large measure of the salne satisfactions which research 
ancl tlie educational effort bring. 

It  is proposetl to present a sumlnal-y of some results recently obtained in 
the PI-inceton label-atories by a group of postcloctoral stuclelits and concernecl 
with the catalytic properties of arsenic, antimony, ancl germanium films laic1 
cIo~~~\ln on glass surfaces by tlie clecomposition of the corresponding liydricles 
a t  appropriate temperatures. The clepositecl films act catalytically in the 
decomposition of the hydrides. Comparative experiments can also be per- 
forniecl on the decomposition of the dcutericles. I t  has also been possi1,ie to 
study the interactions of the liydricles and cleutel-ides among themselves ancl 
with molecular hydrogen and deuterium. The exchange reaction between 
hydrogen ancl deuterium on the several surfaces Iias also been esaminecl. 
The results have a clefinite bearing on the properties of evaporated metal 
films \vhicli have been intensively studied i l l  recent years in elucidation of the 
catalytic properties of technical metal catalysts. 

Researches by Roberts (3) on the chemisorption of gases on clean flashed 
tungsten filaments and by Beeck (1) on tlie adsorption of gases on clean 
evaporatetl films of a variety of nlctals including niclcel, iron, tungsten, 
rhoclium, and platinum hacl emphasized that the activation energy of chenli- 
sorption of hydrogen on such clean surfaces was negligible, since i t  was 
demonstrably occurring a t  temperatures in the neighborhood of liquid hydro- 
gen. Such observations gave rise to  a very prevalent generalization that if 

' J l u n ~ ~ ~ c r z p t  receiocd Jr~?~zinry 26, 1,955. 
Contribirtion fiorii the F r ~ c k  Clzc~nicc~l Labornlory, Princc~totr Uniuertity, Princrtoit, New Jersry, 

U.S.A. 
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T-AYLOR: CATALYSIS 839 

the metal surfaces were clean the chemisorption of gases might occur without 
any activation energy. The determination of activation energies of chemi- 
sorption of hydrogen on a variety of technical catalysts led to  the view that 
the cause of the activation energy might lie in the impurities present on the 
surfaces of all technical catalysts. 

Such a point of view tended to obscure an obvious fact in the science of 
catalysis, namely, the very specific activity of particular elements in bringing 
about catalytic change. The examples of such specificity which could be quoted 
are legion. I t  may suffice, however, to recall that  whereas iron and osmium 
surfaces are excellent catalysts in the synthesis of ammonia, nickel, and 
platinum are obviously inferior. Since all of these metals readily chemisorb 
hydrogen even down to quite low temperatures, the differences between 
them in respect to ammonia synthesis would seem to lie in the capacity of these 
surfaces to chemisorb nitrogen. 

Quite recently Trapnell (5) published some comparative data on the 
interaction of nitrogen, hydrogen, carbon n~onoxide, ethylene, acetylene, and 
oxygen with clean evaporated films of some twenty metals between 0 and 
- 183°C. Oxygen chemisorption is universal among the metals studied save 
in the case of gold. Chemisorption of both nitrogen and hydrogen is limited to  
transition metals, W, Ta ,  Mo, Ti, Zr, Fe, and alkaline earth metals such as 
Ca and Ba. The metals Xi, Pd, Rh, P t ,  Cu, Al, K,  Zn, Cd, In, Sn, Pb, Ag, 
ancl Au do not chemisorb nitrogen in this temperature range but Xi, Pd, Rh, 
and P t  chemisorb hydrogen. Chemisorption of carbon monoxide, ethylene, 
and acetylene occurs on the metals which chemisorb both nitrogen and 
hydrogen and in addition to these Al, Cu, ancl Au. The metals Zn,  Cd, In, 
Sn, Pb, ant1 Ag do not chemisorb carbon monoxide, ethylene, and acetylene. 
I t  is the particular virtue of this study with clean evaporated films that it 
emphasizes the necessity for activation energy of chemisorption even 011 

clean surfaces. 
Dr. NI. Boudart in Princeton pointed out that  it was possible to expand the 

area of our knowledge of the chemisorption of h>.drogen by a stucly of the 
productioll of films of arsenic, antimony, and germanium by decomposition 
of the respective hydrides and that  the nature of the isotopic hydrogen 
produced by decomposition of mixtures of hydrides and deuterides of these 
elements would give clues with respect to the interaction between hl-drogen 
and such surfaces. Further, the constant deposition of fresh elemental product 
of the reaction, As, Sb, or Ge, on the surface ensured a continuous cleanliness 
of the surface provided the purity of the original hydrides mas secured. A 
series of researches dealing with these topics is now in process O F  publication. 
r .  I he present occasion permits a summar). survey O F  the results obtained. 

Antimony Sz~rfaces 

Dr. I<. Tamaru has stuclied the clecomposition of stibine by a static method 
in the temperature range of 10 to 45°C. The rate is dependent only on the 
stibine pressure and indepenclent of the hydrogen pressure. The order of 
reaction in stibine is unity a t  4.iQC. and clecreases with decreasing temperature 
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reaching 0.75 a t  10°C. At 40 cm.-Hg stibine pressure the activation energy 
of the reaction is 8.8 kcal./mole, with lower values a t  lower pressures. The 
rate of decomposition of deuterostibine is slightly lowel- thail that for stibine 
under similar conditions. 

A feature common to all three surfaces can now be indicated. Stibine 
decompositioil in presence of deuterium a t  25°C. did not produce ally hydrogen 
deuteride which shows that  no exchange reaction between hydrogen and 
deuterium occurs a t  that temperature on the antimony surface. Decomposi- 
tion of a mixture of stibine and deuterostibinc produced a large proportion of 
hydrogen deuteride. 

Stibine decomposes very slowly on the glass surface of a clean vessel but as 
antimony is deposited on the glass the rate accclcrates until alter 200 cm.-Hg 
of stibine have been decomposed the rate becomes reproducible. When a 
small amount of oxygen is introduced into the stibine there is a small accelera- 
tion in reaction rate but  very considerably less than that  to be noted sub- 
sequently in the decomposition of germane. 

The  evidence indicates that  a t  the higher temperature limit of 45°C. in the 
measurements the chemisorption of stibine on the surface deterrni~les the rate 
of reaction. the temperature is,lowered the desorption of hydrogen, resulting 
from the decomposition of the stibine, from the antimony surface becomes 
slow enough to be comparable with the chemisorption process. The order of 
the reaction decreases and a t  sufficiently low temperatures where desorption 
of hydrogen became determinant the order would be zero. The data indicate 
a transition over the temperature range employed between the two kinds of 
rate process. 

Arsenic Surfaces 

The decomposition of arsine can be studied only in a much higher tempera- 
ture range, between 218 and 278°C. Dr. Tamaru overcame a difficulty which 
had prevented good kinetic measurements by van't Hoff and Kooj (2) and by 
Stoclc and co-workers (4). This difficulty lay in the inability to form a coherent 
arsenic film on the surface of glass. Tamaru solved this problem by first laying 
down on the glass surface a coherent film of antimony on which by sul~sequent 
decomposition of arsine a coherent film of arsenic was formed. These experi- 
ments demonstrated that  arsine decomposes slowly on glass even a t  350°C. 
but decomposes more rapidly on antimony surfaces than it does on arsenic 
surfaces. On the antimony surface the original rate of arsine decomposition is 
relatively rapid, the rate decreasing as the antimony becomes coverecl with 
arsenic, constant rates of decomposition being secured after some ten experi- 
ments, this rate being assumed to be characteristic of a coherent arsenic 
film. In such a manner the kinetics and the activation energy of arsine decom- 
position on such arsenic films have been successfully obtained. We hope 
to  be able to characterize the surfaces by electron diffraction studies. 

The reaction is first order with respect to  arsine and independent of hydrogen 
concentration. The apparent activation energy on arsenic s~~r faces  is 23.2 
bcal./mole. In the decomposition of a mixture of arsine and deuteroarsine a t  
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25j°C. intermolec~~lar exchange occurs as revealed by infrared spectroscopy. 
The decomposition product contains a high percentage of 11)drogen deuteride. 
U'hen arsine is decomposed with molecular deuterium at this temperature no 
hydrogen deuteride is found, indicating no exchange between hydrogen and 
deuterium on the arsenic surface. Analysis of the experimental data indicates 
that  the chemisorptio~l of arsiile is the rate determining step on arsenic 
surfaces. 

Germanium Surfaces 
Dr. P. J .  Fensham who initiated this whole experimental program found 

that the decomposition of germane and deuterogermane on gern~ailiuin films 
did not differ significantly in velocity. He demoilstrated that  the product 
from the decompositiori of inixtures of germane and deuterogermane contained 
considerable amounts of hydrogen deuteride in the product hydrogen. On the 
other hand, germane-deuterium mixtures and molecular hydrogeii - deuter- 
ium mixtures contained minimal amounts of hydrogen deuteride after reaction. 

Dr. Tamaru examined the kinetics of the decomposition in greater detail 
and succeeded in showing that a zero order surface-catalyzed deconlposition 
of germane occurs simulta~leously with a first-order homogeneous decomposi- 
tion i l l  the gas phase in the temperature range 230 to 330°C. The kinetic 
expression in cylindrical vessels with surface to volume ratios from 1 to  7.5 
cm.-I was expressible by an equation 

lvl~ere v is the observed velocity, ko  and kl the zero and first order constants 
respectively. For the two reactions the activation energies were 41.2 ancl 51.4 
kcal./mole respectively. By filling the reaction vessel with glass wool arid thus 
enhancing the zero order reaction some 30-fold the surface zero order reaction 
became dominant and the first order reaction negligible. Even in the unpaclted 
cylinclrical vessels the ratios of k o  to k l$  were such that  below 10 cm. morliing 
pressure of germane the reaction was Itinetically closely zero order. 

The surface reaction evidently occurs on a surface practically covered 
with cheinisorbed GeH, radicals and adsorbed hydrogen atoms, the evapora- 
tion of which in the steady state determines the rate of the surface reaction. 
That  Fensham did not observe marked hydrogen deuteride formation in his 
experiments with germane-deuterium mixtures means either that his surface 
reaction was dominant in his experimental conditions over the holnogeneous 
reaction or that this latter, if it were occurring, proceeds via GeHz+Hz 
rather than via GeH3+H. The presence of H atoms in the latter type of 
tlecomposition would ensure considerable formation of hydrogen deuteride 
via the homogeneous chain-reaction exchange process H + D 2  = H D + D ,  
followed by D + H 2  = HD+H.  

Some interesting added facts emerged from the kinetic measurements. 
.%-sine decomposes very slowly on germanium surfaces a t  302OC., much more 
slowly than on ailtimon~, and arsenic surfaces. Nevertheless, in presence of 
minor a~nounts  of arsine the rate of decomposition of germane is measurably 
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accelerated. Apparently, the deposition of As atoms in the germanium surface 
enhances the catalytic activity for germane decomposition. 

i\/Iuch more striking effects resulted from the introduction of small amounts 
of oxygen into the germane. Rapid reaction between the two gases occurs. 
The decomposition of residual germane on the oxygen-contaminated germane 
surface was markedly greater than on a pure germanium surface. Further, 
the accelerating influence persists through successive runs with pure germane. 
This indicates that the oxygen impurity retains its position and effect in the 
germanium surface in spite ol further deposition of germanium in the decompo- 
sition process. The accelerating action of oxygen contamillation in the ger- 
manium surface contrasts strilcingly with the pronounced inhibitory effects of 
o x ~ ~ g e n  contamination on iron-synthetic ammonia catalysts. 

DISCUSSION 

The obvious conclusion from these researches is that while clean arsenic, 
antimony, and germanium surfaces activate the S-H bond in the several 
hydrides they none have any marked activation efficiency with respect to the 
H-H bonds i n  the temperature range 10 to 330°C. I t  follo~vs that chemistry 
is involved in the process of cl~emisorpt io~~ and that cleanliness of the elemental 
surface cannot substitute for the chemical factors involved. The influence 
of arsenic and oxygen impurities in the hydride decomposition processes on 
these surfaces is additional evidence in the same direction. I t  is expected that 
further studies, now in progress, will correlate these catalytic data with the 
growing body of data on the solid state physics of germanium. 

The experience gained in the present studies mal<es it possible to approach 
the general problem of chemisorption of gases on these surfaces. Such work is 
in progress and will permit a correlatiou with the data that are being accumu- 
lated on the adsorption of gases on single crystals, notabls- of germanium, of 
such importance in the modern use of transistors. 

i\ly thanks are due to Dl-s. Boudart, Fensham, and Tamaru for permissiol~ 
to ~nalce use of the data that are in process of detailed publication elsewhere. 
These postdoctoral workers have been assisted either by the fellowship 
provided to Princeton University by the Shell Fellowship ('omnittee of the 
Shell Companies Foundation, Inc . ,  of Kew Yorli C i t l ,  or by a research project 
sponsored by the Office of Naval Research, NGonr-27018 011 Solid State 
Properties and Catalytic Activity. T o  both these sources of support I wish to 
express the indebtedness of Princeton Universit!. for their generous assistance. 
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PRELIMINARY STUDY OF PHOTOCHEMICAL BEHAVIOR IN THE 
SYSTEM NITROGEN DIOXIDE - ETHANE1 

ABSTRACT 

Thc addition of ethane to nitrogen dioxide either during csposurc to  radiation 
transmitted by Pyrex, or afterwards, reduces the amount of oxygcn fortned. 
At room temperature this is apparently due to  the effectiveness of ethane in 
prorrloting the reverse reactio~l of nitric oxide and osygcn to form nitrogen 
dioside. At temperatllres over 100" there is a reaction which uses oxygen atoms 
produced in the primary process. Nitroethane (or nitrosoethane) is formed along 
\\;it11 carbon monoxide, carbon dioxicle, and some methane. The results suggest 
that acetaldehyde is an  intermediate, but acetaldehyde coulcl not be detected 
because it \vould react thermally with nitrogen dioside. I t  is not possiblc to gi1.e 
a conlplete explanation of the results, but  suggestions can be made which might 
forin the basis for later tvorl;. 

The photochemical reaction betnreen nitrogen dioxide and methane has 
been studied, but no evidence for reaction found (4). The oxj)gell atoms 
almost certainly produced in the primary process might react either with 
nitrogen dioxide or with methane, and the rate of the former reaction seemed 
to be sufficie~ltly great to  obscure the latter. Harteclc a l ~ d  Icopsch (5) showed 
that o x y g e ~ ~  atoms produced in a discharge tube react with ethane with an 
estimated activation energy of 7 Iccal. 

I t  was hoped in starting this investigation to obtain information both allout 
the reactions of oxygen atoms with ethane and possibly also about the re- 
actions of hydroxyl radicals. As so often happens, the course of the reaction 
is complex, and only suggestions can be made about some of the steps. A 
few semiqurultitativ estimates of relative rates can be made. 

Nitrogen clioxide was preparecl b?; heating lead nitrate in a stream of 
oxygen, co~ldensatio~l by tlry ice- acetone, and fractional tlistillation. The  
~niddle third \vas retained and stored a t  the temperature of liquid nitrogen. 
Stopcoclis \\-ere lubricatecl \vith hIyvacene-S (Dow-Corning) which proved not 
to be attacked by nitrogen dioxide as far as could be ascertainecl. 

Ethane (Phillips Petroleum Company, lieseal-clz Grade) appeared upon 
hydrogenation to contain traces of ethylene. I t  was mixcd with nitrogen 
dioxide a t  lGOo to remove ethylene and the ethane was distilled from a trap 
a t  - 150". 

htIercui-y vapor was mostly kept out of the reaction cell by a trap immersed 
in dry ice - acetone. Final traces \\;ere eliminated by admission ol nitrogen 
dioxide and evacuation iust before a run. Initial Dressures of reactants were 
measured by a Bourdon gauge. 

'11Ianzrscript received Janzrary 7 ,  195:i. 
Colltr~bzct~on froin tlze Deparktze?zt of Chenzislry, University of Rocl~ester, Roclzester, N.  k-. 

2Postdoctoral Fellozo 1958-54 z~nder  a grant w a d e  to the Deparlnre?tt of CAenzistry, of the U~zirrer- 
szty of Rocitester, by  the Doctors Ca?tzille altd Henry  Drey f z~s  Fozcndation. 
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A Hanovia Alpine burner Type S-100 was used, and the radiation (except 
in the first series of runs) passed through Corning Filter No. 7740 to remove 
radiation below 3000 The beam was collimated by a quartz lens ; ~ n d  com- 
pletely filled the cell which was 2.5 cm. in diameter and 20 cm. in length. 
A magnetically driven glass stirrer largely prevented the development of local 
concentratioil gradients. 

Owiilg to the nature of the products the complete analysis proved to be 
difficult, and not all products have been completely identified. 

The gases were condensed immediately after reaction to eliminate the 
reverse reaction 

The products not condensed by supercooled liquid nitrogen a t  -210" 
were removed by a Toepler pump. These would consist of oxygen, nitrogen 
(if any), carbon monoxide, methane, and possibly traces of nitric oxide. 
The latter would, however, mainly be held back by formation of nitrogen 
trioxide with nitrogen dioxide. In a few runs when the nitrogen dioxide was 
nearly used up, nitric oxide might appear in this fraction. 

Oxygen, carbon monoxide, and methane were determined by methods 
previously described (8). 

The separation of condensable products proved to be difficult. Carbon 
dioxide could not be separated from the large amount of ethane present. 
After removal of the ethane a t  -155", the residue was condensed in a cold 
finger subsequently filled with mercury. After a few hours' standing nitrogen 
dioxide was reduced to nitric oxide which could be pumped off a t  -150". 
The  remaining products were volatilized and burned to carbon dioxide over a 
copper oxide furnace a t  650" and the pressure of carbon dioxide measured. 
Blanl\- runs showed that nitroethane could be quantitatively determined in 
this way. 

RESULTS 

Blank runs showed no thermal reaction between nitrogen dioxide and ethane 
to occur a t  temperatures up to 160°, the highest temperature used in these 
experiments. 

The results may be summarized briefly as  follows: 
(a)  The addition of carbon dioxide (120 mm.) to  nitrogen dioxide (5 mrn.) 

did not affect the rate of productioil of gas uncondensed a t  -210". Ratio of 
amounts with carbon dioxide to blanks a t  108": 1.03, 1.00. 

(b) The addition of ethane (100 mm.) to nitrogen dioxide ( 5  mm.) reduces 
the amount of gas uncondensed a t  -210" (mainly oxygen) by the following 
ratios: 25" (1.09); 108" (0.54, 0.59); 160" (0.57). 

In a series of experiments a t  25O the oxygen yield was about the same 
whether or not ethane was added, and it  was not influenced by variation in 
ethane pressure. The formation of condensable products in these experiments 
is probably due to impurities in the ethane, because with each successive 
run the amount diminished and i t  became zero after the sixth run. 
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In experiments a t  108" and a t  160" the decrease of the oxygen yield in the 
presence of ethane, compared to that  either without ethane or merely with 
acldition of carbon dioxide, cannot be explained by postulating that the 
missing oxygen is used for the oxidation of ethane even if one assumes the 
formation of products which escape detection by analysis. The presence of 
ethane favors the reaction of oxygen with nitric oxide as the following experi- 
ments showed. 

If after radiation of 5 mm. of nitrogen dioxide a t  160" for four hours the 
products were condensed immediately after turning off the light, one obtained 
4.88 X 10-0 moles of oxygen. If the gases mere condensed 30 min. after turning 
off the light, one obtained only 4.39 X 10-6 moles of oxygen. One tenth of the 
oxygen therefore was used by reacting with nitric oxide during this period of 
time. Addition of 50 mm. of ethane, immediately after radiation, greatly 
accelerated this reversc reaction since only 2.46 X 10-"moles of oxygen 
were left after 30 min. Thus soy0 was used in the same period. 

(c) Nitroethane shows continuous absorption below about 3000 (2, 13), 
but no observable products were formed when the gas was irradiated under the 
conditions of the present experiments. Moreover there was no observable 
thermal reactio~i between nitroethane and nitrogen dioxide a t  temperatures 
up to 160". 

(d) Whcn mixtures of nitrogen dioxide (5 mm.) and nitroethane (0.04 mm.) 
were irradiated, the rate of production of gas not condensed a t  -210" was 
unaffected by the presence of the nitroethanc. When nitroethane mas present 
a t  pressures of 27-35 mm., the yield of non-condensables was reduced to 
about half that in the blank runs. The non-condensables were oxygen and 
carbon monoxide. Products not volatile a t  - 150" would not have been detec- 
ted. 

( e )  When mixtures of ethane (usually 100 mm.) and of nitrogen dioxide 
(5 mm.) were irradiated a t  160°, the gas uncondensed a t  - 150" (measured as 
carbon dioxide, sec above) was formed a t  a constant rate. I n  four runs of 4, 

RESULTS IVITII S ITROGEN DIOXIDE - 13TRASE MIXTURES 
(PNo? = 5 mm., P c Z n ,  = 100 mm., T = lGO0, Alpine burner, pyres litter) 

Prodr~cts not Products condensable 
Time, hours condensable a t  -210' a t  -150" 

moles X 106 (measured as  CO.) 

0 2  CO CH4 
(or N 2 )  

0.35 (total) S o t  meas~~red  
0 0.45 0.013 Not measured 
0 0 48 0.017 Not measured 
0 0.65 0.013 Not measured 

"0.036 mm. oxygelt added. T h i s  shows oxygen to disappear. 
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12, 18, and 52.7 hr., the moles XlOVormed per hour were 0.19, 0.20, 0.19, 
and 0.17, respectively. On the other hand, oxygen was formed in short runs 
but could not be detected a t  the end of long runs. Carbon monoxide was 
fornled to an increasing extent along with small amounts of methane (or nitro- 
gen). Table I shows the results. 

(f) Some experiments were made with mixtures of nitrogen dioxide and of 
acetaldehyde as sho~vn in Table 11. 

TABLE I1 
RESCLTS WITH SI'rROCxL<S DIOXIDE - ACETALUliHYUB MlSTURl rS  

( T  = 160°, Pxol = 5 IIIIIT., Pca,crro = 1.5 mm., Time: 4 hr., Alpine burner, pyres filter) 

- -  
Moles of products X 10" 

-- 
0 2  CO CHI (or NI) NO CO? 

0'J 0 0 0 0 
4.50 >n .ob  

0,' 0.22 0 >7.2 3 . 1  
o 0.47 o 4 .  I >n.o  

0.80 0 0 > 9 . 0  
O C  0.20 0 

"Blank  with no lzitrogen dioxide. 
V l zer t~ra l  reacliorz. 
'100 7111rr. ethane also presen(. 

I t  is evident that there is a thermal I-eaction between nitrogen dioxide and 
acetaldehyde even a t  room temperature but that this reaction does not lead 
to methane lormation. 

DISCL'SSION 

The absorption characteristics of the system nitrogen dioxide - nitrogen 
peroxide have been carefully st~~diecl by Hall and Blacet (3). Since this mixture 
had a total pressuse of 5 mm. in the prcsent .rvorl<, it  can be shown from the 
data of Giauque and I h m p  (1) that  the pressure of nitrogen peroxide a t  25' 
~rrould be 0.17 mm. At wave lengths of 3130 and 3650 .k the absorption will be 
almost exclusively 1217 nitrogen clioside and not b!. nitrogen peroxide even a t  
room temperature, and absorption by the latter will be entirely negligible 
a t  the higher temperatures used (1, 3). 

The photochemistry of nitrogen clioxicle has been carefully studied (7, 10). 
The primary process is ~~ndoubteclly 

NO, = N 0 + 0  
and this is followecl by 

O+NO? = O,+XO. 

The yielcl of the primary process must be high, and in the absence of foreign 
gases Equation [3] must occur nearly quantitatively. When foreign gases are 
added, Equation [3] will compete with other reactions of oxygen atoms. The 
latter, under conditions of the present experiments, are almost certainly 
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formed in the normal (3P) state. I<ilnetic energies of the oxygen atoms after 
primary dissociation might be equivalent to 4 lccal. a t  3650 A and 8 lccal. 
a t  3130 A provided dissociation proceeds immediately before vibrational 
energy can be lost by collision. Urlless steric factors are high for hot oxygen 
atom reactions, one would not expect to find noticeable "hot atom" effects. 

If ethane is added to nitrogen dioxide, the first reaction of oxygen atoms 
should be 

O+CyHe = CrHs+OH. @I 
The data show this reaction to be negligible a t  25" compared to Equation 

[3] since ( a )  the amount of oxygen formed is almost the same in the presence 
and in the absence of ethane; (b) products condensed a t  -150" but not a t  
-210" are negligible if the ethane has been previouslji exposed to radiation 
in the presence of nitrogen dioxide. Apparent reaction is due therefore to 
impurities in the ethane a t  this temperature. 

The rate of the reaction 
OH+C,H, = C?H,+HAO [5I 

is not lanown with precisio~i but may have a low activation energy (12). The 
first reaction of ethyl radicals formed from either Equation [4] or Equation [5] 
should be 

C,H,+NO, = C,H,NO, [GI 

where C1H,N02 is probably nitroethane but might be ethyl nitrite. Mass 
spectrographic analysis tends to favor the latter. 

I t  is not possible to obtain a precise estimate of the activation energy of 
Equation [4]. From the results a t  l G O O  E,-E, - 3 lccal. if Equation [3] and 
Ecluation [4] have the same steric factors. This result is probably low Gnce 
with such a low activation energy ancl similar steric factors reaction [4] should 
compete lnore successfullj~ than it does with reaction [3] a t  25". On the other 
hand if one talces 'condensables a t  -1.30"' divicled by 'non-condensables a t  
-210"' as a measure of the ratio of rate of Equation [4] to rate of Equation 
[3], one obtains from the results a t  108" and a t  160" a value of 8 kcal. This is 
hased on results with considerable scatter and is not a reliable figure. One ma>- 
merely say that probably the activation energy of Equation [4] is less than 
10 kcal. in agreement with the work of Hal-tecl; and Kopsch ( 5 ) .  An activatio~l 
energy of 5 lccal. or more is compatible with the results a t  25". 

Oxygen atoms evicle~itly clo react ~ i ~ i t h  nitroethane but a t  a some~vhat 
slower rate than with ethane. Hirschlaff and Norrish (6) suggest a reaction 
of oxygen atoms with nitl-oethane to give ethylene ant1 the latter in the 
present systenl ivould give clinitroethane and would escape analysis by the 
procedure used. The probable formation of small arnouilts of methane and of 
larger a m o u ~ ~ t s  of carbon monoxide suggests that acetaldehyde is an inter- 
mediate. This could be formed easily from ethyl nitrite (11). This ~vould 
disappear rapidly either by thermal reaction with nitrogel1 dioxide or by 
a reaction with radicals or excited molecules. 

One of the striking points is the formati011 of oxygen during the early stages 
of the reaction and its subsequent clisappenrallce. This would indicate that as 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
1.

38
.3

6 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



8-48 C.\K:\I)1.-\S JOIlKV4L O F  CHI<MISTKY. VOL. 33 

reaction proceeds, some radical or atom is produced \vhich reacts much 
Inore rapidly with oxygen than with nitrogen dioxide ancl other molecules 
present. Not over 20y0 of the llitrogeil clioxide woulcl have disappeared during 
even the longest run. Thus this radical or atom must have a rate of reaction 
with oxygen of the order of magnitude of 10 to 100 times as fast as with nitro- 
gen dioxide. Alkyl radicals may fulfill this requirement and so might possibly 
oxygen atoms. 

The amount of carbon monoxide produced was not affected markedl~. by  
varying (a) the ethane pressure; (b) the 11itrogeri dioxide pressure; (c) the time. 
Blar~l; runs sho~vecl that this lack of variation with conditions is not clue to 
impurities. 

Oxygen atoms react much less reaclily with carbon mo~~oxicle than xvith 
oxygen (9), but carbon monoxicle may react with ozone or with peroxy radicals 
i l l  the system. A cletuilecl st~~cl?. of the reason why carbon monoxicle appareiltly 
reaches a steady state might prove of interest. 
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FURTHER DEGRADATION REACTIONS OF ANNOTININE' 

Both the hydrosylactone obtained by the action of chromoi~s chloridc on 
annotinine chlorohyclrin, and the ~ ~ n s a t ~ ~ r a t e d  lactone B prepared by the actiotl 
of the same reagent on the hydrosylactone, contain a secondary nitrogen and a 
vinyl group. 'l'he unsaturated lactone :I which accompat~ies the hyclros~~lactone 
is a cyclic allylamil~e which 011 osidatio~i with potassium permanganate yields an 
amino acid ClrHls04N. These Cacts rnalie it possible to esplain the reaction o l  
chromous chloride with allnotinir~c chlorohydrin. The amino acid call be dc- 
hydrogenated to a n  acid containing a free carbosj.1 and a lactamic grouping 
(CljHLsOsN) but 110 longer containi~~g a lactone ring. The lactarnic acid ivhich 
seems to contain a benzenc ring is readily decarbosylatcd to a neutral s~lbstance 
C13Hl:ON, sho~vi~lg color reactions and ~~l t raviole t  absorption similar to those of 
strychnine. 

Annotinine, CIGH?lOsK, was found (9) to react with hydrochloric acid to 
form annotinine chlorohydrin, CIGH1?O3KCl, which was reduced (10) with 
chromous chloride to a mixture of "unsaturated lactone A", C l e H ~ l O ~ X ,  and 
"hydrox>-lactone", C1GH2303N. Tlle latter coinpound on more vigorous treat- 
ment (10) with chromous chloride in strongly acidic solution gave "unsaturated 
lactone B", C,oH,lc,,lO~N. The two unsaturated lactones each contained a 
readily reducible double bond and gave two different dihydro-derivatives 
(10). The relationship of these compounds has now been clarified and affords 
supporting evidence for MacLean and Prime's suggestion (8) of the presence 

/ of the systern 'Y CHz-CH-C in annotinine and also for the modifica- 
- .\ / \  

tion of this scheme to '+-cH~-cH--cH- suggested by Wiesner et al. (6). / l o /  
Following MacLean and Prime we can write \~-CH~-CH-CH as n / I I 

grouping i11 anilotiae chlorohydrin instead ~~\N-cH-cH-c~-I-, altliougll / I 1  
014 CI 

the evidence adduced by these authors for the iormer arra~lgemeilt is 
meager. I t  does allow, however, of a simple interpretation for the chi-omous 
chloricle reduction products, which is not possible with the alternate cleavage 
of the oxide ring of annotine (see below). 

Chromous chloride is known to reduce various chlorinated c1eriv;~tives 
of the senecio all;aloids, e.g., chloroisoheliotriderle ( I )  by replaceme~lt of the 
halogen by hydrogen. Julian et al. (7) foulid that chromous chloride reduced 

~ o n l r i b r r h z  from the ~ i v i s i & z  of   ire Cl~crn,istry, Nc~l ionnl  Kesearclr Cort?~cil, Ollazira, G i7~ada .  
Issz~ed a s  N. R.C. N o .  3570. 

'iValio?jal Research Cozincil of Ca?snda Po.sfdocloratr F(,llozu. I 'r~scnl c1ddrc~s.s: Dcpart~rlc?~t of 
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steroid vic-dihalides to the corresponding unsaturated compounds. In both of 
these reductions, chromous chloride behaves in much the same way as does 
zinc in neutral or acidic conditions. Fieser and Ettore (5) found that zinc and 
acetic acid converted certain steroid vic-chlorohydrins to  the olefins and there- 
fore it would be anticipated that  chromous chloride could effect the same 
reaction. Furthermore, i t  is only a simple extension to consider fl-chloroamines 
which could react as  below (see also Fig. 1) 

Tha t  this extension is not unjustified is shown by the work of Paul (11) 
who showed that  the reduction by metallic sodium of cyclic ethers of vic- 
chlorohydrin and of fl-chlorotert.amine proceeds analogously, e.g., in the case 
of tetrahyclrofurfuryl chloride and fl-chloroethyldiethylamine, 

I t  was f o u ~ ~ d  in the present work that the hydroxylactone was unsaturated 
and yielded a dihydro-derivative on hydrogenation and formaldehyde on 
ozonolysis. Although the action of acetyl chloride failed to  give the expected 
product ( lo) ,  treatment of the hj,droxylactone with acetic anhydride proclucecl 
a neutral 0,N-diacetyl derivative (infrared bands 1740 and 1678 cm.-1 in 
Nujol). 'The hydroxj7lacto11e was obviously not formed by simple replacement 
of the chlorine of allnotinine chlorohydrin by hydrogen, but its formation 
coulcl be readily explained by a ~ ~ a l o g y  to the reactions outlined above. 

'The unsaturated lactone A would be espectecl to  be the olefin VIII  (Fig. 1) 
corresponding to annotinine chlorohydrin, and this was substantiated by the 
reactions of the unsaturated lactone A which behaved as  a cyclic allylamine. 
I t s  pK, was 7.06 whereas that  of its dihydro-derivative was 8.48 (cf. Ref. 14), 
and it gave a methosulphate which was smoothly hydrogenolized in the 
presence of Adams' catalyst with the uptake of two moles of hydrogen and the 
formation of a tertiary base X (C17H2i02N).  Oxidation of the unsaturated 
lactone A wiih po tass i~~m permanganate yielded an amino acid X V  isolated as  
the sulphate, C14H,904N.+H?S04 ,  which was identical with the oxidatio~l 
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ANET A N D  IvIARlOS: DEGRAD.4TlON RE.ACT1ONS 

FIG. 1. Partial form~tlae of degradation protlucts. 

procluct obtainecl as describecl by VViesner et al. (6) from the anhl-clro clerivative 
of annotinine lactam chlorohydrin X I  (8). 

The relation of the unsaturated lactone B to the other products was obscured 
by the fact that  its infrared spectrum showed no NH band although that  of 
its dihydro-derivative did contain such a band. Yet it formecl a neutral 
N-acetyl derivative (infrared band a t  1762 cm.-1) which yielded formaldehyde 
on ozonolysis. The easy reduction of the unsaturated lactone B to its dihydro- 
derivative, and the low intensity of its ultraviolet absorption a t  short wave 
lengths also indicatecl the presence of a terminal methylene group. The 
dihydrolactone B also gave a N-acetyl clerivative (infrared band a t  1755 
cm.-I). 

The infrarecl spectra in carbon disulphicle of the unsaturated lactone B ancl 
its clihyclro-derivative were very similar ancl \irere consistent with the presence 
of a vinyl group in the former. We therefore assign the partial formulae VI 
and VII to these compounds respectively. This is also consistent with a re- 
investigation of the empirical formulae of this series which sholvecl that  the 

. . . . .  . . . .  . . . .  . . . . . . . . . . . . . . . . .  . . . . . . . . . . .  . . . . . . . . .  . . .  . . .  . . .  . . . . . . . . . . . .  
unsaturated lactone B was definitely ClGM2,02N and not C1GH2102hr. 

. . .  . . . . . . . . .  . . . . . . . . . . . . . . .  . . . . . . . . .  . . . . . . . .  . . . .  Annotinine lactam chlorohydrin (IV) which can be prepared either by 

. . . .  
oxidation (10) of annotinine chlorohyclrin, or by treatment (8, 10) of annoti- 

. . . . . .  . . 
. . 

. . nine lactam with hydrochloric acid gave two main proclucts on chromous 
chloricle reduction. These were identical nrith the coinpoui~cls C,GH?,O.,N 
and ClGHlIOSN prepared previously (8) by MacLean and Prime. Since the 
compound C1GH2104N xvas dehydrated (8) with phosphorus oxychloride to 
the second compound ClGH1903N, the two products may be allotted the partial 
structures XI1 and XI11 respectively. I t  may be noted that XI11 is produced 
in the chromous chloride reduction under conditions that are not sufficient 
to  dehydrate XI I ,  which agrees with the mechanism proposed above. MacLean 
and Prime (8) found that catalytic or Clemmeilsen reduction of annotinine 
lactam chlorohydrin gave XI1  and XIV (Fig. 1). I t  is most probable that XI1  
ancl XI11 are the primary reduction products and that  XI11 is further reduced 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
1.

38
.3

6 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



852 C A N A D I A S  JOURN:\L OF CMI<MISTRY. VOL. 33 

to XIV. Indeed, as expected, XI1 could not be hydrogenated (8). The action 
of phosphorus oxychloride, or prolonged treatment with boiling hydrochloric 
acid convert (8) annotinine lactam chlorohydrin to  a cornpound CL~HlBO~NCI 
which may be represented by X I  (Fig. 1).  Confirmation of the structures of 
X I  and XI11 is given by their ultraviolet spectra shown in Fig. 2 with those of 

-ANHYDROANNOTININE LACTAM CHLOROHYDRIN 
\ 
\ 

-----COMPOUND X l l l  

\ - -1,4,6,6-TETRIiMETHY L-5.6,-DIHIDRO- 2-PIRIDONE 

\ --- ANNOTININE LACTAM 

-..-ANNOTININE LACTAM CHLOROHYDRIN 

W 

0 

0 A 

3.0 - 

2.5 - 

2.0 - I 
2 0 0  2 5 0  3 0 0  3 5 0  

MtL 

FIG. 2. Ultra\-iolet spectra i n  alcohol 

1,4,6,G-tetrameth~~l-5,6-dihydro-2-pyrido1e (12), annotinine lactam, and 
annotinine lactam chlorohydrin. The absorption bands of X I  and XI11 are 
a t  a longer wave length than would be expected when compared with the 
model compound, but there seems to be no doubt that  a conjugated system is 
present. An crp-unsaturated lactam system is also indicated b>. the infrared 
absorption spectra of X I  and XI1 which contain two bands in the carbonyl 
region whereas the spectra of the saturated lactams co~ltain only one band 
(cf. Edwards and Singh (4)). The spectra of all the compounds in Fig. 1 had 
a band a t  about 1780 cm.-1 indicative of a 7-lactone group. 

The amino acid XV, C,,Hl$OlN, was dehydrogenated in the presence of 
palladium on barium sulphate a t  200-230° to an  acid XVI, C11H140~N. The 
new acid no longer showed the 7- lac to~~e  band in its iilfrared spectrum but 
showed bands a t  1715, 1620, and 1575 cm.-I in Nujol (curve I, Fig. 4) and a t  
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ANET AND MARION: DEGRADATION REACTIONS 

M U  

FIG. 3. Ultraviolet spectra. 
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FIG. 4. Infrared absorption spectra: curve 1, compour~d XVI; curve 2, cornpourtd XVII. 
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1692, 1665, 1610, and 1575 cm.-1 in chloroform solution which are consistent 
with the presence of a carboxyl, an amide group, and a benzene ring. The  
ultraviolet spectrum is shown in Fig. 3. The dehydrogenated acid was de- 
carboxylated by heating with copper powder to a neutral compound XVII, 
C13HljON ( m . p  70"). The ultraviolet spectrum of XVII is shown in Fig. 3 
ancl the difference from that of the acid indicates that the carboxyl group is 
directly attached to the chromophoric system in the acid. The infrared spec- 
trum in Nujol containecl no bands in the NH region, but bands a t  1683 and 
1660 cm.-I (wealc) assigned to an amide group and a t  1600 cm.-1 (benzene 
ring) (curve 2, Fig. 4). The bands were shiftecl in chloroform solution to  1655 
and 1600 cm.-1. Although the compound appears not to contain an N H  band 
it  is probable that  an K H  group is present, for i f  a benzene ring is present, 
as is almost certain (see also below) the dehyclrogenated acid must contain 
one less ring than the acid XV. A carbon-nitrogen fissioil seems more lilcely 
than a carbon-carbon fission, and would result in the formation of a N H  
group. The ultraviolet spectrum of XVII is very similar to  that of strychnine 
(13) ancl like this allcaloid, XVII gave an intense violet color with 80% 
sulphuric acid and a trace of chromic acid (Otto reaction). 

Unfortunately, we have not bee11 able to secure more than very small 
amounts of XVII. Reduction of XVII with lithium aluminum hydricle in 
ether solution gave a wealc base, which formed a crystalline picrate, m.p. 
172" (decomp.). The base XVIII  gave an intense red color with nitric acid or 
with ferric chloride and its ultraviolet spectrum, shou~n in Fig. 3,  is roughly 
similar to that of strychnidine (13). 111 strong acid the spectrum changed to  
that of an isolated benzene ring. 

More drastic dehydrogenation of annotinine itself a t  300" over palladium 
gave a small amount of 7-methylquinoline, isolated as the picrate. Wiesner 
et al. (3) have recently studied the selenium dehydrogenation of annotinine 
and have isolated 8-?z-propylquinoline as well as another base and a neutral 
nitrogen-containii~g substance. The forination of both 7-methyl-and 8-12- 
propylquinoline in the dehydrogenation of annotinine under different conditions 
is puzzling. With reference to the neutral nitrogen containing substance 
obtained in the selenium dehydrogenation, i t  may be stated that the structure 
X I S  suggested by Wiesner et al. (3) for this substa~lce seems highly  inl likely 

as it  is the anhydro base of X X  and, therefore, ~vould be expected to revert 
to  the quaternary salt X X  in the presence of acid. 

On the other hand, the structure X X I  that we suggested for annotinine 
in our preliminary note (2) does not explain the formation of S-n-propyl- 
quinoline by dehydrogenation. According to the views of Wiesner et al. (6) 
on the relactollizatioll of various annotinine derivatives to  compounds con- 
taining a new y-lactone, the acid XV should contain the grouping 
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I I 
0-C-C-C-C02H. Hence, the dehydrogenation of XV should give an 

0 1 1  
o-phthalic acid derivative, because one of the carboxyl groups has been shown 
to be attached to a benzene ring. This is not so, however, for the other carboxyl 
group becomes involved in arnide formation with the nitrogen atom that is 
attached to  the benzene ring. Thus, the relactonization theory, although 
attractive, presents difficulties which call only be surmoulltcd by assuming 
either a change in the carbon slieleto~l in the formation of XVI,  or that  the 
lactone ring in some of the derivatives of annotinine is larger than five- 
membered in spite of the infrared evidence. 

I t  appears plausible that  one of the rings in annotinine may be larger than 
six-membered and that the formation of quinoline derivatives in the dehydro- 
genations involves a rearrangement. However, formula XXI  which we have 
tentatively suggested earlier (2) to represent annotinine possesses the merit 

C O l H  

Me go xxl Ma E U  

that it permits the representation of the dehydrogenated acid XVI by a 
structure which is consistent with its ultraviolet absorption and its color 
reactions. 

Optical rotations were determined in a 1 dcm. tube. Ultraviolet absorption 
spectra were determined on a Beclimann spectrophotometer, i\/Iodel D.U. 
Infrared absorption spectra were measured or1 a Perkin-Elmer double beam 
instrument, Model 21. Values of pR, were determinecl in 50% methanol- 
water ~vi th  a Beclrmann pH meter (Model G) fitted with a glass and a calomel 
electrode; 0.1 N hydrochloric acid used for the titration was delivered fro111 a 
microburette. 

Unsaturated Lactone B 
The compound prepared as described earlier (10) was twice crystallized 

from n-hexane from which it was obtained as colorless glistening prisms, m.p. 
135-136". Calc. for CIGH,,02N: C, 73.53; H ,  8.87; 1 act. H ,  0.386%. Found: 
C,  73.82; H, 8.86; (on sample sublimed a t  mm.) C, 73.70, 73.79; H, 
8.93, 8.82; act. H (at room temp.) 0.00%, (at 100°), 0.448%. pR, = 8.44. 
D,ihydro Lactone B 

The compound prepared as described before (10) was recrystallized from 
n-hexane and dried in vnczlo a t  room temperature. Calc. for CIGH?,O?N: 
C,  72.96; 11, 9.57. Found: C, 73.12; H ,  9.34%. pR, = 8.44. 
Acetyl Unsaturated Lactone B 

Unsaturated lactone B (25 mgm.) in acetic anhydride (5  ml.) was heated on 
a steam bath for half an hour. The misture was poured into water and after 
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hydrolysis of the excess acetic anhydride, made alkaline with sodium hydroxide 
and extracted with ether. The ether extract was washed with acid and then 
with water, dried, and evaporated. The  residue, after recrystallization from 
n-hexane, had m.p. 137-138", depressed to  125" by the starting product. 
Calc. for C,aH2s03N: C, 71.25; H ,  8.31. Found: C,  70.96; H, 8.17. 

Acetyl Dihydro Lactone B 
This compound was prepared as described above for the unsaturated 

analogue and after recrystallization from n-hexane it formed fine needles, 
m.p. 141-142". Calc. for C,aH?TOjN: C, 70.79; H ,  8.91. Found: C,  71.11, 
71.44; H ,  8.92, 8.86. 

Unsatzcrated Lactone A 
The compound (10) after sublimation in zlacuo had m.p. 130-132"; pK,, 

7.06; [a]: = -70" (c, 2.6 in ethanol). 

Dihydro Lactone A 
The compound (10) after sublimation in vacuo had m.p. 1.10"; pK,, 8.48; 

[a]k4 = -35" (c, I.$ in ethanol). 

Hydroxylactone 
A sample of hydroxylactone (10) was sublimed in vacuo after which it had 

m.p. 174"; pR,, 8.21; [a]E2 -30" (c, 1.42 in ethanol). 

Dihydro fIydroxylactone 
Hpdroxylactone (0.25 gm.) in methanol (15 ml.) was hydrogenated in the 

presence of Adams' catalyst (20 mgm.). Absorption of 23.4 ml. of hydrogen 
(ca. 1 mole) was complete after 2.5 minutes. The  platinum was filtered off 
and the filtrate evaporated to  dryness. Recr~7stallization of the residue from 
n-hexane gave long brittle needles, m.p. 141-142". For analysis the compound 
was sublimed in vacuo. Calc. for C,,H2a03N: C, 68.78; H, 9.02. Found: C, 
68.97; H, 9.2670. pK,, 8.00; [a]g -65" (c, 1.47 in ethanol). The dihydroxy- 
lactone was unaflected by prolonged boiling with chromous chloride in con- 
centrated hydrochloric acid. 

Ozonolysis of fIydroxylactone 
Hpdroxylactolle (80 ingm.) in pure carbon tetrachloride (15 ml.) was 

ozonized a t  -10" for about two minutes. Water (10 ml.) and hydrochloric 
acid (1 ml. ) were added, followed by a hot saturated solution of 2,4-dinitro- 
phenyll~ydrazine in 15y0 hydrochloric acid (5 ml.). The mixture was refluxed 
for 15 min., cooled, and extracted with benzene (twice). The dried extract 
was evaporated to 20 ml. and the yellow solution passed through a short 
column of neutral alumina (activity 11-111), which was then washed with a 
little benzene. The eluate was evaporated to  dryness i n  vacuo and the residue 
crystallized from hexane. Yellow needles (14.6 mgm. 24%), m.p. 162-163", 
were obtained. There was no depression of melting point with authentic 
formaldehyde 2,4-dinitrophenylhydrazone of m.p. 163-164O, and the infrared 
absorption spectra of the two compounds were identical. 
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Ozonolysis of Acetyl Unsaturated Lactone B 

The lactone (63 mgm.) was ozonized in carbon tetrachloride solution 
(10 ml.) a t  OO'until ozone appeared from the guard tube containing water 
(10 ml.). The combined water and carbon tetrachloride solution was boiled 
for half an hour and then mixed with a solution of 2,4-dinitrophenylhydrazine 
in hydrocliloric acid. The cooled mixture was extracted three times with 
benzene, and the combined dried extract passed through a column of alumina 
which was then washed with benzene. The benzene eluate gave on evaporation 
formaldehyde 2,4-dinitrophenylhydrazone (3.5 mgrn.), m.p. 160-16l0, un- 
depressed by the authentic compound. Elution of the column with benzene 
containing methanol gave a fraction which, after two crystallizations 
from methanol, was obtained as yellow needles, m.p. 218-219', and was not 
further investigated. 

Unsaturated Lactone A n/fethosul#hate 
Unsaturated lactone A (200 mgm.) was dissolved in benzene (5 ml.) and 

allowed to stand 40 hr. with freshly distilled dimethyl sulphate (0.2 gm.). 
The faintly yellow prisms which separated were collected and recrystallized 
from methanol-ether. The methosulphate formed colorless prisms, m.p. 
234-235". Calc. for C,,He1O?N.(CH,)?SOa: C, 56.09; H, 7.06. Found: C, 
56.28; H ,  7.23. 

Reduction of Unsaturated Lactone A J~ethoszrlphate 

Unsaturated lactone A methosulphate (72 mgm.) was hydrogenated in 
water (10 ml.) in the presence of Adams' catalyst (7 mgrn.). Absorption of 
2 moles of hydrogen toolc 15 min. The filtered solution was made allcalinc with 
ammonia and the glistening needles which separated were collected. The base 
was recrystallized from n-pentane and for analysis mas sublimed in vacz~o, 
m.p. 90-91'. Calc. for C1,H,,O,N: C, 73.60; I-I, 9.81. Found: C, 73.67; H, 
9.89%. 

0,N-diacetyl Hydroxy Lactone 
Hydroxylactone (GO mgm.) was heated a t  100' with acetic anhydride 

(4 ml.) for three hours and the mixture then diluted with water (10 ml.) 
and kept for two hours. The mixture was extracted three times with ether 
and the combined extracts were washed with aqueous sodium carbonate and 
then with water. The residue obtained after evaporation of the ether from the 
dried extract crystallized from hexane in prisms, m.p. 124-126". After several 
crystallizations the melting point was raised to 132-133'. Calc. for C201-I?705N: 
C, 66.46; H ,  7.53. Found : C, 66.62; H, 7.85y0. 

Clzronzous Chloride Reduction of Annotinine Lactam Chlorolzydrin 
Annotinine lactam (1.69 gm.) was boiled with concentrated hydrochloric 

acid (40 ml.) for 40 min. To  the mixture was added, ill an atmosphere of 
nitrogen, a filtered solution of chromous chloride, prepared from chromic 
chloride (30 gm.), concentrated hydrochloric acid (-20 ml.), water (60 ml.), 
and amalgamated zinc (25 gm.). The  mixture was refluxed under nitrogen for 
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2.5 hr., diluted with water (500 ml.), and the cold solution extracted with 
chloroform four times (total volume: 200 ml.). The dried extract was evapora- 
ted to dryness in vaczlo. The residue (0.84 gm.) was triturated with benzene, 
filtered, and crystallized from aqueous ethanol from which it separated as 
prisms, m.p. 300" (decomp.), undepressed by the co~npouncl C161-12,04X 
prepared as described by MacLean and Prime (8). The benzene solution was 
chromatographed on alun~ina (activity 11-111). Elution with benzene gave a 
small amount of low melting product, followed by a main fraction (0.4 gm.), 
m.p. 174-175" after crystallization from acetone-pentane. I t  was identical 
(mixed m.p.) with the compoulld C1,Hl,O3N prepared as described by Mac- 
Lean and Prime (8). Hydrogenation of this coinpound (0.1 gm.) with Adams' 
catalyst (20 mgm.) in ethanol (20 ml.) resulted in the uptake of 1 nlole of 
hydrogen and the substance isolated had m.p. 176-177' identical with the 
compound CloH2,03N of MacLean and Prime. 
Oxidation of Lrnsatz~rated Lactone A 

The unsaturated lacto~le A (1 gm.) was dissolved in acetone (100 ml.) and 
treated with powdered potassium perrnanganate until the pinli color was 
ullchanged for five minutes. The liltered manganese dioxide was suspended 
in water and brought into solutio~l by passing sulphur dioxide through the 
solution. Co~itinuous ether extraction of the mixture gave after evaporation 
of the ether a viscous liquid containing some crystals. The product was crys- 
tallized from methanol-ether to yield colorless prisms (0.25 gm.), m.p. 232" 
(decomp.); [a]A5 -31' (c, 1.7 in water) of the sulphate of XV. Calc. for 
C, ,H, ,0,1N.~H2S0. , :  C, 53.48; H, 6.41. Foullcl: C, 53.67; H ,  6.64y0. The com- 
pouild was identical as shown by infrared spectra and mixed melting poiilt with 
the amino acid sulphate prepared as described by Wiesner et ad. (6) (see below). 
The conlpound showecl only end absorptioil in the ultraviolet (log E ,  2.58 a t  
210 mp). 
Oxidation of Anhydro Annotinine Laclam Chlorohyd,rin (XI) 

Annotinine lactain chlorohydrin (10) (1.83 gm.) was dissolved in dry 
pyridine (80 ml.) and mixed with phosphorus oxychloride (3 ml.). The mixture 
became warm and was kept for five hours a t  room temperature. I t  was poured 
into water, the pyi-idine neutralized with hydrochloric acid, and the mixture 
extracted with cl~loroform (four times). The conlbined extract was dried and 
evaporated to drylless. The residue was crjlstallized from methanol giving a 
total of 1.53 gm. of product, n1.p. 186-187'. This modification gave a much 
better yield of XI than MacLea11 and Prime's method (8). Anhydro annotinille 
lactam chlorohydrin (0.95 gm.) in acetone (200 ml.) ivas oxidized with potas- 
sium pet-manga~late (1.35 gm.). The mixture was worlted up as described 
above and gave 0.3 gm. of the sulphate of XV, m.p. 232' (decomp.). 
Dehydrogenation of C1,NlgOeN (XV) 

The above amino-acid sulphate (0.13 gm.), barium carbonate (0.04 gm.), 
and 5% palladium - barium sulphate (0.5 gm.) were mixed and stirred with 
water (0.5 ml.). The dried mixture was heated in an atmosphere of nitrogen a t  
200" for one hour and the temperature was gradually raised to 230' during the 
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course of three hours. The product was extracted with ether several times, 
and the ether extract washed with acid. The ether mas then extracted with 
5% sodium carbonate solution. The ether solution generally contained a small 
amount of XVII formed by  decarboxylation of XVI. The aqueous extract 
was acidified with hydrochloric acid and extracted with ether. Evaporation 
of the dried extract left a residue, crystallizing from benzene-pentane in 
colorless ~leedles (0.018 gm.), m.p. 250" (decomp.) ; [a]g +47" (c, 0.9 in ethanol). 
Calc. for ClcH,,03N: C, 68.55; HI  6.16; N, 5.71; equiv. wt. 245.3. Found: 
C, 68.90, 68.71; H, 6.35, 6.19; N, 5.87; equiv. wt. 250. 

Decarboxylation of the Acid CI.1T11503N (XVI) 
The acid CL4HLB03N (10 mgm.) was mixed with copper powder (20 mgm.) 

in a tube. The mixture was heated with a free flame, when a colorless oil 
distilled on the cooled parts of the tube. The  oil crystallized on cooling and was 
purified by repeated sublimation in vaczlo. The colorless prisms then had m.p. 
70' and gave an intense violet color when a trace of the compound in 80% 
sulphuric acid was treated with a few drops of dilute chromic acid. Calc. for 
C13HljON: C, 77.58; H ,  7.51. F o u I ~ ~ :  C, 77.40; H, 7.45%. 

Lithium Alz~m,inum IIydride Reduction of C13FIL,0N (X TUI) 
The neutral compound C13HL50N (10 mgm.) in dry ether was refluxed 

with a large excess of lithium aluminum hydride in ether for three hours. 
The mixture was decomposed with water and s o d i ~ ~ m  hydroxide, and the ether 
layer separated and mixed with ethereal picric acid. The precipitate was 
recrystallized from methanol-ether when it  was obtained as yellow prisms, 
m.p. 172' (decomp.). The regenerated base was obtained as an oil which gave 
an intense red color with ferric chloride solutio~l and with concentrated 
nitric acid. There was insufficieilt pure material for elementary analysis. 

Dehydrogenation of Annotinine 
Annotinine (1.2 gm.) was inixed with 5% palladium - barium sulphate 

(1 gin.) and heated to 310" during the course of two hours. The cooled mixture 
and distillate was extracted twice with ether (10 ml. in all). The ether solutio~l 
was estracted three times with dilute hydrochloric acid and the combined 
extract made strongly all~aline wit11 sodium hydroxide. The mixture was distil- 
led until 10 ml. of distillate had collected. The distillate was extracted with 
ether, and the ether evaporated. The residue was mixed with picric acid in 
methanol (3 ml.), and the crystals, which fornled gradually, were collected by 
centrifugation. Three more cr~~stallizations from methanol gave loilg yellow 
needles, m.p. 238-240°, and in admixture with 7-methylquinoline picrate of 
m.p. 240-24l0, 239-241". The infrared spectra of the two samples were virtually 
identical. The  original ether extract containing the neutral products from the 
dehydrogenation gave a strong Ehrlich reaction in the cold and possibly 
contained indole derivatives, but no crystalline picrate was obtained. 
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FREE RADICALS BY MASS SPECTROMETRY 
VII. THE IONIZATION POTENTIALS OF ETHYL, ISOPROPYL, AND 

PROPARGYL RADICALS AND THE APPEARANCE POTENTIALS OF THE 
RADICAL IONS IN SOME DERIVATIVES' 

A B S T R A C T  

The ionization potentials of ethyl, isopropyl, and propargyl radicals have been 
measured by electron impact on radicals p rod~~ced  by thermal decomposition of 
appropriate compounds. The values are:ethyl8.78&0.05ev., isopropyl7.00f 0.05 
ev., and propargyl 8.2510.08 ev. Frorn the appearance potentials of these ions 
in various compounds, the following values of bond dissociation energies were 
obtained: 

D(C?IIb-H) = 9 8 . 5 f  2.3, D(s-C3H7-H) = 86.7f 2.3, 
D(s-C3H7-I) = 4 2 . 4 f  2.3, D(s-CaII7-Br) = 5 8 . 8 2 ~  2.3, 

D(S-C~H?-CI) = 73.3f 2.3, D ( C H .  C .  CIIz-I) = 45.713.2, 
D ( C H :  C .  CB,-Br) = 57 .9 f  3.2 lical./mole, assuming no kinetic energ). 

of the products. 

INTRODUCTION 

'The ionization potential of the ethyl radical was measured by Fraser and 
Jewitt (5) by directing a beam of ethyl radicals and other products from the 
decomposition of lead tetraethyl into an ionization gauge detector. They found 
I(CzH5) = 10 .6 f  0.8 ev., a value which was undoubtedly too high because 
of the presence of reaction products such as ethylene. Hipple and Stevenson (7) 
measured the ionization potential of the ethyl radical by electron impact on 
radicals produced by the thermal decomposition of lead tetraethyl in a quartz 
capillary furnace opening into the ionization chamber of a mass spectrometer. 
By this means they found I(CzH5) = 8 . 6 7 f  0.1 ev., a value which, taken in 
conjunction with the appearance potential of CzH5+ in the mass spectrum of 
ethane, 12.923~ 0.1 ev. (23), led to a dissociation energy of the C2H5-H bond 
of 4.25h0.2 ev. or 98 .0 f  4.6 Itcal./mole. This is in good agreement with the 
average electron impact value of 4.2031 0.04 ev. (96.9f  1 kcal./mole) recently 
quoted by Stevenson (21) and the value of 0 8 f 2  ltcal./mole obtained by 
photobromination (1). 

The ionization potential of the isopropyl radical has not previously been 
measured directly, but a value of 7.45f 0.1 ev. has been derived from the 
appearance potentials of C3H7+ in the mass spectra of isobutane, isopentane, 
and 2,3-dimethyl butane, the heats of formation of these con~pounds, and the 
bond dissociation energies of CH3-H and C2H5-H (20). This value, together 
with the appearance potential of the C3H7+ ion in the mass spectrum of pro- 
pane, 11.6731 0.1 ev. (24), leads t o  a dissociation energy for the s-C3H7-H 
bond of 4 .22 f  0.2 ev. ( 9 7 . 3 ~  4.6 ltcal./mole). This appears to  be high by  
comparison with Stevenson's electron impact average of 4 .09 f  0.09 ev. 

lJ.ln?zzrscribt received Jan7rerv 11. 1955 
Con~ribzrtLoTL from Ll~e ~ i v i s i &  oj Pzrre Cl~emislry, iVatio~~u1 Research Coz~nczl, Oflnwa, Canada. 

Is;zred as AT.R.C. No. 3571. 
-1V.R.C. Posldoctorate Fellow 1955-1955. 
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(04.3&2 I~cal./n~ole) and with the Butler and Polanyi pyrolysis value of 
-89 kcal./mole (19). 

As far as  the authors are aware, no published measurements or predictions 
of the ionization potential of the propargyl radical (CHi C . CH?) have been 
made. The radical docs not appear to have been identified previously, although 
it has been suggested that its thermal stability might be high (27). 

Prodz~ction of the Radicals 
The fact that ethyl and isopropyl radicals are much less stable thermally 

than methyl, allyl, or benzyl radicals, whose ionization potentials were reported 
in an earlier paper (13)) required a modification of the reactor used previously. 
I11 a rcactor of the type described in earlier papers (14, 15) the residence time 
was sufficiently long to  allow the disappearance of an appreciable fraction of 
the radicals a t  the temperature ( 4 6 0 ° C . )  a t  which mercury diethyl or azo- 
isopropane decomposed. Although these radicals were found in considerable 
abundance under thcsc conditions (12), the presence of appreciable amounts 
of the decomposition, disproportionation, and combination products caused 
serious interference a t  the parent peal: of the radical. In order to reduce this 
interference a furnace was constructed in which the residence time would be 
shorter. This furnace was similar in design to  that used by Hipple and Steven- 
son (7) and consisted of a quartz tube of 1.5 mm. internal diameter surrounded 
a t  the end by a heater, 2 cm. in length, cut from tantalum sheet in the shape 
previously described (15). The heater was enclosed in a quartz sheath sealed 
to the eild of the quartz tube. A cylindrical radiation shield of Nichrome V 
surrounded the sheath. The furnace was mounted coaxially with the hole in 
the top plate of the ionization chamber, a t  a distance of about 1 mm. The 
compouncl was admitted to  the reactor through a molecular-flow leal: without 
the use of helium as a carrier. With this arrangement the pressure in the 
reactor was very loxv mm.) and second-order proclucts were consider- 
ably reduced. The dissociation products of the radicals were still present but 
in reduced amounts. 

(a) Ethyl Radicals 

The decon~position of mercury diethyl a t  about 800°C. gave rise to ethyl 
radicals, butane, ethane, ethylene, and hydrogen. A small amount of undccom- 
posed mercury diethyl was also present. Out of a c o ~ ~ ~ b i n e d  peal: height of 
497 cm. a t  Inass 29 using 50 ev. electrons, a net peak height of 249 cm. for the 
ethyl radical \vas obtained after subtraction of the contributions from ethane, 
butane, C1?Ct3H6, and mercury diethyl. The ratio of ethane to butane a t  
800°C. was 0.3G:l. This ratio of disproportionation (kl) to combination ( k ? )  
(0.36) is not greatly different fro111 that  found (kl/k2 = 0.1 to 0.3) a t  lower 
temperatures (2, 10). If significant, this result would suggest that 

EeomblnRtlon ' EdlsDroportionntlon. 
However, a t  the very low pressures involved mm.) it is questionable 
whether the ethane and butane arise from homogeneous disproportionation 
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and combination reactions rather than froill surface reactions. Some butane 
may also be formed directly froin mercury diethyl under these conditions. 

(b) Isopropyl Radicals 
As in the case of ethyl, the production of a high concentration of isopropyl 

radicals presented experirnental difficulties oxving to the thermal instability 
of the radicals. In the high pressure reactor, the decomposition of azoiso- 
propane in a stream of helium a t  6.5 mm. was almost complete a t  665°C. The 
increase in the mass 43 pcalr a t  low electron energies showed the isopropyl 
radical to be present. At this temperature some isopropyl radicals were 
decomposing, the products being propylene and hydrogen almost exclusively 
(12). By the use of a retractable furnace (9) in the high pressure reactor, the 
product of dimerization of the radicals was found to be mainly 2,3-dimethyl 
butane with a small amount of another hexane, possibly 2-methyl pentane, 
showing that the radicals were indeed isopropyl radicals. In the low pressure 
reactor, azoisopropane was 90% decomposed a t  655OC. At this temperature 
the mass 43 peak height was 1030 cm. After subtracting the coiltributions 
from 2,3-dimethyl butane, propane, and undecoinposed azoisopropane, a pealt 
height of 329 cm. for the isoprop).l radical remained. 

(c) n-Propyl Radicals 

Attempts to produce the n-propyl radical in quantities sufficient for ioniza- 
tion potential measurements were unsuccessful. The decoinposition of azo-n- 
propane a t  665OC. in the high pressure reactor resulted in the formation of 
methyl raclicals and ethylene in approxiinately equal amounts, together with 
nitrogen, n-hexane, propane, propylene, and some ethane formed from the 
combination of the inethyl radicals (12). The inode of decomposition of n.- 
propyl appears to be almost entirely by 

n-C3H? --t CH,+CeH, 
and not by 

~ c - C ~ H ?  + C3HG+H. 

This is in agreement with conclusions drawn from kinetic studies (19). 

(d) Profiargyl Radicals 

The decomposition of propargyl iodide a t  1000-llOO°C. in either the high- 
pressure or the low-pressure reactor resulted in a good yield of propargyl 
radicals. The dimer, 1,s-hexacliyne, ~ v a s  also formed. 

iI4easz~rement of the Ionization Potentials 

The method of calibrating the voltage scale using a number of standards 
was the same as that used previously (13). In this case the calibration line was 
found to have a slope of unity within the precision of measurement. Iirypton 
\\-as added to the gas stream as a reference standard, and the difference be- 
tween the appearance potential of the radical pea6 and the appearance poten- 
tial of the ltrypton mass 84 peak was determined by the methocl of extrapo- 
lated voltage differences (28). The net pealt height for the radical ion at 50 ev. 
was determined by subtracting the contributions from cliiners and other prod- 
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ucts as described above. Ionization efficiency curves for the radical ions from 
these products were measured to ensure that no contributions to the peaks 
could occur a t  the low electron energies a t  which the voltage difference 
measurements were made. The only correction of this kind found to be neces- 
sary was a small correction to  the krypton mass 84 peak as a result of the 
2,3-dimethyl butane formed from isopropyl radicals. This correction was 
evaluated from measurements of the mass 84 peak in the absence of lrryp- 
ton, other conditions being the same. 

Measurement of the Appearance Potentials 
As found by Stevenson and Hipple (23) a significant correction to the mass 

29 peak was required in the measurement of A(CzHb+) from ethane. The 
appearance potential of C2H4+ from ethane is appreciably lower than that of 
CzH5+ (23). Consequently the mass 28 peak is many times as high as the mass 
29 peak a t  electron energies a few volts above A(CzHS+). The isotopic 
C12CL3H4+ peak from CzH4+ was found to  account for almost one-third of the 
mass 29 pealr under these conditions. The  correction to  mass 29 was calculated 
from the natural abundance of C13 assuming that no difference in thc ionization 
efficiency curves of C1zC1zH4+ and Cl2CI3H4+ or in the ratio of formation of the 
ions would occur as a result of isotopic factors. This correction raised the 
observed value of A (C?HS+) by about 0.2 ev. as was fou~ld by Stevenson and 
Hipple (23). 

The ionization efficiency curves for A (CzHb+) from the halides showed 
curved 61" vs. I plots and the extrapolated values being apparently low by 
0.4 to 0.6 ev. are not reported here. The cause of this discrepancy is not obvious. 
I- ions from the iodide were found, but only to the extent of about one part in 
6000 of the C Z H ~ +  ion. This amount should not appreciably loxver the appear- 
ance potential, and in any case the ion may arise by a secondary process. The 
formation of ethyl radicals by pyrolysis on the filament followed by diffusion 
back into the ionization chamber would lo\ver the observed appearance 
potential. EIowcvcr, it is difficult to see, in view of the thermal instability of 
ethyl, why this effect should be larger than for the more stable methyl or ally1 
radicals. 

The appearance potential of the mass 39 ion from propyile ulas not measured 
since this ion may arise by two different processes 

CHiC.CH3+e --t CHiC.CH2++H+2e [:Ll 
CHIC. CE13+e --t Ci C .  CI-13++H+2e [2 1 

depending on which hydrog.cn atom is lost. In order to find out the extent to 
which process [2] occurs, the mass spectrum of a sample of CHIC.CD3, 
kindly prepared by Dr. L. C. Leitch, was examined. The isotopic purity of the 
sample was determined from the mass spectrum obtained with electrons of 
energy sufficient to  form the molecular ion but insufficient to  form dissociation 
products (25). As shown in Table I ,  the sample was about SOY0 CHiC .CD3.* 
In the 50-volt spectrum, after the parent ions have been subtracted in the 

*The  intprobable rearrange?~rent firodz~ct CD': C .  CD?H Y X L S  asszi7ned to be absent. 
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ratio of their abundance, the fragment ion a t  mass 42 can arise only by 

CHiC.CDa+e -+ CiC.CDa++H+2e [3 1 
and that a t  mass 41 mainly by 

CHi C.CDa+e -+ CHiC .CDzf+D+2e [4 1 
with a small contribution from the impurity 

CHiC .CD2H+e -+ CHiC .CD2++H+2e. [;I 

TABLE I 
~ I A S S  SPECTRA OF TRIDEUTEROPROPYNE 

Peak height Peak height 
nilass a t  Mole a t  Parent Fragment 
No. low energy %A 50 ev. ions ions 

If the contribution from process [5] is ignored, the ratio H loss/D loss from 
I CHiC.CD3 is then 422/1413 = 0.30. It  is possible, however, to correct for 

I process [5] on the assumption that its probability is one half the sum of the 
probabilities of process [I] and process [2]. The contribution of process [5] 
to the mass 41 peak is then 376 X 4 X ratio inass 39/mass 40 in propyne 
(0.859). The fragment peak a t  mass 41 resulting from process [4] is then 
1413- (376 X + X 0.859) = 1252, and the corrected ratio of H loss/D loss is 

I 

422/1252 or 0.337. This is almost exactly $, suggesting that after a propyne 
molecule has been struclc by a 50-volt electron, the four hydrogens in the 
excited ion are equivalent and the loss of a hydrogen atom from either end 
occurs on a statistical basis. Unlortunately the isotopic purity of the sample 
was not sufficiently high to give appearance potentials for processes [3] and [4] 
free from interference. 

The same inherent ambiguity exists in the mass 43 peak from propane. I t  
has, however, been reported that this ion is mainly s-C3H7+ (18, 26). In addi- 
tion, it is possible to say that the process 

will have a lower appearance potential than the process 

C3Hs+e -+ n-C3H7++H+2e [71 

since (21) I(n-C3H7) > I(s-C3H7) and D(n-C3H7-H) > D(s-C3H7-H). In 
view of these considerations it is very probable that A (C3137+) corresponds to 
process [6] and that the derived dissociation energy can be assigned to the 
s-C3H7-H bond. 
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RESUL*TS AND DISCUSSION 

The  individual and average values obtained for the ionizatioii potentials 
of the three raclicals are given in Table 11, together with some measured and 
calc~ilatecl values from the literature. The  appearance potentials of the radical 
ions from the derivatives are given in Table 111. The  dissociation energies for 
the radical-atom bonds, derived on the assuniption that  no ltinetic energy 
term ih  involved, are also given in Table I11 for comparison with values from 
the literature. The  limits of error shown should be regarded as limits of pre- 
cision and not of absolute error. 

IOXIZATION POTENTlALS OP THE PREI: RADIC.1LS ETHYL,  ISOPROPYL, A X D  I'ROPARGYL 
- -- 

Ionization potential (ev.) 

Individual Literature 
Radical Source values Average value Method 

Ethy l  hlercury 8.80 
dietliyl 8.79 

8.76 8.7SZk0.05 8.67Zk0.1 Direct electron impact (7) 
8.78 

Isopropyl Azoisopropane 7.91 7 .4310 .1  A(s-C31-I~+) from isoalkanes (30) 
7.93 7.90Zk0.03 
7.88 7.73 Calculated 
7.90 7.81 Calculated 

(-1) 
(22) 

Propargp! Propargyl 
iodide 

Ethyl 
The  average value for the ionization potential of the ethyl radical, 8.78 
0.05 ev., agrees with that  of 8 . 6 7 f  0.1 ev., measured by Hipple and Steven- 

son, within the coillbined limits of error. The  appearance potential of C2Hj+ 
from ethane, 13.05f0.05 ev., lies within the estimated limits of error of the 
three previous measurements. Using the present clata for I (C2Hj)  and 
A (C2H5+), D(CnH5--H) = 4 .27 f  0.10 ev. (98 .5f  2.3 I<cal./mole). This result 
is perhaps just significantly higher than the average value from electron im- 
pact data  (21), and within the limits set by the photobronlination data ( I ) .  

As described above, the appearance potentials of the ethyl ion from the 
halides were anomalously low, and no reliable values for the dissociation ener- 
gies of the ethyl--halide bonds coulcl be obtainecl. I t  would be interesting to  
study the ionization efficiency curves for the ethyl ion from these compounds 
using soille means of detecting fine structure (3, 17). 

Isopropyl 

The  lneasurecl ionization potential of the isopropyl radical, 7 . 90 f  0.05 ev., 
is considerably higher than the 7 .43 f  0.1 ev. derived from the appearance 
potentials of s-C3Hi+ in the mass spectra of isoalltanes and from the relevant 
heats of formation (20). I t  is, in fact, very close to the 7 . 9 4 f  0.1 ev. clerived 
in the same way for the n-propyl radical (21). As clisc~~ssecl in a previous sec- 
tion, there appeared to  be 110 doubt of the identity of the isopropyl radical on 
the basis of the dimer formed. Even if some n-propyl radicals were initially 
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formed, they would decompose very rapidly a t  the temperature of the reactor 
as was found in the attempt to produce the n-propyl radical. With the present 
method of plotting the ionization efficiency curves, the measured ionization 
potential would be high if some contribution to  the 50 ev. peak a t  mass 43 had 
been neglected in calculating the net radical peak height a t  50 ev. A decrease 
of 10% in the net 50 ev. peak height would lower the ionization potential 
by only 0.05 ev. The four irldividual values for I(s-C3Hi) given in Table 111 
were obtained in two separate experiments separated by an  iilterval of a few 
days. 

The appearance potential of mass 43 from propane (1.1.664 0.05 ev.) is in 
good agreement with previously measured values (11, 16, 24). I-Iowever the 
value of D(s-C3H7-H) from the present data 

A(s-C3H7+) - I(s-C3H7) = 11.66-7.90 = 3 .76 f  0.10 ev., 
or 86.7f 2.3 kcal./mole, would appear to  be considerably too low by compari- 
son with the electron impact average of 94 .3 f  2 kcal. The  derived dissociation 
energies for the isopropyl-halide bonds also appear to be low, although the 
absence of reliable kinetic data for these bonds maltes con~parison difficult. 
The appearance potential data for the isopropyl ion would suggest that the 
measured ionization potential is too high by about 0.3 ev. I t  is interesting to 
note that two values of the ionization potential calculated by Franklin and 
Fielcl (4) (7.73 ev.) and by Stevenson (22) (7.81 ev.) on the basis of a siillplified 
molecular orbital method, both lie between the presently measured value and 
the average electron impact value. The calculated value of Franklin and Field, 
7.73 ev., was based on I(CH3) = 10.07 ev. and I(C2H5) = 8.67 ev., that of 
Stevenson on the later value for methyl I(CH3) = 9.96 ev. and I(C2Hj)  
= 8.67 ev. Using I(CH3) = 9.96 and I(C2Hj) = 8.78 as measured in this 
work, the same calculation of the ionization potential of the isopropyl radical 
gives 7.97 ev. In view of the assumptioils and simplifications necessary in 
such a calculation, it  is doubtful whether this result can be considered as 
support for the high value for ~ ( S - C ~ I - I ~ )  found here. I t  ~vould appear that 
further ~vorlr is necessary to  resolve the cliscrepancy. 

Propargyl 
The ionization potential of the ~ropargyl  radical, 8 .25~t0 .08  ev., is only 

slightly higher than the 8 .164 0.03 ev. founcl for the ally1 radical (13). This 
difference is considerably smaller than that between the ionization potentials 
of propyne ( 1 0 . 4 3 ~  0.1 ev.) (6) and propj-lene (9.84 ev.) (8). 

The dissociation energies of the propargyl-halide bonds are not lcnown from 
other sources for comparison purposes, but the derived values seem rather 
low in view of the high temperature requirecl to  dissociate propargyl iodide. 
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THE HYDRATION OF PLASTER OF PARIS1 

T h e  hemihydrate of calcii~rn sulphate labelled with caIcii~m-45 or sulphur-35 
was hydrated in a supersaturated solution of calcium sulphate a t  21°C. The  
distribution of the  radioactive isotope between the  solution and  the  solid phases 
and the concentration of the  solution throughout the  period of hydration were 
measured. The  exchange of calciuln ions between crystalline gypsum and i t s  
solution was also stodied. The  experimental results are discussed from the  
\ iewpoint of t he  mechanism involved. They are found t o  be in agreement with a 
mechanism which p o s t ~ ~ l a t e s  a single passage of the  s t ruc t i~ra l  units of the solid 
hemihydrate through the solution and not  consistent with one of direct hydration 
without temporary independent esistence of t he  products in the  liquid phase. 

INTRODUCTION 

The availability of radioactive isotopes provides a new method for the 
study of reactions between slightly solublc substances and aqueous solutions. 
A paper by Graham, Spinks, and Thorvaldson (1) on the hydrolysis ancl 
hydration of tricalcium silicate and P-dicalcium silicate illustrates some of the 
possibilities of the method. The  experimental results obtained by these workers 
are readily interpreted 011 the basis of the theory of Le Chatelier, that the 
anhydrous silicates pass into solution ancl react t o  form less soluble hydratecl 
silicates, which then separate out of the supersaturated solution. They are 
not so readily interpreted on the basis of the direct hydration of the silicate 
in the solid state,  with only calciun~ hyclroxide splitting off to enter the 
hydrating liquid. 

-4s the study of the hyclration of these silicates is complicated by the variable 
lime-silica ratio and the gel-like nature of the hydrated silicates, it was 
considcrecl desirable to apply the method to a simpler system. The  hyclration 
of plaster of Paris was selected because of its historical and scientific interest 
in relation to the chemistry of cements. 

There are several points of difference between the hydration of tricalcium 
silicate and of plaster of Paris. In the case of the silicate labelled with calcium- 
45 two methods are available for followi~lg the progress of the reaction, i.e. the 
cletermination of (i) the allcalinity and (ii) the activity3 of the liquid phase, 
while in the case of plaster of Paris labelled with calcium-45 or sulphur-35 
only the second method is available. The solubility of the hydrated silicate in 
solutions of calcium hydroxide is extremely small while the solubility of gypsum 
in water is much higher ancl supersaturation of the order of fourfolcl with respect 
to the hydration procluct may be obtained during hydration of the hemi- 

liVIanuscrlpl received January  25, 1955. 
Conlribztlion fronz lhe Deparlmenl of Chemislry, Unittersily of Saskalcliewan, Saskaloon, Sask. ,  

7cr:ll~ financial szrpporl from lhe 2Valional Iiesearch Colrncil of Canada. T h i s  paper represenls a 
part of a thesis sztbiizilted by one of 16s ( F .  IV. B.)  as partial reg~tirement for lhe degree of dlu.ster 
of A rls. 

2Holder of a b~trsary from the iVnliof~c~l  Research Cozincil of Canada. 
3The terms "active", "inaclive", and "activity" will be used lo refer to radioactivity and 71.01 to 

the che?rtical activity of the ~tinteriols ztjider disc~tssion. 
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hydrate. The ratio of lime to  silica in thesilicate changes during the hydration 
and this ratio in the product varies with the concentration of lime in the 
solution, while the corresponding stoichiometric ratio of the calcium sulphate 
remains unchanged. Furthermore, the hydrolysis of the silicate is a compara- 
tively long process, starting off fairly rapidly with the rate tapering off with 
time, while the hydration of the hemihydrate of calcium sulphate begins very 
slowly and continues a t  a steadily accelerating rate. 

Assuming a "through-solution" mechanism for the conversion of the he~ni- 
hydrate to the dihydrate, a mathematical expression for the progressive 
change in the activity of the liquid phase may readily be developed in a similar 
manner to  that used in the case of the hydration of tricalcium silicate (I). 
Two complicating factors may enter: (i) substantial changes in the concen- 
tration of the hydrating liquid due to the formation of supersaturated solutions 
with subsequent precipitation of gypsum, and (ii) exchange of Cad5 or S3504 
ions between the solution and the hydration product after precipitation. These 
must be considered in applying the theoretical equation to the experimental 
data. 

Calcium sulphate dihydrate was prepared from reprecipitated "alkali-free" 
calcium carbonate. The latter was dissolved in hot dilute hydrochloric acid, 
calcium sulphate precipitated slowly with ammonium sulphate, washed, and 
dried over plaster of Paris. The radioactive samples were prepared by addition 
of a suitable amount of Ca45C12 or HzS3504, obtained from Atomic Energy of 
Canada, to the solution before the precipitation. The sample of gypsum 
labelled with calcium-45 was completely crystalline, composed mainly of thin 
prisms varying in thickness from 0.002 to 0.01 mm. with an occasional crystal 
as  much as 0.025 mm. thick. The loss on dehydration agreed well with the 
theoretical value for the dihydrate. 

The gypsum was dehydrated in an oven a t  85-87OC. in a slow current of 
air. The time required to  reduce the moisture content to  that  of the hemi- 
hydrate was about eight hours when further dehydration almost stopped. 
The Ca45-labelled sample used for the hydration appeared to be mainly in the 
form of elongated fibrous plates, composed of aggregates of small crystals. The 
sample labelled with S3504 ions was composed of smaller particles. The water 
content of the samples was close to the theoretical value for the hemihydrate. 

Determination of the Activity of the Solutions 
The activity of the solutions was determined on 0.500-ml. portions, a t  least 

in triplicate, after precipitation of the calcium as oxalate and evaporation to 
dryness, using an end window Geiger-Mueller tube (window thickness 1.7 ingnl. 
per sq. cm.; scale of 64 scaler) and an electric timer. The geometry was ltept 
constant and enough counts were made to reduce the probable error to less 
than 2%. Corrections were made for background, for self-absorption when 
necessary, and for the resolving time error of the tube-scaler assembly above 
counting rates of 25 registers per min. 
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Exchange of Calcium Between G y p s z ~ m  Crystals and Solution 
Freshly precipitated gypsum crystals were digested for a long period of time, 

first a t  38OC. and then a t  21°C., and after filtration were dried over plaster ot 
Paris. The  sample was composed of long prisms of fairl). uniform thickness of 
from 0.004 to  0.007 mm. with an occasional crystal measuring 0.003 mm. In  
the exchange experiments 0.05-gm. samples were shaken in pyrex centrifuge 
tubes with 9 ml. water a t  21°C. for four weeks, 1 nil. of a saturated solution of 
calcium sulphate labelled with calcium-45 was then added, the shalcing was 
continued, and individual tubes were removed from time to time for counting 
the solution. The  ratio of solid to dissolved calcium sulphate in the system was 
about 1 : l .  The room was thermostatted a t  21°C. 

The calculated activitj. a t  time of  mixing, assuming no exchange, was 
15.16 registers per min. for 0.5 ml. of solution. Counts were made on separate 
tubes a t  30 sec.; 20, 40, and 60 min.; two, four, and six hours after adding the 
calcium-45 activity. The  values obtained mere (reg./min./O.3 ml.) 15.08, 
15.12, 15.22, 15.21, 15.13, 15.07, and 15.03, respectively. For the co~lditions 
and duration of these experiments it appears that  exchange of calcium ions 
between the solid and solution does not significantly affect the activit)- within 
the accuracy of counting. 

In our hydration experiments with plaster of Paris one might expect greater 
exchange owing to  smaller crystals and higher specific surlace. X second series 
of  experiments was therefore made to attempt to  determine exchange rates 
with very small crystals. These were prepared by shaking together in pyrex 
centrifuge tubes weighed quantities of precipitated calciunl carbonate and 
equivalent amounts of 0.1 molar sulphuric acid. Within two minutes the 
calcium carbonate had completely dissolved, followed by the formation of a 
voluminous precipitate of hydratecl calcium sulphate. After rapid centrifuging, 
samples of the clear supersaturated liquid were removed for analysis to  deter- 
mine the concentration of the solution ant1 the weight of solid (by difference). 
A standard solution of calciun~ sulphate labelled with calcium-45 was immedi- 
ately added to each tube and the tubes shaken to allow exchange to talce place. 
The  total time required for these manipulations up to the beginning of the 
exchange shalcing nras approximately six minutes. From time to time tubes 
were centrifuged and the solution countecl. The  concentration of the solution was 
determineel in each case ancl corrections applied to the count for self-absorption 
on the basis of previously determined values for the concentrations found. 

The  crystals formed by the action ol the acid on the carbonate, separated 
from the mother liquor by rapid filtration two minutes after mixing, were 
fine prisms mostly less than 0.001.5 mni. in diameter. At this stage the mother 
liquor mas highly supersat~11-ated with respect. to gypsum, containing as  much 
as five times the saturation value. The  co~icentration after dilution with the 
active solution was still three to four times the saturation value. After an 
additional period of shaking with the mother liquor for 12 min. (i.e. the pcriod 
required for complete hydration in the experiments described below) the 
crystals had grown considerably; many of them were more than 0.002 mm. in 
diameter and the solution was approaching saturation. 
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, . I he experinlental conditions were in some ways similar to those of the hydra- 
tions described below. The total weight of calciu~n sulphate in the system and 
the volume used were the same. The concentrations of the solutions a t  the 
beginning of the exchange shaking were of the same order as those a t  the 
beginning of the hydration runs. On the other hand in the exchange experi- 
ments the activity of the solution and the specific activity of the solute were 
a t  the maximum at  the beginning when the size of the crystals was a t  a 
minimum while in the hydration runs the total and specific activities of the 
solute were a t  a minimum at  the beginning when the crystals of gypsum 
\\rere of minimum size. Thus the conditions were more favorable to high 
exchange in the present experiments than in the hydration runs. 

The per cent exchange of calcium was calculated, correction being made 
for the activity removed from the solution by precipitation. This correction, 
which was based on the mean specific activity of the solute during the exchange 
period, is probably too small, since most of the precipitation occurred during 
the first half of the time interval when the specific activity is near the maxi- 
mum, thus making the value attributed to  exchange too large. The  average 
value obtained for exchange was 2.2% in 10 min. and 4.8% in 20 min. This 
amounts to  about 370 for a 12-min. period, the time required for the hl-dration 
runs. The great increase in the size of the crystals during this period suggests 
that the exchange is mainly due to recrystallization of the original inactive 
finely divided precipitate. As long as there are a large number of small crystals 
present subject to recrystallization, the rate of this process probably increases 
as the concentration of the solution falls giving proportionally greater exchange 
during the longer periods. While we were mainly interested in what happened 
during the first 12 min., the experiments were continued up to 24 hr. The 
approximate values obtained for the per cent exchange for the longer periods 
indicated that the rate of exchange increased up to  a maximum in about one 
hour, then fell slowly, and that 100yo exchange was approached in 24 hr. 
The cluestion of exchange in the hydration experiments will be discussed later. 

T h e  Hydration of Plaster of Paris  Labelled W i t h  Calcium-45 
If  one brings the active solid hemihydrate into contact with a saturated 

solution of gypsum it dissolves, producing, before any precipitation occurs, 
a n  active solution which is highly supersaturatecl with respect to the dihydrate. 
'I'o reduce such dissolution of the active sulphate it is necessary to  prepare an 
inactive supersaturated solution and to use this as the hydrating liquid. 

The hydrating solution \vas prepared by adding successive portions of the 
inactive hemihydrate to freshly boiled and cooled redistilled water until ap- 
parently no further solution occurred on vigorous shaking. Five-milliliter 
portions ol the centrifuged solution \\;ere placed in a number of 15-ml. centri- 
fuge tubes each containing 44.0 mgm. of the radioactive plaster of Paris. 
These were inlmediately stoppered with serum bottle caps and shaken vigor- 
ously for a definite period of time. After centrifuging, three 0.500-1n1. samples 
of the solution nlcre withdrawn for determination of concentration (evapora- 
tion and ~veighing on a microb;llance) and three samples for counting. Three 
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series of runs were made. The  experimental values for the initial concentration 
of the hydrating liquid of the three series of runs were 4.42, 4.40, and 4.41 mgm. 
(expressed as the hemihydrate) per 0.5 ml. The  average value 4.41 nigrn./0.5 
ml. was used in all the calculations. T h e  ~naximurn activity in the solution was, 
in each case, recorded a t  11.7 rnin. The  da ta  for one of the series 01 runs are  
recorded in Table I. All the determinations of the activity for the  three runs 
and the corresponding values for the concentration of the hydrating liq~~icl are 
plotted in Fig. 1. 

TIME (MINUTES) 

FIG. 1. ?'he liberation of activity to the solution and the char~ges in conceritration when 
44 mgm. of the he~liiliydrate of calci~rm sulphate, labelled with calci~~m-45 (specilic activity 
43.1 reg./min./rr~gm.), were hydrated in  5 ml. of inactive calcil~m sulphate sol~~tiori .  

T:\BLE I 
HYDRATIOX 01; 44.0 ~ I G M .  C a t s - L A B E L L E D  PLASTER OF PARIS* IF 5 ML. SIJI~EIISATZ~RATED 

SOLCTION OF INAC.rI\'E CALCIC>f SSULI'HATE AT 21.3'C. 
------ 

Shaliing period, Centrif~rging period, Concentration Count,: 
min. rni~i. of solution? re~./min./0.5 rnl. 

-- - 

*Specific aclivily of Llze plasler of Par i s  = 43.1 reg./rtlit~./?tzgni. 
i.Expressed a s  ,~zilligrarns of plasler oJ Paris  per 0.5 ttzl. of solzilio~z. 
JCorrected for Backgrozrnd, self-absorpliotz, a77d resolvitlg Littre BZLL tlol for cizazges it2 cot1cet2Lmliotz 

o f  lhe soizllio?~. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
1.

38
.3

6 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BIRSS A N D  TH0KV.-XLDSOh-. PL.-XSTEI1 O F  P.2RIS 8'75 

Tlze Hydration of Plaster of Paris Labelled with Sulphur-33 

Three similar runs were made with the sample of plaster of Paris labelled 
with sulphur-35. 'The same types of curves were obtained both for the develop- 
ment of activity in the hydrating liquid and for changes in concentration. The 
maximum activity in the liquid was attained in a shorter time (approximately 
nine minutes) possibly owing to the smaller particles of the sample or to pre- 
sence of more gypsum nuclei. There was somewhat greater variability in the 
experimental results. Otherwise there was no essential difference between the 
curves obtained for the hydration of the two samples of hemihydrate labelled 
lvith calcium-45 and sulphur-35. 

DISCUSSIOS 

Derivation of the Theoretical Expression for the Activity of the Solution 

An expression for the relation between the extent of hydration and the 
activity of the hydrating solution may be derived on the basis of a through- 
solution mechanism. The derivation given below assumes: 

(i) Constant concentration of the solution, i.e. that the rate of precipita- 
tion of gypsum is a t  all times equivalent to the rate of solution oi the hemi- 
hydrate. 

(ii) No exchange of the active ion between the solution and the hydrate 
after precipitation. 

(iii) Rapid enough shaking so that the dissolved radioactive isotope is a t  
all times essentially uniformly distributed throughout the solution. 

Let a = moles of inactive CaS04 in the original solution, 
m = moles of labelled solid hemihydrate placed in the system, 
b = the specific activity per mole of the hemihydrate, 
x = moles of labelled hemihydrate which have passed into the solution, 

f (x) = the specific activity of the calcium sulphate in the liquid phase. 
Consider the hydration of dx moles of active plaster of Paris, releasing an 

activity bdx to give a solution of specific activity f (x). The sulphate precipi- 
tates as gypsum carrying down an activity f(x)dx from the solution. The net 
activity liberated to the solution dui-ing the process is bdx-f(x)dx. When x 
moles of the plaster of Paris have thus passed through the solution the activity 
in the solution becoilles 

K ( b d x  - (x) dx) = bx - If (x) dx. 

One can evaluate f(x) in terins of a ,  b, and .2: and integrate this expression 
bl- a method similar to that used by Graham, Spinlcs, and Thorvaldson ( I ) ,  
thus obtaining the expression for the activity in solution = ab(1-e-"la). 
Dividing bj- mb the total activity in the system and multiplying by 100 one 
obtains the percentage of total activity in the solution = (100alm) (1 -e-"la). 

In place of "moles CaS04" one may use the weight of CaSO?, CaSO'i. 4H20, 
or CaS04 . 2H.O in the sl-stem, or weight of any of these per unit volume of 
solution provided the basis of reference is the same for all quantities. I11 the 
discussion of the hydration experiments in this paper the concentration of 
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calcium sulphate in solution is always expressed in terms of nlilligrams of the 
hemihydrate per 0.5 ml. of solution. 

The End Point of the Hydration 

In each series of the hydration runs with the Ca45-labelled sample, the maxi- 
mum activity of the  hydrating liquid was attained in 11.7 min. The  question 
presents itself: was the hydration complete a t  this point or was an increase in 
activity due to  subsequent hydration masked by a lowering due to precipita- 
tion? This question is answered by consideration of the specific activity of the 
calcium sulphate in the solution after the 11.7-min. point (Fig. 1,  curve BC). 
If the specific activity of the solute remains constant, then precipitation is the 
only process taking place.' Calculation of the specific activity a t  points 
between 11.7 and 20.0 min. gave a constant value, i.e., 

[activity (reg./min./0.5 ml.)]/[concentration (mgm./0.5 ml.)] = 29. 

This indicates that  af ter  the 11.7-min. point the only factor affecting the 
activity of the solution was precipitation and tha t  the hydration was therefore 
essentially complete a t  this point. 

Tlze Correction for Changes in  Concentration of the Hydrating Liquid 

Before comparing the experimental values for the activity of the hydrating 
liquid cluring the period of hydration (Fig. 1, curve AB) with those calculated 
by use of the theoretical equation, correction must be made for changes in 
concentration. The  gradual decrease in the concentration of the solution indi- 
cated in Fig. 1 corresponds to  the removal of continually increasing amounts 
of activity. For the ascending portion (AB) of the hydration curve the change 
in concentration is comparatively small while after the end point of the 
hydration i t  is much more rapid until the solution approaches saturation with 
respect t o  gypsum. 

An approximate value for the lowering of the activity of the solution due to  
the decrease in concentration during any  small time-interval is given by the 
expression 

(w2-w,) [+ (a,/w,+a,/w,) I 
where wi and w, are the concentrations a t  the beginning and end, respectively, 
of the interval, and a i  and a,  are the corresponding activities of the solution. 
r .  1 he expressions ai /wi  and a,/w, represent the specific activities of the calciun~ 
sulphate in the hydrating liquid a t  the beginning and end, respectively, of the 
time interval. 

The calculated corrections for the period of hydration, using nine time- 
intervals, are given in Table 11. Doubling the number of intervals cloes not 
change the correctecl final a, value materially. 

The corrected experimental value for the activity of the solution a t  the end 
of the hydration period (i.e. a t  11.7 min.) is 116 reg./min./0.5 ml. or 61% oof 
the total activity of the system. The  corresponding value for complete hydra- 
tion calculated from the theoretical equation is 63% of the total activity." 

4.412 exceptio7~ to this stulen2e?2t ~ o z l l d  be the ~rulikely  case where two or ,nore contpe?tsating 
processes i n  addition to precipitatio?? occzrr i n  the system. 

&For total exchange the calculated valzre for the activity of the solzrtion at the end poi?zt of the 
i~ydration,  for ozrr experimental condi t io?~~,  is  76 reg./nzi?z./0.5 ml., or 407" u j  the Lutal aclivity of 
the system. 
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These values may be considered to be in good agreement as any lack of thorough 
mixing of the solution during the hydration ivould tend to cause precipitation 
of gypsum in regions of high activity and thus lower unduly the activity of the 
solution. There is liltely to be some lowering of activity due to this cause near 
the end of the hydration when the rate of reaction is very high and the dif- 
fusion of the calcium ions through a film adhering to the solid may become the 
liniiting factor. Furthermore, the experimental values obtained a t  the 11.7- 
min. point are likely to be below the true maximum, as a slight displacement 
along the time axis, either way, fro111 the true end point (which is not neces- 
sarily exactly 11.7 min.) would give lower values for the activity. For these 
reasons the maximuin experimental value at 11.7 min. was used in the calcula- 
tion of the final corrected maximum instead of the average for the three series 
oI runs. The close reproducibility of the three series of experimental runs is an 
indication of the clocli-like regularity of the hydration process under g:ven 
conditions. 

The  Question of Exchange 

The theoretical equation gives a measure of the exchange of the radioactive 
isotope between the solid and the solution, resulting from the dissolution of the 
active hemihydrate and the essentially simultaneous precipitation of an eclui- 
valent amount of an active dihydrate. Exchange of calcium occurring during the 
hydration period but after separation of the solid hydration product would 
reduce the experimental value for the activity of the solution below those values 
calculated by the equation. Recrystallization during the period of hydration 
through the solution of very small crystals with redeposition on larger ones, 
which means a second passage of the calcium sulphate through the solution, 
\vould also lower unduly the activity of the solution. 

There is considerable evidence indicating that the effect of these processes 
on the experimental values lor the activity of the hydrating liquid is small. 
The experiments described above indicate that the rate of exchange of the 
calciuni ion between gypsum and its saturated solution. after the system has 
attained equilibrium, is negligible for the time of exposure involved in our 
experiments. During the hydration the surfaces of the growing crystals are 
continually in radioactive exchange equilibriu~li with the calcium sulphate in 
the solution. For further exchange the radioactive ion must pass from the 
surface to the zone of lower radioactivity inside the crystal. The very low rate 
of diffusion of the calcium ion in the crystalline solid therefore determines the 
rate of exchange. 

The gypsum prisms formed in the hydration runs were of fairly uniform size, 
~iiainly 0.003 to 0.004 mm. in diameter, with very few less than 0.002 nim. This 
suggests a regular growth of the crystals during the hydration period and indi- 
cates that near the 'end of the hydration there were very few crystals small 
enough to take part in a recrystallization process. Such recrystallization would 
also be inhibited by the very high supersaturation of the solution right up to 
the end of the hydration period. 

During the early part of the hydration period when both exchange through 
diffusion, due to the high specific surface, and exchange through recrystalliza- 
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BIRSS AXD THOKV;\LI>SON: PLASTER OF P.ARIS 879 

tion, due to the small size of the crystals of gypsum, would be a t  a maxirnuni, 
both the rate of hydration and the activity of the solution are very low. Less 
than 5% of the plaster of Paris is hydrated during the first third and less than 
10% during the first half of the hydration period (see Fig. 3) thus favoring the 
growth of the gypsum nuclei present in the solution to a size where the tendency 
for recrystallization is reduced or eliminated. Even i f  there were considerable 
exchange during this early period the over-all effect for the hydration of the 
whole sample would be small. 

The constancy of the specific activity of the dissolved solid in the post- 
hydration period is perhaps the strongest evidence for the absence oi appreci- 
able exchange effects through diffusion or recrystallization during the period 
of hydration, for such processes, i f  operating, \i~oulcl be expected to carry 
beyond the end point. 

The experimental findings are therefore in agreement with the assumption 
that the structural units of crystalline plaster of Paris pass through the 
solution cluring the hydration and that the theoretical equation is applicable 
to the process. 

T l ~ e  Rate of Hydration 

From the correctecl experimental values for the per cent of total activity 
found in the solution (Table 11) one may calculate, by means 01 the theoretical 
equation, the percentage of the plaster of Paris hydrated (i.e. 100x/m) corre- 
sponding to any given activity or the end of any time interval. Fig. 2 gives the 
calculatecl per cent hydration vs. the correctecl activity of the solutiot~ and 
Fig. 3 the rate curve for the hyclration a t  21.3OC. under the conditions of our 
experiments. 

iinother approximation of the extent of hydration may be derived directly 
from the experimental clata i f  the through-solution rnechanis~n is assumed. 
In any interval, x i  moles of labelled hemih>.drate pass into solution releasing 
an activit\- bxi to  the solution. If no concurrent precipitation tool; place the 
activity of the solution \voulcl become a,+bxi ancl the concentration wi+xi .  
Gpon precipitation the solution assumes an activity a ,  ivhich is clirectly pro- 
portional to the final concentration attained, w,. 

and 

C:alculations based on this approximation yield results in good agreement with 
those given in Figs. 2 and 3 if  the intervals are sufficiently small. 

I t  is of interest to note that the shape of our rate curve, which was obtained 
with a very low ratio of the hernihyclrate to solution, is in general agreement 
with the thermal curve obtained by Weiser ancl i\/Io~-eland (2) with a very high 
ratio of plaster to  water (50 gm. to 30 ml.). The period of slow hyclration a t  
the beginning ("inhibition period") is attributed bl. these authors to dearth 
of crystal nuclei of the hydration product ancl was found to be shortened or 
eliminated b\. the aclclition of small amounts of finely cr).stnlline gypsum to the 
plaster. 
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FIG. 2. 'I'he relation between the per cent of active plaster of Paris hydrated and the per 
cent of the total activity found in  the  hydrating liquid. 

FIG. 3. The rate curve for the hydration of plaster of Paris a t  21.3OC. 

The  IIydration of' Plaster of Paris Labelled with Sulphur-35 

The  above discussion also applies t o  the da ta  obtained with the sample of 
plaster of Paris labellecl with S". The  final value for the activity corrected ior 
the effect of precipitation was 6270 of the total activity in the system as  com- 
pared t o  64Yo, the value required by the theory for hydration b y  a through- 
solution n~echan isn~  under our experimental conditions. 

GENER.4L CONCLUSION 

Thc  esperimental results for the hydration of plaster of Paris are in agree- 
ment with those calculatecl for a through-solution mechanism, while they are 
not consistent with the assumption of an)- mechanism of direct hyclration 
without the solid passing into solution. Direct hydration alone woulcl not give 
rise t o  activitj. in the solution. If one assumes that  the first step of the process 
is a surface reaction between the crystals of the henlihydrate and water one 
~voulcl have to postulate tha t  the dih>.clrate formed passes into solution and 
maintains the  high supersaturntion of the solution with ~ e s p e c t  to  g>-psum 
cr).stals cluring the periocl o i  hjrclr-ation. 
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THE MECHANISM OF THE HYDRATION OF CALCIUM OXIDEL 

ABSTRAC'I' 

Three sarnples of c a l c i ~ ~ ~ n  oxide, designated as .A, B, ancl C, \\.ere preparecl 
from c a l c i ~ ~ m  carbonate labelled with calci~~m-45. :\ \vas heated to constant 
weight a t  700°C.; B was hcated an additiollal three hours a t  1400 to l55OoC.; 
and C was heated six hours a t  the same temperature. 'The samples \\.ere hydratetl 
in a supersaturated lime solution a t  21°C., the develop~llent of activity and the 
changes in collcentratiol~ of thc solution being deterlnined. l'he activity cnterillg 
the solution accourlted, according to theory, for the f ~ l l o \ \ ~ i ~ l g  percentages of 
the sanlples passing through the solutioll during the hydration: r\, 27'5;; R ,  57%; 
C,  94%. These results indicate that samplc C ("clead-burnt" lime) hydratcd by 
a "through-solutior~" mechanism, but that .\ and B cither hydrated partly 
according to  some other mechanisrn, such as  a vapor phase process ill the pore> 
of the particles of lirnc, or the c a l c i ~ ~ m  ions failed to reach the bull; of thc hyclrat- 
ing l iq~lid bcfore precipitation as  calci~lrn hyclroxicle. 

INTRODUCTIOK 

'Three cases of hydration, namely of tricalcium sil~cate,  p-dicalciun~ silicate.. 
and the hemihydrate of calcium sulphate, have been s t~~cl ied b>. the ncwl?. 
clevelopetl method of using radioactive elements as tracers (1, 2). The  experi- 
mental evidence available on the mechanism of the h>.dration of the two sili- 
cates has in the past beer1 rather inconclusive. However, it is generally con- 
sidered that  when plaster of Paris is brought into contact with a large excess 
of water, the solid passes into solution and then crystallizes out a s  gypsum. 
T h e  results of the experiments with the hemihydrate of calcium sulphate 
labelled with calcium-45 or sulphur-35 (1) were found to be compatible with 
such a " through-solution" mechanism, thus giving, when combined with the 
previous findings (2), indirect support to  the theory of a sinlilar mechanisr~l 
for hydration of the silicates. 

Calcium oxide was selected for similar experinlents because of the violer~ce 
of its reaction with water. I t  was thought tha t  the tracer method applied to  
this reaction might give support to the alternative theory that  some solids 
react directly with water, hydrating ni thout  passing through the solution 
in the process. I t  is well known tha t  when calcium oxide is brought into contact 
with water, solutions highly supersaturated with respect to  crystalline calciurll 
hydroxide are formed, and tha t  these solutions shed the excess hl.tlroxide 
ralher slowly. 'Thus it is evident tha t ,  a t  least in part ,  the solid passes through 
the solution. However, i f  the predominant reaction is a direct one between 
water and solid lime without the latter passing into solution, then the tracer 
method should disclose this and might show that  the hldration goes con,- 
pletely by this path i f  a highly supersaturated solution of lime is used as the 
hydrating liquid. 

l~ l lanz~scr ip t  received January 25, 1955. 
Contribz~tion from the Departmen1 of Chetuistry, Uniliuersity of Saskatchewa?t, Sasknloo~z, Sask., 

with financial support fronz the National Research Couzcil of Cn7rada. This  paper represents a 
port of a thesis subtt~illed by one of 11s ( F .  W. R . )  as partial reqlrirettre?~t for the degree of Master 
of Arts. 
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The  experimental procedures were very similar t o  those described in the 
preceding paper (1) by Birss and Thorvaldson on the hydration of plaster of 
Paris. The  methods and the  precautions used to  ensure accuracy of the 
measurements of radioactivity were the  same. The  work was done in a room 
thermostatted a t  21 f O.l°C. 

Three samples of calcium oxide, A ,  B, and C, were prepared from calciunl 
carbonate of high purity, labelled with calcium-45, by  the various heat 
treatments indicated in Table I. 

Supersaturated solutions containing from 1.26 t o  1.35 gm. of inactive3 
calcium oxide per liter were used as the hydrating liquids so a s  t o  reduce, a s  
far as  possible, further increase in concentration through solution of active 
lime during the hydration. Fifty-milliliter aliquots of the supersaturated 
calcium hydroxide solution were shaken with freshly ignited 0.05-gm. samples 
(+ 1%) of active calcium oxide in sealed 100-ml. gold or silver lined steel tubes. 
At  intervals tubes were centrifuged, 25 ml. of the  clear liquid titrated with 
0.06 N hydrochloric acicl, and five 0.500-ml. samples counted. Duplicate 
series of hydrations were run with each sample of calcium oxide. 

RESULTS 

The  three samples of lime showed considerable differences in their behavior 
on hydration. In  each case the  concentration of the supersaturated hydrating 
liquid increased; with samples B and C t o  a much greater extent than with 
sample A. Sample C, which gave the  highest supersaturation, required the 
longest time for complete hydration. Some observations on the hydrations 
follow. 

Sample A.-The concentration of the  hydrating liquid rose rapidly from an 
initial 1.26 t o  1.33 gm. CaO/liter (10 min.), then more slowly to  1.35 gm./liter 
(30 min.). The  same value was obtained a t  60 rnin., with a slight decrease 
during the next 60 min. T h e  activity of the solution reached a maximum in 
30 t o  50 min. T h e  duplicate series were not in close agreement. 

Sample B.-The concentration rose from 1.29 to  1.44 gm. CaO/liter in five 
minutes, reached 1.46 t o  1.47 gm./liter a t  20 min., then remained almost 
constant until the two-hour test. T h e  activity ol the solution reached a maxi- 
mum in 60 min., and showed very slight decrease a t  the  two-hour test. 

Sample C.-The concentration rose from the  initial of 1.34 gm. CaO/liter 
to a s  high a s  1.52 gm./liter in 5 to 10 min., then fell rapidly, reaching 1.30 
gn~./l i ter a t  four hours and 1.28 gm./liter a t  eight hours. The  activity of the 
solution increased rapidly during the first 10 min., then slowly up t o  the  four- 
hour test, and then fell slightly during the next four hours. T h e  duplicate 
tleterminations of the two series with this sample were in fairly good agreement. 

T h e  apparent times required for complete hydration were: 
Sample A,  30-50 min.; Sample B, one hour; S,~mple C, four hours. 

3The lerwls "inaclive", "oclive", and  "nclivily" will be used lo  refer lo  rtrdioaclivily and  ?to1 lo 
the chemical ncli-dily of the r~zaler.iuls lclzder disc,~~ssiolr.  T h e  Cn1%wns supplied b y  Atorr~ic Ef teryy 
of Canada. 
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BIRSS AND THORVALDSON: CALCIC'M OXIDE 883 

"Throz~gh-solution" IIydration of Lime 
A theoretical expression for the liberation of raclioactivity by a labelled 

sample of the hemihydrate of calcium sulphate when hydrated in a solution of 
inactive calcium sulphate has been cleveloped in the preceding paper ( 1 ) .  
The  expression holds also for the case of the through-solution hydration of 
lime labelled with Ca" in a solution of inactive calcium hydroxide, namely: 
Per cent of total activity in the solution = (100a/m)  (1 -e"la) 

where a = moles of inactive lime in the original solution, 
m = moles of labellecl calciun~ oxide placed in the system, 
x = moles of labellecl calcium oxide which have passecl into solution 

during the hydration. 
The  limitations in the application of the expression to  the experimental clata 
have been cliscussecl in the preceding paper ( I ) .  

The  experimental results obtained with sample C will be consiclered first. 
Fig. 1 gives the plot for the changes in the activity of the hydrating liquicl with 
time, and the corresponding changes in the concentration of the solution. 
I t  also gives the plot of the experimental values of the activity in the solution 
corrected for the changes in the concentration, by the method clescribecl in the 
preceding paper ( I ) .  The  corrected experimental activity a t  the maximum is 
67.47, of the total activity of the system as  comparecl with 70.57,, the theo- 
retical value for complete hydration by a through-solution mechanism. This 
may be considerecl to be reasonable agreement because of probable errors 
which would tend to lower the experimental activity. Assuming conlplete raclio- 
active exchange equilibrium between the lime in the solicl and solution a t  the 
end of the hydration wo~ilcl give only ,557, ol the activity in the solution. 

Discussion of Errors 
The  errors affecting the esperimental results have been cliscussecl at length 

in the prececling paper, ancl will therefore be considerecl only briefly here. The  
rapicl reaction a t  the beginning of the hyclration may result in incoinplete 
mixing ancl consequent precipitation of the hyclratecl lime in regions of high 

I I I I I I I 
ACTIV!TY (CORRECTED) 

o b I I I I I I I 
1 2 3  4 5 6 

I10 
7 8 

T I M E  ( H O U R S )  

FIG. 1. 'I'he liberatioil of activity to the solution and the changes in concentration when 
0.05-gm. samples of calci~~rn oxide (heated six hours a t  1400-1550°C.) labelled with calc i~~m-45 
(specific activity 63.2 reg./min./~ngln.) were hydrated i n  50 ml. of inactive lime solution 
1.34 gni. CaO/liter). 
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activity. This would lower the observed activity in the liquid. In the hydration 
of plaster of Paris a similar danger was present near the end of the hydration 
period. The experimental measurement of activity a t  the four-hour point 
(Sample C, Fig. I ) ,  which was talten as the maximum value, is not necessarily 
the true peak, thus possibly giving too low a maximum. However, as the slope 
of the curve a t  this point is small, the error is probably not large. 

Exchange of calcium ions between the liquid and solid after the precipitation 
of the calcium hydroxide would lowel- the activity but the error is probab1)- 
not large since the drop in activity, after correction for precipitation, froni the 
four-hour to the eight-hour value is within the probable experimental error ot 
counting. Direct determination 01 exchange by shaking inactive calciu~n 
hyclroxide crystals with a solution of labelled calcium hydroxide (ratio ot solid 
to dissolved calcium hyclroxide six to one) gave a marked drop in the activity 
of the solution on mixing, probably owing to exchange of calcium ions between 
the liquid and the large area of surface of the thin calcium hydroxide plates. 
This was followed by a slolv decrease in the activity of the solution. Surface 
exchange does not affect the results in the hydration experiments as the surface 
of the crystals is a t  all times in exchange equilibrium with the solution. When 
the initial clrop in activity observed in the exchange experiments is eliminated 
and correction is made for the ratio of calcium hydroxide in the solid and 
liquid phase (0.8 to 1 in the hydration runs), the direct experiments give an 
estimated drop in activity of about 0.1% per hour for the conditions of the 
hydration experiments. This is of the order of the drop observed between four 
and eight hours in the hydration of sample C. 

During the very rapicl hydration of sample C in the first 10 min. lvhen, by 
calculation, about 60% of the sample was hydrated, very small crystals of 
calciuni hydroxide were probably formed. These would be subject to recrystal- 
lization, thus depressing the activity of the solution. During the 10-60 min. 
period (Fig. 1) the activity (lower curve) is depressed by the drop in the con- 
centration of the solution. This correction has been made in the upper curve. 
I-Iolvever, the apparently low values for the one :und two hour points on the 
"corrected" curve are probably due to recr>stallization and the low experi- 
mental value for activity of 67.4 instead of the theoretical 70 5% may be 
mainly due to this factor. 

Thus one must conclutle that in the case of sample C there is no evidence 
of direct hydration of the solicl calcium oxide without p,lssage of the solicl 
into solution during the over-all hydration process. 

Comparison, of the Hydration of Samples A ,  B ,  and C 

The activity values obtained for the hydration liquids were correctecl for 
changes in concentration (1). From the figures obtained the proportion 
of the calcium oxide apparently hydrated by a through-solution mechanism 
was calculated by means of the theoretical equation. The results are given in 
Fig. 2 and in Table I. 

The marked difference in the behavior of the three samples is apparently 
due to the heat treatments. The sample of calcium carbonate was cornposecl 
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BIRSS .4SD TI-IORV.4LDSON: C.ALCIUIM OSIDE 885 

TABLE I 
COMPARISON OF DATA FOR CaO SAMPLES A, B, AND C 

Sample A B C 

Heat treatment 20 hr. a t  700°C. 3 hr:%t 1400-1550°C. G hr." a t  1400-1550°C. 
WIaxirnum activity of 

liquid (corr.) (as 70  31.0 45.4 G7.3 
of total activity) { 26. l 46.1 67.4 

- - - 
Mean 28.6 45.8 67.4 

Calc. CaO 
hydrated "through- 
solution" (mean) 32 57 94 

*Af ter  20 hr .  a t  700°C. T h e  sa?nples were groz~?ld liglztly lo  break u p  aggregates a d  ignited t w o  
hours  a t  950°C. bejore use. 

U 
a 

0 I I I 1 I I I 
0 I 2 3 4  5 6 7 8  

TIME - HOURS 

FIG. 2. Con~parison of the activity liberated to the solution on hydration of three samples 
of calcium oxide labelled with calcium-45 (see Table I). 

of crystals mainly 0.022 to 0.04 mm. in diameter. Sample A retained the shape 
of the original crystals and microscopic measurements indicated only slight 
shrinkage. The particles of samples B and C had to a great extent lost their 
original shape, were smaller, and some sintering had occurred. 

Hedin and ThorCn (3) have made a very thorough study of volume changes 
during the ignition of calcium carbonate a t  various temperatures. They have 
concluded that  ignition a t  low temperatures produces particles of oxide of 
extremely loose structure composed of very small crystals of calcium oxide 
and having a large amount of internal pore space, but  that  progressive heating 
a t  higher temperatures gives closer packing and finally a compact crystalline 
material. They consider tha t  the high rate of slaking of soft burnt lime is due 
to  a large area of internal surface a t  which slaking can take place, while dead- 
burnt lime slakes only a t  the external surface of the particles. Hedin and 
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ThorCn have further concluded from their studies on the hydration of calcium 
oxide that the first step of slaking is merely the dissolution of the oxide and 
that this solution presumably occurs by direct formation of ions. However, 
they do not exclude the possible formation of hydroxide in the solid but 
consider that the supersaturation is due to the direct dissolution of calcium 
oxide. 

The results obtained with sample A could be explained on the assumption 
that the particles possess a large amount of internal surface and that a large 
proportion of the hydration of the oxide and precipitation of the hydroxide 
occurs in the capillaries and pores of the particles. This would, in part, prevent 
the radioactive ions of calcium from entering the bulk of the hydrating liquid. 
The average activity developed in the solution by this sample corresponded to 
a 32% hydration, through-solution. One would then assume that internal 
hydration occurs to a much lesser extent in sample B, which gave a calculated 
57% through-solution hydration, while it is absent in sample C, where the 
normal through-solution mechanism becomes evident with sufficient time lag 
between solution and precipitation for approaching complete uniformity of 
concentration in the hydrating liquid. 

On the basis of the above one might perhaps assume that essentially the 
mechanism of the hydration of the three samples is the same. There is, how- 
ever, the question of the mechanism of the "internal" hydration. Does ~vater,  
as liquid, enter the pore space, in which case the hydration might occur in 
liquid films, or does only water vapor pass into the capillaries giving a vapor 
phase reaction with the solid? Our experiments do not answer these questions 
but they indicate that sample C, which probably corresponds to "dead-burnt" 
lime, hydrates by a "through-solution" mechanism. While the "ionic" solution 
of the calcium oxide seems probable, the possibility that calcium hydroxide is 
first formed and then dissolves is not excluded. 
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THE ELECTRICAL CONDUCTANCE OF STRONG 
ELECTROLYTES: A TEST OF STOKES' EQUATION1 

ABSTRACT 

The equation recently put forward by \\;ishaw and Stolces, purporting to  
reproduce the  equivalent conductance of concentrated solutions of strong 
electrolytes, has been tested by applying it t o  the  experimental data of Campbell, 
Iiartzmark et alii .  The agreement between the calc~llated and observed values of 

is astonishingly good, in the case of lithium nitrate up to  a concentration of 
7 molar. The deviations found for silver nitrate and ammonium nitrate are 
attributed t o  ion-pair formation and a dissociation "constant" deduced (for 
silver nitrate) which does show approximate constancy; a similar calc~~lation 
by Stolces for arnmonii~m nitrate shows even better constancy. Since the  Stolces' 
equation is fully theoretical and contains only quantities t o  which physical 
meaning can be attached, it is t o  be preferred t o  any empirical, or semiempirical, 
equation. The Stokes' equation, being merely an extension of the Debye-Hiiclcel- 
Onsager concept, cannot be expected t o  apply t o  concentrations greater than, say, 
5 N. Attention is again drawn to  the  empirical observation that  in the region of 
very high concentration the plot of A versus log C is a true straight line. 

For a number of years, the present authors in collaboration with others (1) 
have been determining the equivalent conductances of concentrated solutions 

I of strong electrolytes, a t  various temperatures and a t  concentrations up to  
I that  of the molten salt (at sufficiently high temperature). This they have 

done in a purely experimental manner, since they laclted any theoretical 
equation which could be tested by their results, and there was no picture of 
the mechanism of conduction in strong solutions. The  Debye-Hiiclcel-Onsager 
equation, which requires a straight line relation between A and d C ,  is only 
valid in the extremely dilute region, say up to 0.01 N; a t  high concentrations 
i t  even gives negative values for A. I t  is unnecessary here to go into detail, 
since the situation is suminarized by Harned and Owen in their well-known 
book (4, pp. 144-158). Suffice i t  to say that  attempts have been made to 
extend the Debye-Hiicltel-Onsager equation by the addition of further terms 
to the d C  term. The best known of these are the equations of Onsager and 
Fuoss (7) and of Shedlovslty (8); the latter, however, is purely empirical. At 
best, these equations represent the variation of equivalent conductance with 
concentration only up to, say, 1.0 N. 

Quite recently, Wishaw and Stoltes (9) have produced an equation which is 
an extension of Onsager's equation, taking into account the effect of finite 
ionic size' (and Falkenhagen's evaluation of the relasation effect (3)). The  
Wishaw-Stokes equation is 

A = no- B?dC ) (1 -1+Bgdc  ; ( ; + B S ~ C  
' l l lanz~script received Ja~rzrnry 17,  1055. 

B1dC.F . 

Co7rtriOz~tion from the Deparlment of Chem~s lry ,  University of llfanitoba, W i f ~ n i p e g ,  iVIanitoba. 
2"Tlre term 5 [distance of closest approacl~ of tlre i o ~ ~ s ]  is  not Ihe sun1 of the crystnllographic 

radii of tlre appropriate zons (probably owing to tire increase i n  effective r a d ~ r ~ s  of tlre ions dale to 
their solpntion sheaths), aitd rnz~st therefore be determined enipir~cally." Kortz1711-Bockris ( 5 ) .  
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The symbols have the following meaning: 
h = ecluivalent conductance a t  concentration C, 
no = limiting equivalent conductance, 
B1 = 8.20X105/(~T)3/2, where E = dielectric constant of solvent, 
B2 = 82.5/q0(e~)i ,  where q0 = viscosity of solvent, 
B = 5 0 . 2 9 / ( ~ ~ ) 3 ,  
q = viscosity of solution, 
B = mean distance of closest approach of ions, (A), 
(,o .?!l?!lKa - 1 

F = ) where Ii = quantity in Debye-Hliclcel tlieoi-y given by 
0.2929Ka 

4n1Ve2 
K2 = [ ] C ( V ~ ~ ~ ? + V ~ Q ~ )  and a = nlean distance of closest approach 

lOOO€kT 
(cm.). 

Other symbols have their usual meanings. 

Wishaw and Stolces have tested their equation using their own data for 
ammonium chloride and for aminonium nitrate (the latter data are identical 
with our own). For ammonium chloride they find good agreement up to 5 N 
( & I  mho), while the discrepancies observed with the ammonium nitrate 
results are attributed to ion-pair formation, and a dissociation constant is 
evaluated which is reasonably constant up to 6 N. 

As our results are more extensive than those of Wishaw and Stolces and 
apply a t  different temperatures, i t  seems appropriate to test their very inter- 
esting equation using our results. Before doing so, however, some comment is 
necessary. In a letter from Dr. Stokes he makes use of the following words: 
"I am rather sorry that  your extensive conductivity measurements refer to 
nitrates; the behaviour of these is less siinple and respectful towards the theory 
than that  of chlorides, etc. . . . I believe the ion-pair forination in nitrates 
is genuine-it ties up with the thermodynamic data and the diffusion fairly 
convincingly. . . For silver nitrate I should suggest an B something between 
3.5 and 4 A ;  not the crystallographic value. According to Bjerrum, one should 
really take % = 3.57 for the ionized part of a one: one electrolyte which forms 
ion-pairs, but this parameter is fairly elastic. The greatest difficultj~ in applying 
the theory to ammonium nitrate or silver nitrate a t  temperatures other than 
25" is that  we have no activity coefficient data to use in calculating the ion-pair 
dissociation-constant I(. However, the theory may still be used to estimate a, 
the degree of dissociation of the ion-pairs, and to compare it  a t  different 
temperatures. I t  is quite possible that  cr will be nearer to  unity a t  your higher 
temperatures; the behaviour of the function e2/ekT ought to  correlate with . 

the amount of ion-pair formation a t  a given concentration a t  various tempera- 
tures. This function has the values 7.135 a t  25'; 7.225 a t  35'; 7.935 a t  95'; 
all X lo8." 

We have applied the Stoltes equation to our data  for silver nitrate and 
ammonium nitrate, a t  25O, 35", and 95O, and to potassium chloride (6) a t  2Z0, 
and to lithium nitrate a t  25' (unpublished data by Dr. G. Debus, working in 
this laboratory). 
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In using Stokes' equation, the quantities which may require arbitrary 
selection are 2 and A"; F is not such a quantity. A" is well known or can be 
found from the ionic conductances, for all common electrolytes a t  2Ei0, but 
a t  other temperatures it  becomes a matter of guess~vorlr (in the absence of 
further experimental worlr). 3 is occasionally lino~vn (at 2.5") but usually 
again only a probable value can be assigned. According to Bjerrum, S should 
have a fixed value of 3.57 for the ionized part of a 1: 1 electrolyte which forms 
ion-pairs. This value, however, can be altered within reasonable limits and 
still retain its ~hys ica l  meaning but it  must not vary with temperature. In 
other words, such a value of 5 is chosen (varying, say, between 3 and -1 A) 
as fits the data for 25" (A0 is known without anlbiguity for this temperature) 
and this value of 2 is used for calculations a t  other temperatures. 

There remains what Stolres calls "the vexed question" of a viscosity cor- 
rection. \While admitting that a viscosity correction is necessary, and that 
this correction is not given by the ordinary bulk viscosity, he is nevertheless 
forced to  use this bulb viscosity. Stolres thinks there is "some justification" 
for this. The particular substances investigated by him, ammonium chloride 
ancl ammonium nitrate, exhibit anomalous viscosit)~, that  is, up to quite high 
concentrations, the viscosity is some~vllat less than that  of water and never, 
even a t  the highest concentrations, much greater. Silver nitrate and lithium 
nitrate, which are used in our calculations, form very viscous solutions a t  high 
concentrations. I t  is fair to  point out that some of the deviation observed 
may be due to  the use of a viscosity correction which may be only approximate. 

CALCULATIOXS 

Our calculations are contained in Tables I to IV. I t  should be emphasized 
once again that  the choice of 5 and A" (except a t  25") is only guessworlr but  
this does not detract froin the value of Stolres' equation; i t  inerely requires 
further experimental work. Ion-pair formation has been assumed wit11 silver 
nitrate and a dissociation constant calculated using the activity coefficients 
given in Harned and Owen (4). The  calculation was not carried beyond the 
point a t  which a (=Acsp /Ac~c)  appeared to increase with further concentration. 
-q similar calculation has already been made for ammonium nitrate by LVishaw 
and Stolces (10). The results for A,,, and A,,,, are graphed in Figs. 1 to  5. 

DISCUSSION 

Obviously, the values of A obtained are dependent on the values of % chosen 
(and of A" if this is not known) but the general behavior is the same, whatever 
value of % is chosen. For example, a value of 3 may be chosen (e.g. 2.30 for 
silver nitrate) which may reproduce rather well the observed results over the 
initial range (up to 3 N for silver nitrate) and then give systematically de- 
creasing values of A up to the limit of saturation. If i t  is objected that the value 
of 2.30 is too low to  have physical significance and the more reasonable value 
of 4.35 assumed, then the initial calculated values are somewhat too high and 
later values finally become too low. In other words, the behavior is quali- 
tatively the same. Mie have used a number of alternative S values in the case 
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TABLE I 
- 

Acalc 
01 

C Aexp B = 2.3 8 = 4.35 (for B = 4.35) K 

I .  Silver zitrate at 2b0, A0 = 133.36 
0.0005 131.36 131.36 131.39 0.999 - 
0.001 130.51 130.57 130.62 0.999 - 
0.005 127.20 127.31 127.56 0.997 - 
0.01 124.76 125.00 125.32 0.996 2.41 

11. Silver ~zitrnte at 35', A' = 158.45" 

111. Silver nitrate at No, A' = 540.6% 

*Calct~lated t ~ s i x g  the temperatz~re coejicie~zts of cotzdz~cta~zce f ron~ (1). 
The  co?zsta?zts B ,  B I ,  Ba al95' were calcz~lated z~sifzg the dielectric co?zsta~zt data of bVy,tzatz 

and Ingalls (lo), atzd viscosity data from I.C.T. 
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TABLE I1 

C Aerp A o n ~ c  01 Aexp A c n ~ a  (Y 

III .  Amnzonizlrn vzilrale at 96', A0 = 365; B = 4.35 

NOTE. K valtles ( for  25') have been calculated by Wiskaw and Stokes (9),  whose experinzental 
reszrlls are i n  close agreement with ozirs. 

TABLE 111 
POTASSIUM CALORIDE AT 2j0, A0 = 149.86;  2 = 4.6 
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FIG. 1. AsNOa a t  25°C. 0 experimental; A calculated. 5 = 4.35; @ calculated, 
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TABLE IV 
LITHIUM NITRATE AT 25'; ho = 110.13 

of lithium nitrate, to demonstrate this. In view of Dr. Stokes' remarl; that  
nitrates are liable to ion-pair formation, in general we have preferred those 
values of 3 which give a calculated A greater than that  we have observecl, 
ancl from the a-value thus obtained we have calculated a clissociation constant; 
for silver nitrate it is reasonably constant. The agreement between A,,, and 
11,,,, for lithium nitrate, using an 5 value of 4.5 A, is so close, i.e. a - 1, that 
we prefer these results ancl therefore we have not attempted to calculate a 
clissociation constant. This means that we believe there is no ion-pair formation 
in lithium nitrate solutions up to a t  least 7 N. Such deviations as do occur 
nlay be due to the viscosity correction being uncertain (v ide supra, p. 889). This 
leaves the problem of explaining \v11y lithium nitrate should not form ion-pairs, 
\vhile other nitrates do, but a ready explanation offers itself in the xvell-ltnown 
fact, or supposition, that the lithium ion is highly hydrated, in coinparison 
with other univalent ions. 

The equation of Stokes seems to us to constitute a inajor advance, in that 
it carries the Debye-EIiicltel-Onsagel- concepts up to a concentration of from 
3 to 5 N. I t  is of course true that the figures obtained are far from exhibiting 
that close correspondence with the experimental results which an einpirical 
equation might give but this is not the point. A similar objectioil might be 
made to van der Waals' equation of state, as contrasted with other en~pirical 
and senliempirical equations, but van der Waals' equation is still the best for 
teaching and theoretical purposes, because of the clear and relatively simple 
picture it gives of the sti-ucture of a con~pressed gas. The same may be said 
of Stolies' equation; it supplies a mechanisin of conductance up to a region 
of truly high concentration. 

The essential virtue of Stoltes' equation is that i t  is entirely free from empiri- 
cism, every quantity containecl in it having a clear physical meaning. I t  may 
be objected that 5 ,  the distance of closest approach of the ions, is really only 
an enlpirical constant, but against this there are the strong objections that 
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it is always of the order of magnitude that would be expected and, above all, 
is independent of temperature. We note that, in agreement with Stolres' 
suggestion, the a-values are larger a t  the higher temperatures (using of course 
the same 5 values), that is, ion-pair formation is less. As would be expected, 
the calculated results, measured in terms of so-called a-values, become 
meaningless above a concentration of about 5 N. 

For solutions of the highest concentration and for anhydrous melts it may 
be that an entirely new theory is called for. In this connection, we cannot 
help referring again to an observation made by Mr. John Herron (2), when 
worlring with us, viz. that from the region of, say, 5 N (where the Stolres' 
equation begins to  breali down) the plot of A against log C is a rigorously 
straight line. This has recently heen confirmed by Debus' observations on 
lithium nitrate (up to 9N). To  say that any quantity plotted against log C 
would be a straight line or that the curve is merely approaching a straight line 
is incorrect; the curve is absolutely straight by any test with which we are 
acquainted. The observation is quite empirical but, if it is accepted, any pro- 
posed theory will have to account for this. 
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STUDIES ON CARRAGEENIN: THE EFFECT OF SHEAR RATE 
ON VISCOSITY' 

ABSTRACT 

The viscosity of aqLleolls solutions of carrageenin of high molecular weight was 
marl;edly dependent on the rate of shear. The shear-dependence increased with 
decrease in the concentration of added electrolyte. Because of curvature, extra- 
polation of [?] to  zel-o rate of shear was not possible. The  Huggins interaction 
coefficient, k', increased with decrease in rate of shear; k' also increased with 
increase in concentration of added electrolyte. I n  water, maxima of ?.,/c were 
observed a t  concentrations of carrageenin equivalent to  the ionic impurities in 
the distilled water used. At  higher concentrations the data fitted the Fuoss 
equation a t  rates of shear of 200 and 100 set.-I but not below 100 set.-I The 
constants A and D both increased with decrease in rate of shear. 

INTRODUCTION 

The polysaccharide carrageenin, a water-soluble extract of the red alga 
Clzondrus crispus, is of interest as a naturally occurring polyelectrolyte of high 
molecular weight. Solutions of carrageenin show a wide range in viscosity 
(2, 6 ,  8, 9 )  depending on the method of preparation and treatment of the 
extract. The intrinsic viscosity, [ g ] ,  is important as a means of characterizing 
any given sample. 

I t  has been shown previously (8) that the viscosity of solutions of carra- 
geenin of relatively low molecular weight is similar to that of other poly- 
electrolytes, while for extracts of higher molecular weight the viscosity becomes 
shear-dependent. The present worlc is part of an attempt to establish some 
general measurement of viscosity independent of rate of shear or intermolecular 
itlteraction. This paper describes the effect of shear rate on the viscosity of 
aqueous solutions of carrageenin, both in the presence and absence of added 
salts. 

EXPERIMENT-AL 

Preparation of Extract 
Carrageenin was extracted with water a t  80°C. from the residue of a pre- 

liminary extraction a t  30°C.-40°C. In order to obtain a product of high mole- 
cular weight care was talcen to avoid undue degradation or bacterial con- 
tamination. 

The extract was filtered through a No. 10 "Selas" porcelain filter and pre- 
cipitated in four volumes of ethanol. The white fibrous material was 
washed in absolute ethanol and ether, dried in vacuo, ground to pass a 20-mesh 
screen, and stored a t  -13OC. This extract is referred to in this and srrbsequent 
work as "Extract G". A preliminary osmometric determination of its molecular 
weight gave a value of 2,500,000. 

Recent work ( 6 ,  12, 13) has shown that carrageenin contains a t  least two 
components, distinguishable mainly by their gelling tendencies. Although no 

lil/I~nuscript received January 17, 1955. 
Contribulion from tlze Ahritinze Regional Laboratory, National Researclc Coz~ncil, Halifax, 

Nova Scotia. Issued as N.R.C. No. 3569. 
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attempt was made in the present investigation to  separate these components, 
recent results (6) indicated that a hot extract prepared in the above manner 
coilsists largely of the gelling fraction. 

Preparation of Solz~tio7zs 

Solutions were made up as  required by tumbling a t  room temperature. The 
sodium salt of the polyelectrolyte was used in all experiments. This iiras pre- 
pared by passiilg a so l~~t ion  of concentration 0.1 to  0.2 gm. dl.-' down a column 
of Amberlite IR 100 ion exchange resin. Final clarificatioil ii7as achieved with 
a No. 02 Selas filter element. 

Buffering salts were added by mixing l<nown volumes of the carrageenin 
with a stronger salt solution. The three ionic coilditions studied were (1) 
distilled water, (2) M/30 sodium phosphate a t  pH 7.0 (referred to as M/30 
phosphate), (3) M/30 sodium phosphate plus M/20 sodium chloride a t  pH 7.0 
(referred to as 1V1/12 phosphate/NaCl). 

Viscosity A~easzirements 

Capillary viscometers, each equipped with a series of bulbs to provide 
different hydrostatic heads, were employed. Various designs were tried in 
order to  cover as wide a range of shear gradients as possible. 

FIG. I. Viscometer for checlcing on the possibility of drainage errors. 
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IvIASSON AND GORING: CA4RR;\GEE?iIN 897 

Three of the viscometers were similar to the one described by Schurz and 
Immergut (11). By using various lengths of capillary tubing a range of shear 
gradients for water between 221 and 2135 set.-' was obtained. Where measure- 
ments were taken with different viscometers over the same range of shear 
gradients, the difference between the results was less than two per cent. 

The design of a fourth viscometer, shown in Fig. 1, was such as to allow the 
liquid to flow into the dry bulbs, thus providing a check on the possibility of 
drainage errors. The viscometer was filled through A with cap C closed. 
Sufficient time was allowed for temperature equilibrium to  be established, 
cap C was then removed, and the time required to  fill each bulb in turn lvas 
noted. The range of shear gradients covered was 607 to 2061 sec.rl Results 
obtained with this instrument for a highly viscous aqueous solution agreed 
within experimental error with data froin one of the other viscometers. Thus 
drainage errors were inappreciable. 

Measurements were made a t  25OC. in thermostats controlled to &0.05°C. 
or better. Kinetic energy corrections were applied to all the results. Visco- 
meters were calibrated by measuring the flow times of glycerol-water mixtures 
of lrnowil density and viscosity. Kinetic energy corrections were calculated 
for each bulb by the usual method. In one viscometer the correction for water 
in the bulb with the highest shear was 6y0 of the flow time and the correction 
decreased with increasing time of flow. All other corrections were lower than 
this and in several viscometers were negligible. The  intrinsic viscosity, [TI ,  was 
obtained from the specific viscosity, T,,, by the usual relationship 

FIG. 2 

FIG. 2.  ~ , , / c  vs. p for Extract G in water. 
FIG. 3. v s p / ~  VS. 0 for Extract G in M / 1 2  phosphate/NaCl. 
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F IC.4 

I I I I 

2 4 6-, 8 
c x ~d[~rn. dl. 

FIG. 4. Isosllear graphs of 4,,/c vs. c for Extract G in water. Values of P are fro111 10- 
200 set.-I 
FIG. 5. Isoshear graphs of 4,,,/c vs. c for Extract G in water. Values of P are fro111 300- 

900 set.-I 
FIG. 6. Isoshear graphs of o,,/c. vs. c for Extract G in 116/12 phosphate/NaCl. 
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'The average shear gradient, P ,  was calculated from 

PI p = 81/3a r3 t 

where V is the volume of bulb, 7 is the radius of capillary, and t is the time of 
flow. 

RESULTS 

Experimeiltal curves of q,,/c vs. /3 for various collcelltrations of Extract G 
in water and M/12 phosphate/NaCl are given in Figs. 2 and 3. From such 
curves, values of q,,/c a t  constant shear were derived and isoshear graphs of 
?,,/c vs. c (Figs. 4, 5 ,  and 6) were drawn. In 11T/12 phosphate/NaCl, as show11 
in Fig. 6, q,,/c varied linearly with c except for the slight curvature a t  p = 60 
set.-I Extrapolation to c = 0 gave values of [q] correspo~lding to definite shear 
rates. Similar results were obtained with 11[/30 phosphate; [q] is plotted against 
/3 in Fig. 7 for both sets of measurements. 

\ . Y . Phosphate 

FIG. 7. Intrinsic viscosity vs. shear rate for Extract G in M/30 phosphate and 46/12 
phosphatejNaCl. 

The  isoshear graphs for Extract G in water did not permit extrapolation 
to zero concentration. At  low shear rates (Fig. 4) the plots were curved up- 
wards; a t  higher shear rates, where nleasuremellts could be carried to very low 
concentrations, distinct maxima in the plots were observecl (Fig. 5). 

DISCUSSION 

The results fit tlie general pattern of polyelectrolyte behavior. Solutiolls 
containing added electrolyte behave like those of uncharged polymers, with 
the exception that curvature is noted in the plots of q,,/c against c a t  low rates 
of shear (Fig. 6). This makes it difficult to obtain accurate values of [q] a t  
low shear rates. I n  addition, since the plot of [q] vs. p (Fig. 7) is also curved, 
the value of [q] a t  zero rate of shear can not be determined by extrapolatioil 
with any degree of accuracy. 

An interesting feature of these measurements concerns the magnitude of the 
Huggins (7) interaction coefficieilt, k'. 11s shown in Table I ,  h' increases with 
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TABLE I 

B k f  x lo3, 

sec.-l M/30 phosphate A1/12 phosphatejNaCl 

1000 
700 
GOO 
500 
400 
300 
200 
150 
100 

193 
103 
196 
IDS 
20s 
232 
248 
281 

decreasing shear rate. Solutions of high molecular weight carrageenin have 
been shown to have a yield point ~vl~ich  increases a t  higher concentration (8). 
Thus an increase in the concentration dependence of ?l,,/c a t  low rates of shear 
might be expected. A similar dependence of k' on shear gradient has recently 
been noted (10) for solutions of cellulose and cellulose nitrate. 

I t  is also of interest that the values of k' are higher with 11&/12 phosphate/ 
NaCl than with M/30 phosphate, when comparison is made a t  the same rate 
of shear or the same intrinsic viscosity. This is the opposite behavior to that 
anticipated if the effect of addil~g salt is to cause a further coiling of the 
molecule in solution. A possible explanation is that neutralization of the charges 
on the polymer c l ~ a i ~ i  by the addition of electrolyte results in a decrease in 
electrostatic repulsion between neighboring chains thereby allowing an  in- 
crease in some structure-forming tendency. I n  the case of carrageenin, the 
latter effect may predominate u~ider the co~lditions studied. This interpretation 
is consistent with the gelling tendency of solutio~is of certain fractions of carra- 
geenin (6) on the addition of electrolytes. A detailed interpretation of this 
anomaly must await the development of an adequate theory of polyelectrolyte 
solutions. 

Regarding the measuremelits in the absence of added salts (Figs. 4 and 5 ) ,  
the occurrence of maxima sinlilar to those observed here has been noted by 
Conway and Butler ( I )  for dilute solutions of thymus nucleic acid. Fuoss and 
Cathers (4) have shown that for solutio~is contailii~lg traces of added salt, 
such maxima are to be expected when the concentration of ions from the 
polyelectrolyte and salt are roughly equivalent. The specific conductance of 
the distilled water was approximately 2 X mho cm.-l This could be 
attributed to sodium chloride in a concentration of 2 X 10-"f. The maxima 
in the curves occur a t  a carrageenin concentration of 0.0012 gm. dl.-' The 
sulphate content (as OSOa-) of carrageenin is approximately 25% giving a 
value of 384 for the equivalent weight. The "molar" co~lce~ltration of carra- 
geenin was therefore 3 X loe5 M. The occurrence of maxima in the viscosity 
curves in this region is thus probably due to the suppression of ionization by 
foreign cations in roughly equivalent concentration. Such effects have been 
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M.iSSOS A N D  GORISG: C A R R A G E E N I N  90 1 

predicted by Flory and Osterheld (3)  but can only be observed with poly- 
electrolytes of high molecular weight where viscosity measurements are still 
practicable a t  very low concentrations. 

The curves shown in Fig. 4 have been plotted according to the equation of 
Fuoss and Cathers (4) 

Previous work (8)  has shown that  this equation adequatel>- fits the viscosity- 
concentration relationship for carrageenin of low molecular weight. In the 
present work, the occurrence of maxima a t  c = 0.0012 gm. dl.-' makes the 
shape of the curves of qsp/c vs. c uncertain a t  low concentrations. I t  was 
assumed, however, that  this would not influence p,,/c a t  concentrations above 
0.01 gm. dl.-' 

From the linear plots of tls,/c vs. c-:, values of D were obtained a t  various 
shear rates. As shown in Fig. 8,  D  is markedly shear-dependent, increasing 
rapidly a t  low values of 8. Since D represents the reduced specific viscosity 
a t  c = m ,  this means that even in concentrated solutions the molecule is rod- 
&aped. Values of D are higher than the corresponding intrinsic viscosities in 
salt solutions indicating that the coiling effect of a high concentration of 
poIyelectrolyte is not as great as that of small quantities of added salt. 

I In Fig. 9, plots of l / ( z - D )  vs. ci a t  various shear rates are shown. The plots 
:Ire linear for shear rates of 200 and 100 set.-I but become curved a t  lower shear. 
For = 200 and 100 set.-I, A was respectively 800 and 1240 gm.-I dl. also 

FIG. 8. Variatior~ of D with rate, of shear for Extract G in  water. 
FIG. 9. Graph of l / ( z - D )  vs. cS for Extract G in water. 
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showing marlied shear-dependence. Values of 46 ( i 5 )  and 55 ( 1 8 )  were ob- 
tained for the collstant B a t  200 and 100 sec.-l respectively. These values are 
similar to those obtained previously with a low molecular weight sample (8). 

The data have also been analyzed by the method of Goldberg and Fuoss 
( 5 ) ,  in which 1/7 is plotted against 7p. For Extract G in water (Fig. 10) the 
results are similar to those obtained by these authors for aqueous solutions of 
poly-n-N-butyl-4-vinylpyridi~le. At high concentrations the relationship is 
linear, but  extrapolation yields apparently negative values of 1/7, indicating 
curvature near the origin. At lower concentrations the relatioilship is 11011- 
linear and extrapolation is uncertain. 

gm. dl? "r ="" 

c. 0.021 gmdl r T  +I 

. . 

FIG.IO "1 (poise se?.') FIG. I I ?P ( poise s ed)  

FIG. 10. Graph of l /7  vs. 70 for Extract G i n  water. 
FIG. 11. Graph of 117 vs. 118 for Extract G in  i111/12 phosphate/NaCI. 

For the results ill 11J/12 phosphate/NaCl, the curvature in these plots was 
not so pronounced (Fig. l l ) ,  and the method was applied to obtain a rough 
estimate of the value of [7] a t  zero rate of shear. The curve of o,,/c vs. c a t  
zero rate of shear which is obtained in this way is included in Fig. 6. 

Other empirical methods which have been described in the literature have 
been applied to the above results in attempts to extrapolate to zero rate ol 
shear. All methods tried were unsuccessful; for characterization of the poly- 
electrolyte it appears best a t  present to use the value of [7] a t  some arbitrary 
shear rate above 100 sec.-I 

ACKNOWLEDGMENTS 

The authors are indebted to Dr. E. Gordon Young for help and advice in 
preparing the manuscript, and also to Messrs. G. W. Caines and J. i\iIacAulay 
for technical assistance. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
1.

38
.3

6 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



a ~ . ~ ~ ~ ~ s  .IND GORISG: C.IRK.-\GEENIN 803 

IXEFERENCES 
1.  CONWAY. B. E. and BUTLER. I. 11. V. I.  Polvmer Sci. 11: 277. 1953. 
2. COOK, I$. H., ROSE, R. C., &d COLVIN: J. R: Biochim. et  Biophys. Acta, 8:  
3. FLORY, P. J. and OSTERHELD, J. E. J. Phys. Chem. 58: 653. 1954. 
4. Fuoss, R .  M. and CATHERS, G. 1. J. Polymer Sci. 4: 97. 1948. 
5. GOLDBERG, P. and Fuoss,  R. ivI. J. Phys. Chern. 58: 648. 1854. 
6. GORING, D. A. I. and YOUNG, E. G. Can. J. Chem. 33: 480. 1955. 
7 HUGGINS M. L. 1. Am. Chem. Soc. 64: 2716. 1942. 
8. 'IASSON,'C. R .  aryd CAINES, G. W. Can. J .  Chem. 32: 51. 1954. 
I). ROSE, R. C. Can. J. Research, F ,  28: 202. 1950. 

10. SCHURZ, J .  J .  Polymer Sci. 10: 123. 1953. 
11. SCHURZ, J .  and IMMERGUT, E .  H. J .  Polymer Sci. 8:  279. 1852. 
12. SMITH, D. B. and COOK, IV. H. Arch. Biochem. and Biophys. 45: 232. 18533 
13. SMITH, D. B., COOK, LIT. H. ,  and NEAL, J. L. .Arch. Biochem. and Riophys. 53 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
1.

38
.3

6 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



THE HEAT OF WETTING OF SILK FIBROIN BY WATER1 

BY 15. BRIAN DUNFOKD' AND JOHN L.  O ORRIS ON" 

ABSTRACT 

The heats of wetting by water of silk fibroin initially containing various 
amounts of adsorbed and desorbed water have been measured. These measure- 
ments along with the water vapor adsorption isotherm of Hutton and Gartside 
have been used to calculate the integral and differential heats, free energies, a n d  
entropies of adsorption. I n  contrast with cellulose, silk containingdesorbed water 
evolves less heat than that containing adsorbed water. This fact suggests that 
any contribution by a heat of swelling tern1 is very small for silk libroin, so that  
the calci~lated thermodynamic properties probably can be assigned alnrost 
entirely to  the adsorption process. The changes in the heats and entropies of 
adsorption appear to parallel the sequence of changes in film formation as  
revealed by surface area calculations. 

Bull (2) determined the water vapor adsorption isotherms of a large number 
of proteins including silk fibroin a t  25' and 40°C. Dole and McLaren (4) and 
Davis and McLaren (3) corrected and extended Bull's thermody~lamic cal- 
culations of the water-protein systems. I n  these calculations, isosteric heats 
of adsorption were obtained by applying the Clausius-Clapeyron equation 
to the adsorption isotherms a t  the two different temperatures. Much uncer- 
tainty in this method of determining heats of adsorption occurs in the low and 
high water vapor pressure regions, yet it is these regions that are very impor- 
tant in ~inderstanding the nature of the adsorption process. 

Direct measurement of the heats of wetting of water by silli fibroin over the 
whole range of vapor pressures are reported here. With these data and the 
adsorption isotherm of Hutton and Gartside ( l l ) ,  the thermodynamic func- 
tions have been calculated. The only reported similar measurements that  have 
come to our attention were made a t  four initial water contents by Hedges (8). 

EXPERIMENTAL 

Rotating Adiabat ic  Calorimeter 
4 rotating adiabatic calorimeter as origi~lall>. designed by Lipsett, Joh~~sol l ,  

and Maass (13, 14) was used with some small modifications (1, 5 ) .  
The heat capacity of the calor-imeter was obtained by the method used for 

the original apparatus (13). This consisted of measuri~lg the heat of solution . . - 
of sodium chloride in water, using sets of two determinations with the same 
salt-water ratios but differing absolute amounts of reactants. The average 
heat capacity for seven sets of determinations was within 0.08 calories of the 
calculated value of 13.09 calories. Although this is an error of O.Gyo for the 
metal container, it is only 0.1% for the total heat capacity when the 50 ml. of 
accurately weighed water used for all heat of wetting measurements is included. 

' M a ~ z r ~ s c r i p t  received January  18, 195::. 
Co?ztribzrtion from tlre Departmelzt of Che~izistry, University of Alberta, Ednionton, Alberta. 

Based o n  a thesis submitted to the School of Graduate Stzldies, Univers,ily of Alberta, i n  partial 
fzclfilln~e?zt of the rcgzrirements for the iW.Sc. degree. Presented i?t part to the A?z?zzlal Co?lfere?zce of 
the Chentical I?zstitute of Canada, Windsor ,  Ontario, Jzcne 4-6, 1955. 

1Present address: Departntent of Ckenristry, Mc~VIaster University, Han~ilto?~., O?ztario. 
8Associate Professor, Department of Chemistry, University of Alberta, Edn~onton ,  Alberta. 
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DTXFORD .4SD MOKRISOS:  1IISAT 01; IVI'I-TTISG 90.5 

Edaczlaterl Glass Calorimeter 

The heat of wetting measurements were carried out in air. To  determine the 
magnitude of the heat effect arising from the clesorption of the air by water, 
some heat of wetting measurements were made in a simple vacuum calorimeter. 

The glass reaction cell of the calorimeter was similar to that of Howard and 
Culbertson (10) ancl consisted of two compartments, one of about 20 ml. 
volume to hold the evacuated silk sample, and the other of about 50 ml. to 
holcl the water. Upon breaking the hook-shaped thin glass partition between 
the two compartments, the water came in contact with the silk. The whole 
assembly, including glass cell, Beckmann thermometer, 50 ohm resistance 
wire, and glass stirring rod, was immersed in xylene (low heat capacity liquid) 
containecl in a Dewar flask (inside dimensions: 6.7 cm. diameter by 28 cm. 
height). The  top was sealed as completely as possible by a waxed cork. The  
glass cell was discarded after an experiment. 

The temperature rise of the wetting process was simulated electrically so 
that it was unnecessary to determine the heat capacity of the calorimeter. 

Si lk  Fibroin 

Japanese raw silk was kindly suppliecl by Belding-Corticelli Ltd., h/Iontreal. 
I t  was degummed by the method of Sookne and Harris (19). 

Drying and i loistening Procedures 

Most samples were dried by a procedure similar to that of Heclges (8). A\ 
stream of compressed air was passed successively through absorbent cotton, 
sulphuric acid scrubbers, sodium hydroxide pellets, and magnesium per- 
chlorate towers. The dry air entered a copper coil and desiccator inside an 
oven a t  1 0 5 f  l°C. After it  was clried for two hours in the oven clesiccator, the 
sample was placed in a specially clesigned clesiccator (16) over phosphorus 
pentoxide for 30 min. to cool. 

If the sample was being usecl to determine the heat of wetting a t  the above 
clrvness, the container for drying the sample mas the inner box of the calori- 
meter. If, however, the sample was being prepared for heats of wetting meas- 
urements a t  finite initial moisture contents, the drying container was a weigh- 
ing bottle. After the dry weight of the silk was obtained, the weighing bottle 
v7as placed over an aqueous sulphuric acid solution of concentratioi~ necessary 
to give the required initial moisture content. Then, after a t  least three days, 
the sample was transferred as rapidly as possible to the inner box of the calori- 
meter, covered by the weighed greased lid, and reweighed to determine the 
moisture content. 

Some heat of \vetting nleasurements were made on samples from which 
water hacl been partially desorbed. First, the samples were placecl over distilled 
water, and then over various aqueous sulphuric acid solutions. 

Bull's data as well as  the present measurements are on a vacuum-clry basis. 
Three samples urhich had been previously dried by the above method were 
clried for two hours in an -4berhalden vacuum drying apparatus which uses 
boiling water as a heat source. These cleterminations showed that the oven- 
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906 CXXi\l lIAN J O U R S A L  OF CHEMISTRY. VOL. 33 

dried samples contair~ed 0.200jo moisture or1 the vacuum-drjr basis. The heat 
of wetting of one of these san~ples was determined. 

Finally, for the heat of wetting measurements of evacuated samples, the 
silk was dried i n  vaczlo a t  105OC. by an electric furnace. 

RESULTS AKD CALCULATIONS 

Net Heat of Adsorption 
The heats of wetting of silk fibroin a t  2.?i°C. and equilibrated with various 

amounts of water, both adsorbed and desorbed, are given in Table I and Fig. I .  
For comparison, Hedges' four determinations (8) are included in Fig. 1. A 
comparison of the degree of precision of our calorimetry with that  of Hedges 
may be shown by the fact that,  in our case, the mean deviation of three deter- 
minations a t  0.20% moisture content is f 0.03 cal. gm.-', while the mean 
deviation of Hedges' four values for the heat of wetting of dry wool is 
f 0.4 cal. gm.-l. 

The measurements of the heat of wetting of seven evacuated samples in the 
De\var calorimeter gave an average of 15.9410.11 cal. gm.-I. Since these 
values agree with the result obtained in the presence of air, the air has n o  
measurable effect. Also, the value of the initial, vacuum-dried sample (15.93) 
was confirmed by a different type of calorimeter. 

The integral net heats of adsorption, AH, in calories per 100 gm. silk fibroin 
(above the heat of condensation of water vapor to liquid) have been calculated 
from the heats of wetting by the method of Dole and McLaren (4) (See also 
Wahba (21)). 

In  our case, the heat o f  wetting, qo, of 100 gm. dry protein is evolved by  
Process 1. 

(I)  Protein (dry a t  fi = O)+excess liq. H.0 (at Pa)  + Protein (with excess 
liq. H.0 a t  Pa), in which Po is the vapor pressure of pure water a t  25'C. 

'TABLE I 

F[I~A.TS of \\ 'ETTISC 01' SILK F I B K O I S  COS'C;\IXISG ADSORBED :\SD DBSORDED W.4TER \':\['OR 
--- 

Adsorption Adsorption Desorption 

Water Heat of 
content, \vetting, 

% cal. 

Water Heat of 
content, wetting, 

% cal. 

[Vater 
content, 

- 
% 

1 24 
I .A5 
3.82 
5.64 
7 51) 
9.98 

Hcat of 
\vetting, 

cal. 

12 47 
11 72 
8 83 
6 31 
4 3G 
2 48 

Note: IjIinler ro7~1(~71.t i s  i t& per cr~zl  of the dry  .roc,ight c~f.fibrnbtz. Tlze heats o-f acc.ttitz.y trre giwtr ill 

cr7lorie.s per grant of dryfibroitr.  
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DUSFORD A S D  MORRISOS: HEAT OF \VETTING 

I N I T I A L  WATER C O N T E N T  AS % OF DRY F l 8 R O l N  

FIG. 1. The heats of wetting by water of silk libroin containing various a~ l iou~ l t s  of adsorbed 
and desorbed water. 

When 1.00 gm. protein has been equilibrated in water vapor a t  pressure p 
and has taken up n moles of water, the heat of wetting, g, is evolved by Process 2. 

(2) Protein (with n H?O a t  p )  +excess liq. Hz0 (at Po)  -+ Protein (with excess 
liq. H20 a t  Po) .  

0.70 --* 
, 1 1 1  1435 642 2.66 GOO 150 1 .51  

Nole on z~?tils: ?L ,  ?no/es per 1 0 0  g~i~. f iDroc?~;  AH a ? ~ d  A F ,  calories per 100  ~ ) i l . f iOro i~ l ;  A x a ~ l d  17 
calories per mole of wuter; A S ,  enlropy 2rnll~ per 100  9111. f ibroi~l;  AS, exlropy waits per ?irole of 
~unler .  
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CtZSADlAS JOURSAL OF CHEMISTRY. VOL. 33 

FIG. 2. The integral heat, free energy, and eiltropy of adsorption of water by silk tibroin. 

Subtraction of Process 2 from Process 1 gives Process 3:  
(3) Protein (dry a t  9 = O)+n H:O (at Po) -, Protein (with n H20 a t  p ) ,  

\vith the evolution of (go-9) calories/100 gm. dry protein, or A H ,  the integral 
net heat of adsorption. 

Our Process 3 is the same as Dole and McLaren's Process (4). Values of A N  
are given ill Table I1 and Fig. 2. 
-. I he differential net heats of adsorption, AH, given in Table I1 and Fig. 3, 

were obtained by careful graphical differentiation of the plot of A H  vs. n ,  the 
number of moles of water adsorbed per 100 gm. fibroin. 

Free Energy of Adsorption 

The integral and differential free energies of adsorption of water 011 a protein 
are obtained from the vapor adsorption isotherm. Following Dole and 34cLaren 
(4), the differential free energy, D, is given by 

= R T  111 ( P I P o )  

and the integral free energy, A F ,  of our Process 3 is given by 
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DCNFORD A N D  MORRISON: HE.1T OF WllTTING 909 

FIG. 3. 'I'he differential heat, free energy, and entropy of adsol-ption of ntater by silk libroin. 

A number of attempts were made to obtain a reproducible ndsorptioil iso- 
therm with a vacuum apparatus like tha t  used by Wiig and Juhola (22) for 
charcoal. Although the middle and upper pressure parts of the adsorption 
branch matched the corresponding parts of the isotherm of Hutton and Gart- 
side ( l l ) ,  the amount adsorbed in the low pressure region was lower than tha t  
obtained by  them and others (2, 18). I t  was realized tha t  the determination of 
the correct isotherm is a major project in itself. 

Fortunately, Hutton and Gartside (11) have carried out an  exhaustive s tudy 
of the water isotherm on silk a t  25OC. They found tha t  degummed silks of 
Japanese, Chinese, and Italian origins gave practically the same isotherm, and 
by both the vacuum and the desiccator methods. 

Dunford and Morrison (6) have shown tha t  the Brunauer, Emmett,  and 
Teller equation and the Harkins-Jura equation, although applying to  the 
opposite extremes of Bull's water-protein systems, gave the same monolayer 
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910 C h N A 1 ) I A S  JOCRKAL OF CHI*:MISTKY. VOL. 33 

adsorption for each protein. Liaiig's method (12) was used to correlate the two 
equations. These eq~iat io~is  were applied to the isotherm of Hutton and 
Gartside. The B.E.T. plot gave a straight line over the relative pressure range 
0.07 to 0.35, with a monolayer content, X,, of 4.49 gm. water per 100 gm. silk 
fibroi~l. The H.J. plot gave a straight line over the relative pressure range 0.60 
to  0.97 (and probably to 1.00), with X,,, = 4.46 gm. I t  is considered that  this 
coincidence of X,, values further validates the isotherm. The same test applied 
to our isotherm failed to produce a straight line for the B.E.T. plot, while i t  
gave a value of X ,  = 4.48 gm. for the H.J. plot. 

Thus, the water vapor adsorption isotherm of Hutton and Gartside was 
used to calculate AF and 3, the results of which are given il l  Table I1 and 
Figs. 2 and 3. 

Entropy of Adsorption 

The integral and differential net entropies of adsorptioii, calc~llated by the 
well knolv~i equations 

AS = ( A H - A F ) / T  - 
and = ( A H - A F ) / T ,  

are given iii Table I1 and Figs. 2 and 3. 

Conzparison with Calculations of Davis and McLaren 

'The results show11 in Figs. 2 atid 3 may be compared with the corresponding 
calculatio~is of Davis and McLaren (3), based on Bull's data  (2) .  I11 contrast 
with their results, the present i~ltegral heats and entropies in Fig. 2 reach 
higher values and approach maximum values as saturation vapor pressure is 
reached. 

The differential heats and entropies in Fig. 3 show similar general features 
to those of Davis and hIc1,aren except a t  the extremes of the vapor pressure 
range. 111 the lo\v pressure range, a meat1 value of about - 4.7 e.u. is suggested 
for TS, the differential entropy change. Entropy values of this order of magni- 
tude are maintained until appreciably above a B.E.T. monolayer film content. 
The value of -4.7 e.u., which is much less than the value of nearll- -8 ob- 
tained by Davis and McLaren, is still sufficient to suggest chemisorption O F  
water as proposed by Pauling (17).  The fact that the entropy does not fall off 
~111til a film content 40% above the monolayer is reached suggests that some 
water i l l  the second layer is ver-y tightly held. 

In the region of high vapor pressure, the ~lpswing in the negative differential 
heats and entropies calculated by Davis and McLaren are not found in the 
present calculations; instead, -AN and -a decrease regularly to those of 
liquid water. However, Davis and McLaren d o ~ ~ b t  the reality of their ~lpswings, 

Heat of Wetting Hysderesis 

In interpreting thermodynamic calculations of adsorption systems, the 
question of how much of the changes arise from the adsorbate and the adsor- 
bent respectively must be determined. This is particularly true of protein- 
tvatei- s~-stems, i l l  which swelling phenomena and even solution ma), occur. 
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DUNFORD i\XD MORRISOX: HEAT OF \VICTTIKG !)I I 

The silk fibroin - watel- system appears to be a relatively simple one, so that  
the thermodynamic changes can be fairly definitely identified with purely 
adsorption pherlomena. The fact that fibroin is very accessible to water, 
independently of its structure, so that its water vapor adsorption isotherm is 
~~naffected by solution and reprecipitation (15) does not i n  itself eliminate the 
possibility of swelling phenome~la. LVool, which shows swelling properties, 
behaves similarly to silk in that its adsorption isotherm is largely unaffected 
by the destruction of its structure. However, while the amounts adsorbed may 
be unaffected, the energy relatio~is may be profoundly affected. 

No comparison of silk with wool is possible because Hedges (8) who measured 
the heats of wetting of wool by water did not make measurements on 
"desorbed" samples. However, Argue and Maass (1) made measurements for 
cellulose and found that  the heats of wetting on the 'desorbed' samples were 
significantly higher than for the corresponding 'adsorbed' samples. This is 
ge~~era l ly  explained by including a heat of swelling term in the net heat of 
wetting on an 'adsorbed' sample, part of which would not be included i n  the 
heat of wetting of a 'desorbed' sample. I n  our case, i f  there is any heat of 
swelling, i t  is probably very small because the desorption heats of wetting are 
below the adsorption heats. 

I t  must be remembered that  both silk fibroin and cellulose give the same 
type of sorption isotherm hysteresis. At equal moisture contents, water is more 
tightly held on the desorption branch. Therefore we would expect the heat of 
wetting to be less for the desorption side i f  there are no phc~~omena  occurring 
other than pure adsorption. 

.4dsorption area measurements assist in the interpretation of the thermo- 
clynamic properties of adsorption systems. I n  the case of the silk fibroin - 
water syste~n,  i t  \vas shown (6) in common with all Bull's data  that  the B.E.T. 
ancl H.J. area equations when applied to the two parts of the adsorption iso- 
therm gave coincident  non no layer values (X,, = 4.48 gm. HzO per 100 gm. 
fibroin). This confirms the observation of nlellon, I<orn, and Hoover (15) 
that swelling phenomena clo not appear to  affect the accessibility of water 
molecules to  the molec~~lal- chains of fibrous proteins. The  coincidence of 
monolayer areas has been interpreted by Dunford and Morrison (6) to indicate 
that the upper part of the isotherm involves the formation of a condensecl 
film above the monolayer laic1 down i n  the first part of the isotherm. 'This 
interpretation confirms the observations of Hoover and Mellon (9) nlho, b!- 
applying a polarization theory to  protein-water sorption isotherms, showed 
"that sorption on active sites occurs a t  low vapor pressures ancl that sorption 
a t  higher vapor pressure is due to  this prior sorption". 

Finally, let us consider what happens when vapor sat~~ratecl  silk fibroil1 is 
immersed in liq~~icl water. An attempt was made to measure the area of the 
protein by the absolute method of Harkins and Jura (7). .\ sample was kept 
above pure na te r  for three days attaining 25.2y0 moisture content before being 
immersecl in the calorimeter. The heat of wetting was 0.10 cal. g111.-'. Honrever, 

Adsorption Areas 
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the saturation moisture content of silk fibroin is 36% (11) and extrapolation 
t o  this water content gave a value of less than 0.10 cal. (Wahba (20) found 
0.30 cal. gm.-I for cellulose under the same conditions). Assuming t h a t  the  
heat of immersion of the  vapor saturated fibroil1 does not include swelling 
energy, the Harlrins and Jura 'absolute' area is less than 3.5 sq. meters gm.-1, 
compared with the isotherm area of 158 sq. meters gm.-I. This suggests tha t  
near the relative vapor pressure of unity, the spaces between the molecular 
protein chains are completely filled with water and tha t  the area 3.5 sq. meters 
gm. may correspond to the external area of the fibrils. 

Conclusion 

The  area and thermal measurements and calculations of the silk fibroil1 - 
water system are consistent; in Fig. 3, the  differential heat and entropy 
curves indicate a transition from monolayer and multilayer formation to  a 
condensed film, which in turn becomes indistinguishable from liquid water. 
If swelling occurs, its effect is not reflected in either the amounts or energies 
of adsorption. 
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THE ADSORPTION OF NITROGEN, OXYGEN, AND ARGOh 
BY GRAPHITE1 

'I'he adso rp t io~~  of nitrogen, oxygen, and argon b?. three '\cheson graphites ha-; 
been n~easured a t  liquid nitrogen and liquid oxygen temperatures. The isotherru~ 
were 'Sype I 1  in the B.E.T. classilication and displayed two kinds of hysteresis. 
The first kind was attributed to the presence of pores ill the graphite and the 
seco~lcl kind to  illtercrystalline swelling. 

This paper describes an i~~vestigation of three artificial graphites m a ~ ~ u f a c -  
tured by the Acheson Colloids Corporation. Ve r~ .  little detailed adsorp~iol~ 
work has been done with graphites of this type with a view to elucidat i~~g their 
structure. Barrer (2) has measured the adsorption of nitrogen, argoll, ar~cl 
hydrogen by an Acheson graphite over a considerable temperature range ancl 
has calculated isosteric heats from the isotherms. He found that the graphite 
was energetically heterogeneous to all three gases and that the heats in the 
case of nitrogen were unaffected by the addition of chemisorbed oxygen to the 
surface of the graphite. He concluded therefore that the heterogeneity was a 
property of the carbon structure. In the opinion of the authors, the tvealiness 
of this work lies in the fact that very few adsorption points were measured a t  
each temperature and no desorption points a t  all were determined. Bartell 
and Dodd (4) measured the adsorption of nitrogen a t  liquid nitrogen tempera- 
tures by a number of carbons which included two Acheson graphites. The 
purpose of the work was to measure the surface area of the carbons so that 
only a small number of points were determined and only i l l  the case of the 
diamond powder were desorption points talien. I t  is stated that 110 desorp t io~~ 
points were measured for the graphite because reversibility for nitrogen 
adsorption had been established a t  liq~lid oxygen telnperatures. Bartell and 
Dodd do not indicate to what pressures these measurements were carried, but 
it will be shown in the present paper that reversibilitl. of the nitrogen isotherm 
a t  90°1<. is by no means a criterion for reversibility unless pressure measure- 
ments are extended to well over an atmosphere. Because of the lack of da ta  
on these graphites, it was decided to undertake a detailed s t ~ ~ d y  of three 
typical artificial graphites. The first step was to measure isotherms a t  low 
temperatures using as adsorbates ~~i t rogen ,  oxygen, ancl argoll. Uliusual 
hysteresis effects were encou~~tered and therefore a detailed study was 
made on one graphite usi~ig nitrogen as the adsorbate. For compara- 
tive purposes the nitrogen isotherm of a nonporous carbon black I V ~ S  also 
determined. 

'11Ianuscript recek~cd Janrlnry 17, 1,955. 
Contribution jronz the Dqfr?zcr Kesetrrcl~ Clrc,~~ritrrl Lebortrtorirs, OlL~l?uu, C~zirczdtr. Issued as 

DRCL Report iIro. 154. 
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ESI'ERIA~IES'Yi\L -AND KESULTS 

Samples of three graphites of surface areas up to 100 m.'/gin. were supplied 
by the Acheson Colloid Corporation. They were designated as Lot 6226, Lot 
6131, and No. 39. For the purpose of this paper they have been designated as 
G-1, G-2, and G-3, respectively. 

Nitrogen was supplied by the Canadian Liquid Air Co. I t  was stated to be 
09.5y0 nitrogen and was used without further purification. 

Oxygen was also supplied by the Canadian Liquid Air Co. and specified as  
99.9y0 oxygen. 

'The argon used was Matheson Research Grade and was rated as 99.9% pure. 
'The adsorption isotherms were measured by means of a standard volumetric 

adsorptioil apparatus. For the isotherms a t  77.5OK. and 90.0°K., open baths 
of liquid nitrogen and liquid oxygen were used. The maximum variation in the 
temperature of these baths was A0.2". For the isotherm a t  70.6OK., a cryostat 
was used the temperature of which was coiltrolled and measured by a nitrogen 
thermometer. The temperature of the cryostat was regulated to better than 
e0.02". Before commenciilg adsorption measuremeilts the samples of graphite 
were outgassed by evacuation a t  120°C. for a t  least 12 hr. 

'The isotherm for the adsorption of nitrogen by G-1 is shown in Fig. 1. The 
isotherm is -Type I1  in the B.E.T. classification and displays a normal hysteresis 
loop from saturation down to a relative pressure of 0.45. Several scanning 
curves are also shown illustrating the effect of desorption from pressures below 
saturation. Below a relative pressure of 0.45, an unusual desorption curve 

I 
0 LA I I d  

0 0 2 0.4 0.6 0.8 10 
RELATIVE PRESSURE 

FIG. I .  Isotherm of nitrogen sorbed by G-1 at  77.5"1<. 
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approximately parallel to the adsorption curve aiid slightly above it was 
found. The separation of the curves a t  this part of the isotherm is small, but 
is nevertheless believed to be real. Over ten separate adsorption-desorption 
cycles were carried out with this system and in every case the desorption 
points were observed to lie slightly above the adsorption points despite the 
fact that desorption was begun from a variety of relative pressures (all above 
the inception of the hysteresis loop). If for example a cumulative error existed, 
a different separation would be anticipated for each relative pressure chosen 
for the commencement of desorption. This was not found to be the case. 
However when desorption was carried out at pressures below the inception 
of the hysteresis loop then no hysteresis a t  all was observed. This point is 
illustrated by Fig. 2, which shows the isotherm of nitrogen adsorbed by G-1 a t  

0 1 I I I I 
0 0.1 0.2 0.3 

RELATIVE PRESSURE 

FIG. 2. Isotherm ol nitrogen sorbed by G-1 a t  90.O01<. 

90.0°1i. The characteristics outlined for the adsorption isotherm of nitrogen on 
G-1 were found to be typical of the nitrogen isotherms of all these graphites. 

As the initial measurements with G-1 revealed the unusual hysteresis 
effects referred to above, experiments were conducted to discover if these 
effects stemmed from the packing of the powder in the adsorption cell. In the 
first of these experiments, the nitrogen isotherm was remeasured using 1 gm. 
of graphite instead of 10 gm. The results are plotted in Fig. 3 along with the 
original isotherm. There is no discernible difference between the two sets of data. 
I n  a second experiment, a I gm. sample was spread out (approximately 1 mm. 
in depth) on circular trays arranged on a vertical rod ancl separated from each 
other by washers. Before filling with graphite, the trays were washed with 
organic solvents to remove machining compounds and were thoroughly dried. 
The adsorption of nitrogen was then measured. The isotherm is sho\vn in 
Fig. 4 along with that determined for a 1 gm. sample in bulk. Although the 
adsorption is somewhat greater for the sample 011 trays a t  high relative 
pressures, the hysteresis effects remained substantially unchanged. I t  was 
concludecl therefore that the unusual hysteresis effects were real. 9 0  explana- 
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SO 1 I I I 
I 

k 
OO 4 2  0.4 0.6 0.8 1.0 

RELATIVE PRESSURE 

---SAMPLE IN BULK I 
I I I I I 
0.2 0.4 46 0.8 1.0 

RELATIVE PRESSURE 

FIG. 3. Sorption isother~ns of nitrogen by G-1 a t  77.5OK. showing the effect of variations 
in sample size. 

FIG. 4. Sorptior~ isotherms of nitrogen by G-1 a t  77.5OK. showing the effect of sarnple 
dispersion. 
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4 0 I I I I 

0 0.2 0.4 0.6 0.8 1 .O 
R E L A T I V E  PRESSURE 

FIG. 5. Isothertn of oxygcn sorbed by G-1 at 90.0°1C. 

I 
0 1 w 

0 0.2 0.4 0.6 0.8 1.0 
RELATIVE PRESSURE 

FIG. 6. Isotherm of argon sorbed by G-2 at  77.5"1<. 
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tion has been found for the difference between the isotherms of the "bullr" 
sample and the "dispersed" sample. The reproducibility of the measurements 
indicates that the effect is real and not due to experimeiltal error. A11 obvious 
speculation is that some paclring is occurring in the "bullc" sample which 
hinders adsorption a t  higher relative pressures. 

I t  was then suspected that the hysteresis phenomena observed in the ad- 
sorption isotherms of nitrogen by these graphites were due to the graphite 
structure. T o  confirm this suspicion, measurements were made ivith two other 
gases, oxygen and argon. Fig. 5 shows the adsorption isotherin of oxygen on 
G-1 a t  90.0°K. and Fig. 6 the isotherm of argon on G-2 a t  '77.5OIC. These 
isotherms clearly display the features previously described for the nitrogen 
isotherms. 

Finally, a closer investigation of these phenomena was made utilizing the 
G-3 nitrogen system. This system was chosen because the separation of the 
lower part of the desorption curve from the adsorption curve was found to be 
greater for G-3 than for the other graphites. The isotherms for the adsorption 

RELATIVE PRESSURE 

FIG. 7. Isotherm of nitrogen sorbed by G-3 at T7.5'1\'. 
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0 0.2 0.4 0.6 0.8 1.0 

RELATIVE PRESSURE 

FIG. 8. Isotherm of nitrogen sorbed by G-3 at 70.G01<. 

of nitrogen by G-3 at 77.S01<. and a t  70.G°K. are showil in Figs. 7 and 8 
respectively. I t  will be observed that the form of the isotherm at  77.S°K. is 
qualitatively similar to that for G-1 which is depicted in Fig. 1. 

The data plotted in Fig. 8 are talreil from these series of runs, with up to 
four successive adsorptioil cycles for a series. Except for the first cycle of a 
series, a typical adsorption cycle was begun by readsorption from the lowest 
desorption point of the previous cycle, without altering the bath temperature. 
Between each series the graphite was given the standard outgassing treatment. 
The initial adsorption curve is seen to be considerably below the subsequent 
ones. After the second adsorptioil cycle, the hysteresis loop closes completely 
and a reversible section of the isotherm is observed below the beginning of the 
loop. The dotted line and the points just below the upper of the two adsorption 
curves represent data from the second adsorption cycle, which appears to be a 
transition cycle between the first and final adsorption cycles. I t  can be seen 
from Figs. 7 and 8 that the separation of the adsorption curves is greater a t  
70.G°K. than it is a t  77.5OIC. This is partly the effect of the extra cycling a t  
70.G01<. and partly the effect of the lower temperature. 
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DISCUSSIOK 

The foregoing results have show11 that the lo~v temperature isotherms of the 
three graphites considered are Type I1 with hysteresis. 

The  adsorption curves obey the B.E.T. equation from fi/fio = 0.08 to 
fi/fio = 0.30. The  values of T/,, derived from the B.E.T. plots and the surface 
areas calculated from them are given in the following table. In every case the 
data  used were talren from the initial adsorption isotherm. 

Temperature, Vv, , Area, 
Graphite Adsorbate O K .  cc. a t  S.T.P. m.?/gm. 

G-1 Nitrogen 77.5 10.35 45 .3  
G-1 Nitrogen 
G-1 Oxygen 
G-2 Nitrogen 

Argon 
Nitrogen 
Nitrogen 

Closer examination has revealed two distinct types of hysteresis. The  first 
type is represented by a wide loop extending from saturation down to a 
relative pressure of approxin~ately 0.45. I t  is illustrated by  a closed loop in 
Fig. 8. The second hysteresis effect is a much smaller one which takes the form 
of a slight elevation of the desorption curve above the adsorption curve a t  
relative pressures below the beginning of the main hysteresis loop. This effect 
is most clearly shown in Fig. 8, which also shows that readsorption without 
evacuation follows the desorption branch until the main hysteresis loop is 
reached after which a new path is talren. 

The first type of hysteresis is believecl to be evidence that these gi-apl~ites 
are porous. Moreover i11 agreement with thc ideas of Wheeler (7) and of 
Barrett, Joyner, and Halenda (3) on the mechanislu of the sorption of vapors 
in pores, it is believed that  the loops are a result of the presence of pores 
greater than four to six inolecular diameters. These arguments have been prc- 
viously advanced by  RiIcDermot and Arne11 (6) to explain the presence of 
hysteresis loops in the isotherins of wide-pored chal-coals and their absence in 
narrow-pored charcoals. Thus the hysteresis loops are thought to  be similar for 
the charcoals and for the graphites though the similarity may be maslied by the 
widely dilferent surface areas and porosities. The  postulntecl mechanism of 
adsorption and desorption is briefly as follows: layer adsorption occurs on the 
walls of the pores until the layers build up to a point where they coalesce t o  
form a meniscus after which capillary condensation may occur in that pore. 
Thus capillary condensation is occurring in the small pores while layer adsorp- 
tion is taking place in larger pores which have not yet formecl a meniscus. 
Hysteresis arises because adsorption takes place by a mixture of layer adsorp- 
tion and capillary condensation, whereas desorption occurs by evaporation 
from pores that  are initially full of liquid. An adsorbed layer is left on the walls 
as capillary evaporation proceeds, but  the process is not the reverse of the 
adsorption process owing to  delay in meniscus formation on the adsorption 
branch. This mechanism does not of course exclude any contributions to hys- 
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MCDERMOT AND ARNELL: ADSORPTIOS 021 

teresis that  may be made by pore constrictions, but these are only important 
when an attempt is made to evaluate pore clistributions. Further support for 
these ideas is offered by Carman ( 5 ) ,  who has measured the isotherm of CF2C12 
on Linde silica powder and on the same powder conlpressed illto a plug of 
lcnown porosity. A hysteresis loop was obtained for sorption by the plug and a 
reversible isotherm for the powder. More vapor was sorbed on the adsorption 
branch of the isotherm by the plug than by the powcler until the plug was 
filled with liquid a t  which point sorption ceased. This behavior is in accord with 
the postulated hypothesis, because a t  a given relative pressure layer adsorption 
would be greater on a curved surface than on a plane one. In order to  demon- 
strate that the hysteresis loops discussed here are characteristic of sorption 
by a porous material, an experiment similar to Carman's was performed using 
as a porous carbon a sample of G-2 and as a nonporous carbon a sample of 
Spheron 9 supplied by the Godfrey L. Cabot Co. Arnell and Henneberry (1) 
calculated the surface area of this carbon black from adsorption, permeability, 
and electron microscope data and found approximate agreement by all three 
methods. This is talcen to  be good evidence that Spheron 9 is nonporous. The 
aclsorption of nitrogen a t  77.5"IC. by G-2 and by Spheron 9 is compared in 
Fig. 9. As Spheron 9 has a slightly larger surface area than G-2 the data are 
plotted as V/T/, versus p / p o  rather than directly on the basis of volumes 
adsorbed. I t  will be observed that although the curves coincide initially the 

I adsorption curve for the graphite rises above that of the carbon blaclc. These 
results are qualitatively similar to  those of Carman ( 5 ) ,  and are considered 
sufficient proof that  G-2 is porous. 

I I I I I 

0 0.2 0.4 0.6 0.8 1.0 
RELATIVE PRESSURE 

FIG. 9. Comparison between the sorption of nitrogen by G-2 and Spheron 9 a t  77.5"IC. 
Solid line represents the isother~n of G-2 and the dashed line that of Spheron 9. 
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The second hysteresis effect is most clearly observed in the adsorption iso- 
therm of nitrogen on G-3 a t  70.6OK. which is plotted in Fig. 8. I t  has been found 
that  if one proceeds along the lower adsorption curve to a pressure a t  which the 
two curves are still well separated and then desorbs a reversible isotherm is 
obtained. If however adsorptior~ is talten to a point where the two adsorption 
curves merge, then on desorption the upper curve is attained on completion 
of the main hysteresis loop. lVIoreover readsorption then taltes place along the 
upper curve. Once the upper curve has been reached, it  is only possible t o  
regain the lower curve by warming the sample to the point where virtually all 
the nitrogen is desorbed. T o  sum up, the transition to the upper curve is only 
possible after the sorption of a considerable quantity of nitrogen, but once it 
has occurred it cannot be reversed. This type of behavior is characteristic of a 
sorption system which slvells, and indeed the upper and lower adsorption 
branches in Fig. 8 are very similar in form to the isotherm of water sorbed hy  
cellulose. I t  will be instructive to review the cellulose-water system and show 
that  the resemblance noted above is not merely superficial. In the cellulose- 
water system swelling takes place along the adsorption branch and is only 
complete a t  saturation when the water has completely penetrated the struc- 
ture. On desorption the path followed lies above the adsorption path because 
water which was able to enter the structure when it was swollen is trapped 
and can only be removed by completely drying the cellulose. Thus the initial 
adsorption curve can only be retraversed by completely drying the cellulose 
or in part by adding enough water to reswell the cellulose. By analogy it is 
believed that when sufficient gas is adsorbed by the graphite, the crystallites 
swell because of intercrystalline penetration. Once this penetration has 
occurred, some molecules are trapped and can only be removed by warming 
the graphite and desorbing all the gas. The analogy is not perfect because it is 
possible to  scan the loop of the cellulose-water isotherm, but not the two 
adsorption curves of Fig. 8. The explanation is believed to be the following: 
on the sorption of water, cellulose swells gradually and continuously over the 
whole course of the adsorption loop and similarly on desorption water is lost 
gradually from the interior of the fiber. Hence the fiber can be reswollen from 
the partially dried state or dried fro111 the partially swollen state, the amount of 
trapped water dependi~lg on the degree of sxvelling. In contradistinction, the 
graphite swells only when a critical quantity of nitrogen is sorbed and the 
process is sudden and irreversible. Once swelling has occurred, the quantity of 
trapped nitrogen is fixed and the lower curve cannot be attained without 
complete desorption. 
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THE MANNICH CONDENSATION OF COMPOUNDS CONTAINING 
ACIDIC IMINO GROUPS1 

ABSTRACT 
The synthesis of several new Mannich bases was accomplished by the con- 

densation of secondary arnines alld formaldehyde with the following compouncls: 
(1) 2-pyfrolidone, (2) 2,4-thiazolidinediol~e, (3) hydantoin, (4) 5,5-dinlethyl- 
hydalitoln, ( 5 )  uracil, ( 6 )  ethylnitramine, and ('7) n-bntylnitramine. 

INTRODUCTION 

While much work has been done on the Mannich condensation of compounds 
containing acidic hydrogen on carbon, considerably fewer data are available 
on the Mannich reaction of substances possessing active hydrogens on nitrogen, 
as it can be seen from this historical introduction. 

Feldrnan and Wagner (6) prepared piperidinomethyl derivatives of succini- 
mide, phthalirnide, and carbazole. In their study of rnorpholinornethyl deriva- 
tives of urea and substituted ureas, Weaver, Sirnons, and Baldwin (13) con- 
densed morpholii~on~ethanol with phthalirnide and succinirnide. N-(Morpholi- 
nomethyl)- and N-(piperidinomethyl)-phthalimide were also synthesized by 
Moore and Rapala (12). The condensation of benzothiazole-2-thione and 
related compounds with formaldehyde and secondary arnines was described 
in the German patent 575,114 in 1933. The purpose of the latter work was to 
prepare rnethylenediarnine derivatives for use in the rubber industry. 

Bachman and Heisey (1) condensed benzirnidazole and benzotriazole with 
formaldehyde and secoi1darj7 arnines. Baker, Querry, Kadish, and Williams (2) 
prepared two Mannich bases of 4-quinazolone in reactions with formaldehyde, 
piperidine, and morpholine respectively. The Mannich condensation of pyrazole 
was studied by Huttel and Jochum (9). Butenandt and Hellrnann (3) studied 
the reaction of hydantoin with formaldehyde and piperidine. However, they 
did not investigate the reaction product further. The most recent work on 
the synthesis of N-Mannich bases has been published bj7 Hellmann and 
Loschrnann (8). They describe the condensation of isatin, phthalirnide, 
succinirnide, and carbazole and give a few references on the previous publica- 
tions of other authors. 

That  the alliylnitrarnines undergo a condensation with piperidinomethanol 
was observed by Franchirnont (7) as early as 1910. However, he did not give 
any data on analysis and properties of the reaction product. 

The objective of this morli was to investigate the Mannich condensation 
of the cyclic irnino compounds containing one or two irnino groups in addition 
to the carbonyl groups as the hydrogen activators. We also studied the con- 
densation of alkylnitrarnines in which the nitro group activates the hydrogen 
atom of the imino group. 

lil/la?tuscript receioed Ja?tuary 18, 1955. 
Co?ztributio?z from the Organic Clte?nistry Laboratory, ll/lcGill Uniuersity, ll{orttreal, Quebec, 

wit11 tlzeji?tancial assistance of the iVatio?tal Researclz Cozrncil of Carzada, Ottawa. 
2Ilolder of a A'ational Research Coz~ncil Studentship 1953-1954. 
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DISCUSSION 

We consider the replaceability of a hydrogen of the imino group by halogens 
or by metals, or by both, as the guiding principle enabling us to indicate the 
compounds possessing the ability to  react in the RiIannich condensation. On 
the bases of a similar behavior of ketones and imides in the reactions of halo- 
genation and salt formation via enolization, we can assume that the Mannich 
condensation in both groups of compounds must follow the same course. 
Lieberman and Wagner (11) postulated the formation of a carbanion from a 
C-H acid compouild as a necessary step in this reaction. I t  is reasonable to  
assume that the N-H acidic substance undergoes an analogous change to 
give a mesomeric anion in which the negative charge is located in the group 
N-C=O. The formation of the iVIannich base inay be visualized as the addi- 
tion of the intermediate methylene-ammonium cation or the protonated 
diall~ylaminomethanol a t  the mesomeric anion, as in the example of the 
reaction of 2-pyrrolidone. 

i\/Iost of the condensations of imino carbonyl compounds were carried out 
using free secondary bases, but not their salts because of the sensitivity of the 
N-CI-12-N bond towards acids. However, in a few cases the condensation 
was successful using even secondary amino hydrochlorides. Thus 2-pyrrolidone 
[2-pyrrolidinone] was successfully condensed with morpholine and piperidine 
bases, and climethylamine hydrochloride as well. 

2,4-Thiazolidinedione (4, 14) possesses acidic properties and forms alkali 
and silver salts. I t  reacted very easily a t  0' with morpholine, piperidine, and 
dimethylamine. Even metllylamine reacted with two molecules of the 2,1- 
thiazolinedione to  give (VII). Both hydailtoin [2,4-imidazolidinedione] and 
5,5-dimethylhydantoin [5,5-dimethyl-2,4-imidazolidi11edione] demonstrated 
their ability to react in the Mannich condensation with two molecules of 
formaldehyde and two molecules of morpholine. No reaction products were 
obtained in the attempted condellsations of both hydantoins with piperidine 
and dialliylainines respectively. 

\Ve found that uracil [2,4-(lH, 3H)-pyrimidinedione] reacted with morpho- 
line and formaldehyde to give 1-(morpholinomethyl)uracil. Despite the close 
resemblance to  uracil, dihyclrouracil did not react in the Mannich reaction. 

In this work, alkylnitramines were prepared by the procedure of Curry and 
Mason (5). The attempted coildensatioils of alkylnitramiiles with formalde- 
hyde and secondary amines under reflux gave no desired products. However, 
the conde~lsation succeeded when the reaction mixture was kept a t  0' for 12 hr. 
I t  was found that  dimethylamine and diethylamine did not undergo the 
Mannich condensation with n-butyl- and ethyl-nitramine. All attempts to 
form Mannich bases using methylnitramine were unsuccessful. 
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BOMBARDIER1 A K D  T.\URISS: MANSICH COXDENSATION 025 

For the purpose of ide~~tification, the ultraviolet spectra of alliylnitramines 
and their derivatives were deterinined in absolute alcohol (DU Becl<man 
spectrophotoineter). 

.qlthough the observed values of A,,, are in agreement with the reported 
absorption spectra ( lo ) ,  the values of the molecular extinction coefficiellts are 
considerably higher than those given for methyl- and n-butyl-nitramine. 

I 
CHzR 

I 
CHzR 

IV: R = NCjHlo 
V: I t  = NCIHsO 

VI: R = N(CHB)Z 

VII 

XI I :  R = KCsI-110 
XI I I :  R = NChHsO 
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EXPERI hlENTAL 

1-(Morplzolinometlzyl)-2-pyrrolidone (I) 
In a 50 ml. three-necked flask, a solution containing 2.55 gm. (0.03M) ot 

2-pyrrolidone in 20 ml. of water and 2.8 gin. (0.03116) of morpholi~le was 
placed. The mixture was stirred and 2.7 ml. (0.03iM) of 35% formaldehyde 
was added slowly. The reaction mixture was refluxed a t  100" for one hour. 
Upon cooling, the solution was extracted with chloroform and the extract 
was concentrated by distillatio~l on a water bath. T o  this residue, 25 ml. of 
ethanol was added and the solution was concentrated by further distillation. 
After 12 hr., solid white crystals of I appeared which, after several crystalliza- 
tions, melted a t  68.5-69.5'. The total yield was 1.5 gm. (27.2%). The yield of I 
was increased to 2.1 gm. (37.8%) when the reaction time was extended to two 
hours. 

Anal. Calc. for C9Hl6N2O2: N, 15.26%. Found: N,  16.12y0. 

1 - (Piperidinomethyl)-2-pyrrolidone (I I) 
The  compound I1 was prepared by refluxing the mixture of 2.55 gm. of 2- 

pyrrolidone, 2.7 ml. of 3570 formaldehyde, 2.7 ml. of piperidine, and 20 ml. of 
water a t  100° for one-half hour in the same manner as described for the above 
experiment. A precipitate was crystallized from ethanol and yielded 1.5 gm. 
(27.1%) of white crystals which melted a t  47.5-49'. 

Anal. Calc. for CloHsNzO: N, 15.37y0. Found: N, 15.25%. 

1- (Dimethylaminometh.yl)-2-pyrrolidone (I I I )  
The reaction mixture of equimolar amounts (0.03116) of 2-pyrrolidone, 35% 

formaldehyde, dimethylamine hydrochloride, and 20 ml. of water was heated 
a t  68" for one-half hour with constant stirring. The solution was cooled, made 
alkaline with 20Y0 solution of potassium carbonate, and extracted with 
chloroform. The extract was evaporated and fractionally distilled to yield 
1.5 g n ~ .  (37.4%) of a liquid product (111), b.p. 64-67" a t  1 mm. pressure. 

Anal. Calc. for C7H14N20: N, 19.7%. Found: N, 19.72%. 

3-(Piperidinomet1tyl)-2,4-thiazolidinedione (IV) 
To  the solution of 3.5 gm. of 2,4-thiazolidinedione in 15 ml. of ethanol, an 

equimolar amount of formaldehyde and piperidine was added a t  OO. In  short 
time, crystals of IV appeared. After crystallization from absolute ethanol 
6.17 gm. (95.9%) of white crystals, m.p. 76-77O, was obtained. 

Anal. Calc. for CgH1JVoOzS: C, 50.44; H,  658; N ,  13.02y0. 
Found : C, 50.60; H ,  6.55; N,  13.04y0. 

~ - ( i l . 6 o r p l z o l ~ i n o m e t h y l ) - 2 , ~ - t h . i a z o l i o n e  (V) 
This substance was formed with great ease by the interaction of 2,4-thiazo- 

lidinedione, formaldehyde, and morpholine and was obtained as white crystals, 
1n.p. 147", in 99.9% yield. 

Anal. Calc. for C8Hl?N203S: N, 12.95%. Found: 13.06%. 

3-(Dimethylaminomethyl)-2,4-tltiazolidinedione (VI) 
The condensation pi-oduct VI was obtained by a similar procedure in a yield 
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of 71.5%. I t  gave white crystals which after crystallization from absolute 
alcohol melted a t  82". 

Anal. Calc. for CGHloN2OrS: C,  41.36; H ,  5.79; N ,  16.0S~o. 
Found: C, 4l.GO; H, 5.92; N, 16.05%. 

N-iMethyl-N,N-bis(~,~-thiazolidinedionometzyL)amine (VII) 

A mixture of 3.5 gm. of 2,4-thiazolidinedione dissolved in 15 ml. of ethanol 
and 2.7 ml. of 35% formaldehyde was cooled to 0" and 4.85 ml. of 25% methyl- 
amine solution was added dropwise. The reaction product was crystallized 
from absolute ethanol to yield 4.34 gm. (50%) of soft white crystals, n1.p. 
144-145". 

Anal. Calc. for CSHllN30.1S2: N,  14.52%. Fou~ld :  N, 14.59%. 
The above experiment was repeated using a 2:  2: 1 mole ratio of 2,4-thiazo- 

lidinedione, formaldehyde, and methylamine respectively. The yield was 
increased to 7.1 gm. (83%). 

1 ,S-Di(morpholinomethy1)hydantoin (VI 11) 

T o  the heated solution of 3 gm. (0.03iM) of hydantoin in 20 ml. of water, 
5.6 ml. of morpholine was added and 5.4 ml. of 35% formaldehyde was intro- 
duced dropwise. The mixture was stirred and heated a t  85" for 15 miu. The 
reaction product was extracted from the cold solution with chloroform. After 

I 

recrystallizatio~l from ethanol VIII yielded 2 gm. (22%) of white crystals, 
I m.p. 144-145.5". 

1 Anal. Calc. for C I ~ H ~ Z N ~ O ~ :  N, 18.S470. Found: 18.76%. 

Acid Hydrolysis  of V I I I  
Dry hydrogen chloride gas was bubbled through the solution of 0.3 gm. of 

VIII in 95 ml. of absolute ethanol. A white precipitate of hydantoin, m.p. 21S0, 
separated (lit. m.p. 220"). 

1 ,S-Di(morpholinomethy1)-5,5-dimethylhydantoin (IX) 

The colldensatioll of 3,5-dimethylhydantoin with morpholi~le and formalde- 
hyde in molar ratio 1 ;  2:  2 respectively, was carried out a t  90" for 30 min. The 
product was recrystallized from ethanol to  yield 3.9 gm. (39.8%) of white 
crystals, m.p. 134-13-1.5". 

Anal. Calc. for C15H2GN404: N, 17.1%. Fo~ind:  N, 17.02%. 

1 - (ilforp1~olinometlzyl)uracil (X) 
Uracil (3.4 gm.) dissolved in 40 ml. of water and morpholine (2.8 ml.) were 

cooled to 0" and 2.7 ml. of 36y0 formaldehyde was slowly aclded. A precipitate 
was formed which after crj~stallization from alcohol yielded 2.16 gm. (56%) 
of white crystals, m.p. 20S-209°. 

Anal. Calc. for CLJH13N302: K, 19.89. Found: N,  19.92%. 

N-(iMorp1~olinomethyl)ethylnitramine (XI) 

The reaction mixture of ethylnitramine, morpholine, and formaldehyde in 
molar ratio 1 :  1: 1 respectively, was allowed to stand for 12 hr. a t  4". The 
p r o d ~ ~ c t  X I  was crystallized from petroleum ether (b.p. 65-110"). The yield 
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of white plates, m.p. 8G-87", of X I  was 92y0. 
Anal. Calc. for C7HlsN3O3: C, 4-1.43; H, 7.99; S, 22.2y0. 
Found: C ,  44.61; H, 8.0; Nl 21.97%. 

N-  piper idinomethyl)-77,- butyl~zitrnmiv~e ( X I  I )  
A solution of 7.1 gm. of n-butylnitramine in 20 ml. of alcohol was cooled to 

0" and 5.4 ml. of 35% formaldehyde was aclclecl dropwise. T o  this ~nisture,  
5.4 ml. of piperidine lvas slowly introduced and the flask ~vas  lrept a t  O0 for 
12 hr. The alcohol was evaporated and the residue fractionally distilled. The 
total yield of XI1 was 4.6 gm. (35.7%; b.p. 97-100") a t  1 mm. 

Anal. Calc. for C101-121N30?: C, 55.78; H, 9.83; N, 19.527,. Found: C,  55.34; 
H ,  10.08; N, 18.797,. 

1V-(Morpholinomellzyl)-n-bzitylnitramine (XIII)  

The substance XI11 mas 111-eparecl by the method described as above, with 
the exception that the reaction product was crystalli~le and it separated from 
the solution. I t  was crystallized from petroleum ether (b.p. 30-GO0) and ob- 
tained as white crystals, n1.p. 53-53.s0, in 97.6y0 yield. 

Anal. Calc. for C9H19N303: N, 19.34%. F O U I I ~ :  N,  19.62%. 
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DISINTEGRATION-RATE DETERMINATION BY 4a-COUNTING 
PART II. SOURCE-MOUNT ABSORPTION CORRECTION1 

Thc various methods in Lrse for clctermining thc correction for absorption duc 
to  the source mount ~ ~ s e d  in 3 4 ~ - C O L I I ~ ~ C T  are cliscussed, and esperiments con- 
ducted to  test the validity of the correction, arising fro111 these methods, for 
p einittcrs of varying end-point energies. The mcthotls all give erroneous cor- 
rections for low cnergy p en~i t ters  and possible reasons for the errors introduced 
by the 'sandwich  neth hod' are discussed. An 'absorption curve' type nlethod is 
proposed xvhich is shown t o  give more accurate correctioii factors. 

In a previous publication (8), we have discussed the principles of -la-counting 
and described the design ol counting chamber used in this laboratory. \Ve also 
discussed the errors to which the final disintegration-rate value is subject and 
the conditions under urhich the first of these-departure from unit counter 
response probability-is minimized. In the present paper, we shall discuss 
corrections for the second of the sources of error, namely absorption of radi- 
ation in the mounting film on which the source is deposited. 

For determinations involving nuclides emitting monoenergetic radiation, 
such as a radiation and conversion electrons, of such an energy that the range 
of tlle particle in the source-mount ~naterial is greater than its path le~lgth in 
the film usecl, no source-mount absorption correction is necessary. As long as a 
sufficient number of ion pairs are produced by the ionizing particle to trigger 
the counting circuit, each disinteg~-ation will be recorded. The majority of 
determinations for which a -La proportional counter will be employed, llolvever, 
involve p radiation with a continuous distribution of particle energies; in this 
case a fraction of the e~nittecl particles will always be absorbed by the film, the 
fraction being larger the smaller the end point of the beta spectrum. 

We have already (7) described techniques developed in this laboratory for 
the production of films, for use in 4n-counters, of a superficial density of 
5-10 pgn~./cms. For disintegration-rate determinations of moderate precision 
wit11 p radiation of moderate or high energy, the use of films of this thicliness 
allows absorption of I-adiation in the source mount to be neglected. For ~vork 
of the greatest precision, however, and particularly that with the ~vealcer 
p emitters, the absorption loss nlust be accurately evaluated and a correction 
made. The use of very thin films is nevertheless still of considerable advantage, 
since the magnitude of the correction is reduced, and the final disintegr a t' 1011- 

rate value less sensitive to errors in the correction. 

l~l fal tuscript  receirred Ja?lzlary 1'7, 1955. 
Contribution froiit the Radiochet~zistry Laboratory, Depart~rlevt of Cheri~istry, !lfcGill U?~i*dcrsity, 

ilfontreal. Ouebec, zoitl~ finaizcial assista?~ce front the National Research Coz~?zcil o f  Canada atzd 
A toltzic ~ n & ~ y  oof Caizada Lld. 

ZITolder of a iVational Researclz Council Stzlde?~tship. 
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Three methods of determining the absorption correction have been described 
in the literature: the so-called "sandwich" procedure, calculation from 27r and 
47r counting rates, and the use of absorption curves. 

(i) The "sandwich" procedure has been described by Hawlcings et al. (3). 
The counting rate given by a soul-ce mounted on a lano\vn thickness of mount- 
ing film is determined, and then a second determination made with an identical 
film superin~posed over the first so as to sand~vich the source. The observed 
reductioil of counting rate was applied as a correctioil to the single film value 
to arrive a t  the source disintegration rate, and the validity of this procedure 
was taken to be apparent "from a consideration of the contribution to the 
counting rate from each hemisphere". However, Smith (11) found that applp- 
ing the sandwich procedure to similar sources of, for instance, S3j using sets 
of films of differing superficial density lead to results for the disiiltegration 
rate differing by as much as seven per cent. The results should of course be 
independent of the thickness of films used. 

(ii) Seliger and co-workers (5, 9) have attempted to develop inathematical 
relationships which would allow calculation of the source disintegration rate 
from measured 27r- and 47r-, single and sandtviched film counting rates. The 
resulting formulae as quoted in the second and more rigorous of the two 
papers (5) were: 

where Nt and Nb are the counting rates observed in the top and bottom half- 
counters respectively, NT is the counting rate observed from both halves 
combined, Pj  is the fractional back-scattering factor, and T the fractional 
absorption factor for the film used as source mount. 

where Ns  is the counting rate obtained with the source sandwiched between 
two similar films. The value of T obtained from these equations was then to be 
substituted into 

No = NT/(l  - ~ / 2 )  

to  obtain No, the true disintegration rate of a source where no self-absorption 
corrections have to be made. 

As is common with calculations of this sort (11), the combination of a con- 
tinuous distribution of beta energies with energy-dependent scattering and 
absorption coefficients and a complex geometrical arrangement malce the 
problem analytically very difficult without the adoption of several simplifica- 
tions. For example: Among those employed by Seliger et ab. were the supposi- 
tion that  the absorption and scattering characteristics of p  radiation were 
unaffected by the scattering process (e.g. degradation of the energy spectrum 
was ileglected) and, in several places in the derivation, the assumption that 
p j  and T were small comparcd to unity. 

The latter inay be true in the region of beta energies and film thicknesses 
where the absorption correction is in any case insignificant, but  with lower 
beta energies where an accurate correction is required, both coefficients are 
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by no means negligible, and vary rapidly with changing beta energy. In 
particular, the back-scattering effect observed in a 4n geometry is found to be 
considerably larger than in conventional counter systems. The 4n-counter 
will respond to particles having undergone scattering a t  low angles to the 
source mount, and low angle scattering is evidently important even with thin 
films made from a material of low average atomic number. Using a 4~-counter ,  
Meyer-Schiitzmeister and Vincent (G) have reported an 8% back-scattering 
for S35 0 particles from 30-40 pgm./cm.? cellulose films, Houtermans et al. (4) 
reported similar results for P3', and Borliowski (I)  found 5% back-scattering 
of NaZ4 0 radiation from 50 pgm./cm.? of Formvar. 

Thus the over-all 2ye accuracy claimed by RlIann and Seliger (5) for their 
absorption correction is probably over-rated when one is using 0 emitters of 
low energy (e.g. Ni", C1$ SS, etc.). 

(iii) The 'absorption curve method' used to correct the results obtained 
from end-window counters for the absorption of racliatioll suggests itself as a 
corrective technique applicable to  this case. A procedure of this sort n:as used 
by the worl;ers a t  Gottingen (4, 6). They made a series of counting-rate meas- 
urements with a source mounted on a film, and with increasing thicknesses of 
aluminum foil placed over the source, and used the curves obtained to correct 
the original counting rate. However, such a procedure mould appear to be open 
to the same objections as the ordinary sandwich procedure. 

A study of the variation of counting rate as a function of the actual mount 
thicliness was first carried out by Smith (11). He comme~~ced with a source 
mounted on a l u m i l l ~ ~ ~ n  of 260 pgm./cm.? and tooli measurements of the count- 
ing rates obtained with the source backed by increasillg thicknesses of this 
material. The curve obtained on plotting the results was observed to be 
approximately linear, and Smith assumed that the val~le obtained by extra- 
polating. back to zero mount thicliness represented the source disintegration 
rate. I-Ioxvever, this value was found to be low compared with the counting 
rate observecl with a similar source mounted on 30 pgm./cm.hf  cellulose 
acetate, by 3% in the case of S3,and 1.5% in the case of CocO. The discrepancy 
probably arose from a change of slope in the absorption curve below 200 
p g m . / ~ m . ~  superficial dens it)^, such as was observed by Suzor and Charpali 
in another connection (12). Provided sufficiently thin films and a suitable 
technique were used, this type of procedure ~vould be expected to produce the 
most accurate means of correcting for mount absorption, the results being 
independent of any assumption$ regarding counter mechanisms and so on. 
The anon~alous back-scattering effects observed by Yaffe and Justus (13) and 
Glendenin slid co-worliers (2) would not be expected to cause any disturbing 
effects. 

R.  EXPERIMENTAL PROCEDURE AND RESULTS 

For the following experiments, we have used the chamber and ancillary 
equipment described in the previous publication (8), operating under the 
conditions found to give unit response probability. We have performed two 
sets of experiments: 
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\ 

167 kev 
\ 

0 200 400 600 0 200 400 600 

SUPERFICIAL DENSITY OF SOURCE MOUNT ( y p / c m 2 )  

FIG. 1. Source-mount absorptio~l characteristics for a series of beta emitters. 
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(i) Single Film Source-mount Absorption Characteristics 

A series of counting-rate measurements was talten for each nuclide of the 
series of seven p emitters of increasing end-point energy, and four emitters of 
differing forms of radiation, whose nuclear characteristics were described 
earlier (8). For each of a series of increasing source-mount superficial densities, 
we have measured the total counter counting rate (NT) with the anodes 
connected in parallel to  the amplifying system. The source mounts used were 
of gold-coated VYNS film (7) mounted on a 1 mm. aluminum diaphragm of 
aperture 2.5 cm. in diameter. The thinnest films employed were of 5 to 10 
, . tgm./~m.~ superficial density, and increasing thicltness was obtained: 

(a)  up to about 70 pgm./cm.? by allowing a series of films of known super- 
ficial density to adhere to the back of the initial mount; 

(b) above 70 pgm./cm.? by temporarily placing in contact with the baclr 
surface of the mount, in position in the chamber, each of a series of standardized 
films of increasing superficial density. 

The results of these experiments are shown plotted in Figs. 1 and 2. Data as  
shown are for "weight-less" sources. Experiments with Ni63 have shown tha t  
identical results are obtained even for source thicltnesses where self-absorption 
of the order of 80 to 90% occurs. 

~ o " ( p - )  319 kev I.I/ f4aZ2 (pi) 1.8Mev I 

T C ~ ~ "  ( a )  142 kev I.I I po2I0 (a) 5-30 Mev 

0 200 400 600 0 200 400 600 

SUPERFICIAL DENSITY OF SOURCE MOUNT (pgm/cml) 

FIG. 2. Source-mount ab~orpt ion characteristics for emitters of other forms of radiation. 

(ii) Sa?zdwich Characteristics 
A second series of measurements was talten using the series of seven p 

emitters described above as shown in Fig. 1. In this case sources of each nuclide 
were prepared on a series of films of increasing s~~perficial density and the 
following quarltities measured: the total counting rate with the anodes in 
parallel with a single mount (iVT), and the total counting rate with a second 
idelltical sandwiching film added (N,). From these values the expected dis- 
illtegration rate of the sources used has been calculated by the procedure of 
Hawkings et al. (NA) and by the more rigorous of the procedures of Seliger and 
co-workers (N,'). The results are shown plotted as a function of source-mount 
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superficial density in Fig. 1, with the  true source disintegration rates i~ormalized 
t o  a common value for each nuclide using the curves for NT obtained in the  
first series of experiments. 

C. DISCUSSION 

( a )  T h e  Sandwiclz Procedure 

T h e  results shown in Fig. 1 give a fairly complete picture of the accuracy 
of the sandwich procedure as  a function of mount thiclcness and P end-point 
energy, whether applied b y  the method of Haurlcings et a / .  (3) or  by the  NBS 
method ( 5 ,  9, lo ) ,  and are in accord with those round b y  Sinith (11). Though 
the  procedure may  be said t o  worlc fairly tvell a t  higher particle energies, 
where the  mount absorption is small in a n y  case, a t  lower energies, where 
accurate information is desirable, i t  becomes progressively less and less useful. 
T h e  fact tha t  the  calculation of the  disintegration rate leads t o  results t h a t  vary 
considerably (for example in the  case of NiG3) with source mount thiclciless 
would indicate tha t  the mathematical treatment was oversimplified. 

( b )  T h e  Absorpt ion Curve Procedure 
T h e  anomalous results obtained b y  this method by  Smith (11) using mounts 

with a superficial density in excess of 260 ,ugm./cm.? are readily understood OII 

0.03 0.1 1.0 
BETA END- POINT ENERGY ( M e v )  

FIG. 3. Absorptiorl parameter ( 1 h / N o )  as a function of beta end-point energy, for a series 
of film thicknesses. 
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a basis of the curves for iVT sliowii in Fig. 1. Extrapolatioil of the approximately 
linear portion of the curves obtained a t  higher mount thicknesses woulcl take 
no accouiit of the initial fall in counting rate, particularly pronounced a t  low 
p end-point energies, due to progressive absorption by the source mount 
of tlie softest radiation in the beta energy spectrum. 

For woi-li of moderate precision the data  in Fig. 1 may be used directly to 
correct observed single-film results for source-mount absorption. I11 orcler to 
allow interpolation to interinediate /3 energies, the data are replotted in Fig. 3 
with the absorption parameter (NT/No) as a function of beta encl-point energy 
for a series of film thiclinesses. Clearly several approximatioils are introcluced 
by use of the data in this way, including a neglect of variation in the forin of 
the beta energy spectrum with nature of tlie beta transition (degree of forbid- 
denness etc.) and of the aclditional complication of nuclear gamma emission 
when this is present. Also, obviously the transition must be recognized as a 
beta transitioil and the end-point energy l;nown. 

For work of maximum precision, the procedure adopted to obtain our experi- 
mental results is recommended. In this case, the source material is mounted 
011 the thinnest film available, and the counting rate NT measured as a function 
of i~lcreasing mount thiclcness as outlined above. The disintegration rate is 
obtained by extrapolating to zero mount thicltness. 

The accuracy of the disintegration-rate value, arrived a t  in this way, call 
also be judged from Fig. 1. I t  is limited by the statistical deviation of the  
counting rates measured, and by the accuracy with which the superficial 
density values are known (7). No error of significance should be introduced by 
the technique of allowing additional films to adhere to  the original mount, and 
we estimate that the error in the final disintegration-rate value can be reduced 
to about f 0.2y0 iin the case of the wealtest beta radiation studied, and prob- 
ably to  less than this a t  higher particle energies. We find this method satis- 
factory in routine use, the necessary measurements and manipulations talting 
very little more time than those required for the conventional sanclwich 
procedure. 

In the case of a beta emitter of unltnown energy, once the disintegration rate 
is linown from the absorption curve procedure, Fig. 3 may be used to derive 
from the observed value of NT/No a crude but nevertheless useful estimate of 
the end-point energy of the spectrum. This technique replaces those commonly 
used with end-window counters, which are inapplicable in a 4a steradian- 
geometry. 

I t  is of interest to consider why the value of source disintegration rate 
predicted by the sandwich procedure should vary with increasing source-mount 
thicl;ness, and in general differ (widely a t  low beta energies) from the figure 
unequivocally indicated by the absorption curve method. The reasons for 
variations in the separate counting rates of the hemispheres above and below 
the source mount, and in the rate of coincidences between the two half-counters, 
are various and ~ i ~ i l l  be discussed in the fourth paper of this series. However, 
the change in total counting rate (NT) can only be due to increased absorptioii 
of radiation in the mounting film or reductioil of particle energy to below that  
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required to  trigger the counter. I t  has been shown in paper one of this series (8) 
that,  under the adopted operating conditions, substantially all particles enter- 
ing the counter gas produce the necessary minimum ionization and trigger the 
counter. 

I t  is proposed to  leave the quantitative analysis of the relative contribution 
of the various scattering and absorption processes to paper four of this series, 
in which a more complete set of data for the half-counter counting rates and 
coincidence rates observed with different forms and energy of radiation under 
different conditions will be presented. 

One should, however, perhaps consider the data  for NT for Po3I0 shown in 
Fig. 2. Po2I0 is an a! emitter of 5.30 Mev. energy which has a range of -5.1 
mgm./cm.Vn air, and therefore using known atomic stopping powers one can 
compute the range in the film to be 4.9 m g r n . / ~ m . ~  Hence, with film superficial 
densities of up to a t  least 600 p g m . / ~ r n . ~  no fall in NT with increasing d might 
be expected, whereas an approximately linear decrease is observed. One observes 
in this case (a! emission) that the rate of coincidences between the two half- 
counters is very small (<0.1% of No) and that  NT is substantially the sum 
of the counting rates of the upper hemisphere (which is constant with increas- 
ing d) and of the lower hemisphere (which decreases linearly with increasing d). 
Thus, the observed effect is due solely to absorptioil of a! particles in the film, 
which a t  the film thicknesses used should be small in view of the mono- 
energetic nature of the emission. 

However, if the film thickness is again d and the range of the radiation in 
film material is R ,  as in Fig. 4, then of those a! particles emitted in the 2 a  
steradial1 angle towards the film, only those inside the cone of half-angle 

S 

FIG. 4. Film absorption of or radiation (schematic). 

subtended by the radius r will emerge into the gas volume and register. The  
proportion of the total radiation emitted outside this cone and totally absorbed 
in the film can be shown to be (2ard)/4rR2 for large values of 6 

in agreement with the observed linearity with d. In a film thick~less correspond- 
ing to 600 pg rn . /~m.~ ,  the loss by absorption is found to be 6.5% compared to  
an observed value of 7.5%. The agreement is fair consideriilg the assumptiolls 
made regarding the range of Po210 a! particles in the film material. 
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The absence of apparent decrease of N ,  with d in the case of the (mono- 
energetic) conversio~l electrons from Tcggm (Fig. 2) is presumably due to their 
longer range (26 mgm./cm.') and the influence of back-scattering. 
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SIMULTANEOUS SURFACE EXCHANGE STUDIES USING 
BOTH C A T I O N  AND A N I O N 1  

Labellcd Sr++ and Sod3 have bcen ~ ~ s e t l  sim~~ltaneously to  measure the appar- 
ent s ~ ~ r f a c e  area of a SrS0.t prccipitatc by the direct raclioactive method. 'l'he 
values found differ by about 9U%. l j y  contrast, \ \ - I I ~ I I  labelled I%++ and SO1- 
are ~ ~ s e d  to measure the apparent s ~ ~ r f a c c  area of PbSO.,, rhe \ d u e s  founci are In 
close agreement. Thc results are clisc~~ssed wit11 ~.cfcrcnce to thc lcinetics of 
surface cxchange reactions. 

The heterogeneous exchange between the ions on the surface of a solid ancl 
the ioils in a solution has been widely ~ ~ s e d  as the basis for the radioactive 
method for determining the "active" surface area of a solid. The method was 
introduced by Paneth and Vor\verk (i), and has been the subject of numerous 
investigations (for recent summaries, see (3, 8)). There appears to  be a very 
rapid primary exchange, involvillg only the surface layer of the solid, followecl 
by a much slower secondary exchange which may involve penetration of ions 
into the crystal. In the primary exchange, eqi~ilibrium is reached in a fen- 
minutes. According to Paneth, a t  eq~lilibrium Nsl /Ns  = NL1/NL where 
Ns l  = number of tracer atoms (or ions) on the surface, N s  = total number of 
this species of atoms (or ions) on the surface, NL1 = number of tracer atoms 
(or ions) in the bulk of the solution, and NL = total number of this species of 
atoms (or ions) in the bulk of the solution. iVs is readily calculated knowing 
Nsl ,  NL1,  and NL, and from this the surface area, S = iVsZ2, can be calculated. 
l 2  is the effective area of the tagged atom (or ion) on the surface and is given 
by 1" ( ( M . W . / U N ~ ) ~ / ~  where M.W. = the formula weight of the solid, 
a = number of gram atoms (or gram ions) of the tagged species of a t o ~ n s  per 
formula weight of solid, N = Avogadro's number, and d = density. 

Using Paneth's method, tracers isotopic with either cation or anion of the 
precipitate should, on the basis of simple theory, yield the same surface area. 
However, Iinre (1, 2) has suggested that  surface eschalige may not be quite so 
simple as Paneth suggests. He suggests rather that for the surface exchange 
equilibrium (Nsl/Ns) (NL/NL1) = I<, where I< = ICo e-"IRT and is not 
necessarily unity. I<o is a symmetry factor which is equal to  unity for self- 
adsorption systems (e.g. Pb++ on PbS04). For self-adsorption, K = e-fl/"T, 
I< being called the 'activation' factor and E the 'activation energy'. This 
terminology is perhaps unfortunate since it seems to imply that  we are dealing 
with kinetics of exchange reactions whereas in fact we are dealing with measure- 
ments of exchange equilibrium. 11nre states that  difierent I< values result for 
the exchange of Pb++and CrOl= on PbCrOd but suggests that  the K values will 

IManz~script received Janz~ary  10, 1955. 
Co?ttribt~tion from the Department of Cltenzistry, University of Saskatchewan, Saskatoon, 

Saskatchewan, with$?ta?tcial assista?tce from Llze Nafional Rtsearclt Cot~ncil of Canada. 
2Died =/tile a studezt i r ~  Catrzbridge, E?~glazd,  1951. 
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be the same for the exchange of Pb++ and SOe= on PbSOZi. The availability of 
SG, Sr", and Pb21? has nlacle it possible to test this hypothesis with precipitates 
of SrSOl (7) ancl PbSO.1. I11 sotne experiments surface exchange n-as carried 
out with either cation or anion labellecl; in other experiments, both cation and 
anion were labellecl in the same experiment. 

Radioactive ililaterials 
S" was obtained from Chall; River in the forin of an aqueous solution of 

sulphuric acid. Tests shoncd that all the S" was in the forin of SO4= and that 
the half life ancl absorption half thickness \\-ere in agreement with published 
values (6). Sr", obtainecl from Chalk River as S~CO;,  was converted to the 
acetate to form a stock solution (3).  Iinmecliately prior to a surface exchange 
experiment, the 1'" daughter nras separated froin the Sr" by adding yttrium 
h~ lc lba~ l i  carrier and precipitating Sr as the sulphate. The precipitated SrS04 
was washed with a s~nall  amount of satui-atecl SrSOd solution. 

Pb212 lvas obtained from the emanation from thorium hg~clroxicle ( 5 ) .  S o  
attempt was made to renlove the 60.5-min. half life daughter, Bi212. 

Stron t ium Sulphate  
The strontium sulphatc used was that prepared in 194G by Singleton (5) 

ancl kept in contact \vith strontium sulphate solution since that  time. 

Lead Sulphate ,  S z ~ s p e n s i o n  S (Precipi tate  Prepared Us ing  E.vcess Su lpha te )  
The first precipitate was prepared using 5y0 excess sulphate. A solution of 

250 gm. reagent graclc lead nitrate in 650 in]. distilled water was added with 
stirring to 300 ml. of a sulphuric acid solution. The addition tool; place over a 
period of one hour. When the acldition was complete, a test of the filtrate 
showed it to contain excess sulphate ion. The precipitate was washed, with 
acco~npanying stirring, with 15 1-liter portions of distilled water over a period 
of one month. 

Lead Szl lpl~ate ,  Suspens ion  L (Precipi tate  Prepared G s i ~ z g  Excess  Lead)  
This precipitate was prepared in a manner similar to that described for 

Suspension S except that the chemicals were added in the reverse order, and a 
5% excess of leacl, insteacl of sulphate, was used. A test of the filtrate, after the 
mixing of the chemicals, showed an excess of lead ion. 

The washing scheme for this precipitate was identical to  that for Suspensioil 
S. 

Saturated So l z~ t ions  of the Precipitates in W a t e r  
The individual washings of a precipitate were accomplished by agitating the 

precipitate for 24 hr., with 1-liter portions of distilled water, by means of an 
electrically driven stirrer. When the last agitation of a precipitate in any 
particular set of washings had been completed, the suspension was allo~ved to 
settle and some of the solution decanted, filtered, and saved. The solution 

3T1ze nrore conue7zient Sr8%as 7zot readily available at tlzat t i i t~e (1949-50). 
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obtained was thus a saturated solution of the precipitate compound in water 
a t  room temperature, as  given by the precipitate a t  that stage of washing. 

Solutions Containing SrgO 
A small amount of highly active strontium sulphate precipitate, freed from 

yttrium, was stirred with a quantity of saturated inactive strontium sulphate 
solution. As exchange between the precipitate and solution occurred, activity 
entered the solution. After approximately one hour, when the solution had 
attained a sufficient degree of a ~ t i v i t y , ~  the mixture was allowed to  settle and 
the solution decanted and filtered. Solutions containing Srw were thus obtained 
without introducing additional strontium or foreign ions. 
Solutions Containing S3604' 

One-tenth of a milliliter of the stock solution of S3504' obtained from Chalk 
River was diluted to I ml. with distilled water. To  approximately 400 ml. of 
saturated inactive strontium or lead sulphate solution a sufficient quantity 
(0.15 ml.) of the diluted stoclc solution was added to  give an activity of 80 
counts per sec. per 5 ml. 
Solutions Containing ThB 

After the platinum foil in the emanation apparatus had been collecting 
activity for two days, the foil was removed and rinsed in a quantity of satur- 
ated inactive lead sulphate solution. After 15 min. the platinum foil was 
removed and the solution was ready for use. 
Measurement of Radioactivity 

Counting equipment consisted of an Atomic Instrument Company Scale 
of 64 scaler and an end-window Geiger tube. The  usual corrections for resolving 
time and background were made. Bacltscattering corrections were avoided by 
always using identical I ml. P t  dishes, diameter 2.2 cm., for counting. Statis- 
tical counting errors were reduced to about 1% by recording 10,000 counts. 
Self-absorption corrections were eliminated by preparing all samples containing 
a given radionuclide in such a way that  they contained the same weight of 
absorbing agent. Thus, samples from experiments with the strontium sulphate 
precipitate were all counted with the residue left upon evaporation of 5 ml. of 
saturated strontium sulphate solution. This residue weighs approximately 
0.62 mgm., equivalent to 0.2 mgm. per sq. cm. when evaporated on dishes of 
2.2 cm. diameter. Similarly, samples from experiments with the lead sulphate 
precipitates have been counted with the residue, weighing approximately 
0.20 rngm., from 5 ml. of saturated lead sulphate solution. 

Miscellaneous Equipment 
A mechanical shaker was used to keep samples agitated during the absorp- 

tion experiments. 
Thirty-milliliter glass stoppered flint glass bottles were used as shaking 

bottles, the same as in previous experiments (5). 
Suspensions were stirred with an electrically driven stirrer. 
4Radioactiuity. 
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Experimental Procedure 

The  procedure was essentially the same as  tha t  used in the previous work 
on strontium sulphate (5, 6). After the precipitate suspension had been agi- 
tated by a mechanical stirrer for a t  least five minutes, an aliquot of the sus- 
pension, usually 5 ml., was withdrawn by pipette and placed in a shaking 
bottle. An aliquot, usually 15 ml., of the appropriate active solution was then 
pipetted into the bottle and shaking on the mechanical stirrer was begun 
immediately. The  temperature was room temperature, approximately 20°C. 
Shaking time was measured from the time the solution had completely drained 
into the shaking bottle. When shaking was complete the bottle was removed 
and centrifuged for approximately one minute. Five milliliters of the super- 
natant  liquid was then withdrawn by pipette and evaporated in successive 
portions in a 1-ml. platinum dish on a semimicro water bath. 

The  radioactivity of the sample in the Pt dish was then measured under an 
end-window Geiger tube. 

I t  is necessary t o  know the starting activity of the active solution before 
admixture with the precipitate, a s  well a s  the activity after mixing, if the 
amount adsorbed by the precipitate in an exchange experiment is to be 
obtained by  difference. The  procedure used in measuring the starting activity 
of an  aliquot of active solution was such tha t  the starting activity samples 
went through all experimental operations except the actual addition of the 
precipitate. The  effects of adsorption, if any,  of tracer ions on equipment were 
thus made to  cancel out. The  starting activity samples were made by trans- 
ferring an  aliquot of inactive solution to  a shaking bottle and adding the same 
volume of active solution as  used in the exchange experiment. The  solution 
was shaken for a time, then a portion was withdrawn and evaporated on a 
sample dish. The  aliquot of inactive solution t o  which active solution was 
added was equal in volume to the volume occupied by liquid in an  aliquot of the 
precipitate suspension. For example, the volume occupied by liquid in a 5 ml. 
aliquot of strontium sulphate suspension was (5 -0.24) = 4.76 ml., the  volume 
of the solid precipitate being 0.24 ml. 

The  amount of precipitate suspension and the amount of active solution 
used in each experiment were so chosen tha t  roughly 50y0 adsorption or 
exchange of activity would occur. At  50% adsorption the accuracy of the 
experiment is a t  a maximum. 

The  weight of precipitate in an  aliquot of suspension was determined by  
transferring a number of aliquots to a Gooch filter crucible, filtering, drying 
in an  oven (105°C.) overnight, and weighing. 

Corrections for the Growth of YgO from SrgO 
The  sample was measured first without an absorbing screen and then with 

an absorbing screen of thickness 231 mgm./sq. cm. between i t  and the Geiger 
tube. This reduced the SrgO count to  less than 0.2y0 but  transmitted 3970 of the  
YSO count. Multiplying the second count by 100/39 and subtracting this from 
the first count gave the  count due to  SrgO. 
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Cozlntlilzg of S z  iilz the Presence o j  Sr90 P lus  Y g O  
By counting the sample through a screen of 17.4 mgm./sq. cm. thickness all 

the S35 racliatio~ls were cut out. Combining this count with a l;nol\;ledge of the 
fraction of the Sr-Y rntliations transinittetl by this screen ancl a measurement 
of the amount transmitted by a 231 mgm./sq. cm. screen allowed the calcula- 
tion of both S" and SrSO activities in a given sample. 

Coz~ilzting o j  S3Gilz the Presence of T h B  

The  T h B  was nleasured by counting the sainple behind a 17.4 mgm./sq. cm. 
screen \vl~ich absorbetl the S3j radiations. The  S3j  nras nleasurecl six days later 
when all the T h B  had clecayecl. 

illethod of Calculation 

The  starting activity ancl the activity of the exchange samples belonging 
to  a particular set of experiments were first corrected for background. They 
were then brought to  the same basis by taking into account any dilutio~l that 
hacl occurred as  a result of the experimental procedure. 

When clealing with Sr" the next step in the calculations was the correction 
for gro\\~th of daughter activity. 

After applying these corrections the quantity of activity adsorbed by the 
precipitate was obtained by  difference. Substitution was then made in the ratio 
on the left sicle of the fundamental equation: 

No. tracer anions or cations in soln. - No. of anions or cations in soln. - 
No. tracer anions or cations in surf. No. of anions or cations in surf. 

The  quantity "number of anions or cations in solution" is calculated from the 
solubility of the precipitate in water. For strontium sulphate, formula weight 
183.7 ancl solubility in water 0.1233 gm. per liter (7), the number of strontium 
or sulphnte ions per milliliter of saturated solution is 

0.1233 X6.02 X 102"1000 X 183.7 = 4.04 X loL7 ions per ml. 

For lead sulphate, formula weight 303.3 and solubility in water 2 56X10-4 
moles per liter a t  20°C., the corresponcling figure is 1.54X1017 ions per ml. 
Using the for~nula given in the Introduction, the area per molecule is, for 
strontium sulphate (density 3.96 gm. per ml.), (183.7/3.96 X6.02X 10?3)213 
= 1.81 X 10-l5 sq. cm. The  corresponding area for lead sulphate (density 
6.2 gm. per 1111.) is 1.58 X sq. cm. 

Typical Calculations 
( a )  Exchange oJ Sr90 at the Surface of a Strontium Sz~lphate Precipitate 
Five milliliters of a suspension of strontium sulphate was added to  15 ml. of 

saturated strontium sulphate solution containing Sr". The  mixture was shaken 
for 10 min. and then centrifuged. Five milliliters of the centrifugate was eva- 
porated and counted. After correcting for yttrium, the activity was 23.65 
registers/min. (1 reg. = 64 counts). Five milliliters of the original solution 
gave 52.9 reg./min. Thus,  the percentage activity adsorbed or exchanged 
= (1 -23.65/52.9) 100 = 55.3%. The \veight of SrSO.1 in the suspension \vas 
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STOW A N D  SPINKS: SURF.-ICE ESCHASGE STUDIES 943 

1.1315 gm. and the total voluille of solution was 19.76 1111. Thus, the n~imbcr  
of ions in the surface per grain of precipitate equals 

The  surface area per gram, corresponding to 8.55X loLS ions in thc surface, is 
equal to 8.55 X l O l a  X 1.81 x 10-I5 = 15,300 sq. c n ~ .  

(b) Covzbi7zerZ S rw  u?zd S3jO4- Experintent 
An experiment was conducted in ~vhich 5 ml. of a suspension oi strontium 

sulphate were shaken \\-it11 15 1111. saturated strontium sulphate solution con- 
taining approsiinately equal activities of Srgn  and S~'jOZ~=. Shaking time was 
10 inin. The  results are recorded in Table I .  

TABLE I 
EXCH.ANGIE 1:XpElllXIBKT USIKG ROT11 S3' AND SrsO 

--- 

Activity, registers/min., 
corrected for backgro~~nd 

Starting activity Exchange 
sample sample 

1. No screen 61.7 33.4 
2. 17.4 n~gm./sq .  cm. screen 20.1 9.56 
3. 231 mgm./sq. cm. screen 0.53 0.50 
4. Calculatecl Srso activity passing 231 mgrn./sq. cm. 

CCTPPI~ 0.04 0.02 - - - - -. . 
5. Y through 231 mgm./sq. cm. screen ((3) - (4)) 0.49 0.48 
6. Y, 1x0  screen ((5) 100/39) 1.25 1.23 
7. Y through 17.4 ~ n g ~ n . / s q .  cm. screen (0.95(6)) 1.19 1.17 
8. Sr" through 17.4 mgm./sq. cm. screen ((2) - (7)) IS. 91 8.39 
9. Sr", no screen ((6)/0.56) 33.8 14.95 

lo. S3j, no screen ((1) - (9) - (6)) 26.7 17.2 

% S r  adsorbed = [(55.8 -1!+..95)/33.8]100 =55.8 ; 
yo S 3 5  adsorbed = [(26.7-17.2)/26.7]100 = 55.5. 

Tl~esefi,ozires correspol~d to arras of 16,200 atzd 7050 sq. ~ 1 1 1 .  per grarrl of precipitate, respectioely. 

RESULTS 

SrS04 
The  effect of time of shalting on percentage adsorption of S3jO4= 011 SI-SO4 

is show11 in Fig. I, together with the corresponding figures for the exchange of 
Sr++ by the same precipitate (see Ref. (5)) in experimerlts done two years 
earlier. As before, there is a very rapid primary exchange followed by  a much 
slower secondary exchange. The  primary exchange is essentially complete in 
about ten minutes, and as  a coilsequence this time of shalting has been rather 
arbitrarily chosen as  the point a t  which to calculate suriace area in most ex- 
periments. 
Shalting time, 10 min. 

(a)  Using Srgn only, average area per gm. = 15,000 sq. cm. (cf. Singleton, 
12,800 sq. cm., in 1947). 

(b) Using Srw and S3j simultaneously; based on SrgO, area per gm. = 16,200 
sq. cm.; based on S3jO4', area per gm. = 7050 sq. cin. 
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5 
O 0 10 20 30 

TIME, MINUTES 

FIG. 1. Variation o f  percentage adsorption o f  ions on a strontium sulphate precipitate, 
wi th  t ime of  shaking; 0, SrqO (Singleton 1947), A, SsOr' (Stow 1949). 

The precipitate was then washed with six 1-liter portions of distilled water and 
the exchange experiments repeated with the following results: 
Based on S3604', average area per gm. = 7830 sq. cm. 
Based on SrgO, average area per gm. = 14,400 sq. cm. 
Washing the precipitate thus had very little effect on the apparent surface area. 

Celestine 

A single, well-formed crystal of celestine6 was reduced to  a fine powder using 
an agate mortar and pestle. The powder was washed by stirring with 10 suc- 
cessive 300-ml. portions of water over a period of 40 hr. and then used in 
exchange experiments with labelled Sr++ and SO4=. Shaking 8.5 gm. powdered 
celestine with 8.5 ml. saturated SrS04 solution for 20 min. resulted in 65.5% 
adsorption of S04- and 75% adsorption of Sr++. The  relative surface areas as 
measured by Sr++ and S O 6  were thus in the ratio (75/25)(34.5/65.5) = 1.58 
(cf. 1.9 for SrS04 prepared in the laboratory). The surface area per gram as 
measured by Sr++ was 2140 sq. cm. 

PbS04; Susfiensions S and L 
Results for time of shaking experiments with PbS04 suspensions are recorded 

in Figs. 2 and 3. 
In four of the experiments both SO&- and Pb++ were labelled; in the remain- 

der, one ion only was labelled. For Suspension S the percentage adsorptions of 
SO4- and Pb++ were not significantly different and the difference was only 

60btained from Ward's Natural Science Establishment. 
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0 I I 
0 10 20 30 40 50 

TIME, MINUTES 

FIG. 2. Variation of percentage adsorption of ions on a lead sulphate precipitate, Suspension 
L, with time of shaking; 0, ThB;  A, S350d-. 

FIG. 3. Variation of percentage adsorption of ions on a lead sulphate precipitate, Suspension 
S, with time of shaking; 0 ,  ThB;  A, S3jOC. 

slight for Suspension L. The mean surfaces per gram of precipitate (20 min. 
shaking) are 2160 and 3650 sq. cm. for S and L, respectively. 

The precipitate was then washed with six 1-liter portions of distilled water 
and the exchange experiment repeated. Again the percentage adsorptions for a 
given suspension were not significantly changed by the washing for either 
ThB or S3504-. Thus washing the precipitate had little effect on the surface 
area. 

DISCUSSION 

The foregoing experiments, in which two labelled ions have been used simul- 
taneously to measure the degree of exchange a t  a surface consisting of the two 
ions, indicate that the degree of exchange is not necessarily the salnc for the 
two ions. The statistical mechanical approach of Imi-e has indicated that  
factors other than those considered by Paneth may sometimes be involved. I t  is 
of particular interest that his prediction that the degrees of eschange for Pb++ 
and S04= on PbS04 would be the salne is borne out by the present experiments. 
I t  is also of some interest that the degrees of exchange for Sr++ and S0.1= on 
SrS04 differ markedly from one another, both for artificially prepared SrS04 
and for the naturally occurring celestine. While altogether too few experiments 
have been done to warrant any speculation concerning the origin of the difler- 
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ence, it  might possibly be due to cliilering hydration energies of the Sr++ ancl 
S04= ions. However the present experiments do indicate that this method, and 
possible extensions of it ,  docs provide a powerful tool for investigating the 
behavior of ions a t  surfaces. Further experiments have been planned. 
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INTERFACIAL POTENTIALS1 

BY J .  T. D.\VIES .\ND SIR ERIC I<IDL:.\I~ 

ABSTR'\CT 
A new relation between interfacial distribution potentials alid interfacial sur- 

face (contact) potcntials is prcsented. By a suitable choice of expcritnental 
system either distribution potentials or surface potentials Iiiay be measured sep- 
arately; results are in good agreement with theory. Surface poter~tials are shown 
to  be lilade up of several independent components. 'I'lie rates of decay of surface 
potentials are also discussed. 

The origin of interfacial potentials between oil ancl water, important as 
biological analogies, has long been a matter of some controversy. hlany of 
the early experiments were conductecl with salicylalclehycle or o-toluidine as 
the oil phase, and the potential differences measurecl when clilferent organic 
salts were adcled changed slo\\rly with time cluring the experiments. Beutner 
(4, 5 )  believed that the potential clifferences arise from the free charge a t  the 
interface due to an unequal distribution of the various cations a i d  anions 
across the interface. The distribution potential difference causecl by this 
process ma)- be termed after Lange the f i  or outer potential. Baur (3) on the 
other hand believed the changes were clue to selective ionic adsorption a t  the 

I 

oil-water interface. Such surface or interfacial potentials ma17 be represented 
I by AV or by 6x in Lange's nomenclature. 
I 

After much controversy Baur acceptecl Beutner's explanation as to their 
origin. Some years later Dean, Gatty, and Iiideal (15) shonrecl theoretically 
that if one or more types of ions can dissolve in both oil ancl water no stable 
interfacial potential A V can be measured. 

Whether the older potential clifferences were distribution or surface po- 
tentials has been summecl up by Adam (1): 

"It  seems quite likely, hourever, that both (Beutner and Baur) were right, 
according to circumstances; although the final potential when therino- 
dynamic equilibriun~ is attained is not an aclsorption potential, the estab- 
lishment of this equilibrium probably talces a very long time". 

Indeed, since the paper of Dean, Gatty,  and Rideal ( l5) ,  it has become 
clear that the time for decay of the surface potential A I f  determines whether 
we measure Afi or AV when different organic salts are addecl. In this paper 
we shall estimate such times, and confirm that with polar oils a t  equilibrium 
only Afi is measured. Although f i  may take a consiclerable time to  reach 
equilibrium, owing to the slow diffusion of the salts, and although a diffusion 
potential (6) may also be measurecl while this occurs, the surface potential A I f  
must decay to  zero extremely rapidly in the systeins of Beutner ancl Baur. 

Further, by a suitable choice of oils, it has now become possible to measure 
potential changes ascribable nrholly to  $ or to I f .  

ln/Ianzrscript received Febrz~nry 7 ,  1955. 
Contribz~tion from Department of PIzysical Chemistry, U?zzuersity of London,  King ' s  College, 

London, E n ~ l a n d .  

917 
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948 CAXADIAN JOURNAL OF CHEMISTRY. VOL. 33 

(a) DISTRIBUTION POTENTIALS 

According to Nernst's theory of distribution potentials, these are measured 
when the salt has an appreciable solubility in the oil and they arise from the 
different solubilities of the positive and negative ions in the two phases. We 
can express this in the following manner: 

0 0 
B+ = ~xP[(,IL!- ,P!) /RTI or RT In B+ = ,IL+- OIL+, 

0 0 0 0 B- = exp[(,p--- op-) /RT]  or RT In B- = ,p--- ,p-, 

where B* refers to the ionic distribution coefficients, and the standard 
chemical potential. Subscripts o and w refer to the oil and water phases 
respectively. 

These different solubilities of the two ions cause a potential between the 
two phases, as shown in Fig. 1. 

WATER 

4.. - - - -x - ,  m- - - - -& 

DISTANCE 

FIG. 1. Variation of 6 (relative to the interior of the water phase) near an  oil-water inter- 
face. The oil is assumed polar. The distance from the interface is represented by x ,  and measure- 
ments are made where x-+ conlpared with the ionic double layer thiclcness I /K .  

The water phase is generally assigned zero potential, while the oil phase 
has a potential in Lange's notation + (sometimes termed the inner or Galvani 
potential). If positive ions (e.g. tetrameth~7lainn~onium) dissolve preferentially 
in the oil phase, while (say) chloride ions tencl to remain in the water, + is 
positive. The potential + includes both y5 and V thus: + = y5 + V, or in 
Lange's notation, + = $ + x. 

We now relate + to B+ and B- by meails of their electrochemical potentials, 
p. The Faraday unit is written F. C
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At equilibrium: 

[51 
and 

[GI 

DA'I'IES .iSD RIDISXL: ISTERFACIAL POTEIZTI.iLS 

wP+ = oP+ 

- - 
wI1- = ow-. 

Further, each phase must be electric all^. neutral, therefore 

1'71 
and 
PI 
B!. substitution of equations [ I ]  to [A] into equations [5] and [6], we find: 

,I.L:+RT In ,c+ = ,I.L:+RT In .c++ +F 
and ,I.L?+RT In ,c- = .I.L:+RT In .c-- 4F. 

IE we subtract, remembering equations 1'71 and 181, we obtain: 

Here 4,- is definecl as in Fig. I ,  4 being measured far from the interface 
when x is great compared with the Debye-Hiickel term I / K .  Equation [9] is 
h e  I-equired relation between 9, B+, :uld B-. If B+ is large compared with 
B-, 4 is positive. 

I L  can easily be shown that i f  S is the ratio (conc. salt in oil)/(conc. salt 
in water), 
I101 S = (B+ . B-);. 

Hence, from equations [9] and [lo], 

Although the absolute potentials @ are not measurable, we can determine 
clifferenoes in @ for (sa).) Ka1 and I<I. 'Then B- is constant, ancl 

A4 = (RT/F)ln(SN,r/S,,) . 

Since A L'sshould theoreticallq- not contribute to A4 i l l  silcl~ s!-stems (15), ancl 
since A@ = A$ + A17, i f  x tencls to infinity, 

Further, as we may see from inspection of equatio~l [!)I, A4 is inclependent 
of the cornlnon ion. 'rlzus A@ or A$ is the same it' chloricles are considered 
instead of ioclides in equation [I I], since 
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Iiarpfen and Randles (18) have recently set up the cell shown in Fig. 2. 
'They founcl good agreement between theory, as given by equation [ I l l ,  and 
experiment. 

FIG. 2. Cell for nleasuring Ad a t  interface of water and a polar oil such as nitrobenzene (18). 
Salt bridges are chosen so that when the salt MX is changed, the measured potential change is 
16, i.e. 91, 92, and 9 3  remain constant. I n  such an experiment A+ is measured across thiclcnesses 
of solve~lt great compared with the thicli~less of the interfacial electrical double layers. I'i is 
picrate. 

Icesults are shown in 'Table I ,  the distribution coefficients for siinple salts 
in nitrobenzene having been found by Davies (7). The agreement is strong 
support for the validity of equation [ I l l  if the oil is polar. Similar evidence in 
favor of equatioil [ I l l  has recently been forthcoming from Gottingen, x~here 
Dr. Strehlow and his colleagues have been ~vorliing along similar lines. 

TABLE I 

A+ calculated from distribution 
System (see Fig. 2) experiments (7), using equations [ I l l  Ad (observed) (18) 

and [12]. Q ~ ~ o t e d  from (18) 

I<+ replaced by (Et)&+ - 124 1 1 1 ~ .  - 126 mv. 
I<+ replaced by Na+ - 50 mv. - 53 mv. 
C1- replaced by I- + 95 mv. + 102 mv. 

(b) SURF.4CE POrrENTI.\LS IN RELATION 'r0 
DISTRIBUTION PO'I'EN'TIALS 

I f  now an oil is chosen in which practically no salt can dissolve (e.g. '1 

paraffinic oil such as decane), an ionic clouble layer cannot build up completeIy 
in the thicliness of oil (e.g. 1 niin.) available. Hence equation [8] cloes not 
apply to measurements with this oil, although, since the system is by definitiorl 
a t  equilibriuni in that the free energy is minimal for this thickness of oil, 
equations [I] to [7] still holcl. 

Dividing the potential a t  the oil sicle of the interface into 17 (due either to a 
clipole array forniecl by spreading or by aclsorption or to a charged film) and 
$,=, (see Fig. 3) we shall show that if the oil solubilities of the interfacial filiil 
ancl of the salt present are very small, only A V  contributes to the measured 
change in 4 when a film is spread. 

Froin the above equations, i f  ecluation [8] is no longer true, equation [I)] 
is extended to: 

in \\~hicli .c+ and ,,c- refer to ionic concentrations in the oil a t  the point where 
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DAVIES AND RIDEAL: 1NTERF.ACIAL POTENTIALS 

W A T E R  OIL 

D I S T A N C E  

FIG. 3. Variation ol @ (relative t o  the interior ol  the water phase) a t  the interlace Lvith a 
paraffinic oil. Measurements are made with x(-1 mm.) less than I / K .  

q~ is measurecl. 'To express these concentratio~ls in terms of measurable quanti- 
ties, we apply the equations of Boltzinann in the form: 

and, in the hypothetical region of oil at ,c = m, where the electrical double 
layer is complete, 
[I61 LC+) ,=, = (,,c-) ,=,. 

Hence equation [13] becomes: 

'The double layer is complete a t  .v = a, so +,=, = #,=, ancl hence, according 
to equation [9], 

'Therefore 

Here + is independent of B+ ancl R-, and 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
1.

38
.3

6 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



952 CANADIAN JOURNAL OF CHEMISTRY. VOL. 33 

From the above considerations we note that  with a polar oil in a cell of the 
type shown in Fig. 2, we can make measurements with direct current (18) to  
test equation [I l l :  
C111 A +  = All. = (RT/F)~~(SN~I /SI<I )  . 

With a non-conducting oil, the vibrating plate method (8, 9) must be 
employed. This is a capacity method, and depends upon alternating current, 
since no measurable direct current can pass through a non-conducting oil, 
in which salts are effectively insoluble. T o  such potentials, equation [17] 
applies : 

~ 7 1  A +  = AV. 
T o  test the theories we thus require different oils: if the oil is polar, a+ 

should depend only on the distribution coefficients, and not on AV; but  if the 
oil is paraffinic, A+ should depend on A17 and not on S, the distribution co- 
efficient. 

If the non-aqueous phase is so non-polar that  ions cannot appreciably dis- 
solve in it, the interfacial potential will alter only if an interfacial film is 
formed-the partition coefficients being assumed to  be unaltered by the inter- 
facial monolayer. Ions are unstable in air near a water surface, and no double 
layer can therefore form above a water surface; thus the measureinent (23) 
of film potentials a t  the air-water surface is rendered possible and equation [17] 
can be tested, where AV is the difference of potential between the clean water 
surface and one on which a film has been spread, as  shown in Fig. 3. Such 
potential changes are perfectly stable with time, no decrease ever having 
been observed with insoluble films. Exactly similar results are obtained, 
tllough the experimental technique is different (8, 9, 12), with paraffinic oils, 
a s  shown in Fig. 4. The  petrol-ether used in this experiment is made LIP oi 
decane and near homologues. 

FIG. 4. Surlacc potential for monolayer of ClrH3,N(CHn)3+ spread to !I2 A2 per chain 
1,etween petrol-ether and water. The Iattcr contained 1.0 N NaCI. The potential does not 
change with timc (12). 

Again, if the paraffinic oil be replaced by a fairly polar oil there should, by 
equation [I l l  which is now applicable, be no change in l~otential between the 
system with a clean interface and one with a monolayer a t  the interface. 
Only if the distribution coefficient is changed will the potential alter. This  is 
in full accord with experiment. 
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DAVlES A N D  RIDEAL: IXTERFACIAL POTENTIALS 953, 

I f ,  however, we study a very slightly polar oil, spreading a film and meas- 
uring the potential difference A 4  (equation [17]), this should now slowly de- 
crease to  zero, since, if the oil is slightly polar, ions from the water will re- 
distribute themselves and set up a new clouble-layer in the oil. During this 
process of ionic redistribution (Fig. 5) we pass from the region of applicability 

WATER OIL 

I SURFACE COVERED 
WITH A MONOLAYER FILM SPREAD. f. =O 

C L E A N  SURFACE 

T 

/ b] A ~ ~ E R ~ F F l c l E N T  
T I M E  FOR ESTABLISHMENT SURFACE 

OF EQUILIBRIUM AFTER 

SPREADING FILM 

MADE HERE 

D I S T A N C E  + 

FIG. j. I'otential redistribution oil oil side of interface after spreading a film if the oil is 
slightly polar. The (negatively charged) ionic atmosphere slowly builds up in the oil till AV 
has decreased to zero, provided that the thickness of oil used is sufficient to dissolve the 
necessary ions. 

of equation [17] to  that  of equation [ l l ] .  The  latter predicts A 4  should be zero, 
since a nionolayer will not appreciably affect the distribution coefficients. 
'Thus the potential difference A +  due to the spread film should decrease with 
time and, if a complete double layer can form in the oil, will eventually become 
zero. This is horne out by experiment (Fig. 6). 

200 
BENZENE-WATER INTERFACE 

2 too 
0 

(BENZENE+BROMO~NZENE) -WATER 

5MIN. 
TlME 
4 

FIG. 6. Interfacial potentials of film of ClsHn7N(CHI)3+ spread to 92 A 2  per chain between 
water and slightly polar oils. The decrease in  AV with time reflects the change from the region 
of applicability of ecluation [17] to that of equation [ll]. Crosses denote potentials measured 
with the vibrating plate apparatus (8, 9) and circles those found with the radioactive source 
method (2). 

We can now proceed further and observe that if the times for the potential 
to tlecay t o  one half its initial value are found, a rough correlation with the  
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Calculated 
concentration Depth of Time calculated for 

Kon-aqueous phase of C1- in  i o n ~ c  Cl- to  reach 
non-aqueous atmosphere, equilibrium positions 

phase i.e. I /K after film was spread 

Air 10-6jiV 10z4 cm. 1054 sec. 
Petrol-ether (decane) 10-33fV lo8 cln. loZL sec. 
Benzene 1O-UiY 5 X cm. -1 sec. 
Benzene + bromobenzene 10-aAY 5 X 10-4 cm. -0.01 zec. 

Observed 
time of AV of to  decay l / e  

of original 
value 

m 
m 

GO sec. 
-1 sec. 

rates of diffusion of the counter-ions from the water into the oil (to build up 
the new double layer) might be expected. In Table I1 this is shown, the calcu- 
lated times (12) being functions of the polarity of the oil, i.e. of the equilibrium 
concentration of chloride ions immediately on the oil side of the interface. 
From here the ions must diffuse through the oil to  a mean distance of 1 / ~  
(the Debye-Hiicltel function) away from the interface. Although benzene is 
only slightly more polar than paraffins, it dissolves more water, so that  ions 
in benzene can be a t  least partly hydrated and in consequence more ions can 
dissolve in benzene than in petrol-ether. Thus interfacial potentials a t  the 
benzene-water interface decrease with time, although those a t  the paraffin- 
water interface are stable. 

(c) COMPOXENTS O F  AV, T H E  SURFACE POTEXTIXL 

T h r o ~ ~ g h o u t  this paper the orientation of the dipoles a t  the water surfaces 
has been neglected, and by definition 4,,, = 0. If 9,  the free charge, is zero 
in the water, the absolute potential is V or X ,  the potential of the water 
dipoles. Altho~igh questions of absolute potentials have been avoided in the 
present \~or l i ,  it is interesting to  note that IT has been estimated for the air- 
water surface. The figures range, however, from -0.5 volts to  +0.4 volts (21). 

If, however, a monolayer is spread 011 a clean water surface, the water 
dipoles will be reoriented abo~ l t  the lilm-for~ning molecules, because of the 
new dipoles introduced into the surface. This change, for each n~olecule spread 

WATER 

FIG. 7. Con~ponents pl, p?, and p3 of the surface potential A V  for an electrically 11c~rtrsl 
monolayer. 
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DAVIES A N D  KIDICAL: INTERF.ACIhL POTESTIXLS 055 

in the monolayer, will be denoted p l .  The clipoles of the film-forming molecules 
(e.g. C-KH? in a long-chain amine) will also contribute to A V by an amount 
depending on the dipole moment p2 .  A third component of A V  lor electrically 
neutral films spread a t  the air-water surface is pCcd, the moment of the bond 
(e.g. C-H) a t  the upper limit of the monolayer (Fig. 7 ) .  If we apply the 
Helmoltz formula for an array of n dipoles per cm.?, and if they are all vectori- 
all!- additive in the vertical direction (Eucken), we obtain: 

where p is an over-all dipole moment including all colnponents. 
I'nfortunatelj- pl  cannot be measured, so it is i~sual to combine this term with 

p?, especially since the reorientation of the water dipoles, given by p l ,  prol,abl>- 
depends on p2, as in Fig. 7. 

The term p3 is ~iormally constant since paraffinic chains are usual in surface 
active molecules, so that then eq i~a t io~l  [18] beco~nes for an electrically neutral 
film: 

~ 1 9 1  A If = 4 ~ n p  = 4 r n p D  

where p, = pl + p2 + pa, characteristic of the dipole of the lieacl-group 
(e.g. C=O, C--XH2) of the rnoleci~les in the monolayer. 

In  recent years there has been added interest in substituted hydrocarbon 
chains, and to investigate these we use [IS] in the form: 

Thus by coniparing films with the same ni~mbers of ~nolecules per cm.?, spread 
a t  the same interface, and having the same polar head groups, we measure the 
difference in potential due to substitution of the -CH3 group a t  the upper 

AIR I AIR OR OIL I AIR 

coo1 cool ;OOH 

WATER 

('4 (c J ( d /  

FIG. 8. ( a )  Anions of an aliphatic acid and of a perfluoro acid spread a t  the air-water 
interface. The difference in A V  is due to the change in ps, the vertical dipole moment of the 
uppermost bond (10). 

(b) Anion of w-bromohesadecanoic acid a t  air-water interface. The vertical 
component of p3 is zero (13) .  

(c) .4nions of w-bror~~ohesadecar~oic acid a t  decane-water interface. Vertical 
component of p3  now appreciable, a s  the w-bromo group is easily Iifted into the oil (13). 

(d) bIolecule of w-bromohesadecanoic acid iri close-packed film a t  pH 4 a t  air- 
water surface. The dipole p3 is now relatively large (17). 
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lirnit of the film by (say) --CH2Br or -CF:j, as shown in Fig. 8. Some results 
are shoxvn in 'Table I I I .  'I'hat Ap3  is less than the dipole of the carbon-halogen 
link suggests that there is mutual polarization of the dipoles in condensed 
films (first and last examples in Table 111). Further, the dipoles of such 
w-halogen links are unlikely to be oriented vertically, but rather a t  half the 
tetrahedral angle (17). 

'TABLE 111 

\'ARIATIONS I N  ~3 FOR DIFFERENT FILMS .4T THE AIR-\V-4TER AND OIL-WATER INTERFACES - 

6 ~ 3  Difference in p for 
(vertical component w-bond and C-H 

6 V  6(A V) of dipole differences bond from bulk 
in w-bonds) measurements 

Myristic acid with car- 
boxyl group ionized 
(25 A" air-water) 

I'erfluorodecanoic acid 
with carbosyl group 
ionized (25 A2, air- 
water 

Hesadecanoic acid on 
1 N NaOH a t  66 A2, 
air-water 

w-Bromohexadecanoic 
acid on 1 N NaOH a t  
66 A2, air-water 

w-Bromohesadecanoic 
acid on 1 N NaOH a t  
66 Az, oil-\\later 

Hesadecanoic acid pH4 
air-water (20 A2) 

w-Bromohexadecanoic 
acid, pH4, air-water 
(20 A2) 

I 
-50 mv. 1 -BOO mv. ( -600 mD. - 1800 mL). 

(19) } (see Fig. 8a) 

-28 mv. 
0 (see Fig. 8b) I - 1900 mD. 

- 132 1nv. 1' -230 mD. - 1900 mD. 
(see Fig. 8c) 

- 160 mv. J 

"Iv. I , - ;%: n ~ v .  1 -660 mD. - 1000 mL). 
(see Fig. 8d) 

-850 mv. j 1 

If now we consider a charged film of C1BH37N(CH3)3+ ions, an additional 
term $0 for the electrostatic potential of the interface relative to the subjacent 
layers of liquid is necessary. Thus equations [IS] and [19] become: 

where po is the dipole contribution of the electrical double layer. 
.'it low surface coverages, $0 may be expected to contribute to P a dipole 

moment (Fig. 9) given by the product of the mean thickness of the ionic 
double layer (the Debye-Hiickel term 1 / ~ )  and the charge thus separated per 
~nolecule, i.e. one electron. Both these quantities are large (e.g. 1 / ~  may be 
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DAVIES A N D  RIDEAL: INTERFACIAL POTESTIALS 957 

AIR w PARAFFIN OIL (E.G. DECANE) 

I 
C H 2  

I 
CH2 

I I 
C H 2  C H 2  

POTEMAL vb cn3- A+--cH? cn3- A+-cH, 
RELATIVE TO I 
BULK CH3 j 

I t 
' 3 3  ; 

WATER 

FIG. 9. -4 monolayer of ClaH3,N(CH3)3+ a t  air-water or decane-water interface. 'l'he 
mean depth of the C1- counter-ions is 1 / ~ ,  and this makes possible very large dipole contri- 
butions if the ionic strength is low (Table IV). The electrostatic potential a t  the interface is 
$ 0  relative to  the bulk of the aqueous phase. 

several hundred Angstrom units), so very large dipole moments may be es- 
pected. T o  treat the double layer as an array of dipoles in this manner we 
have assumed that  the dielectric constant D of the water is always 80 in the 
electrical double layer, and that  the charges are far enough apart in the surface 
for their mutual interactions to  be neglected. Thus:  

[241 PO = 
( 1 / ~ )  X 4.8 

n+O D 
and hence, by [23], 

Comparison of p thus calculated with the e x p e r i n ~ e ~ ~ t a l  results a t  different 
ionic strengths (8) is made in Table IV. The  value of pD is 400 mD. through- 
out (11). Although the dipole moments, especially on N solution ( I /K  
= 300 A), are very high, the potentials a t  1000 A (Table IV) are not very 
great. However, since n is then only lOI3, p is large by equation [22]. A t  greater 
surface concentrations (n increasing), A17 increases only slightly, and p falls 
steeply owing to mutual interaction of the electrical charges (8). 

Equation [22] can also be tested (10) using the Gouy equations for $0: 

Comparison with experiment is made in Table V, combining equations [22] 
and [26]: 

[27 I 2kT 
A v = 4 r%pD+-- sinh-I 

(134 x :;I6 x n 
e ) .  

These considerations all apply to  the air-water or decane-water interface. 
If, however, a polar oil is used, A V  for charged films is found (see above) to  
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TABLE I\' 
C.\LCULATED AND MEASURED DIPOLE MOMENTS p FOR COMPLETELY 

IONIZED FILMS OF CIsHe;N(CH3)3+ AT THE AIR-WATER OR DECANE- 
WATER INTERFACES. THE DISTANCE I /K IS GIVEN BY 3 /4C A, 

WHERE C IS THE SALT CONCENTRATIOS 
pp ------- -- -- 

Potential A V 
XaCI a t  ?z = loi3 

co~~centration, c p (calc~llated)* p (measured (8)) (1000 A2 per chain) 

22.5 m\-. 

43 my. 

S6 lnv. 

124 mv. 

220 tnv. 

(1/K) X 4.8 
"p = 400 + ; the.figolire oj400 wrD..for pD is.ho}}r Ref .  11 

F~~nc t ion  of A 1- Calculated Experimental 

2.303kT -57 mv. to - 59 I .  = i f  c not too high -62 mv. 

a ( 1 ~ '  - 4 ~ 7 ~  x 400) 2 x 2.3o:;k~ ( a  log 71 
) + I  18 inr. = i f  n not too lo\\ +I10 m\-. 

e 

A 1.' - As71 X 100 = $0 +lOS mv. 
( 1 1  = 3.33 X loi3) 

be zero a t  equilibrium, in agreement with the theory of Dean, Gatt>., ant1 
Rideal (15). They- pointed out that a compensative electrical double layer 
must also be set up in a polar oil (whether or not $0 is zero), and this, repre- 
sented here as must a t  equilibrium be given by: 

[as] A V =  4 n n p ~  + $ o  + $ o t t  = 0. 

GENERAL DISCUSSION 

That  the Gouy ecluations, based on the assunlption of a uniformly charged 
and impenetrable film in contact with counter-ions which are point charges, 
predict so accurately $0 up to high ionic strengths had been interpreted (14) 
in terms of compensation of the effects of the finite sizes of the counter-ions 
with the penetration of some of the counter-ions between the charged groups 
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constituting the film. This conclusion has been supported by stuclying the 
surface viscosity and interfacial reaction kinetics as  $o changes. 

In the last few years various authors have ~neasured interfacial potentials 
with cells of the type shown in Fig. 2. Thus  McMullen (20) found that the  
introduction of cetyltrimethylammoniurn bromide into an octj.1 alcohol - 
water system caused a potential A+ of about 130 mv. although this decayed 
rapidly. Similar results were f o ~ ~ n d  with anlyl-acetate. On the other hand 
Dupeyrat and Guastalla (IG), using nitrobenzene as  oil, found a+ to be 
constant a t  400 mv. when a myristyl-trimethylammonium salt was added. 
We consider that  distribution potentials (A$ of equation [ l l ] )  and diffusion 
potentials are responsible for all these results, the very thin la).ers of oil ~ised 
by McMullen eventually making possible distribution potentials a t  both 
oil-water interfaces (A+? -A+ in Fig. 2, owing to  diffusion). T h e  potential 
of Dupeyrat and Guastalla is certainly a stable A$, though rather higher than 
found by Powell and Alexander (22), whose measurenlents are more difficult 
to interpret. They used the contact potential method, ionizing the air gap  
above the oil layer (and possibly the oil itself) with a mesothorium source. 
Interfacial potentials due to cetyltrimethylammonium bromide added to the  
water were usually constant after the first few ininutes, and then it nras founcl 
that A+ varied in the order: 

 air) >> A+(amyl acetate) > A+(octyl alcohol) . 

This sequence is in the reverse order of the dielectric constants. Powell 
ancl Alexander interpret these A+ measurements as A V potentials, though 
b!. comparison with the  results of Fig. G and Table I1 this seems unlikely, 
especially as they claim that  the equilibrium pos t~~la ted  by Dean, Ga t ty ,  and 
Rideal (13) must be very slow in attainment since their potentials are stable 
11 it11 time after a few minutes. \lie consider tha t  Polriell and -4lexander's 
oil-water results are probably clistribution potentials or may someti~nes be 
due to  diffusion to and adsorption a t  the upper (oil-air) interface. Distribution 
potentials would be expected to decrease with increasing dielectric constant 
of the oil, since B+ depends on ,+I. 

Our considerations concerning the adsorption and ion partition potential 
differences which lnay develop a t  liquid-liquid interfaces and the effects of an  
added electrolyte on their magnitude can evidently be extended to the case in 
which, for example, a lipoid-like membrane is inserted between two aqueous 
phases. T h e  best known method of estimating the various co~nponents of a 
membrane potential into phase boundary and diffusion potentials has been 
laid on a sure fo~~nda t ion  by the investigations of Kurt Me)-er and 'T. 'reorell. 

CONCLUSIOK 

In general A+ = A$ + A IT, but by choosing polar zund paraffinic oils, ure 
can separate A$ and A V thus:  

// A$ = f (B+,  B-) polar oil, 
A + 

\\ a IT = f ( n ,  p) paraffinic oil. 
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From our results we conclude that Beutner was indeed correct-Baur's 
adsorption potentials (surface potentials) either cannot be detected or are 
very transient for polar oils. Only with recent techniques for investigating 
interfacial potentials between water ancl pure paraffinic oils can stable oil- 
water interfacial potentials ( A V  or 6x) be measured (8, 0). This lends strong 
support to the theory of Dean, Gatty, and Rideal (15). 

Surface potentials have been analyzed into components from the dipoles 
of the polar "head groups" of film-forming molecules, from the dipoles a t  the 
upper end of the carbon chain, and from ionic redistributions i f  the film is 
electrically charged. 
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CYSTINE AS AN ADDITION AGENT IN THE 
ELECTRODEPOSITION OF COPPERL 

.ABSfR.AC?' 

The steady state polarizatiotl of 100 mv. in acid copper sulphate electrolyte, 
a t  2 amp./dm.z, appears to consist of 45 to 50 mv. activation overpotential to 
deposit aquo-copper complexes, 20 to 26 mv. concentration polarization, and 
about 30 mv. polarization due to hydrogen ion interference. The presence of 
cystine in the electrolyte gave rise to polarization-time curves similar to those 
observed previously with gelatine. The increase of polarizatioli ca~lsed by 
cystine appears to be due to an  obstr~lctive effect of adsorbed cystinc (or its 
copper complex), together with an  increase of concentration polarization. 
Cystine alotlc probably does not affect the activation overpotential. .4dditioti 
of sufficient chloride virtually eliminated the polarization due to obstruction by 
cystine, possibly by acting as an electron bridge or by forming more readily 
dischargeable chloro-cystine-copper complcxes. Chloride also eliminated the 
increment in conce~itration polarization cai~sed by cystine. .\ttainment of a 
minim~un total steady state polarizatio~i of about 40 mv. in the presence of 
cystine and chloride appeared to reflect an increase of surface, hence a decrease 
of t r ~ ~ e  current density with time of deposition. The addition agent behavior of 
methionine was, in most respects, similar to that of cystine. The behavior of 
t h i o ~ ~ r e a  a t  low concentrations appeared to be complicated, but the effects 4 . f  

chloride were similar to those observed with gelatine. 

IN'I RODUCTIOS 

Since gelatinc is probably the most comn~only used addition agent in the 
electrodeposition of copper, much worli has been done in this laborator!, and 
elsewhere to study its behavior in this capacity. An understanding of its 
action is clouded, however, by the complex structure of the gelatine molecule, 
and it has scelned desirable to find, if  possible, a simple amino acid with which 
the addition agent effect of gelatine might be closely sinli~lated. X previous 
study with gluta~nic ,~cicl (1) indicated that this substance was not a satis- 
factory substitute for gelatine. The present paper recounts simil,~r studies 
with some simple thioamino acids. 

EXPERI  hIEKT.\L 

Polarization measurements were made with the equipment and procedure 
outlined in earlier papers (1, 10). A11 chemicals were reagent grade, and water 
was twice distilled from allcali. 'l'he stanclarcl electrol~.te contained 125 gm./liter 
CuSOj..5H20 and 100 gm./liter H2SOI. 'T'hc co~nposition of other electrolytes 
used in the study will be specifiecl as required. The Haring cell contained 
150 1111. of electrolyte in all experiments, and Ineasure~nents werc made a t  
24.5" C. throughout the stucl~.. 

Each cathode surface was brought to a standard condition b], electro- 
deposition from standard electrol!-te a t  24.5" C. a t  3 amp./clm.' for 30 min., 

l~l/lanz~.script received J n n z ~ n r y  14, 1955. 
Co~~lribzrliolz fro111 the plzysical chemistry laboratory, ilIcGill C~zivers i ty ,  ~VIo~rlreal ,  ~ v i t l ~ f i ~ z n ~ z c i a l  

czs.si,stnvrce f r o ~ ~ z  Cl~e iVnlio11n1 Researcl~ Col~?icil .  Oltuwn, n ~ r d  the Co?r.solidalcd J6it7i1zg ar7d S ~ n e l l i ~ ~  
Co.,  ~ r u i l ;  B.C.  

- 
'Holder of n Col~zinco IZesearch Fellowship. I'rese~ll address: Depnrt~?zenl of C l ~ e ~ ~ ~ i . ! t r y ,  

I J ~ ~ i v e r s i l y  of  wester^^ O n l a r ~ o ,  London ,  O l~ tnr io .  
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followecl by deposition a t  2 a r n ~ . / d m . ~  until steady state polarizatio~l (100 
+ 5 mv.) was attained (4). 

RESULTS 

Initial Cathode Polarizatioz zn Absence of Addit ion Agent 
In an earlier study (10) it was observed that,  a t  2 amp./dm.', the polar- 

ization rose almost instantaneously to about 100 n ~ v .  in the standard electro- 
lyte, and then increased slowly to a slightly higher steady state value. A more 
cletailecl stucly of the behavior \vith the cathode ray oscilloscope or the Brush 
recorder has shown that a zero time'!' polarization of 85 to 90 mv. was followecl 
by an increase to about 115 mv. after one to two minutes, and a subsequent 
decrease during about 30 min. to the steady state value. Typical results are 
shown in Fig. 1. Transition from the behavior represented in Fig. 1B to that 
of Fig. 1C was essentially complete after interruption of the current for one 
to two minutes. This indicates that the time for dissipation of the cathode 
film is about the same as that for attainment of the initial maximum polar- 
ization and for formation of the cathode film (2). 

eol 5+7G 0:. I I 
0 1 2 3 4  

TIME - f4 lN.  CURRENT DENSITY - AMPS./ DM? 

FIG. 1. Initial cathoclc polarizatio~l-time rclatio~l for stantlard electrolyte and standard 
cathode s~~r face .  
.\. Cathoclc filrn absent a t  Lero time (r~ew stanclartl electrolyte). 
13. Cathode film present a t  zero time (currerlt switched off and immediately re-cstablishecl). 
C. Cathocle lilm absent a t  zero tinie (current switched off and cell left ~rndisturbed for four 

hours). 
I.). Cathoclc lilm absent a t  zero time (current switched off and solution stirred for one minute). 

FIG. 2. Zero-time cathode polarization - current density relation with starldard electrolyte 
anel s ta~~darcl  cathocle surface. 

The concentration polarization a t  the steady state was iouncl to range 
from 20 to 25 mv. Hence the true zero time polarization presumably should 
have been 75-80 lnv. It is probable that the higher value recorded includes 

'KZero lirlze is lrrkelz as Lhe l ime nl .iirbiclz n jirsl poloriznlioiz vnlzle cozild be idenlij ied. 
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some initial builcl-up of concentration polarization before the first reacling 
was obtainecl on the C.R.O. or Brush recorder. 

The effect of current density on the zero time polarization (Brush recorder) 
in the absence of cathode film is shown in Fig. 2. The linear relation a t  low 
current densities is similar to  that observecl for other polarization values 
~lncler different conditions (3, 11, 12); a t  current densities above 0.6 a m p . / d i l ~ . ~  
the polarization was, within experimental error, linear with the logarithm of 
the current density. 

Cathode Polarization in the Presence of Cystllne 
The  initial polarization pattern observed when cystine was acldecl to  the 

stanclarcl electrolyte resemblecl that previously observed with gelatine (10). 
The presence of cystine caused the polarization to  pass through an early 
maximum, P,,, (after a fraction of a second), then through a minimum, 
P,,,,, (after about txvo seconcls), followed by a graclual rise to the steady state 
value, P,. aAs with gelatine, the values of P,,, and PInl ,  increased with inl- 
mersion time, i.e. the time the electrocle was in contact with the electrolyte 
before electrolj7sis was begun. The  following clata were obtained with 
30 mgn~./liter cystine and 2 a i l~p . /dm.~:  

Inimersion time Initial polarization (mv.) 
(rnin.) (maximum a t  0-0.05 sec.) (minimum a t  1-2 sec.) 

The  time to  attain P,,, showed 110 definite clepenclence on inlnlersion time. 
-1 constant immersion time of five minutes was adopted for routine purposes, 
ancl is applicable to  the remainder of the cliscussion. 

The value of P,,,,, ancl to  a lesser extent that  of P,,l,l, was founcl to increase 
steadily with increasecl cystine concentration (Fig. 3L4). The times to  P,,,, 
ancl to  P,,, decreased with increased concentration of cystine. Both P,,, 
and P,,,!, always exceeded the lowest zero-time polarization (SO mv.) measurecl 
in the absence of addition agent. 

'The steady state polarization was founcl to  be relatecl to  cystine concen- 
tration as shown in I?=. 3B. The  values for concentrations ol cystinc below 
about 10 mgm./liter are approximate only, since there was a continued slight 
clecrease of polarization even after five to seven hours electrolysis. 'The concen- 
tration polarization a t  the steacly state, obtainecl \vith the C1.R.O. (13), also 
showed a definite, though somewhat erratic, increase with increasecl cystine 
concentration (Fig. 3C). 

Efect of Clzloricte on the Polarization in tlze Presence of Cystine 
Addition of various amounts of chloride ion to standarcl electrolyte con- 

taining 20 mgm./liter cystine showed that  the depolarizing effect of chloride 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
1.

38
.3

6 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CANADIAN JOURNAL O F  CHEMISTRY. VOL. 33 

FIG.3 CYSTINE CONC. - MGM-/L. 

FIG. 4 T IME - MIN. 

FIG. 3. Catl~ode polarization - cystine concentration relations. 
.I. Initial maximum and minimum polarizations. 
B. Steady state polarization. 
C.  Concentration polarization a t  steady state. 

FIG. 4. Cathode polarization-time relations in the presence of 20 ~ng~n. / l i ter  cystine and 
different amounts of chloride. 
.A. Initial polarizatio~l-time pattern. 
B. Polarization-time pattern after prolonged electrolysis. 

was immediate (Fig. 4X). Concentrations of chloride higher than about 
15 mg~n./liter eliminated the influence of cystine to give a behavior, during 
the first minute, almost identical with that observecl in the absence of addition 
agent. Much higher chloride concentrations (30 to 100 mgni./liter) reducecl 
the initial polarization further by 13 to 20 mv. 1:ollowing upon the immediate 
clepolarization clue to chloride were the slower changes shown in Fig. dB. 
'These \\rere not due to chemical changes other than electrorle processes, since 
aging the solutions prior to electrolysis had no effect. 

The steady state polarization as CL function of chloride concentration is 
shown in Fig. 5X. The minimum polarization (about 50 mv. a t  12 mg~~i./l i ter 
chloride) was al\\rays accompanied by a coarse, irregular deposit. 

The effect of cystine concentration on the position of the minimum in the 
steady state polarization - chloride concentration curve is shown in Fig. 513. 
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CHLORIDE CONC. - MGM./L. 

FIG. 5. Stcady state cathode polal.ization - chloride concentration relations for different 
concentrations of cystine. 
A. Effect of wide range of chloride concentrations with 20 mgn~./litcr cystine. 
B. Effects of low chloride concentrations with dilfcrent amounts of cystine. 

I t  w o ~ ~ l d  seein that approximately 40 mv. represents the lower limit to which 
the polarization may be reduced by chloride in the presence of cystine for the 
conditions of electrolysis used. 

'The initial polarization in the presence of cystine and chloride is determined 
largely by the surface condition of the electrode. This was shown by the 
follo\ving experiment: X solution containing 5 mgm./liter cystine and 
10 mgrn./liter chloride was electrolyzed (starting xvith a standard surface 
electrocle), a t  2 amp./dm.?, to the steddy state polarization of 40 mv. The  
solution was removed from the cell and the cell thoroughly rinsed with water 
ancl standard electrolyte to remove as much adsorbed cystine and chloride as 
possible. Electrolysis was then resumed with fresh electrolyte of the same 
co~nposition as in the first electrolysis, During the first electrolysis with a 
stanclartl surface cathotle a sharp decrease in polarization from 92 mv. to a 
m i n i m ~ ~ m  a t  65 mv. occurred after two seconds. This was follonrecl by an 
increase during the nest half ininute to 110 mv. ancl a subsequent decrease to 
the steady state value after about three hours. The second electrolysis showed 
a snlall decrease in polal-ization (53 mv. to 50 mv.) during the lirst two seconds, 
\vhich was succeeded by an increase to 70 mv. after 1 . 5  inin., ancl thereafter 
b>. a decl-ease to the steady state value in about the same time as the lirst 
electrolysis. Repetition of the experiment wit11 a steady state surface obtained 
a t  n polarization of 105 mv. in electrolyte containing 2 mgm./liter cystine ancl 
20 mgm./liter chloride gave initial polarization values in the seco~ld electro- 
lysis that mere \vithin 5 mv. of those in the first electrolysis. Evidently, the 
steady state ancl standard electrode surfaces were essentially identical in this 
last euperiment. 

Concentration polarization a t  2 a m p . / d n ~ . ~  in the presence of different 
concentrations of cysti~le and chloride had the followi~lg values: 
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Cystine conc. Chloride conc. Concentration polarization 
(mgn~./liter) (mgm./liter) (mv.) 

I t  would appear that  the presence of amounts of chloi-idc above the concen- 
trations corresponding to the minima in the steady state polarization - chloride 
concentration curves reduced the concentration po1ariz:ltion effectively to 
the value observed in the absence of aclclition agent. 

The  effect of acid concentration of the electrolyte on the initial polarization 
maximum vras determined in the absence and presence of c).stine, a t  2 amp./ 
dm.?, with a standard cathode surface. Not only was the initial maximum 
polarization a linear function of acid concentration in both systems, but the 
increase of polarization in the presence of cystine over that in its absence was 
virtually constant a t  the different acicl concentrations, thus: 

Polarization (mv.) 
Cystine conc. Acid conc. 
(mgm./li ter) (gm./liter) Initial max. Steady state Concentration 

While the steady state polarizations indicate roughly parallel behavior with 
acid concentration in the presence and absence of addition agent, changes in 
surface characteristics a t  the cathode undoubtedly influence these values 
somewhat. For example, the surface corresponding to the steady state polar- 
ization with 50 gn~./liter acicl, in the absence of cystine, showed n~icroscopically 
a rough, irregular structure, in contrast to  the snloother texture of the initial 
standard surface. 

If the relation between initial maximum polarization ancl acicl concen- 
ration is assumed to be linear clown to zero acid concentration, the contri- 
bution ~ n a d e  by acid of a given concentration to the total polarization may 
be estimated by extrapolating to  zero acid concentration and noting the dif- 
ference between the polarization for zero acid and that a t  the given acid 
concentration. This treatment of the data yields a value of about 30 Inv. for 
the contribution by acid to the polarization a t  a standard cathode surface in 
electrolyte containing 100 gm./liter acid. 
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Cathode PoLarization in the Presence of iilethionine 
With metl~ionine alone as addition agent, the initial polarization-time 

relations, the variation of initial polarization maximum with methionine 
concentration, and the relations of steady state total ancl concentration 
polarization values with methionine concentration, were all quite similar to  
the corresponcling relations xvllen cystine was tlie addition agent. 

When chloride was added in conjunction with methionine, the depolarizing 
action uTas immediate, as  it was with cystine. However, prolonged electrolysis 
revealed some differences in the beliavior of tlie two addition agents. In 
particular, with higher chloride concentrations (5  to 25 mgm./liter) there 
were no minima in the polarization-time curves with methionine, while a t  
all chloride concentrations the change of polarization to  the steady state was 
slower. The  steacly state polarization showed tlie same type of relation with 
chloride ion concentration as that  observecl with cystine. 'The only difference 
appeared to  be that  the minimum polarization (again, about 40 mv.) was 
obtained with 5 mgm./liter, instead of 12 rngm./liter, chloride ion concen- 
tration, when the concentrations of the addition agents were 20 mgm./liter. 

Catl~ode Polarization i n  the Presence of Thiourea 

'The cathode polarizations obtainecl with concentrations of tliiourea of 
3 mgm./liter and lower, though not those with liigher concentrations, were 
found to  be very irreproducible. iVIoreover, they were found to vary considera- 
bly with age of the stock solution of electrolyte containing the addition agent, 
possibly as a result of oxidation by cupric ion. After about 10 days, the solution 
contained a yellowish precipitate, apparently free sulpliur. 

Regarclless of the age of the electrolyte and with concentrations of thiourea 
up to  3 mgrn./liter, the  polarization-time curves consisted of an early low 
polarization stage (70-90 mv.) followed by an increase, perhaps due to  an 
anoclic oxidation product, to  a higher value (200-220 mv.) after about one 
hour electrolysis. 'The polarization during the initial stage increased a t  first 
1vit11 age of solution, then cleci-eased to a limiting low value of about 70 mv. 
after eight clays. The  higher second stage value was practically eliminated 
by  such aging when the thiourea concentration was 2 mgin./liter or less. 
When the electrolyte containing 3 mgm./liter tliiourea was treated witli 
liyclrogen peroxide a t  room temp, then warmed to decompose excess peroxide, 
the resulting solution decreasecl the polarization to a steady state value of 
70 mv., unaltered by further electrolysis. 

Aclclition of chloride to  freslily prepared electrolyte containing 10 mgni./liter 
thiourea gave steacly state polarization values witli a minimum a t  about 
160 mv., coi-responding- to a chloride concentration of about 2 mgm./liter. 
(The polarization with 10 mgm./liter thiourea alone was about 2.10 mv.) 
\?Tit11 higher cliloricle concentrations, the deposits had a very rough and 
nodular structure. 'The behavior, including the high value of the minimum 
polarization, is reminiscent of tlie previous observatioiis witli gelatine as the 
addition agent. 
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DISCUSSION 

The increase in initial polarization maximum, P,,,, with increased im- 
mersion time in the presence of cystine is strong evidence for the prior adsorp- 
tion of cystine on the copper cathode. The time reqnired to attain a steady 
state in respect of adsorption is probably increased by simultaneous corrosio~l 
a t  the copper surface. Adsorptioll prior to electrolysis should, of itself, result 
in an increase of zero time polarization values xirit11 increase of cystine concen- 
tration in accordallce with an adsorption isotherm type of relation. On the 
other hand, P,,, might be expected to include aclclitional polarization due 
to cataphoretic migration to the cathode of positively chargecl cystine (or 
cysteine) when electrolysis is begun. (I t  may be assumed that cysteine is 
formed by cathodic reduction.) This, too, should increase with increase of 
cystine concentration. Hence, the sustained increase of P,,,,,, in Fig. 3A appears 
to  be reasonable. On the other hand, a maxirnu~n in P,,,, with immersion time 
might be expected, since in these experiments a constant addition agent 
concentration was usecl, and the contribution due to cataphoresis should be 
substantially constant. 

The presence of subsequent minilnum and steady state polarizations as 
electrolysis is continued may be explained in the manner suggestecl previously 
for the similar behavior with gelatine (10). 

The rapid increase of steady state polarization as the cystine concelltration 
is increased might be attributed to adsorption of cystine, with consequent 
decrease of active area and increase of true current density. Alternatively, i t  
might be clue to adsorption of copper-cystine complexes from which copper is 
dischargecl with difficulty or not a t  all. For standard electrolyte and a standard 
surface, the activation overpotential of 45 to 50 mv.<' presumably correspo~~cls 
to discharge of the aquo-conlplex. Only by coilsideration of the effect of 
chloride does it  seem possible to  suggest a reason for the increase of polar- 
ization in the presence of cystine over that observecl in its absence. 

From the clata presented, it is evident that all but 40 to 50 mv. of the total 
steady state polarization in the presence of cystine can be overcome by 
addition of an appropriate amount of chloride. I t  seems reasonable to assume 
that this residual polarizatioll is due nlainly to collceiltration polarization 
plus an overpotential caused by hydrogen ions, acting perhaps as a barrier to 
approach of the copper ions to the cath0de.t ITalues ol these polarizatiolls 
somewhat less than the 20 mv. and 30 mv. respectively estimated for the 
standard surface might be expected if the rougher surlaces laid down in the 
presence of cystine are of largei- active area and the true current density 
thel-efore less. In this event, there ~roulcl remain solne (probably small) 
activation polarization a t  the steacly state. 

The amount of chloride necessary to give the 40-50 mv. ~ninimum steady 
state polarization in the presence of cystine reduced the i7zitial (one to two 

*:Detertni7zed a s  the  differe7rce between the  total pokarizntio7z (100 ,tizu.) and  the S I L ~ ~ I .  of the  C O ~ Z C C ~ Z -  

trntion polnriratio7l (20 to 2.5 nzv.) a r ~ d  that  due  t o  l ~ y d r o g e i ~  iolz (SO nzu.). 
t S i n c e  the irlcrease of polnrizatiolz dzre t o  i l~creased acid coizce~ztmt io~r  w a s  esselztially the  sclttte 

i 7 1  LJ1e nbse7rce nfzd f i rese~~ce of cystille, i t  seems doub~ f~~ l t l  ttliat tadsorptioir of Aydroge?~, ,ions oil the 
copper s~rrface is respolzsible for the co l z t r ib~~ t ion  to polarizatio~z f~zade b y  hydrogen i o m .  
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minutes) polarization to  approximately the level (100 mv.) obtained in the 
absence of addition agent. Since the concentration and hyclrogen ion contri- 
butions to  the 100 mv. polarization are essentially the same (20 mv. and 30 mv. 
respectively) in the standard electrolyte and in the presence of cystine, the 
remaining 50 mv. in both cases probably also represents the same activation 
overpotential for discharge of aquo-complexes. I t  seems significant that  the 
levels of the initial polarizations, with amounts of chloride capable of yielding 
minimum steady state polarizations, were but  little ini'luenced by the amount 
of cystine present. This would indicate that  the activation overpotential in- 
volved is independent of cystine, and this woulcl be true if it involved the 
aquo-complex. 

With a chloride concentration much larger than that  necessary to give a 
minimum steady state polarization (50 mgm./liter chloricle with 20 mgm./liter 
cystine) the initial polarization (i.e. after one to two minutes) was some 
15 mv. lower than the value for standarcl electrolyte. This lowering presumably 
represents a decrease in activation overpotential to about 30-35 mv. This 
cannot correspond to facilitated deposition from a chloro-aquo-complex since 
chloricle ion (5 to  10 mgm./liter) in the absence of other addition agents 
increases the steady state polarization by  about 15 inv. for the coilclitions of 
the present experiments (9). I t  might, however, represent clischarge of a 
chloro-cystine-copper complex. 

On the basis of the da ta  and analysis presentecl above, the steady state 
polarization i l z  excess of aboz~t 100 mn., due to  cystine alone, might reasonably 
be attributed to  an increment (about 30 mv.) in concentration polarization, 
plus a component of the polarization arising froin the obstructive iilii~~ence of 
adsorbed cystine or clrstine-copper complexes. Virtual elimination of this 
component of the polarization by chloricle might be esplained by facilitated 
electron transfer through an electron bridge, in the manner suggested by 
I-Ieyrovsliy (5), or by the forination of inore readily clischargeable chloro- 
cystine-copper con~plexes, in accordance with I.,yons' views (6, 7). T h e  
teilclency for the initial activation overpotei~tial in the cystine-chloride system 
to  attain,  with excess chloride, a lower value than that  coi-responding to dis- 
charge of the aquo-complex, as discussecl previously, gives some support, 
pel-haps, to the second suggestion. 

'The increinent in concentratioil polarization caused by cystine may be 
esplaii~ed i f  the cystine-copper complex is less readily discharged than the 
aq~io-complex. A reaction of the type 

woulcl then proceecl to  the right under kinetic conclitions of current flow and 
be restored to  equilibrium when the current is stoppecl only by further hydro- 
lysis of the cystine complex, correspoilding to  the observed increment- in 
concentration polarization. Rapicl formation of directly clischargeable chloro- 
cystine complexes on aclclition of chloride u~oulcl render formation of aquo- 
coinpleses by the above reaction less significant as a factor in maintaining 
current flow, hence in determining the magnitucle of the concentration polar- 
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ization. With sufficient chloride, the limiting concentration polarizatioil of 
20 mv. probably reflects diffusion and convection effects only. 

The increase in polarization caused by increasing the chloride concentration 
above the point of minimum polarization with cystine and methionine may 
be attributed to accumulation and adsorption of colloidal cuprous chloride 
on the cathode, as discussed previously for gelatine (8). The  delay of about 
one hour, after electrolysis is begun, before the rise in polarization is noted 
suggests that the cuprous chloride originates a t  the anode (I). The  magnitude 
of the overpotential caused by adsorption of cuprous chloride may be estimated 
by taking advantage of the observation that the surface laid down at  100 mv. 
steady state overpotential in the presence of cystine plus excess chloricle was 
microscopically sinlilar to that obtained a t  100 mv. steady state ovcrvoltage 
in standard electrolyte. If this be talcen to indicate that the true current 
densities were approximately equal in the two systems, a hydrogen ion contri- 
bution of about 30 mv. nlay be ascribed to both polarizations. Also, the 
activation overpotential for discharge of chloro-cystine complexes a t  the 
100 mv. steady state polarization should have about the same value as that 
estimated previously (30-35 mv.) for these complexes a t  a standard surface 
in the absence of adsorbed cuprous chloride, i.e. from the initial polarization 
values. These polarization values, together with 20 mv. concentration polar- 
ization give, by subtraction froin the 100 mv. total steady state polarization, 
a value of 15-20 mv. for the overpotential due to adsorption of cuprous 
chloride a t  the steady state. X similar value is obtained from McConnell's 
value of 115 mv. for the effect of chloride alone (9), by introducing the hydro- 
gen ion and concentration polarization values given above, together with the 
previously estimated activation overpotential of 45-50 mv. for discharge of 
aquo-complexes. 
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MICROCALORIMETRIC DETERMINATION OF THE CRITICAL 
CONCENTRATION AND THE MOLECULAR DIMENSIONS 

OF POLYVINYL ACETATE IN SOLT-TTIONl 

ABSTRACT 

Heats of ruixing of polyvinyl acetate fractions with s-tetrachloroethane and 
methanol have been determined for the low concentration region. A t  the lowest 
concentrations the graphs of A H  vs. volume fraction are linear as  predicted 
by the van Laar, Scatchard, and Hildcbrand theory. As the concentration 
increases, an  inflection point appears, the enthalpy increment being smaller for 
a short concentration interval and then resuming its former value up t o  the  
limit of the range studied. The pos i t io~~  of the critical interval depends on the 
solvent employed and on the  molecular weight of the  fraction. An equation, 
based on Flory's theory, has been developed for predicting the critical concen- 
tration from intrinsic viscosity. i\ssuming that,  a t  the critical concentration, 
the molccules are just coming into contact, i t  is possible to calculate the diameter 
of the sphere equivalent to a molecule. Comparison of the dimensions obtained 
from the critical concentration and the root-mean-square end-to-end distance 
of the molecule calculated by the Flory equation leads to agreement within 10%. 

INTRODUCTION 

The existence in high polyiner solutions of a critical concentration, above 
which the macromolecules are entangled, was first postulated by Staudinger (9). 
More recently, Boyer and Spencer (I) have made a survey of the literature on 
the subject and Streeter and Boyer (10) have demonstrated its existence by 
viscosity rneasurernents on highly dilute solutions ol  polystyrene. Further 
microcalorimetric studies of heats of mixing by Daoust and Rinfret (2) and 
determinations of partial molal volumes by Horth and Rinfret ( 5 )  give results 
in accord with the findings of Boyer and co-worlters. The purpose of this 
paper is to sho\v the dependence of the critical concentration on the nature 
of the solvent and the molecular iveight of the solute. Yloreover it will be 
shoiirn that it is possible to deduce the dimensions of the macromolecule in 
solution from the critical concentration. 

i\/Iost high polymers are amorphous and are often considered as very viscous 
liquids. The enthalpy change in mixing with a solvent is therefore given by 
the van Laar, Scatchard, and Hildebrand theory (4), 

xvf being the total volume of mixture, and the volume fraction of the solute. 
B is a parameter characterizing the net heat of interaction between solute and 
solvent. According to Scatchard (8), 

where C11, C22, and Cl? are the interaction energies per milliliter (also called 

1fiIanz~script received J a n z ~ a r y  58, 1956. 
Contribzltio?z front the Depr~rtnzezt of Chenzistry, University of lllo?ztreal, Montreal, Quebec. 

T h i s  paper i s  take72 in  part from tJ~e PILD. tlzesis of Mzchel Parent. 
2Holder of tlze C.I.L. Fellowship 19.56-5C. Prese~zt uddress: Cepztre de Recberches sztr les Mac- 

romolicz~les, Strasbozirg, France. 
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cohesive energy clensities) between similar and dissimilar molecules. I t  can 
be shown that  for similar molecules, the cohesive energy density per milliliter 
is given by: 

[31 C11 = (AE,/ V)1 and C22 = (AE,/ V)z 

where AE, is the energy of vaporization per mole and V, the molar volunle of 
species 1 and 2 respectively. I t  has not been possible to  calculate Clz for 
dissimilar molecules, and it has been postulated by Scatchard that:  

[41 C1, = ( ~ 1 1  . ~22):. 

Using [2], [3], and [4] equation [I] can be rewritten 

Equation [5 ]  indicates that all heats of mixing are positive. That  many mixtures 
are accompanied hy a negative heat evolution shows that the Scatcliaid 
postulate [4] is only valid for limiting cases. Where CI2 is much different froill 
the value given in [4] because of specific interaction bet~yeen solute aiid 
solvent, B can take negative as well as positive values but is still a measure of 
the net heat of solute-solvent interaction. 

Since polymer-solvent interactions take place between a molecule of solvent 
and an adjacent short segment of poll meric chain, the net energy of interaction 
should be independent of chain length. This will be shown to be true by the 
constancy of parameter B over a large range of molecular weights for a given 
polymer-solvent pair. 

-4 polyvinyl acetate fraction of molecular weight 29,000 was available fl-om 
a previous investigat~on (2). A sample of Gelva-15, from Ca~iaclian Iiesins 
and Chemicals Co., of average molecular \\-eight 60,000 was clissolvecl in 2% 
acetone solutio11 and precipitatecl by water into seven nlain fractions using a 
methocl derived from Flory (3). Fractions nrere kept uncler vacuum over 
pliosphoric anhydride. 

The s-teti-acl~loroetl~ane uras of Eastman grade, stol-ed over "Drierite", 
and clistillecl before use. 311etllanol was an acetone-free sanlple from Brick- 
man Co. and was clistillecl, a t  high reflus ratio, in a 35 theoretical plates 
fractionating column. The microcalorimetric technique was essentially the 
same as already desci-ibed (2). An impi-ovement over the results obtained 
previously was effected by an even greater eliillination of evaporation losses 
ancl the metallizatioi~ of the Pyres calorimeter cells t o  promote better heat 
concluction to the thermocouples. These cells were first chemically silvered 
and then a thin coat of copper was deposited by electrolysis. Intrinsic viscosities 
were deter~nined with modified Ubbelohde viscometers as described else- 
where (2). 

RESULTS 

Table I togethcr with Figs. 1-3 shows the heats of mixing of polyvinyl 
acetate fractions of various molecular weights in methanol a i d  s-tetrachloro- 
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PARENT A S D  R I N F R E T :  POLYVLSYL ACIXATI?: 973 

TABLE I 

HEATS O F  MIXING OF POLYVINYL ACETATE I N  METHANOL AND S-TETRflCIIl,0ROETH.4NE AT 25' C. 

Fraction 3(1 -a) 
mol. wt. x 10: A l l ~ i ,  cal. V.w,  ml. A H u / V . j i  B, cal. ner ml 
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I I I 

FIG. 1. Heats of mixing a t  25" C. of polyvinyl acetate (rnol. wt. 536,000) in: (I) methanol, 
(2) s-tetrachloroethane. 

I Y 

FIG. 2. Heats of mixing a t  25' C. of polyvinyl acetate (rnol. wt. 255,000) in: (1) methanol, 
(2) s-tetrachloroethane. . . 

FIG. 3. Heats of mixing a t  25OC. of polyvinyl acetate (rnol. wt. 29,000) in: (1) methanol, 
(2) s-tctrachloroethane. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
1.

38
.3

6 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



P A R E N T  AIU'D RINFRET: POLYVINYL ACETATE '37.5 

ethane. The values of B given in the table are derived from equation [I]  below 
the critical concentration and from the following equation above the inflection 
point : 

where Cis  the parallel clisplacement of the curve before and after the inflection 
point, along the all,,/ axis. 

The molecular weights of the fractions ill, were calculated from an equation 
given by Wagner (11) for polyvinyl acetate in solution in acetone a t  25' C.: 

[71 log Ad, = 1.47 f 5.510. 

Table I1 gives the intrinsic viscosities, a t  25' C., of the various fractions of 
polymer in the two solvents used in this study. 

TABLE I1 

M ,  in methanol [?I in s-tetrachloroethane 

DISCUSSION 

When the results given here are compared with those of Daoust and Rin- 
fret (2) a great improvement is noticed. This must be ascribed to  a more 
elaborate experinlental technique, as described above, and to a greater care 
in reducing impurities in polymer and solvent such as elimination of all trace 
of moisture. A relatively slight increase in accuracy has shown that the curves 
of A13Ar/V,T, vs. 4, such as that of Fig. 4 (of Reference 2, above) were actually 
straight lines. With this knowledge it  was possible to make a better choice of 
concentrations to be investigated and to reject spurious results due to  losses 
by evaporation and other causes. 

Figs. 4 and 5 show the displacement of the inflection point with nlolecular 
weight for a poor solvent, methanol, and a very good solvent, s-tetrachloro- 
ethane. The values of the parameters B and C together with the critical 
concentration are given in Table 111. The accuracy of positioning of the 
inflection point for the low nlolecular weight fraction (Fig. 3) is lower than that  
of the other fractions, but the experimental results (Table I) show that the 
inflection points are real even if their final position is subject to slight revision. 
A remarltable feature is that after the inflection point the slope of the curves, 
B, resumes its former value. Parameter B is also quite constant over the 
range of molecular weight; any slight change with molecular weight might be 
ascribed to previous history of the polymer fraction. Similar remarks can be 
made about C, although here there may be a real effect in the higher value 
found in both solvents with the 536,000 molecular weight fraction. 
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FIG. 4. Heats of mixing a t  25' C. of various polyvinyl acetate fractions in  methanol. 
FIG. 5. Heats of mixing a t  25' C. of various polyvir~yl acetate fractions in s-tetrachloro- 

ethane. 

TABLE 111 
PARA~IETERS B AND C AND TIIE CRITICAL CONCENTRATION FOR V.4RIOUS 

FRACTIOXS IN METHANOL .4ND S-TETRACHLOROETHANE 

Solvent 
Fraction Critical volume C, cal. per ml. 
mol. ~ v t .  fraction X 10? B, cal. per 1111. X lo2 

As stated in the introcluction, parameter B measures the net heat of inter- 
action per contact of polymer scgment - solvent nlolecule tiilles the number 
of such contacts per segment. Although the total nuinber of contacts between 
polymer ancl solvent increases with concentration, B will be essentially constant 
a t  low concentrations. At  the moinent of critical concentration Weissberg, 
Sinlha, ancl Rothinan (12) have shown that the ranclom polymer coils would 
be compressecl because of the tenclency of a polyn~er inolecule to  exclude all 
others from the space it occupies. Since this phenomenon occurs a t  only one 
concentration, it appears as a parallel clisplaceinent of the curves and para- 
n~e t e r  C is not affectecl by  concentration. This effectively amounts to  a new 
spatial clistribution of polymer and solvent in the solution. An interesting 
property of the critical concentration lies in its use in the calculation of the 
dimension of the polymer molecule in solution. By nlaltii~g the assun~ption 
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PARENT A S D  R I N F R E T :  POLYVISYL .ICETATE 977 

tha t  a t  this point each molecule occupies a sphere tha t  has a diameter equal 
to  the end-to-end distance of the chain, this dimension can be calculated. 
Given A the side of a cube occupied by N ,  spheres of diameter D one finds for 
closed-pacl;ed spheres : 

If A = 10 cm. the number of spheres becomes the number per liter. This  
number N s  is also given by:  

where N is Avogadro's number, m,, the critical concentration in grams per 
liter, and M, the molecular weight of the polymer. From [8] and [9], it is found 
that:  

The  dilllensions obtained from equation [lo] are given in Table IV where they 
are compared with the value of (p);, the root-mean-square separation of 

TABLE IV 

Fraction D i n  .$ (7): in -4 
Solvent mol. wt. cqllation [lo] eqllation [ll] 

Methanol 536,000 500 580 
255,000 350 420 
29,000 140 150 

s-'I'etrachlorocthanc 53G,000 790 
255,000 GOO 

polymer chain ends from Flory's equation: 

[ I l l  (2); = ( ~ l f [ ~ ] / + ) ~  cm. 

where 4 is a universal constant derived by I<irl;~vood ancl Riseman (G) ,  ~ v h o  
found the value 3.6 X lo?', and recently determined experimentally by 
Neu-man, Icrigbaum, I,augier, and Flory (7). 'Their best value is given as  
2.5 X lo?'. 

Concorda~lce of the two methocls in Table IV for calculating inolccular - 
dimensions is good enough to  suggest equating D and (r2):  t o  give: 

and therefore : 

where a, is the critical vo lun~e  fraction and d ,  the density of the poljrrner. 
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Because of the differences between D and (?): in Table IV, this ecluation should 
be talcen as a semiquantitative guide to the value of the critical concentration, 
until further investigation. 
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SOME THERMODYNAMIC CONSIDERATIONS OF SURFACE 
REGIONS 

S U R F A C E  T E N S I O N ,  A D S O R P T I O N ,  A N D  A D S O R P T I O N  H Y S T E R E S I S 1  

Thernioclynamic conditions for equilibriun~ between bodies which cscrt 
forces upon one another are disc~rssed. 'The two bodies arc treated as asscrnblies 
of infinitesimal volumes of pure components and the influence of the mut~ral 
potential fields cxami~iccl. Thc results provide a thermodynarnic description of 
surface tension and certain types of atlsorption phcnomcna, as well as throwing 
considerable light on adsorption hysteresis. 

I n  general where any  two bodies are in contact with one another, they exert 
forces upon each other, usually only the very short range forces being of 
importance thermodynamically. As a consequence of these short range iorces, 
when considering equilibria within the interfacial region, we cannot "regard 
a s  immaterial the  position . . .  of the various homogeneous parts of which . .  ." 
each body is composed, a s  done by  Gibbs (7) in deducing the phase rule. I n  
general, these short range forces give rise t o  potentials of position. 

T h e  influence of these potentials on the therinoclynamic conditions for 
equilibrium may be treated forn~ally,  in much the same way a s  the influence 
of the gravitational potential is treated. However, in the  case of the gravita- 
tional potential, the force function of the  field is treated a s  though i t  is inde- 
pendent of the  state of the substance, while in the case of the  interaction 
between two bodies, the "potential" is almost certainly influenced by  the s ta te  

1iUanzrscript received Janzcary 21,  1955. 
Contribzrtion fronr the Division of Pure Clzenristry, National Research Cozrncil, Ottawa, Canada. 

Issued as 1V.R.C. No. 3581. A n  Abslract of this paper 7aas presented at tlre Sy~iiposizrm on Probletiis 
Relating to Adsorption of Gases by Solids at ICirrgston, Ontario, Septenzber 10-11, 1954. The text 
of tlze paper presented at the Synzposi,irm appears i n  tlze special isszre of the Canadian Jozrrrral of 
CIze7nlstry covering tlre Sy71iposizrnr ( 5 ) .  

2 A  pritizary object of this e7iqzriry i s  to obtaifr sotire insiglit into tlze physical factors wlriclr colitrol 
rates of flow of flzrids tliwozrgli porons adsorbents. Tlre azrthor i s  greatly indebted to Dr. Otto ilcaass 
of McGill University for encoirrager1te7it and assistance ,in tlze pirrsirit of this problet~z. 

I n  the case of adsorption of conde?isable gases, l ipid-vapor i~;lerjaces as me11 as solid-uapor 
interfaces are to be expected. flccordi7lgly, it i s  ?recessary to know sorriething of tlre natzrres of these 
surface reg.ions i n  order to discirss "snrface" flow ~rieclranisn~s. 

Edidence has been presented preuiorrsly tliclt .tohere adsorbates are co~~ta ined  within pores which 
are fairly large corlzpared with nrolecrrlar di1ize7rsion (lo-' lo crrz.) adsorbates niay be regarded 
as Polanyi co~npressed filrns, and tlicit flow nteclzciliisr~is of slrclz f i l ~ r ~ s  are esse~itially those of 
classical larniriar flow, bzrt flow rates arc controlled by derzsily aird pressirre gradients (both nornzal 
and parallel to the direction offlow) that are frinctio7ts of tlze srirf(tce forces. These adsorbate gradients 
are very different fronz tlre directly obse~dable or applied "gradients" of tlre gas ozrtside the range 
of the szrrface forces. Generally adsorbate gradients are not directly observable and nrzrst be .n~easzrred 
indirectly or inferred f r o ~ ~ r  nzeasrrrenzenls of adsorbate densities, sirrface lelzsiorts, sirrface energies, 
or other nzeaszrrable average properties. bVItere we can deterntifie adsorbate de~isi ty  gradients and 
can asszrnze that tlze adsorbate belzaues as a si~zgle srrbstance, we can calczrlate correspondirtg presszr? e 
gradients, and nrake considerable progress in relating net flow rates to tlze physical strzrctzrre of 
these fine grained porozrs adsorbents; zvltile where tlze adsorbate cannot be regarded as a single 
co~nponent flzrid the problellt of correlating the pernzeability with the strzrckrre of a n  adsorbent, if . 
at all possible i n  a n y  literal sense, i s  ntzrclt nzore coniplex. 
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of the bodies in contact (i.e., the potential of position may be a functio11 of the 
density, pressure, and temperature a s  well a s  of the mass). 

\iTihen two boclies of different kinds of matter are in contact mith one another, 
the different lcincls of material will eventually diffuse into one another to  a 
greater or lesser degree, and the whole systeln everywhere must be regarded 
ultimately as  a two component system. However, there are many cases where 
these diffusive processes are so slow, or where the equilibrium states are s i~ch ,  
tha t  the two bodies, including the  interfacial regions, may be regarded a s  two 
distinct volumes each consisting of a single component. Evidently we must 
assume in such cases tha t  the surface "potential" is such that ,  as  the "boun- 
dary" of one of these volumes of pure component is approached, very strong 
repulsive forces are called into play ultiinately limiting the density of this 
conlponent to  vanishing values (i.e. preventing interpenetration). When the 
two bodies in contact are more or less rigid solids, the short range surface 
forces acting between the bodies mill give rise to states of stress ill the inter- 
facial regions which ditier from those prevailing throughout the bulk phases. 
These states of stress will be accoinpaniecl by deformations, or states of strain, 
in the  interfacial region which will result in small over-all deformations of the 
two bodies as  they are brought into contact. If, however, one of the  boclies is a 
highly compressible fluicl, the density of the fluid in the interfacial region will 
be very materiall>r influenced by the  surface forces, resulting in comparatively 
large changes in volume of the coinprcssible fluid as a result of its being brought 
into contact mith the solid, i.e., adsorption mill occur. 

Thus  we may consider the whole of the  volume of the  compressible fluid (or 
gas) as  constituting a single component s\.stem bounded by  regions of complex 
potential fields which are [unctions of the  pressure, temperature, and natures 
of the gas and solid. 

We confine our interest to cases nlhere all the  material of the con~pressible 
coinpo~lent in the interfacial region is fluicl, ancl we shall inquire into the  
tlm-moclynamic conditions for equilibrium which must prevail in.such complex 
single con~ponent  fluid systems. IAihile the thern~odynamic conditions for 
equilibriunl in constant potential fielcls are clisc~issecl in standarcl texts, the 
t l ~ e r i ~ ~ o c l ~ ~ n a m i c s  of the more general case where the  force function of the  field 
may depend on the  clensity, pressure, and teml~erature  of the fluid has been 
largely ignored. 

In Par t  I of \ \ha t  follo~vs, we present some general thermoclynamic considera- 
tions of the equilibrium collclitions \vllich must prevail in complex single coin- 
ponent fluicl systems; in Par t  11, these icleas are applied to suriace tension 
problems; ancl in Par t  111, they are applied to  gas adsorption problems." 

I t  is shown tha t  these ideas lead to  a plausible detailed thermodynamic 
description of surface tension phenomena, and t h a t  in the  case of adsoi-ption 
phenomena, they pretlict results capable of experin~ental vei-ification. 

3T4JIze71. applied to  adsorpt io?~ tlzeory, tlie t l z e r t i z o d y i z . i  co?is.iderat.io?zs lc i~d to  zol~at is essc?atic~lly 
a PoEa?zyi ( Id . )  adsorpl io?~ potc?rfitrE tlzeory, but wliere the "pote?~tial" of the s ir face  i s  aariable, 
i.e., i s  a fzz?zction of tlze equilibrizc?ii presstzre of tlze gas, the  dmzsity of tlze adsorbate, etc., tkzzs 
prooidi7zg for so-called "co-operatioe effects". 
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I .  SINGLE C0;LIPONENT COMPLEX FLUIDS 

Thermod~~namics is, strictly, a science of observable quantities and hcnce 
is a science dealing with the properties of matter in bi~ll;. Xccordingl>., the 
validit)- of the assigning of thermodynamic properties to elementary volumes 
of material is open to question. 

Tolrnan (19) in his theol-1. of surface tension treats elementary laminar 
volurnes as thermocl!-namic s)-sterns ancl clisc~~sses the va1iclit)- of such treat- 
ments. \Vhen we consider the pressurc gradients, energ>- graclicnts, etc. of a 
gas in a gravitation fielcl, we assume that such gradients are continuous. Thus 
I\-e tacit]!. assume that laminae of infi~litesirnal dinlensions have thermo- 
cl!-namic properties. I t  is evident that when \\;e deal 11-ith helium \Ire may take 
;LS the thickness of a lamina a dimension consiclerabl~- less than that  ol the 
cliameter of the spherical molecule, only those ~iiolecules \\rhose centers oi mass 
lie within the lamina being considerccl as "containecl" within the elementary 
Iruminar volume. In this way it is quite possible to construct statistical model 
fluids that  are very accurate descriptions of real gases, and which are equally 
applicable to infinitesimal volu~nes and to largc finite volurnes, equally apl~li- 
cable to volunles s~nal l  or large coinparecl with nlolecular cli~nensions. If the 
fluid molecules m-e dipoles and may Ile subject to orientation in a fielcl, the 
situation is sorne\vhat more co~nples ancl it might seen1 that \Ire must consider 
adjacent laminae as  consisting of dif'terent "l<inds of ~natei-ial" as \vould be the 
case in ail ionic crystal. In  the latter case the long range order is a ~~er rnanent  
condition, a state of the system, ancl even after very long periocls of time, 
neighboring elementary laminar volun~es cannot be regarcled as  consisting of 
the same substance, i.e., the). are not reversiI11~- convertible into one another 
bj- any orclinarj- sort of thermocl!-narnic process (e.g., lalrers containing almost 
\vholl>. chloride ions a11cl layers containing s o d i ~ ~ ~ n  ions are not thermodynami- 
cally interconvertible). I f ,  however, any orientation forces can be resolved into 
forces and couples acting on ancl about molec~~lar  mass centers, a statistical 
inoclel Buid can be constl-uctecl such that elementary volumes regardless of size 
can be regarded as elementar!- thermoclynamic systems containing the same 
componc~it as the  hole asscmbl\- of elementar>. volumes. \\Tithout loo1;ing 
more closcl>- int-o statistical dctails ol such 131-oblems, we shall define a single 
component iluitl co~nples as iollows: an assembl). of eleruentary f-luitl volumes, 
where every elementary volume is thermod~~namicall!; iclentical with an cclu:d 
elementar!. volume of a single fluitl in some IJLIII; state, the bull; state being i l l  

reversible eq~~i l i l~r ium with externally applied forces no matter ho\v bizarre 
these forces may be. TIILIS the state of each elen~enta~-!. volume corresponds 
esactl>- to a bulk state of a single substance i~ncler- specific ext-ern:~l forces. A11 
the el em en tar^. volumes arc thus inherently capable of reversible thermodyna- 
mic convel-sion into another. Since lye will be mainl>- concerned \\lit11 fluitls, wc 
shall assume that pressures ol elementar!- v o l ~ ~ m e s  are equal in all clir-ections 
and that all PI-essure, energ!-, densit>- graclie~its, etc. are conti~luous. 'The 
forces transmittetl across bountlnries ot adjacent eleinentar) volumes are 
necessaril>- equal. 
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Thermodynamic Eqztilib~ia in Single Component Complexes 
When turo bodies exert forces upon one another, the energy associated with 

separating them is not strictly a property of elther body alone. However, we 
may arbitraiily fix the energy of one of these bodies and consider it as being 
in a reference state and accordingly assign the energy of separation to the 
second body. This is the normal procedure when considering equilibrium in a 
force field. Since in the usual derivations of  he conditions for equilibriuin in 
force fields the force field is assumed independent of the state of the body, it is 
necessary to re-examine the equilibrium when the potential of position of unit 
mass may be a function of the volume of the mass. 

The condition that changes in thermodynainic states of a system under the 
action of external forces shall be reversible is that the heat received by the 
system during such changes shall be equal to the change in the energy of the 
system plus the maximum work which the system can do against the external 
forces if such a maxiinuin exists. When no potential of position is involved ancl 
the only worli is associated with a change in volume, this condition for rever- 
sibility is expressed by the well-known equation 

where Eo is the intrinsic energy, T the temperature, S the entropy, p the pres- 
sure, v the volume, p  the intrinsic thermodynamic potential, and rn the mass. 

When a "potential" of position is involved we can write 
where 

= TdS- 

= TdS - pdv + p d m  

where 

,z 

and (a/am) J f (x)dx represents the maximum or reversible ~ror l i  associated 
x o  

with nloving unit mass a t  constant S and v from the initial position xo to the 
final position x. This ~ o r l i  is assumed dependent only on the initial and final 
positions in the potential field. Such fields are sometimes referred to as scalar 
fields. I t  is implied that in the reference state corresponding co xo, f(x)  is zero. 
Other relations expressed by the equations are self-explanatory. 

By definition of the single component complex, Equation [I]  is applicable 
to every element of volume of the assembly, and accordingly an equation of 
similar forill is applicable to asseinblies of these volumes. The conditions for 
equilibrium between these volumes will depend upon the physical conditions 
assumed applicable within the complex, or between elements of the complex 
ancl a reference volume. Since the complex is essentially a fluid mass, heat and 
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FLOOD: THERMODYNAMIC CONSIDERATIOXS 983 

matter may be assu~necl to be in a state of flux between the vai-ious parts. 
Accordingly we assume the following physical conditions: ( a )  increments of 
heat-energy and mass, independently, may flow in to or out of any of the 
volumes concerned, ( b )  no work is involved in the transport of entropy through 
finite distances, (c) the transport of mass through finite distances involves 
performance of work against the force function of the field. With these condi- 
tions, following exactly the method of Gibbs, it can readily be shown that  the 
necessary and sufficient conditions for equilibrium throughout: the complex 
are: ( a )  uniformity of temperature, ( b )  uniformity of total potential per unit 
mass, p or pO+!J. Evidently the existence of potentials of position that may be 
functions of the volume as well as of the mass of the substance concerned does 
not change the basic equilibrium conditions applicable to  systems in constant 
potential fields. 

Equation [I.] may be written in the form 

where F = E-TS+pv and p = aF/am = a E / a n z ,  etc. 

Assuming that F ( T ,  p = 0,  x ,  m = 0 )  = 0 and that  f ( x ) d x  = 0 when S,: 
m = 0, we can write for the potential F of any mass m of fluid a t  any position 
x under any pressure 9 ,  

the path of integration corresponding to increasing the mass of material a t  
some position x while v ,  p ,  and p take particular values for various values of m. 

We suppose that the complex is in equilibrium with a bulk reference fluid 
of uniform properties, and that the complex remains in reversible equilibrium 
with the bulk reference fluid throughout a path where the density and pressure 
of the reference fluid vary from zero to specified values. 

Assigning the value x o  to the bulk reference state and the value xai to the 
i th  element of the complex, we can write for equal masses of material a t  x~ 
and xai 

S 
D=P, .m=tni 

F o ( P I ,  n z i ,  X O )  = 
p=O.m=O 

( v d P + p o d m ) ,  

S 
p=p,i ,m=mi 

F a i ( P a i ,  mi, x a i )  = 
p=O!m=O 

(vd9-k ~ a i d m )  , 

and F o  = F,i and p o  = psi throughout the path of integration. Also we may 
write 

p=p,.m=m. P o i . Z o  Z.,.P., 

(udp + p o d m )  + S sdp  + S f ( x )  dx 
P , . Z o  z a , p a ,  

where 
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I t  will be noted that  
*pai.zo P o i , Z n i  ( vdp  is not necessarily equal to  f udp. When 

they are equal, the equation of state ( v  of 9 ,  T constant) is independent of the 
field. When the integrals are not equal, the force function of the field is a 
function of v. 

We may suppose the ~ ~ n i f o r m  rcfcrence fluid bloke11 up into elementar>- 
volumes 6v ,  of mass 6 m ,  equal to  the mass of each elementary volume of the 
complex 6v,, a t  xu,.  For the eq~~il ibr ium between these ele~iientar\- volumes, the 
x cool-clinates I-emaining constant while 6772, ancl the pressures vaq.,  nre have 

6 ~ 1 1 .  6pl+podml = 621,~.  6pn i+paidmi ,  
and since po = pa,, 

6Pl C 6va1. 6Pai = 6p1 . C i 6vli = ---C 6 . d a i .  par, 
P l  i 

Therefore 

where the density of Lhe u~i i fo r~n  reference fluicl is p l ,  ancl p l  = 6 m  ,/6al,. Hence 

'J31us the volun~etric llleall pressure fl,"can bc deter~nined if the volumetric 
mean density pa is Itnourn as  a function of $ 1 ,  i.e., i f  m and v, are lcnown func- 
tions of the pressure, P I ,  of the reference gas along a path of thermodynamic 
reversibility where the eq~l i l ibr iu~n pressures vary fro111 zero to  P 1  while m 
varies froin 0 to m. 

I t  will be noted that  since P, and p l  arc positive, lJa"is necessarilj positive 
for any path of thernlocly~la~nic reversibility where the equilibrium pressure 
increases from zero to p l .  If, however, othcr paths ol therrnod~.nan~ic reversi- 
hilit!- intersect t h ~ s  pdth a t  points below P I ,  say a t  p l l ,  so tha t  if the pressure 
of reference fluid is raisecl from zero to p1  and then reduced to p l f f  bclo\v P, ' .  
 he s>stcm ma! kollon the scconcl path from p l f  to PI'' .~nd 

PI- P,"- I 

. dpl+ SP"& dpl+ i,, Pl d p ,  
v ,  P l  P l  

If the second integral is larger than the first, f i ,ka!.  be negative. 
Mihen p, > pl, (Sun > p l  ancl the potcntial of posilion of the reference Iluid 

is greater than thc average potcntial per ~ r ~ l i t  mass of the comples. 
The  mean "potential" cliflerence betmeen the cornples and tlic refcrencc 

fluid may be expressed by 
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- 
where pai),,-,,i is the mean density of the reference fluid over the pressure 
interval pl  to  pa,. Thus 

w = cv,(p1-gnu) 

\\-here c is a climensionless positive quantity. If @,' > $ 1 ,  c >, 1. If the inaterial 
is incompressible in all of the ranges pl  to  p,,, c = 1. I11 general w will be clepen- 
clent on the distribution function, v(w) ,  of the complex and upon the equation 
of state of the reference fluid. I t  a-ill be noted that  Q(x,,--xu, p l )  is not neces- 
sx i l y  the same as Q(x,,-xu, p,,). Thus in general we cannot cletermine w 

when paV can be determined unless the fluid is incompressible in the various 
pressure intervals $ 1  to  psi. If the reference fluid is a condensable gas ancl pl  
is above the saturation pressure, tha t  is p1 is the pressure of the reference liquid, 
then if the liquicl is practically incompressible, we can obtain a measure of w ,  

i.e., w = ~ ~ ( $ 1 - p a " .  

Phase Rule Consideratio~zs 

\Ye have ass~lmed that each elen~entary volunle or lamina is therrnotl\.na- 
mically iclentical with equal elementary volunles of the fluid in some bulk state. 
Accordingly elementary volumes having the same p, T ,  ancl p b ~ l t  cliiierent 
densities are to  be I-egarded as different phases in the sense of the phase rule. 
However, the funclamental thern~odynamic eq~lation has in acltlition to S,  v ,  
ancl wz one more variable, namely, that measuring the force f~lnction of the 
feltl, f ( x ) .  When v of p ( T  ancl constant) is not influencecl by f ( x ) ,  i f  the 
potential of position Q(s-xo ,  P I )  vanishes a t  three values of x in the surlace 
I-egion, ancl the corresponcling laminae have three clifferent cleilsities for given 
values of T ,  9 ,  ancl p,  the system will be invariant in the sense of the phase 
I-ule. But if the relation between v ancl p is influenced by f ( x ) ,  then where f ( x )  
is not zero, the clensity of a fluicl lamina for given values of p may differ from 
the clensity where f ( x )  is zero. Since Q ( x  -x0 ,  p l )  may vanish for some value of 
:v for which f (x) cloes not vanish, we may have Q (:v-xu, p l )  zero for three values 
of s, \vhile f ( x )  is zero for only t\iro of these values. Uncler these circun~stances, 
we may have two density states corresponcling, say, t o  normal liquicl and 
vapor, a i d  a thircl clensity state where f ( x )  is large, ~vhile the system is still 
monovariant in the phase rule sense. 

We cannot, in general, suppose a fluid clividecl into laminae and treat the 
"s~xeacling pressure" of each layer as an independent variable in order to  
calculate the phase "variance". However, \\.hen a force field is involved pal 
will in general differ from p 1  ancl may be regarded as  constituting a nleasure 
of the potential of the field and off ( x )  (cf. Rowley ancl Innes (16)). 

In Part I1 of this paper the interface between a liquid and vapor of a single 
substance will be treatecl as  a single component complex ancl in Par t  111 the 
bounclary of a Ruicl or gas in contact ~v i t h  a solid of a clifferent kind of substance 
\ \ r i l l  be similarl~. treated. \AThile both cases are essentially similar, in the fornier 
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case both bulk phases consist of a single component while in the latter case the 
two bulk phases are different components. In both cases surface forces are 
assumed to be classical." 

11. SURFIICE TENSION 

The Liquid- Vapor Interface, A Single Component Complex Fluid 

Consider a liquid separated from its vapor by a flat interface. Far from the 
interface the net hydrostatic pressures of the liquid and of the vapor are the 
same and are, of course, positive. The interfacial region, however, exhibits a 
tension, and accordingly negative pressures or negative stress intensities are 
to be expected in this region. If following Tolman (19) we think of the interface 
as made up of very thin laminae parallel with the surface and i f  we suppose the 
material constituting these laminae to be fluid so that stress intensities acting 
on elementary volumes (i.e., laminae) are equal in all directions, we must 
suppose a sharp pressure gradient to exist along the normal to the surface, 
the gradient vanishing within the body of the liquid and within the vapor. 

Let p(x) be the pressure of the fluid as a function of x, where x is the distance 
along a normal to the surface, measured from liquid to gas. If h is the thickness 
of the interface, the thickness of the region wherein p(x) varies with x,  then 

.r+,"" p ( x )  dx=p(x) . h is the net parallel surface force exerted :by unit area of 

the surface region, and P(x) is the mean value of the stress intensities exerted 
by the various laminae parallel with the surface. If P(x) is negative, -P(x).h 
is literally a positive "surface tension". The work done by the surface system 
when the surface of area u is increased by du, the thickness remaining constant, 
is, of course, ~ ( x )  . h . du. Hence the corresponding Helmholtz free energy 
change is given by ( d A / d ~ ) ~ , ~  = -P(x) . h = y. Thus, this "surface tension", 
y ,  is unambiguously the Helmholtz free energy per unit surface. 

I t  nlay be remarked that considerable confusion (18) exists in the literature 
dealing with the relations between "surface tension" and "surface free energy". 
This confusion arises partly from following Lewis and Randal (11) and 
equating the change in Gibbs free energy, F (where F = E-TSfpv),  of the 
surface to the xvorlc of stretching the film, i.e., in writing dFT = ydu instead of 

" I f  the etrergy states of tr7olecrtles of t h e f i l i d  witlt respect to the srtrfacc forcefield are conLi~t7tous 
and the distributio?~ of these states largely classical itz cl~aracter, the detailed strrichlre of all  of tlze 
elzergy states at a give?z tenzperatrlre will  bc largely characteristic of tlte fluid i ? ~  sorne bzilk slate. 
Accordirtgly, jluid latni~tae linder the i?l$uerzce of sztch fields will  behave as a si~zgle s7cbstattce in. 
the se7zsi: that lanti?zae of the bzalk states of fl~aid catz exist i n  eqziilibrizatn witlz external forces in 
states tlzat are ther~izody~zarnically practically ide?ztlcal rvitlz correspondiizg laminae %?z the force field. 
Holo.luever, ~ u l g ~ z  the energy states of the ~ttolecnle> i?r the srrrface layers are qlmirtised (r.?zd Ihe slarface 
forces large, tlze detailed strractlire of tlze energy states at a n y  give~z tewtperature iizay be quite differewt 
fro117 tlrose of a n y  bzalk state of tlze pure fluid. Accordi7zgly, la?rzi?zae ~a?zder tlze i?zflrre?rce of suclz 
pote~ztial fields tvill ?hot behave as  the same szibstance, tlzer~ttodylzarnically, as tlze bzilk jlzcid, aitd the 
asseiirbly of szrrjace la?~zi?iae cannot be treated as  0.n asseitzbly of volunzes of a si?zgle co?izpone?zt. 

-4 pure cot~zpo~tenl  of a che?rzical contpozand or of a solut io?~ i s ,  in fe?teral, capable of reversible 
transformatio~z w i th  tlze .sanze szrbstance i n  llze conrpozc~&d or soltction. For szacl~ a process AF = 0 ,  
brat AA, AE, AS # 0. For the special case of alz ideal gas solzatiol~ where each gas belraues rrs a 
vacuza,iz to eaclz other gas AF, AA, AE, AS = 0 bzrt A v # 0,  Apu # 0. I.VIzen AF, AA, AE, AS, 
Av, Ap", etc. = 0 tlze forces of .interaction betzueen tlze bodies in tlze colrtbi~red system take the place 
of the external forces of the pure cot~tpone~zts .  Tlze latter case inay be called "mecl~atsical" or "phys i -  
cal" i~zteraction, a s  distinct frortz the first case of "chemical" i~zteractio~z and  frorir the secofzd case 
oJ' pure "solzibio?~". 
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equating the Helmholtz free energ!- to this work, i.e., instead of writing 
d A T  = - y d ~ i - . ~  However, these difficulties are due mainly to the fact that  some 
authors treat the surface as an  isolated thermodynamic systein distinct from 
the material lying on either side of i t ,  while others define surfacc tension by 
( a A / a a )  T , o  = Y where the operation ( d A / d ~ i - )  T , o  is applied to  systems con- 
taining surfaces and bulk material. Thus in the latter case, a distortion of a 
solid a t  constant volume would yield a "surfacc free energy" or "surface 
tension" quite different from the "surface tension" that would be obtained 
ii the process ( d A / a ~ i - ) ~ , ,  corresponded to increasing the nuinber of crystals 
while decreasing their size, their shapcs remaining constant. In the case of 
liquids with flat surfaces, if ( a A / d a )  T , o  corresponds to the process of changing 
the shape of the container of a liquid-gas system so that the surface area 
of the interface is increased while the volume remains constant, 

( d A / J C i - )  T ,"  = [ i o ( x )  - P o l  h 

whel-e Po is the vapor pressure of the liquid. Evidently the operation ( a A / a a )  , 
applied to  a systein containing surfaces and bulk material does not in general 
constitute a measure of a definite quantity, the operation being capable of 
yielding a variety of "surface tensions" depending upon further particulars 
not specified by the operation. 

In  the case of a liquid the actual net force of the surface tension is one of 
its inost striking characteristics and is directly measurable. In most cases the 
methods of measurement of the surface tension of a liquid correspond closely 
to the operation ( d A / d ~ ) ~  applied to the surface layer only. Accordingly, 
in what follows we shall consider that surface tension is the net parallel 
mechanical force actually exerted by the surface. Thus  we put - - P ( x )  . h = 7." 

In  general, if a surface has an energy per unit surface arca, under equilibrium 
conditions the surface energy will be a minimum consistent with its entropy. 
Thus  the flat surface will not be quite smooth, but will have a somewhat 
greater area than the flat surface, the excess arca corresponding to the thermal 
energy of motion of the surface as a whole. In  the absence of gravitational 
and other external fields, changes in position of the interface will have no 
effect on the equilibrium within the systems. If we suppose the surface region 
divided into geometrically flat elementary laminae parallel with the mean 
position of the surface region and of area equal to the apparent area of the 
"flat" interface separating a liquid from its vapor, the assembly of laminar 

5Replacirzg P.J byg(x) .h .u  then for tile surface system only, dw = p(x).h.do, d A T  = -@(x).l~du, 
dFT = h.u.dp(x) ,  and ifg(r) i s  consla?zt, ~ F T  = 0. Tlzus increasing l l x  area of a flat sarrface is ,  
formally, exactly eq?~ivule?zt to increasi?zg tlze volume of a phase i n  equilibrium with other phases. 
I f  a systenz consists of bulk phases and surface phases so that tlae potential per xnit ~ n a s s  is  gizlen 
by = E -  T S + p v - r u ,  etc., we .~hoz~ld write d F  = - S d T +  vdp-ady ,  and when T ,  $, and 7 
are constant, d F  = 0 irrespective of a n y  work done when stretching the sz~rface or wlzen increasing 
the volu?~~e.  

GSo?ne writers regard the "sz~rface tension" a s  a fiction but regard tlze surface free energy as real. 
This  i s  tnzlch like regarding the presszlre :f a gas a s  a fiction but its thermody?zamic potential as  
real (1 ) .  I n  the case of ionic sz~bstances sz~rface free energy" phenomena might be exl~ibited by 
uery marked gradients i n  electrical charge density and corresponding gradients i n  mass density. 
I I I  this case ~rzeclmtallical stress gradients in  the snrfuce regio?~s nzigl~t be quite neglzgible and the 
actual "sz~rface tension" practically zero. 
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volumes will constitute, thermodynamically, a single component complex 
as defined in Section I above. Evidently all of the thermodynamic relations 
applicable to the single component fluid complex are applicable to liquid-vapor 
systems including the interfacial regions when these interfacial regions are 
fluid throughout. 

I t  will be noted that,  in general, the mean pressure of laminac within the 
interfacial region \vill be negative if the surface tension is positive. If \ve regarcl 
the vapor as the reference fluid and the interfacial region as the complex, the 
interfacial region cannot be formed reversibly along a constant temperature 
path of increasing pressure of the reference gas. Thus if we fill a fixed volume 
with vapor of a condensable substance and increase the pressure until a liquid- 
vapor interface is formed, if the interface is of finite dimensions and has n 
positive surface tension, some irreversibility is involved in the process (cf. 
p. 954). However, we may suppose the volume filled with vapor above the 
critical temperature and then cooled reversibly so that the meniscus can form 
reversibly. Along this path paD and P(x) can become negative reversibly. 
T o  form a strictly flat interface by such a process in the absence of other 
sources of potential, it tvould appear necessary that the fixed volume be of 
infinite size. Accordingly, in the absence of condensing surfaces the formation 
of the flat meniscus by a strictly reversible process would appear to be es- 
perimentally unattainable. However, a spherical drop could be formed by 
such a process a t  constant volume. Of course, as pointed out by Gibbs (7) 
curved surfaces of tension cannot be in, strictly, stable reversible equilibrium 
with any source of constant pressure, in the absence of condensing surfaces 
or other sources of potential. 

Thermodynamic  Description of a Fluid Liquid-Vapor Interface 
Writing Q ( x )  as the potential of position as a function of the distance x 

along the normal to the surface, we may take Q ( x )  as zero within the body of 
the liquid far from the interface. Evidently Q(x) must become positive in 
regions of negative pressure and finally vanish in the interior of the vapor. 
Accordingly, Q ( x )  must have a t  least one maximum. Since 

everywhere along the normal to the surface. \&%en Q ( x )  is a maximum or n 
minimum f ( x )  and d p / d x  are necessarily zero. Further, as before, taking It 

as the thickness of the surface region, i.c., the region where Q ( x )  may differ 
from zero, 

for flat surfaces, and also 
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The latter two necessary conditions impose a considerable constraint on 
possible forms of Q(x), p(x), and v(x). Thus, if Q(x) has only one extreme 
value and that  a maximum a t  x,, 0 < x, < h. Then since the specific volume 
v(x) increases by large factors as the vapor is approached from the liquid and 
the mean value of v(x) on the liquicl side of x, (i.e., in the range 0 to x,) is 
less than that on the vapor side of x,, it follows that the specific volume on 
the liquid side of x, must rise to greater values than on the vapor side. Hence, 
the rapid increase in volume must occur mainly on the liquid side of x,,,. 
The point x,, is the point a t  which Q(x) is a maximum and p(x) a minimum; 
accordingly in this case the minimum pressure must occur in the region where 
n(x) is large, i.e., in regions where densities are comparable with vapor densities. 
The relations are illustrated in Fig. I. From physical considerations dilute 
gases cannot exert negative pressures. Accordingly, the relations illustrated in 
Fig. 1 could only apply to  systems where gas densities were relatively high 
and/or surface tensions small or negative. (If P(x) is less than Po, the system 
\\il l  exhibit "surface tension" behavior, but i f  P(x) is positive the surface 
tension is negative.) Evidently, in cases where surface tensions are high and 
vapor clensities much less than liquid densities Q(x) cannot have the simple 
form indicated in Fig. I .  In the case of the flat interface where the bulk liquicl 
ancl vapor have equal pressures, if Q(x) has more than one extreme value in 
the interval 0 < x < h,  there must be a t  least three equal values of p(x) in 
this interval. Thus, there must be a t  least three laminae having different 
clcnsities but equal values of T, p, ancl p. Xccorclingly, (dF/dp), must be a 
function of x; i.e. the "equation state" must be influenced by the force field. 
Otherwise the system woulcl be invariant in the sense of the phase rule (cf. I ,  
11. 9S5). In Fig. 2A the relations between the various functions are shown, 
:~ssuming Q(x) to  have the simplest forin consistent with a, positive surface 
tension, ancl v(x) to have a plausible maximum ancl minim~lm. 

It  will be noted that whatever the shape of the curve Q(x), i f  f(x) is positive 
for an)- valuc of x in the interfacial region it must also have negative values. 
Thus, i f  inaterial is attracted toward the liquid on the l i q ~ ~ i d  sicle of the 
x,,,,, it m~ l s t  be repelled from the liq~iicl somewhere in the region x , ~ ,  ,< x ,< h. 
Some authors treat the surface forces as though a net tl~ermoclynamic potential 
clifference existed between the liquid ancl its vapor. 

The relations indicated in Fig. 2A corresponcl physically with a case where 
the "interface" adsorbs its own vapor, i.e., both the density and pressure 
rise as the interface is entered from the vapor. These relations are consistent 
with some statistical mechanical descriptions of an interface (20). I t  is not, 
of course, necessary from thermodynamic consiclerations alone that v(x) have 
a maximum and a minimum. 

The v(x) curve as drawn is intended to suggest that in order for molecules 
to enter the more or less close packed liquid structure some selection is involved 
resulting in a reduction in density of the "transition" laminae. In the case of 
very dense liquids this "surface" might behave very much like a solid surface 
and allow only limited penetration, i.e., a comparatively large percentage of 
the molecules "striking the surface" would be reflectecl. 
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I REGION IREGION REGION I 
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Referring to Fig. 2A, a t  the maximum of Q ( x ) ,  f ( x )  = 0 ancl ~ ( x )  must 
be that corresponcling to normal bulk liquid under the corresponding negative 
stress. Thus in the region 0 < x  < xx,,,, 11-e regard the fluid as being essentially 
normal liquicl ~ ~ n d e r  negative hydrostatic stress; in the region x,, < x  < h 
the fluid is normal gas; while in the intermediate region the ecluation of state 
v of p is materially influenced by the force field. Thus in the region where 
Q ( x )  -+ 0 but f ( x )  approaches a maximum, the fluid is neither normal liquid 
nor normal gas but is in a transition state. 

Capillary Rise and Depression 

As a variation of the "flat" interface illustrated b ) ~  Fig. 2A nre may suppose 
the whole systeim raised or lowered in a potential field inclepenclent of surface 
potential fields. If we impose the condition dF = 0 for this variation the 
conditions are analogous to capillary rise or depression. 

In order that dF = 0, the relative changes in liquicl and gas pressures will 
be more or less proportional to densities. Accordingly, the p ( x )  curve must be 

clistortecl so that (d$/dx)  dx + 0. However, for s i ~ ~ a l l  rises or depressions 
s o h  

P ( x )  ancl E ( x )  will not be changed appreciabl~., since the magnitucles of P(.L-), 
p(x,,,), etc. are large compared with the pressure changes introduced by the 
rise or depression. For large depressions, analogous to the effect of curvature 
on very srnall droplets, the pressure changes may be comparable with fi(x). 
111 such cases to retain constancy of surface tension either Q ( x )  must change 
or the surface thicltness, h, or both must change. A natural assumption is 
that the tenclenc!. of the surface to adsorb its own vapor becomes less on 
surfaces concave toward the clense phase and hence that Q ( x )  is changed. 
I;ig. 2B illustrates a "capillary depression" of the hypothetical system illus- 
trated by Fig. 2A, the values of fi(x) ancl lz being unchanged, but v ( x ) ,  $(a), 
ant1 6 ( x )  distoi-ted so that there is a net pressure clifference between liquid a i d  
vapor. The surface tensions and the surface thicknesses are the same for the 
two cases, but n ( x )  is greater for the clepressed curved surface. Rice (17) 
has poiilted out that y might be expected to increase \vith increasing pressure, 
in vie\\- of the 1,ewis (11)  relation, 

Since y is essentiall~. a mean volumetric stress intensity, the interpretation o i  
this equation, if valid a t  all, is obscure. In general one would expect Q ( x )  to  
be due largely to the density gradient in the surface region and consequentl~. 
that changes in the vapor-liquid equilibrium conditions which tended to make 
the tleilsity and co~llpressibility differences vanish \\roulcl also tend to make 
Q ( x )  vanish. Both large increases or decreases in vapor pressures \\rould tend to- 
ward reducing density and compressibilit)- clifferences bet\veen liquicl and vapor. 
Accordingl), \ve should expect Q ( x )  to be a maximum for nearly flat sur- 
faces. Thus for exceedingly minute gas bubbles or drops y should be materi- 
ally less than that corresponding to the flat surface ancl the pressure cliiferen- 
ces across small spheres reach a maximum and finall). practicall) vanish as the 
radius diminishes. 
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Thickness of the Inlerjace 

For convenience of illustration the  diiferencc between the  specific volumes 
of liquid and  vapor has been talien much less than is the case with liquid-vapor 
systems such as  water. T h e  ~nagn i tudes  of the  negative pressures are also much 
smaller with respect t o  vapor pressures than is the  case in ordinary s)-stems o f  
appreciable surface tension. 

In  the case of the  water interface -P(x) . h = 70 dynes cm.-I a t  room 
temperature. If the thiclcness of the interface, 11, lies between 10 and  1 A,  
the mean negative pressure or  mean stress intensit-y must lie betiwen 7 and 70 
hunclred atmospheres. Eviclently such large tensile stresses cannot be sustninetl 
in the  more dilute regions of the  Auicl interface and  hence practically the  whole 
contribution t o  g(:v) must  come from the  region where the  Auicl has high 
tensile strengths, high clensities, ancl low cornprcssil~ilities, i.e., from the  liquid 
region of the interface. T h e  maximum tensile stress in this region will csceetl 
the mean tensile stress l ~ y  lactors depending on the relative thicli~lesscs of 
these regions, the  factors being the  greater, t he  smaller the ratio of the thic1;ncss 
of the clense region t o  the  thiclcness o f  [-he ~vhole  interlace. In the case illustratccl 
in Fig. 2A this factor is about  five and  col-resl~onclingly, t he  maximum tensile 
stress is between 35 ant1 3.5 tho~~sanc l  atmospheres for total film thicknesses 
between 1 and 10 A. T h e  film thiclcness a s  measurecl by the Rayleigh methotl 
\\.ill be the region of rapitl change of refractive inclcx ancl thus  will be the  
region of r;tpid increase in specific volume. T h e  thicli~less of the  water interface 
a s  measuretl by R a ~ n a n  anel Ra~nclas (15) using the Rayleigh methotl is about  
1 .i. If the relative th i ck~~esses  of the  various regions are as illustrated, the  
total film thiclcness is somewhat less than 10 LA ant1 the  maximum tensile 
stress of the  orcler of 4 X 10" n tmos~~heres .  I t  seems verg- improbable t h a t  this 
figure can be much too low since i t  is comparable urith the measurccl tensile 
strength of some metals. 

'I'he Laplace (10) methotl of  calculating the  tensile streng-th of licl~~itls, 
neglecting the  quite apprecial~le heat  of "evaporation" of ~ ~ ~ o n o ~ n o l c c ~ ~ l a r  
layers, leads t o  values of the  01-clcr of 25 X l o 8  atmospheres which are  almost 
ccrtain1~- too high. Fur ther ,  owing to  relaxation efiects, it sccrns unlikcl!. 
that: the masimum negative stress sustainecl in the  surface lal.e~-s of n fl-cc 
surf;lce will I,e a s  large a s  the  tensile strength of the  hulk liquicl. 

T h u s  it ~ v o ~ ~ l t l  appear tha t  the  masirnum tensile stress in tlte suriacc region 
oi  liquid water is of the  ortler of 10:' ntmosphercs or  less ancl hence tha t  tltc 
thickness is of the orcler of 10 :% or  more. 

Szrface Potential' 

Finally a \vorcl may  be said cancel-ning tlic f,lctors giving rise 10 the  surface 
potential Q(u).  'I'hc energ\- of a vapor is, ot course, in general ~ n u c h  grenter- 
than the energy o i  the  corresponcling licluicl. 'l'he heat  energ), or  TS energ>- 
change from licluitl to  vapor is some\\-hat greater than the  internal energy 
change (i.e., bg- PoAv). In ortler t h a t  a positive potential of position esist  
A (E+pov)/Ax, Po constant ,  must cxceecl TAS/Ax. IVe ma)- ascribe the  positive 
potential of position a s  Ixing,  in the  main,  clue t o  an increase in energy 11-ithout 
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a compensating increase in entrop). In the dense part of the interface where 
the fluid con~pressibility is small, any increase in volume, i.e., a small increase 
in mean distance of nearest neighbors, \ d l  give a large energ\- increase with 
little change in entropy. Proceeding further to\vard the gas the region is 
reached where fluicl extensibility is large ancl the rapid increase in volume is 
accompanied by a large increase in entropy. In the case indicated in Fig. 2A 
the negative potential of position corresponds to a condition where the entropy 
of the nearly gaseous layers is larger with respect to their energy than prevails 
in the body of the gas. Ultimately these laminae correspond to  states of 
"supersaturation" of the vapor. While laminae near the liquid or vapor side 
may be expected to have the normal equation of state of bulk liquid or gas, 
in the intermediate regions the relations between p,  T, and ,U or E, S, and v 
(per unit mass) will depend upon f (x) .  

We may express the total potential of the surface, w, as follows (cf. p. 985): 

ancl since in this case 6vni  = uBxi and psi = p(x) ,  we write 

\\-here c >, 1. Since in cases where the surface tension is large, by far the greater 
mass of material lies in the regions where fluid compressibilities are s~ilall 
(i.e., where c = 1) and the pressures are of large negative magnitudes, w is 
V~I-5. nearly equal to yu. Thus y is practically energy per unit surface. Where 
rompressibilities arc high throughout the surface region (near the critical 
temperature) w \\rill be greater than yu. Further, we should expect w to consist 
p;lrtially in a decrease in entropy as well as an increase in energy. Thus near 
the critical region 7 will not constitute a measure of surface energy. 

111. r\DSORPTION AND .\DSORPTION HYSTERESIS 

I f  in adsorption processes adsorbates ant1 adsorbents retain their own 
indivitlual properties, adsorbates a t  suitable temperatures and equiIibrium 
pressures may be regarded as single component complex fluids as defined in 
I'art I of this paper. In such cases all of the thermodynamic relations applicable 
to the single component complex are applicable to the adsorbates. Thus we 
have at once a method of calculating the mean volunletric pressures of the 
adsorbates from isotherm data,  provided that the relevant isotherms represent 
paths of thermotlynamic reversibility. 

From Part 1, the mean volumetric adsorbate pressure will be given by 

ant1 a ran be calculated from isotherm data (ti). The corresponding change in 
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reversible (elastic) volumetric mean state of stress of the solicl can be sho\vn 
to be related to the adsorbate stress by the following equation, 

where a, ancl v c  are the volumes of adsorbate and solid; v,+a, is the total 
volume of the porous body; P,Qnd p,>al-e the changes in volumetric mean 
states of stress of the void volume a, and solicl volume a,, respectively, while 
p l  is the change in hydrostatic state of stress of the whole porous body. 

From Equation [3] we get a t  once 

xhere 4 = v,/zz,, Pau = aPl, and PcVefers  to the actual ch,unge in elastic 
state of stress of the adsorbent as a result of the adsorption react ioi~.~ 

If we are interested in comparing changes in linear dimensions of an aclsor- 
bent clue to adsorption of gas, we can expect a correlation between these 
climensional changes and its change in state of stress. The change in linear 
dimension per unit length will be a function of the change in linear average 
state of stress. If PC" the mean volunletric change of stress, mere a measure 
of a change of hydrostatic stress (as woulcl be the case if Pau \\rere a uniform 
h\,drostatic pressure equal to p l ) ,  PCu would be the same as the change in 
linear average stress, pcz. If in a given direction the solid were perfectly 
uniform in cross section ancl its surface field uniform in this clirection, then 
Pc%nd PC2 would be the same. However, in general, these quantities are not 
equal. Let us write 

P C "  PI+ (PCD)', 
P C Z  = Pl+ (PC")', 

where P,"s considered as consisting of the hytll-ostatic stress pl due to the 
gas pressure and the additional stress (p,"' clue to interaction with the gas, 
i.e., clue to its surface field. Similarly, (PCz)' is the additional linear stress clue 
to interaction. While in the general case (fjCz))' may be greater or less than 
(PCu)', if the surface forces are more or less uniform b ~ ~ t  the cross section 
variable, the ratio (Pcz))'/(Pc"' will be greater than unity and the ratio will 
be a constant clesci-iptive of the structure of the adsorbent. Putting (PC1)'= 
IC(pc")' we get PC2 = (l+R+-IC~$cr)pl. Hence for isotropic solids which obey 
Hooke's law we can write 

'Follozui?~g Gibbs (7)  we can ncritefor a solid or for a?r assen~bly of solid systetns 
[ A  1 d E  = T d S =  X'[X,' b ( d x / d x f )  dxdydz 

= TdS-PCv.dv 
where ~X'[X,' b(dx/dwl)] and -15.' represent the generalized state of stress of the eletnent o,f 
volume dxdydz. T h m  -PCv represents the volz~711etric mean adiabatic strain emrgy  per zrnit volzl- 
117rtric strain. The variation i n  Gibbs free energy corresponding to a variation i n  reversible state oj' 
strain, all other independent variables rentai7~ing consta?zt, m a y  be writlen d F  = u,dpCv whrre 
v ,  is the total uolz~nze of the nssetizbly of solid volun~es. I t  i s  itnporta7tt lo note tkal these rclatio?zs 
inzply that release of the stress (i.e. putting P,V = 0) will be accotizpanied by the sponta?teozrs 
rrlease of the strain, the elements dxdydz beco?rzi?ag identical with the reference eletttents dx'dy'ds'. 
Thus  Equation [A]  cannot be zlsed to describe strai?ls beyot~d the elastic litnit or irreversible strains. 
I n  the case of a so-called seu-strained body, the state of strain of the body as a whole i s  to be taken 
as zero w l ~ e n  the 7natter cottzprising lhe body is everywhere statistically at rest and ?to external forces 
are operative. 
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where I is the length of the sample and P8 its compressibility. Where the dila- 
tion (or coatraction) is isotropic nre do not need to introduce the Poisson ratio. 
If the aclsorbent is not isotl-opic both "P" ancl K nrill difYer in dift'erent clirec- 
tions. I n  very extreme cases where I< is very different in dilferent clirections, 
cori-ections of the Poisson contraction type \vill bc necessary, anti I I I L I S ~  be 
known or infel-red for accurate correlation of experimental I-esults. 

I t  has been shown (0) that Equation [4] can be usecl to  describe experi- 
nlental clata fairly well.\Xccordingly the view that the aclsorbate ma!- be 
regarded as a single co~npoi~ent  complex appears to have consiclerable validit)-. 
The factor K in so far as it is cleterminecl by the solid s t r u c t ~ ~ r e  \ \ r i l l  be 
a constant and thus have the same value for difierent gases a t  various tem- 
11eratui-es. However, if the mechainis~n of aclsorption changes, the value of I< 
\ \ r i l l  change. Thus as have shorvn (6) I< n-ill have clilierent values for a given 
solicl structure \>;hen the voicl volume is fillccl I\-ith liquid unclei- a ~~nifornn 
pressure ( e . ~ .  extreme cases of capillar3- condensation) as con111a1-ed \\it11 the 
case n~hci-e the aclsorbatc is condensed in la!-ers upon the surface. 

Adsorption a7ld Adsorp t io?~  Hysteresis 
In general ~vhen consiclerable aclsorption occui-s, the appai-ent potential 

of the surface is modifiecl b ~ .  ~nolecular interactions of the adsoi-batc, i.c.. the 
"potential" is a function of the equation of state of the gas. if  the gas is 
condensable, liquid-gas interfaces \\,ill iorm ancl these intcrfaces introcluce 
aclditional "potenti;llsn of position which must be combined with the surface 
potcnt.i;~ls. I-Ionrever, as long :as the isotherm represents a pat-11 of thern~o- 
clynamic. reversibi1it)-, thc mean volumctric pressure of thc aclsoi-/)ate nrill be 
given 1,). E q ~ ~ a t i o n  1.21 of Part I .  

The formation of adsorbate liquicl-gas iilterfaccs inla!. lead to irrever-sil)lc 
nclsorI~tion. The aclsor~~tion 1nech:wism commonly referred to as "capillar). 
condens;ation" is inherentll- a thermoclj-i~a~nicnll!~ irreversible process. \VhiIc 
the t11erinocI~-namics of 11)-steresis mncl I-eversible ancl il-1.cversible adsorption 
have been 1:reated b?; Hill (8) ancl othei-s  sing- s tat is t ic~~l  inechanical n~oclcls. 
tlierc are n num1)er of inferences that can I)e dra\vn from IILI~-C~\.  thermod>-nanlic 
considerations n-hich are i~nportant ancl cl~iite incle~~c~~clcnt of any modcls. 

< .  I he usual methotl oi measurii~g aclsorptioi~ isothcrn~s is to expose the 
initially evacuatecl ntlsorbent to sources of constant gas ~~ressurc.  When ccluili- 
I~riurn is nttai~led a t  each pressure, t-he thermocl>-nannic potentials of the g ; ~  
ancl adsorbate are the snme, thus a F l d n z : ,  thc partial molar free enel-g!. or 
thei-mocl!~i~a~~~ic potei~tinl ot' the aclsorl)ntc, e q ~ ~ n l s  d F / d m , ,  thc t11eri1noil)-nilnlic 
potential of t-hc gas, and in each case, 

T h i s  cl.ssrb~ire.s llrcrl l l ~ e  coi~~pressibi l i ly  o j  l l ~ e  solid is 111l&r)iz (17~d 1101 c l ~ t ~ ~ ~ g i ~ d  Oy lhl' (~ .d .sorpl io~~.  
Eden wlrere l l ~ p  J ~ I ~ I ~ c I I I I ~ ~ ~ ( I ~  eqz1(~liotl~ are slriclly c~pplicnblr,, i.p., 7ulrrre l h ~  crdsorOe111 c1~a11,qi.s 
only i n  sll~le O ~ S ~ ~ C S S ,  il' f l ~ c  a c c o ~ ~ ~ p a n y i ~ r f i  cI~a?i,cc it/ .  ~ ~ I Z L I I I P  is 1(1r:e, 0 zwill bt' ~ l e i l l ~ e r  ~ o r i j o r ) ~ ~  ?lor 
co?zsln?ll. 

"The vcllidily tj' Bg l in l io~~ .  [!+I w a y  bc considared ns n cri ler io)~ ]'or .jrldgi?lg 1111, ivllidily (!/' l!li. 
pole)ilic~l lhcory o j  nctsorplion. I f  Eqrlalio)~ [!+I i s  oc~lict l l ~ e  s i~rjacc Jorccs hekaue a s  (1 "poloirti(~l". 
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FLOOD: TIIERMODYNAMIC COSSIDERATIOSS 

and in the case of the gas, 

If the adsorbate behaves as a single component complex so that the volume - 
of the adsorbate has a physical meaning, 

However, all of these relations assume that sl or ml (the mass adsorbed) and 
hence that F and p are known as functions of or that pl  is lcnown as a 
function of nzl. If the equilibrium gas pressure is anywhere a decreasing func- 
tion of ml ,  say a t  nzll, the system \vould be mechanically unstable when con- 
taining the Inass mll and \vould spontaneously fill  irreversibly to  some value 
m p .  The equilibrium pressures and hence the potentials corresponding with 
the filling would not be observable in this case under ordinary experimental 
conditions. Such mechanisms as the "Cohan" (3) or ally other "capillary 
condensation" mechanism \vould lead to such results. 

Suppose, for example, that the equilibrium gas pressure as a function of the 
I mass adsorbed has the form shown in Fig. 3.1° line CF is the only linen 

along which the mass may increase a t  constant pressure and give the correct 
value of AP'. If the filling is premature, i.e., occurs a t  lower pressures along the 
line BE, the apparent obscrvecl value of AF from pl = 0 to some poi~lt p l=p l l  
will be too large, while if the filling occurs a t  higher pressures, e.g. along DG, 
the apparent value of AF will be too s~nall. 

If pl(ml) has the form shown above, and the adsorbate behaves as a single 
component conlplex regardless of mechanism of adsorption, pa" the adsorbate 
pressure, mill be a function of pl having the form shown in Fig. 4.lYThe point 
C of Fig. 4 corresponds with the line CF of Fig. 3. If the adsorption actually 

lopl(nl l)  i s  ass2~med as lneasz~red i n  a snzall co)tsta?~t srolz~nte apparatns. pl(vzl) ca~tlrot, of course, 
have a n y  s ~ ~ c h  forrla zalze)~ e.vposed to sot~rces of ntl at co?tstattt pressz~re. 

"TILE position of C F  is obtai7aed from a plot of V I  agnilrst p~ z ~ s i ~ z g  A.lnxzaell's rule of ep~lal areas 
(cf. I-Fill (8)) .  

l2Assrrtrai)~,o szritable relathe maglritzides of correspo)~rEitrg gas and adsorbate de~rsities. 
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followed the curve of Fig. 3 the coi-responding adsorbate pressllres ~ \~ould  
follo~v the curves A D ,  DE, EH in Fig. 4. If the aclsorptio~l follo\vs the path 
ABEI-I of Fig. 3 the corresponding path in Fig. 4 \vill be ABEII.  If the 
adsorption follows ADGN of Fig. 3 the atlsol-bate pressure n~ill follo~v ADGN 
of Fig. 4. In the former of, the irreversible cases the adsorbate pressures will 
become negative, \vhile in the lattcr case they will be positive throughout. 

I t  is to  be emphasized that pa" the adsorbate pressure, can only beconle 
negative on adsorfition if the fillillg occurs a t  equilibrium pressures below the 
line CF.  If the filling occurs along C F  or a t  pl-cssures above C F ,  p,"will be 
positive. In order that the adsorbent, if reasonabl3. isotropic, contract on 
adsorption, i.e., on increasing the equilibriunl pressures, the net adsorbate 
pressure must become negative and this can only occur ii the filling occurs 
irreversibly along a path lying belo~v CF.  The fact that in some cases quite 
appreciable contractions are observed in the lo~ver pressure regions of increns- 
ing pressure indicates that fil(ml) is a decreasing function of 7?2l in these 
lower pressure regions. This may be co~ l s t r~~e t l  as evidence of the existence of 
"capillary co~ldensation" or of some equivalent nlechanisnl such as the "t\vo- 
dimensional condensation" of Pierce (13). 

When the filling of the adsorbate voluille is irreversible whether above or 

below the line C F  the observed "AF"  (i.e. ol dP1) is not an accurate measure .f 
of the actual A F  of the adsorbate ant1 the application of therinodynamic 
relations based on such values of AF will be in error. Such errors are to be 
expected when liquid-vapor surface tensiolls are high. 

While as pointed out by Hill (8) we would  lori in ally expect that irreversible 
transitions woultl be delayetl (i.e. occur above C F  of Fig. 3) the fact that 
contractions are observed on increasing pressure paths indicates that these 
transitions are premature (i.e., occur below C F ) .  The absence of appreciable 
hysteresis in these regions together with the fact that contractions on tlesorp- 
tion and adsorption are of much the saxlle magnitude indicates that on de- 
sorfition the transition is delayed. This apparently anomalous behavior may 
be due to the difference in sign of the temperature effect of adsorption and 
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FLOOD: TIIERhIODYNAMIC CONSIDERATIOSS 999 

desorption. Thus i f  the hypothetical constant pressure (P,~') line a t  the higher 
temperature lies below that a t  the lower temperature (e .6 if dp,'/dt is negative 
in these regions (cf. Coolidge (4)) the transition maj7 occur, as expected, 
above the line corresponding to the actual temperature of the adsorbent, the 
adsorbate pressures being positive a t  the adsorbent temperature but becorning 
negative on cooling to the isothermal bath temperature. The reverse tempera- 
ture effect u~oulcl be expected on desorption and thus tend to equalize the 
aclsorption and desorption states actually obtained. 

In general, if the actual quantity of rnaterial per "site" "area" or "pore" 
for which pl(ml) has the form of Fig. 3 is very small, filling of these sites 
irreversibly may be controllecl by minor differeilces in experimental procedures. 
I n  addition there may be little apparent dilfel-ence between aclsorption ancl 
desorption isotherms, depending on the clistribution of pressures corl-espo~lding 
to CF lines for the various sites. If, ho\vever, the quantity of material is large 
so that there are large clifferellces ill lnass ml per site as CF is traversed, 
filling of these sites mill in general occur a t  pressures above CF and the ernpty- 
ing (clesorption) occur below CF. This will, in general, leacl to marked hystere- 
sis. I n  the estrcnle case of the filling of large void volumes, such volu~nes will 
fill with liquicl only a t  pressures above saturation but the liquid will persist 
consiclerably below saturation if separated from the equilibrium gas by small 
pores. If appreciable areas of liquid-vapor surfaces having appreciable positive 
tensions are formed along paths of increasing pressures some irreversibility 
lnust be involved. Where a considerable mass of adsorbate is under a net 
negative pressure clue, say, to capillary condensation and where this con- 
clition is reachccl along a path of increasing gas equilibrium pressures, the 
ir~-eversibility will be large ancl AF quite different from the observecl value of 

[op'vI dpl. Under these circumstances f l o V  as measured by the observecl value 
- 
of ap1 \\;ill be seriously in error anel is apt  to be of the wrong sign. The meall 
adsorbate pressure, in some cases, may be estilnated by adcling "Kelvin" 
adsol-ption ancl "reversible" adsorption, but in general these pressures are not 
aclclitive quantities. 

I t  is quite possible for the adsorption isotherm to  represent a path of almost 
perfect thermodynamic reversjbility from zero gas pressures up to saturation, 
and that a consiclerable part of the desorption branch also represents such a 
path even nrhen the h~rsteresis is large, so that the two thermodynamically 
reversible branches are \videly clillerent. In this case AF and fl,"an be correctly 
calculated from the observecl clata along the two reversible branches. Of 
course, the desorption curve must eventually meet the adsorption curve a t  
lower relative pressures ancl hence involve considerable irreversibility in these 
regions of the desorption branch. 

In general where the theoretically reversible continuous curve pl (ml) 
has negative values of dpl/dnrl, observed I-eversible isotherms will be stepwise. 

Finally if pl (ml) is nowhere for any site (area or pore) a decreasing function 

of nzl, AF will be given accurately by vl dpl applied to  the equilibrium gas SoP' 
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and gar by l ' p a / p l  d p ~ ,  or a$,, quite regardless of whether l i q i ~ i d v a ~ o r  

interfaces of any  form are present or not. In such cases the "tension" of 
any liquid-vapor interfaces must be negative, i.e., pressures in these sur- 
faces must be positive. 

The  validity of the Polanyi (14) potential theory of adsorption is commonly 
based on the ability to calculate adsorption isotherms of a variety of gases a t  
various temperatures froin the characteristic curve for one representative 
gas. This, of course, involves the assuinptions that  the "potential" of the surface 
is the same for each gas and is indepe~lclent of the temperature. I t  assumes 
that  the equations of state of the gases concerned are lcnown reasonably 
well. Although there are many exceptions, it is indeed surprising to  what 
an extent these rather violent assumptions have been confirmed. Without 
any reservations concerning the nature of the potential field, if Equation [4] 
above is valid it constitutes strong evidence of the essential validity of the 
Polanyi the or)^. Thus our previously rcported expel-irnelital I-esults may be 
taken as confirmation of Polanyi's compressed fill11 hypothesis McBain's 
(12) "disproof" of the potential theory was based on considerations of adsor- 
bate pressures. Some of the fallacies in McBain's "disproof" have been pointed 
out by Brunauer (2). Our results indicate that  such considerations instead of 
contributing to a "disproof" of the compressed fill11 hypothesis" lend very 
considerable support to it. Adsorption equilibrium is, of course, thermo- 
dynamic equilibrium. Accordingly, in its broadest sense, the "potential" 
theory is necessarily correct. We usually limit the "potential" theory of 
adsorption to  processes where the adsorbate may be regarded as a single 
substance and thus distinguish "physical adsorption" from chemical reaction, 
and from solution. In  its most restricted sense the "potential theory" is 
limited further to  those cases where the "surface potential" is constant. The 
principal weakness of the potential theory of adsorption lies in its generality, 
since even in its most restricted form almost any type of adsorption isotherm 
can be consistent wit11 it, a s  has been sho\\rn by many authors. Even if we 
assume tha t  a condensable gas obeys the ideal gas law exactly, below the 
saturation pressure, and tha t  above saturation it is an  incompressible liquid of 
density unity, ignoring liquid-vapor interfaces a great variety of isotherm 
shapes can be generated depending on the form of the volumetric clistribution 
of the "potential" of the surface region as well as upon the magnitude of the 
niean potential with I-espect to RT.13 

13Let V ( n )  d n  be the volume of tlze sz~rface regioi~ lzaving a potential lying bctweez .Q e n d  d n ,  
and let 

v ( n )  = V./IL) n C - ~ C ,  o <  n S w .  
Tak ing  v. as  4 cc. per gram of adsorbent elzd neglecting the coizcentration of napor, one gets 

- N/?12 = a ( p / p s ) a [ l  - I O ~ ( ~ / ~ , ) ~ I  
where a = 2 R T / p n .  Fig. 5 slrozus n plot of this  epr~at io?~ for vnrioz~s valz~es of ( L .  Evidenlly 10 
deter?i~inc ~vlzetl~er or izot erzfierinlental points fall orz szrclz czlrves or o n ,  say, a Frer~ndliclz cl~rve, 
tve lizz~st be very sure of ihe experiine?ztal data and resort to ratl~er elaborate n~athernatical atzalyszs 
of tlrcse data (cf.  IJonig (9 ) ) .  
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Since w e  canno t  deduce  a n  equa t ion  of state of a single homogeneous 

subs tance  f rom purely t he rmodynamic  considerations, it is ev ident  that we 
canno t  deduce  a n  adsorpt ion i so therm f rom such  considerations. All so-called 
"thermodynamic" der iva t ions  of adsorp t ion  isotherms a r e  based e i ther  

direct ly o r  illdirectly o n  assumed e q u a t i o ~ l s  of state of both the equil ibr ium 
gas a n d  the corresponding adsorbed  material .  
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OXIDATION O F  ALKENES BY MERCURIC SALTS1 

ABSTRACT 
The 0-osymercurials of cyclohesene, 2-methyl-I-phenylpropene-I, and the 

geoisomers of stilbene have been shown to  be the intermediates in the oxidation 
of these alkenes by mercuric nitrate ant1 other salts, ~isually in methanol. 'l'hese 
intermediates are stable in  the osidation environment ant1 their alkosy groups 
appear illtact in thc osidation product; indeed organomercurials without vicinal 
allcosy groups are likewise oridizcd. The rcaction protlucts from allce~lcs in . 
methanol are 1,2-dimethosyethanes, 1,l-tlin1etl1os~ethanes, and (with nlercuric 
nitrate) 1-111ethosy-2-nitrosyetl1anes, formation of the latter being most rapitl. 
The osidation is stereospecific, each gcoisomer yielding its characteristic dia- 
stcreomeric protl~rcts. I t  is catalyzed by acids such as nitric acid but not by 
nitrate ion, though neither affect thc ratio of procluc~s. This over-all second-order 
reaction, k t - o r t l c r  in orgnnomerc~~rial and Lirst-order in mercuric salt, becomes 
ovcr-all first-order with mercuric acetate when it  is catalyzed by boron fl~roritle. 
Combination of the catalyst with the organoinercurial must be rate-controlling. 
The similarity of the oxitlation ant1 the acid decomposition reactions of organo- 
mercurials is discussed. 

The oxidation of allcenes by mercuric salts is not a new reaction (3, 2, 25) 
but interest has recently been revived because of its application to sterol 
dehydrogenation (4, 5 ,  38, 39). A meclianism for the sterol dehydrogenation 
has been proposed involving a "mercurinium ion" (33) but it seems to  be 
inconsistent with the observed formation of mercurous salts rather than 
metallic mercury. On the other hand, another mechanism has been sug~ested 
(11) for the oxidation of cycloalltene by mercuric salts (20, 36, 37) which does 
not take into account the equilibration: 2HgOAc I l g f H g ( 0 A ~ ) ~ .  Neither 
mechanism is consistent with the earlier observations that two equivalents of 
mercuric salt are involved in the oxidation of an alkene to an allcadiene or an 
allcenyl ester as well as to a glycol derivative (7) or rearrangement product 
(10, 30). 

The consun~ption of two equivalents of mercuric salt per equiva le~~t  of alliene 
was confirmed by Broolc and Wright (10) who also proposed a mechanism for 
the conversion of cyclohesene to forrn~~lcyclopentane not illvolving the inter- 
mediacy of an oxyn~ercurial. These workers thought that an oxymercurial 
could not be involved because "hydroxymercuration with n~ercuric nitrate is 
not a significant reaction in water". \Ye have now found this statement t o  be 
incorrect. 

The error of Brook and Wright lay in dilution of their reaction aliquots with 
excess aqueous sodium chloride. 'The hydrochloric acid generated in this way 
decomposed the mercurial. Alternatively if cyclohexene is mixed with an 
equivalent each of mercuric nitrate and nitric acid (1 molar) and diluted after 
10 min. into one eqz~ivalent of cold aqueous sodium chloride a maximal 80% 
yield of 2-hydl-oxy-1-chloromercuricyclohexane may be isolated. The equi- 
librium is shifted to afford a 63% yield when the system is 2 molar in nitric 
acid. 

'dFantrscript received .Tn?l>~nry 21, 1965. 
Contribz~tio~zfro~r1 the Chemical Laborntory, U~~iuers i ty  of Toronto, Toro?zto, 07~tnrio 
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SHEARER AND WRIGHT: OXIDATION 1003 

Kinetic studies* show that the oxidation of cyclohexene by two equivalents 
of aqueous mercuric nitrate proceeds through the intermediate mercurial, and 
that the over-all second-order kinetics are first-order in respect of mercurial 
and of mercuric nitrate, i.e. the oxymercuration of the alkene is so fast that the 
subsequent oxidation is rate-controlling. Table I shows, by comparison of 
Expt. 1 with Expts. 2, 3, and 4, that the rate is enhanced by addition of 
nitric acid, but the effectiveness does not increase in direct proportion to  the 
concentration. Expt. 5 has been carried out with an excess of mercuric nitrate 
and the rate has been calculated by the expression 

kt = [2.303/(a-b)] log [b(a-x)/(a(b-x)}], [i 1 
where a is the concentration of mercuric salt after mercuration i s  assumed to 
have occzlrred, and b is the concentration of inercurial assumed to form instantly 
a t  zero time while a-x  and b-x are corresponding values after certain time 

'TABLE I 
RE.\CTION OF CYCLOHlISBliR WITH AQljEOUS MERCURIC NITRATE ZIT 25.010.1°C. 

YIolarities after 
Initial molarities mercuration Second-order % 

Espt. rate constant Investi- 
No. WIercu- k(1. moles-1 min.3) gated 

IIg(NO3)r CaHlo H1\;03 Hg(N0a)n rial HN03 

.0476i.0017 57.7 
,0489 1 . 0 0 3 6  GO. 1 

3 .50 .25 1 .5  .25 .25 1.75 .0505i.0014 62.0 
4 .50 .25 2.0 .25 .25 2.25 .0520&.0043 69 8 
5 .50 ,125 1 .0  ,375 .125 1.125 .0447+.0043 75.0 

intervals. Agreement of this rate constant with that obtained from systems 
containing a comparable amount of nitric acid (Expt. 2) shows that the rates 
are independent of cyclohexene concentration because the allcene is very 
rapidly converted to the mercurial. These results are valid for about 607' of 
the reaction, after which the ]-ate falls off ma]-kedly. The deviation from simple 
second-order kinetics is not unexpected since the isolable yield of product, 
formylcyclopentane, has never exceeded 45910 of theoretical. 

'This oxidation of cyclohexene is not limited to use of aqueous mercuric 
nitrate alone. The reaction proceeds in methanolic mercuric nitrate solution 
(two equivalents with one equivalent of both cyclohexene and nitric acid, each 
0.25 molar) but 41 hr. are required for 65% of oxidation, in contrast to two 
hours for 60% of oxidation in the aqueous system. I t  inay be significant that  
the intermediate methoxymercurial is a more stable compound than the 
hydroxymercurial which is intermediate in the aqueous system. The product 
from the methanolic system seems to be the dimethylaceta1 of formylcyclo- 

"-4 referee has adversely bzrt correctly pzlestio?~ed the value of kinetic data based o?z this conlplex 
reaction which i s  ?zot in stoiclzion~efric bala?lce, mid i?z  whiclz the lii?rited a?znlytical precision 
preclztdes wide variation i l l .  reagetzt concentration. Indeed the kinetic studies o~z ly  have valzze in so 
far as the same conclusio?zs call be drawl  from esperi?ne?its usi?lgfour different alkefzes. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
1.

38
.3

6 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1004 CAKADIAN JOURKAL OF CHEMISTRY. VOL. 33 

pentane according to the sluggish reaction with 2,4-dinitrophenylhydrazine. 
The same product is obtained when 2-methoxycyclohexyln~ercuric nitrate is 
treated with mercuric nitrate in methanol. 

The conversion of cyclohexene to formylcyclopentane is not limited to use 
of the nitrate salt. A 45% combined yield of the aldehyde and cyclopentane- 
carboxylic acid is obtained with mercuric sulphate and molar sulphuric acid; 
the reaction is comparable in rate with that of the nitrate salt, but is difficult 
to  follom lrinetically because mercurous sulphate precipitates during the reac- 
tion. The reaction is much slower in aqueous mercuric benzenesulphonate 
containing beilzenesulphonic acid, but the same products are obtained. Thus 
the anion can be varied within limitations (chloride is ineffective and acetate is 
unduly slow). But the mercury is necessary. Nitrate salts of barium, cadmium, 
copper 11, iron 111, lead, zinc, and bismuth are ineffective in the oxidation 
either of cyclohexene or of its oxymercurials. 

The oxidation study has been extended to 2-methyl-1-phenylpropene-1 (I). 
This compound has previously been methoxymercurated. The 2-methoxy-2- 
methyl-1-phenylethylmercuric salt thus obtained has been converted by means 
of iodine or bromine to  substances which essentially are oxidation products 
of the alke~le (6). The action of methanolic mercuric nitrate on 2-methyl-1- 
phenylpropene-1 or 2-methoxy-2-methyl-1-phenylethylmercuric nitrate (VI) 
does not produce two of these products (3-phenylbutanone-2 and 2-methyl-2- 
phenylpropanal) but the third, 1,2-dinlethoxy-1-methyl-2-phenylpropane (11), 
is obtained in fair yield. Additionally the mercuric nitrate oxidation yields a 
higher boiling compound, seemingly 2-methoxy-2-methyl-1-phenylpropyl 
nitrate (1111, since it gives a positive diphenylamine test for nitrate and is 
reduced by zinc and acetic acid to a 71% yield of 2-methoxy-2-metllyl-1- 
phenylpropanol-1 (IV, characterized as its p-nitrobenzoate). Although pre- 
viously reported (35) this alcohol actually was unknown (6). However it has 

CGHF,-CH-C(CH3)z 

OCI13 OCH3 

I1 

CsHr-CH-C(CH3)? 
I 

\ ONO? OCHs 

" I  Zn+Fe 

HOAc 

CsH,--CH-C(CH3)? 
I I 
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SMEilRER AND WRIGIIT: OXID.-\TIOX 

TABLE I1  

RT:ACTIOX O F  ~-PHENPL-~->IBTIIYL~~ROPEKR .\ND OF ~ - P I I R K Y L - ~ - L I E T I I O X Y - ~ -  
,\IETI3YL-PROPYL>IERCURIC KITRATE WIT11 MERCURIC NITRATE I N  AIETIlANOL 

I n i t i a l  m o l a r i t i e s  Y i e l d s ,  % 
Espt. Time Ratio, 

No. Al- b I e r c u -  70% (hr.) D i m e t h y l  N i t r a t e  n i t r a t e  e s t e r :  
kcnc r ia l  Hr(N03)T HN03 e t h e r  e s t e r  Total total y ie ld  

now been identified by oxidation to the ltnown 2-methoxy-2-methyl-I-phenyl- 
propanone (V) . 

The relative yields of I1 and I11 from either the alltene I or its mercurial VI 
are shown in Table 11. The apparent augmentation of I11 is due to incomplete- 
ness of Expt. 1 and not to presence of nitric acid. I t  is shown clearly in Fig. 1 
that the ratio of I1 to I I+ I I I  is related to duration of reaction; i.e. nitroxyla- 
tion is faster than methoxylation. Although nitric acid is ineffective in changing 

THE PRODUCTION OF NITRATE ESTER 
INTHE REACTION OF I-PHENYL-2-METHYLPROPENE 

WITH MERCURIC NITRATE I N  METHANOL 

0 Hgf '0 .25M,ALKENE 0.125M 

d H g f + 0 . 2 5 M ,  ALKENE 0.125M.HN03 0.25M 

PLOTTE D 

R =  (%NITRATE ESTER)/(Y~REACTION) 

VS.% REACTION 

0 I I I I  I l l  
0 2 0  40 6 0  8 0  100 

X REACTION 

the ratio of nitrate ester to ether, i t  does increase the rate of reaction. This 
effect is shown by the first four experiments in Table I11 in which the rates 
have been calculated on the assumption that formation of the oxymercurial 
VI is virtually complete a t  the onset of oxidation. Then if b is the initial 
concentration of this mercurial VI and a is the initial concentration of mercuric 
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1006 CANADIXN JOURXAL OF CIIEMISTRY. VOL. 33 

nitrate after mercuration, the rate may be calculated according to equation [i] 
where x is extent of oxidation a t  time t .  The comparable rates of Expts. 3 and 4 
indicate that this assumption is approximately true; further the data show 
that the oxidation is first-order in mercurial and first-order in mercuric nitrate. 
The effectiveness of nitric acid may be due to its acidity since the over-all 
second-order rate is enhanced markedly by addition of water to the system 

RE.zc~ros O F  ~ - P H E N Y L - ~ - U E T H Y ~ ~ P R O I ~ E N B  \VITH XIGRCURIC NITRATE I i i  hlETHINOL 
AT 2j°C. 

Initial Molarities after 
molaritits mercurat iol~ Molarity Second-order % 

Exot. of other specific rate Investi- 
No. Mercu- reagents k (I. moles-' min.-1) gated 

I-Ig(XO3), Alkene HNOJ Hg(NOx)? rial I-INOX 

(Expt. 5 ) .  I t  may be noted (Expt. 6) that  nitric oxide is inelfective in alteration 
of the rate. 

The complexity of the reaction is indicated by oxidation of 2-methyl-l- 
phenylpropene-1 with two equivalents of other mercuric salts. Aqueous 
mercuric sulphate in two days gives a 70% yield of 2-methyl-1-phenylpro- 
panediol-l,2 and no sulphate ester although aqueous mercuric nitrate seems to 
yield a compound not the diol (to be reported in detail in the future). Methan- 
olic mercuric trifluoroacetate in two days gives 50y0 of 1,2-dimethoxy-1- 
phenyl-2-methylpropane contaminatecl with a trace of 3-phenylbutanone-2. 
Riethanolic mercuric acetate does not react appreciably with 2-methyl-l- 
phenylpropene-1 until 0.5 equivalent of boron trifluoride etherate is aclded. 
After the rapid oxy~nercuration is complete the subsequent formation of 1,2- 
dimethoxy-1-phenyl-2-methylpropane is first-order over-all ( k  = 1.16 X lop3 
min.-I), as if co-ordination with the boron fluoride were the rate-determining 
step. 

Some years ago the oxidation of the 2-methoxy-1,2-diphen~71ethylmercuric 
chlorides was reported (7) and these studies have now been elaborated by use 
of pure cis- and trans-stilbenes" as well as their oxymerc~~rials. Each of the 
geoisolneric alkenes yields, besides the original allcene, three characteristic 
crystalline products as well as a common oil, 1,l-dimethoxy-2,2-diphenylethane 
(XIII) ,  when each is treated with two equivalents of methanolic mercuric 
nitrate. 

*The  questio7t of cis-stilbe7re purity has always been vexing. illtlzough lltis geoisoiner Rns zrszrally 
been tltoz~glzl to 71zelt below 0 ° ,  Bracknzan and Plesch rece?ttly (8)  reported tltc ntelti?tg poiltl to be 
5 4 ,  decreasi7ig to 0.62' with age. 11la~ty  years ago ntaterial of high 7izelling po i~ t t  was available 
i l t  our laboratory but sz~bseque7ttly could ?tot be obtai7ted. Now we  ltave foztizd lltczt pztre ( 4 0 )  cis- 
stilbene (which i s  best obtai7ied zuithozrt distillation of the ?izerczrrial dccotnposition prodz~ct) is  
ditnorphic. Tlie form uiost readily obtained ?nelts at  -24 to -23' (uncorr.) blrt w h e z  this melt i s  
seeded with cis-stilbene, 7n.p. 1.5-5.0" (zlncorr.), i t  resolidijes a7td then 71telts elttirely at tlie lrigher 
tenzperatztre. 
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I I I 
C6H5-C=C-CgHg .- 

VII 
1 H H XI1 

trans- 
( d l ,  l d )  

OMe 
I M e O H  

-+ 
I H+ 

OMe 
XI11 

H H M e 0  H 
I I I I 

C6H5-CSC-CgH5 -+ C H C-C-C6H5 
( j 5 - 1  I 

VIII XV H  OM^ 

0 
I1 

( c 6 % l 2  CH-C-H + DNPH 

XIV 

HO H 
M e  I I I 

< z  c H C-C-C6H5 

A 6 2 0  6 5 - ~  H OH I 
XVI 

( d d ,  11 1 
XVI I 

( d d ,  11 1 
XVI I I 

These products are listed below in the order that they are separated by 
elution from an alumina column by frontal displacement: 

Fro111 cis-stilbene From trans-stilbene 
(VIII) cis ( I )  stilbene trans (VII) 
(XVII) dd,ll  (2) 2-methoxy-1,2-diphenylethyl nitrate dl,ld (IX) 
( I )  dl,ld (3) 1,2-dimethoxy-l,2-diphenylethane dl,ld (XII)  
(XI I I) (4) diphenylacetaldehyde dimethylaceta1 (XIII) 
(XV) dd, l l  (5) 1,2-dimethoxy-l,2-diphenylethane dd,LL (XV) 

The cis-stilbene is conveniently identified by methoxymercuration with mer- 
curic acetate while trans-stilbene is identified by mixture melting point. The  
two diastereomeric nitrate esters, only one of which is obtained from each 
geoisomeric stilbene, were hitherto unknown. They have been identified by 
analysis and by catalytic hydrogenation with palladium-on-charcoal (24) to 
the diastereomeric 2-methoxy-1,2-diphenylethanols which in turn have been 
configurationally characterized. The (d1,ld)-methoxydiphen~~letl~anol (X) (19), 
which also is obtained almost quantitatively by Raney nickel reduction of 
benzoin nlethyl ether (XI) ,  is converted by Purdie methylation to the con- 
figurationally-known (d1,ld)-l,2-dimethoxy-l,2-diphenylethane (XII)  (19). 
The (dd,ll)-methoxydiphen~ilethanol (XVIII),  which may also be obtained b>- 
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fractional crystallization of the diastereomeric mixture from aluminum 
isopropoxide reduction of benzoin methyl ether (XI) ,  is likewise related by 
methyl iodide -silver oxide methylation to  the ltnown (dd,ll)-l,2-dimethoxy- 
1,2-diphenylethane (XV) (13). Finally the 1,l-dimethoxy-2,2-diphenylethane 
(XI 11) , which obviously arises by 1,2-rearrangement in these systems, is 
identified by analysis and by conversion to  the 2,4-dinitrophenylhydrazone 
of 2,2-diphenylethanal (XIV). 

TABLE IV 
A COMPARISON OF T I ~ B  REAc,rross OF cis- AND Iratzs- STILBBNFS WITII 

h IERCURIC NITRATE I N  >IETIIANOIA 

Per cent yields oi  products Fraction oi  total products 
T i m e  Recovered 

i l lkene (111.) dl.ld dd,ll  Nitrate alke~ie,  dl, id dd.11 Nitrate 
I3tlier Ether ester Acetal Total  % Ether Ether ester Acetal 

(dd.11) 
cis- 48 2.5 10.7 37.8 39.0 90.0 1 .2  ,035 .17 .39 .41 

11 1 .0  19.1 31.2 34.6 88.9 3.7 ,011 .21 .38 .39 

The  yields of these oxidation proclucts froin cis- and trans-stilbenes are shown 
in Table IV. The  stereospecificity which completely gives dd,ll-2-methoxy-1,2- 
diphenylethyl nitrate (XVII) from cis-stilbene and the d1,ld diastereomer (IX) 
from trans-stilbene is also preponderant for the 1,2-dimethoxy-l,2-diphenyl- 
ethanes although a yield of 2-3% of the dl,ld diether (XII)  arises from VIII.  
Also I-2% of dd,ll diether (XV) arises from trans-stilbene. Both render stereo- 
specificity incomplete. However in large part these oxidation products are 
characteristic of over-all apex-base (tmns) addition t o  the geoisomers. 

Recovery of alliene as  shown in Table IV is much greater when trans- 
stilbeile is oxidized, by contrast to  the cis geoisomer. But this might be ex- 
pected if the inethoxymercurials are intermediates in these oxidations since 
the oxymercuration of trans-stilbene has been shown (40) t o  be less complete 
than that  of cis-stilbene. Finally one may note in Table IV that  the ratio 
(0.68) of acetal yields for tram- versus cis- stilbene is roughly inversely pro- 
portional to  the ratio (0.72) of the diether yields from cis- versus tram- stilbene. 
By contrast the ratio of nitrate ester yields is 0.9. This contrast may be due 
to  the more rapid formation of nitrate ester versus diether if methoxylation 
must compete with relatively slow 1,2-rearrangement. 

Addition of nitric acid to  the system comprising methanolic mercuric nitrate 
and each of the stilbenes accelerates reaction with the cis geoisomer and 
retards it with the trans form although, as is shown in Table V, the ratios of 
product yield are essentially unchanged. I t  is probable then that nitric acid 
exerts a dual effect by accelerating the oxidation of the intermediate oxy- 
mercurial but  also by decreasing the equilibrium concentration of the oxymer- 
curial. The  favorable equilibrium of the cis-stilbene system favors the first. 
effect, while the adverse equilibrium in the trans-stilbene system is accentuated 
owing to  the latter effect. 
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SI-IE.-\RER A N D  LVRIGI-IT: O S I D A T I O S  

.ADDITION OF NITRIC .\CID TO METIIASOLIC STSTELIS 0.26 JIOLAR I N  
J IERCURIC NITRz\TI< AXD 0.125 JIOL:\R I X  STIL.UESES 

% Yield of products Recovered yo of total product 
Geo- Molarity Time, stilbene. 

isomer IIN03 l~r. Ether Ester Acetal* Total % Ether Ester hcetal 

cis 0 11 19 34 36 89 4 2I 39 40 
C I S  0.25  4 19 34 35 88 fjt 22 38 40 
lrans 0 40 22 34 23 79 11 28 43 29 
t raxs  0.25 88 16 31 18  65 14 2-1 48 28 
lrnlrs 0.50  88 14 27 19 60 14 2-k 45 31 

'TILE snzc~ll y i e l d  of ? l o ? t p r c p o ~ i d e r a ? z t  ~ t h e r  has bee l l  z ? ~ c l z ~ d e d  w i t l ~  t l ~ e  acetal. 
t R e c o v e r e d  s t r lbe?ze I~ulf t r a l r s .  

REACTION O F  ~ ~ U ? I S - S T I L B E X E  W I T H  XIERCURIC NITRATE I N  XIETIl:\XOL 
EFFECT O F  VARYIXG T H E  CONCENTR4TION O F  RE:\GEXTS 

Initia! molarities 
- 

Per cent yield of products yo of total product 
Time, Recovered 

lra?rs- hr. alkene, 
Hg(N0s)a Stilbene Ether Ester Acetnl Total % Ether Ester AcetaI 

The clata of Table VI show that the ratios of products are practically 
unaffected by fourfold variation in the concentrations of trans-stilbene and 
mercuric nitrate in methanol. Lilcetvise the augmentation of ionic strength by 
inclusio~l of lithium nitrate (Table VII) does not affect the yield of d1,ld-Z- 
methoxy-l,2-diphenylethyl nitrate (TX) until the concentration is very large, 
but it  does alter ~narlcedly the ratio of cliether (XII) to acetal (XIII).  This 
effect is not unexpected when a 1.J-rearrangement is involved, and the relatively 
sloxv methoxylation ought to be affected more than the rapid nitroxylation. 
The effect of added lithium nitrate does seem to show that methoxylation and, 
especially, nitroxylation are not directly dependent on the ionic species. 

'TABLE \TI1 
REACTION O F  0.625 AIOLAR t r a n s - S T I L B E N E  AND 0.13 LIOI,:\R XIERCURIC 

NITRATE Ih' hlT:TBr\SOL W I T H  ADDED LITTIIUXI NITRATE 

Per cent yields of protlucts 7' of to t ;~ l  ~)rocluct 
hlolal-iiy Timc, Recovcrecl 

L i N 0 3  hr. Etller Ester .\cctal Total all;enc. % Ether Estcr -1cetal 

Before kinetic studies of the stilbene osiclatio~~ are considered it seems advis- 
able to establish unequivocally that the oxymercurials are intermediate in the 
reaction. This has been done in three different mays of which the first is a 
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demonstration that  orgallomcrc~~rials in general are oxidized by mercuric 
salts of oxy acicls. When benzyl~nercuric nitrate in methanol is shalien with an 
equivalent of mercuric nitrate for 40 hr. the products are mercurous nitrate, 
a 46y0 yield of benzyl nlethyl ether, and a 15y0 yielcl of benzyl nitrate. Toluene 
in this environ~nent is unaffected, so the reaction does not involve hyclrolytic 
clecon~position of the mercurial. Actually hyclrolysis nlay be deleterious t o  the 
oxidation since the less stable sec-butylmercuric nitrate gives only a 5y0 yield 
of sec-butyl nitrate and no other product. 

Seco~ldly it can be shown tha t  the oxymercurial is formed rapidly under the 
conclitions of oxiclation. When cis-stilbene is treated with two equivalents of a 
0.125 molal- methanolic solution of me]-curic nitrate for 10 min. ancl then 
drowned in colcl clilute aqueous sodium chloricle the mercurous salt wllicll is 
forlllecl indicates that  8-97, of oxidation alreacly has occurred, but  the re- 
mainder of the precipitate (washed with hexane to  remove stilbene) is 2- 
n~ethoxy-1,2-diphenyletl~ylmerc~1ric chloride in yield. I t  is believed that  
this yielcl represents an equilibrium concentration since it is clepressed to  74% 
and to  73% by inclusion into the reaction system of two or four ecluivalcnts 
of nitric acicl; these additions only increase the amount of oxiclation to  107,. 

'Thirdly we have demonstrated that  the oxynlercurial rather than the alkene 
is the species which undergoes oxidation. When ru-2-methoxy-l,2-diphen~.l- 
ethylmercuric nitrate (XIX)  is treated with mercuric nitrate in ethanol a 39y0 
yield of (dd,ll)-2-methoxy-1,2-dipllenylethyl nitrate (XVII) is obtained, as 
comparecl with the 35y0 yield of this cliastereomer obtained by oxidation of 
cis-stilbene from which the ru mercurial is derived. If oxiclation of the mercurial 

Hg(N03)? 
C,1-A-C,5 + C~H5-c-c-CaHj 1 1 

1 1 EtOH I 1 

XIX XVI I 

EtO H 
2I-Ig(NOe)? 

C~H~-C=C-CGH~ 
I I + CaHj-C-C-CaH5 

I I EtOIl 
H H (+ kIeOH) 1 , I  H ONO? 

EtO H r E ~ O  H 1 
Ag.0 

XVIII ---+ 1 
EtI I I 

H OMe 
oil 

XXI I S X I  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
1.

38
.3

6 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



hat1 involved appreciable reversion to the allcene the product would have been 
the ethoxy nitrate (XX) .  T h e  proof is valid unless the single equivalent of 
methanol ~vhich woulcl be formed by clecomposition of the n~et l~ox~~inerci i r ia l  
to the allcene xi7ere to be selected for the oxidation process from a large excess of 
ethanol. This cloubt has been dispelled by treatment of cis-stilbene xvith two 
equivalents of mercuric nitrate in ethanol containing one e q ~ ~ i v a l e n t  of 
methanol. The  product in 25% j.ield is evident l~,  (dd,ll)-2-ethoxy-1,2-clipllenyl- 
ethyl nitrate ( X X )  since it is recluced by palladiuin-on-charcoal to ammonia 
anel an oil. 'I'his oil nlilst be (rlrl,ll)-2-et11oxg.-1,2-diphenylethanol ( X X I )  since 
treatment with methyl iodide and silver osicle procluces (rld,lb)-1-ethoxy-2- 
methoxy-1,2-dipl1e1lylethane ( X X I I ) ,  iclentical according to mixture melting 
point with tha t  preparecl by ethylation with silver oxicle and ethyl iodide of 
(dd,ll)-2-metl~oxy-1,2-di11henylethanol (XVIII) .  Therefore it seems to be 
definite that  the allcene reacts with two equivalents of mercuric nitrate, first 
to forill the oxymercurial, the carbon-metal linlrage oi which is replacecl by 
niti-oxylation (and presumably by alkosylation) without involvement of the 
vicinal oxy linkage. 

Thus  for lcinetic sti~cly the oxidation of cis-stilbene by alcoholic mercuric 
nitrate may be described by two equations: 

k .  
.lll;cnc + Hg(S09)l  + IiOM f - mercuri;~l + 13x03 [ii]  
\.I I I A k l + S I X  

~vhere  y is the fraction of nitrate ester (XVII)  to total products. 50 general 
integrated equation has been devised (29) to express the lcinetic behavior of 
such a reacting system, especially in coilsicleration of the observed catalytic 
effect of nitric acid. I-Iowever the lcnowedge that  k l  >> k ?  >> k  in the reaction 
nrith cis-stilbene malres this systenl amenable to study if the effect of nitric 
acid is neglected by exainination of the early stages of reaction. This expedient is 
probably worliable because the catalytic effect of nitric acid opposes its 
equilibrium-depressant effect in the first reaction. Then the lrinetics may be 
clescribed in terms of [iii] ant1 if a is the initial concentr-ation of A' ancl 2, is the 
concentration of X I X  (or A )  the second-order 1-elationship of equation [i] is 
applicable. 

Ilowever since k l  is not infinitely larger than k z  it is apparent tha t  arlalyti- 
cally it is better to follow the appearance of illercurous salt rather than the 
disappearance of mercuric salt. This  preference is exeinplifiecl in Fig. 2 (see 
also Table X I I I )  wherein the combined rate of oxyrnercuration (reaction [ii]) 
and oxiclation (reaction [iii]) is not apparent as  a second-order relationship in 
1/M but  may be so interpreted in l/P. But  this expedient is ineffective in 
the oxidation of trans-stilbene in methanol for several reasons. Firstly the 
system is not initially homogeneous. Secondly i t  is probable tha t  k ?  actually 
is larger than k1 and both are coinparable with k .  Nevertheless a roughly 
cletermined rate constant (0.017 1. moles-' rnin.-') has been calculated slzowing 
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5 0 I I I 1 1 I 

R E A C T I O N  OF C I S - S T I L B E N E  ( 0 . 0 6 2 5 ~ )  W I T H  
MERCURIC NITRATE ( 0 . 1 2 5 M )  I N  METHANOL 

WITH ADDED N I T R I C  A C I D  ( 0 . 0 6 2 5  M )  AT 25OC.  

P L O T T E D  

0 1 1 I I I 

2 0  4 0  6 0  8 0 100 1 2 0  
- 

T I M E  (MINS.) 

a t  least that the over-all oxidation of the trans-isomer is slolver than that of the 
cis form. Since mercurials easily deco~nposed according to  reaction [ii] are 
usually oxiclized more easily accorclin~ to reaction [iii] it woulcl seem that the 
slow rate of tvans-stilbene osiclation is due to an especially unfavorable 
equilibriunl in reaction [ii]. 

Probably because the reaction becoines more quiclily llomogeneous, and 
possesses a more favorable equilibrium in the inercuration step (lilce reaction 
[ii]), the Icinetics of the oxidation of trans-stilbene by nlercuric acetate in 
methanol (7) are more amenable for study than oxidation with mercuric 
nitrate though both inercui-ous nitrate ancl acetate are separable from 
mercuric salt. Titration of unchangecl mel-curic acetate after chloroform 
extraction of mercurial (41) provides concentration values of A'  (reaction 
[iii]) from which reciprocals are plotted versus time (Curve A ,  Fig. 3). Despite 
the mar1;ed initial curvature characterizing the slow attainment of a steady- 
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SHEAREK A N D  WRIGHT: OXIDATION 10 13 

- I /' FIGURE 3 

THE REACTION OF [A) TRANS - STILBENE (0.1875M) 
I P' AND ( € 9 4 - 2 - M E T H O X Y - 1 . 2 - D I P H E N Y L E T H Y L M E R C U R  - - .  
1 I' 

ACETATE (0.1875M) WITH MERCURIC  ACETATE 

1 ' ((A) 0 . 3 7 5 M )  (8) 0.1875 M )  I N  METHANOL 

PLOTTED 

I /M VS. TIME (HOURS) 

M = MOLARITY MERCURIC ACETATE 

100 2 0 0  3 0 0  4 0 0  5 0 0  6 0 0  

T I M E  (HOURS) 

state concentration of P-2-methoxy-1,2-diphenylethylmercuric acetate the 
remainder of the curve is sufficiently linear for calculation of 0.39 X lo-.& 1. 
moles-I min.-' as a second-order specific rate constant. However a better 
evaluation is possible since it is realized tha t  the mercurial is an  intermediate 
in the oxidation. Direct reaction of P-2-1nethoxy-l,2-diphenyleth~~lmcrcuric 
acetate (from the chloromercurial and silver acetate) with one equivalent of 
methanolic mercuric acetate occurs according to Curve B, Fig. 3, the slope 
of which gives a realistic second-order rate c o ~ l s t a ~ l t  of 1.2 X 1. moles-' 
min-I. 

The  products of the reactions of cis- and trans-stilbenes, as  ~vell as their 
characteristic oxymercurials, with methanolic mercuric acetate (containing 
boron fluoride ctherate) are shown in Table VIII .  The  results, obtained by 
chromatographic separation, resemble those obtained with mercuric nitrate 
since tmns-stilbene (VII) yields chiefly (dl,ld)-1,2-dimethoxy-1,2-diphenyl- 
ethane (XII)  together with a small amount of the (dd,ll)-diastereomer (XV), 
while the converse distribution of diastereomeric diethers is obtained from 
cis-stilbene. However it is notable tha t  the ratio (ca. 4 : 1) of (dd,ll) to  (db,ld) 
diastereomer obtained from cis-still~ene is somewhat smaller than the ratio 
(d1,ld) to  (dd,ll) (ca. 21 : 1 )  of these diastereorners obtained from trans-stilbene 
and nlethanolic mercuric acetate. Similar but lesser differences (diastereo- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
1.

38
.3

6 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1014 CANADIAN JOURNAL OF CHEMISTRY. VOL. 33 

meric ratios of ca. 7 : 1 for cis-stilbene and ca. 15 : 1 for trans-stilbene) are 
found (Table IV) for reactions of comparable duration with methanolic 
mercuric nitrate. Since the reactions with mercuric acetate are slower than those 

'TABLE V I I I  
I<I:ACTION O F  C ~ S -  AXD !~~~~~s-STILBGNBS AND O F  0- AND 8-2->IET'~OXY-1,2-DIPIIENYLETI-IYL- 

MERCUI1IC AC&.r:\TI?S I N  MI?TII:\NOL WITH 0.02 111 BORON FLUORIDI.: ETHERr\TE 
-- 

Initial molarities - % Yields of 1,roducts % oi total products 
Time, ----- Recovered - 

Mercu- Stil- hr. (dl,l(l) (dd,ll) alkene, (d1,ld) (r(d.11) 
IIg(O.4c)z rial bene Diether Diether Acetal Total % Diether D~ether Acetal 

utilizing mercuric nitrate, and (as will be explained below) when the highly 
aciclic methoxytrifluoboric acid is present, the systems described in Table VIII 
will suffer cis-tralzs isomerism (9). rllthough the exact position of the 
cis-trans equilibrium between the stilbenes is still in doubt (12) it is a t  least 
95y0 trans. I t  might then be expected that,  clespite the faster rate of cis-stilbene 
mercuration, the preponderance of trans-stilbene follo\ving small extents of 
geoisomerization would tend to accentuate the cliastereomeric ratio of (dl , ld)  
to  (dd,ll). Evidence for some geoisonlerization during the oxiclatioil is provicied 
by the observation that cis-stilbene recovered from the oxidations contains 
some trarzs-isomer. In consecluence of these observations it is conceivable that 
the oxidation reaction is entirely stereospecific, and the nonstereospecific 
product is a consecluence of side-reaction during experin~ents of long duration. 
Significant to this argument are the yields of 1,l-climethoxy-2,2-diphenylethanc 
(Table VIII) which are about the same for cis- ancl trans-stilbenes in these 
slow reactions with mercuric acetate, although they are quite clifferent for the 
Inore rapid reactions with mercuric nitrate (Table IV). 

I t  has been noted that the experiments described in Table VIII include 
boron trifluoride etherate (the methylate behaves iclentically) which has been 
shown previously (7) to accelerate oxidation of alltenes and their mercurials 
by mercuric acetate. The type, if not ratios, of products is the same if the cata- 
lyst is not used, but of course the yields are meager and are contaminatecl \?;it11 
products of side-reactions causecl, for example, by the slow oxidation of meth- 
:mol by mercuric acetate which taltes place in absence of alltenes. However we 
have necessarily assumed, because of experimental difficulties of isolation, 
that the kinetic results of the uncatalyzed reaction of stilbenes with mercuric 
acetate give about the same amounts of products as those which have been 
isolated from reactions which are catalyzed with boron fluoride. 

The kinetic behavior of the boron-fluoride-catalyzed reaction is quite dii- 
fcrent from that of the uncatalyzed reaction. In presence of the catalyst the 
reaction is first-order over-all up to at  least 70y0 of completion. This behavior 
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SHEARER AND WRIGHT: OSIDATION 1015 

I F I G U R E  4 I 
R E A C T I O N  OF (A) T R A N S - S T I L B E N E  (0.1 M )  

2.0 A N D  OF 
(0) P - 2 - M L T H O X Y -  1,2-DIPHENYLETHYLMERCURIC 

ACETATE (0.1 M) W l T H  M E R C U R I C  A C E T A T E  

((n) 0 . 2  M, (B) 0.1 M) IN 

METHANOL WlTH BORON FLUORIDE ETHERATE 
1.6 AT 2 5 O ~ .  

I: 

U 

S 
+ 1.2 

m 

P L O T T E D  
I / M  VS. T IME ( M I N U T E S )  

M : MOLARlTY M E R C U R I C  ACETATE 

-A 
1 0 0 0  2 0 0 0  3 0 0 0  4 0 0 0  5 0 0 0  

T I M E  ( M  I N S )  

is evident in Fig. 4 where the logarithm of mercuric acetate concentration has 
been plotted against time of reaction with trans-stilbene (Curve A )  and its 
mercurial (Curve B) in presence of boron fluoride. The linearity is that  es- 
pected of a first-order reaction although the initial stages indicate that  osy- 
mercuration, though rapid, does not go to completion; conversely the osy- 
mercurial when used initialIy seems to  decompose reversibly so as  to regenerate 
mercuric acetate. This behavior is shown more clearly in Fig. 5, clescribing 
reaction of P-2-rnethoxy-1,2-diphenyIethylmercuric acetate in methanol with 
boron fluoride alone. Disappearance of mercuric and appearance of mercurous 
salt have been determined simultaneously. At first there is a rapid appearance 
of mercuric acetate which then remains relatively constant a t  a ratio of 
2 Hg(0Ac)z : 8 oxyrnercurial until, after about five hours, i t  begins to  increase. 
The increase undoubtedly is clue to shifting equilibrium causecl by acetic acicl 
generated by the oxidation which, according to  the generation of mercurous 
salt, is proceeding continually. 

The significance of the catalyst in respect of the first-order kinetics is shown 
in Table IX, where the rate is found to be directly proportional to the boron 
fluoride concentration. Also significant is the fact that the first-order oxidation 
rate of either cis-stilbene or its derivative, a-2-methoxy-l,2-diphenylethyl- 
mercuric acetate, is approximatey the same as tha t  of trans-stilbene or the 
p-methoxymercurial. This similarity is shown by comparison of Expts. 1 and 
2, Table X, with the rate constant (5.56 X lo-') for the comparable experi- 
ment with P-2-methoxy-1,2-diphenylethylmercuric acetate in Table IX. 
Expts. 3 and 4, Table X, also are comparable, although the recorded rate 
constants are different because Expts. 3-7 were analyzed for mercurous salt 
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F I G U R E  5 

R C A C T I O N  OF B - 2 - M E T H O X Y  -1 ,2-OIPHENYLETHYLMERCURIC 

ACETATE (0.1 M )  WITH BORON FLUORIDE ETHERATE (O.05M) I N  
M E T H A N O L  A T  2 5 ' ~ .  

0 
PLOTTED 

Q M O L A R I T Y  OF M E R C U R I C  ACETATE 0 
A N 0  

M O L A R I T Y  OF MERCUROUS ACETATE @ 

a VS. TI M E (HOU RS) 

lLIolarity of F i r s t - o r d e r  s p e c .  rate 
I3F3 . e t h e r a t e ( M ~ ~ , )  k  (nlin.-l) k / - b I ~ r ,  
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SHEARER A N D  WRIGHT: OXIDATION 

l<lll\CTlO?i OF ~1's-STILBENE WITH MERCURIC ACETATE I N  METH.4XOL CATALYLISD 
BY BORON FLUORIDE AT 25'C. 

Initial molarities Molarities 
Expt. after mercuration First-order Per cent 
No. cis- k (mi%-]) investi- 

Hg(O.4c)r Stilbene BFz.Et,O Hg(0.4~). Mercurial 130.4~ gated 

"Abcrczlrial used instead of alkene, 
i B  F3 gas in nzdha?~ol. 

while mercuric acetate wasdetermined in the first two experiments. The  rate 
constants are more accurate when calculated from mercurous salt analyses. 

Inspection of Expt. 7, Table X, shows that first-order kinetics no longer are 
valid when the molar ratio of mercuric acetate t o  cis-stilbene becomes large. 
The same type of deviation is observed when the ratio of mercuric acetate to  
p-2-methoxy-l,2-diphenylethylmercuric acetate is 2 : 1 rather than 1 : 1 
(k = 5.35 versus 4.9 X lop4 min.-I). Additionally the apparent rate seems to  
increase as the reactions with excess of mercuric acetate proceed. These 
behaviors are exemplified by comparison of the detailed kinetic data of Expt. 4 
(and Expts. 6 and 7 are similar) with Expt. 7 in Table X. The comparison is 
delineated in Table XI in terms of calculated first- and second-order rate 
constants. No satisfactory integral order can be defined for Expt. 7,  in contrast 
to the first-order kinetic agreement for Expt. 4. 

I F I G U R E  6 I 

ULTRA VIOLET SPECTRA OF M E R C U R I C  ACETATE IN 
2000 - 

(A) WATER (0.00023M) 
( 0 )  METHANOL (0.0002 M )  - (C) METHANOL (0.0005 M) W I T H  ADDED 

6 BORON FLUORIDE ETH ERA TE (0.0005) 
31600- - 
U 
L W 

2 PLOTTED 
MOLAR EXTINCTION COEFFICIENT VS.WAVC LLNC g 1200 - 

- 
t- 
U 
z - 
t- X 

800 - 
a 
4 
I 

W 400 - 

I 
220 240 260 280 300 32 0 

WAVE L E N G T H  ( M p )  
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TABLE XI 
THE REACTION O F  &:-STILBENB W I T H  hIEKCURIC ACIl.l.r\TE I N  METHASOL WITII  

ADDED BOROK FLUORIDE ETHERATE AT 25'C. 
. -  

Expt. 4 Expt. 7 
i \ / I e r c u r i c  acetate, 0.1 M ;  mercurial, 0.1 dl!! Mercuric a c e t a t e ,  0.15 M; m e r c u r i a l ,  0.05 M 

Tin le  T i m e  
(min.) k 1  (min.-') k?(l. moles-' niin.-') (min.) k~ (min.-') k? (I. m o l e s - 1  min.-'l 

ULTRA VIOLET SPECTRA OF 
P-2- METHOXY -172-Dl  PHENYLETHYLM ERCURIC ACETATE 

(A) I N  METHANOL (0.0001 MI. (0)  IN  METHANOL 

- i (0.001 M) WITH ADDED BORON FLUORIDE ETHERATE 

(0.00Ol M)  

- I\ PLOTTED 

MOLAR EXTINCTION COEFFICI E N 1  VS. WAVE LENGTH (Mp) 

WAVE LENGTH (MU\ 
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In order to evaluate these results the ultraviolet spectra of some of these 
systems have been examined. I t  may be seen in Fig. G that aqueous mercuric 
acetate (0.00023 M )  is as transparent as water a t  wavelengths longer than 
255 mp but methanolic mercuric acetate (0.0005 M) begins to absorb a t  300 mp 
and is completely opaque a t  220 mp. The addition of boron fluoride etherate 
(0.0005 ill) to this latter solution does not change its absorption. On the other 
hand it is seen in Fig. 7 that methanolic ~-2-1nethoxy-1,2-di~hen~leth~l- 
mercuric acetate (0.0001 M )  begins to absorb a t  about 340 mp and the absorp- 
tion rises steadily until a single inflection is found (Em,,,, = 11,000) a t  240 nlp. 
Addition of boron fluoride etherate (0.001 Ad) to this solution has a profound 
effect. The absorption rises more steeply from 340 mp to a peal; a t  253 mp 
(Em,,,, = 9500) and then dips to a trough of transmission (Em,,,, = 7000) a t  
235 mp. The a-2-methoxy-12-diphenylethylmercuric acetate in methanol 
shows essentially the same behavior (Fig. 8). However its solution containing 

I I I I I I I 
FIGURE 8 

ULTRA VIOLET SPECTRA OF 

d-2-METHOXY-52-DIPHENYLETHYLMERCURIC ACETATE 

(A) I N  METHANOL (0.0001 M).(B) I N  METHANOL 

(0.0001 M) WITH ADDED BORON FLUORIDE ETHERATE 

(0.001 M). (C) SAME SOLUTION AFTER FIVE HOURS. 

- \ \  MOLAR EXTINCTION COEFFICIENT VS.WAVE LENGTH 

WAVE LENGTH (MU) 
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10 equivalents of boron fluoride has been examined further, with respect to 
time. After five hours it is found that the peak has almost disappeared, as i f  a 
complex were decomposing to give substances of greater transparency than 
those contained in the original system. These substances cannot include 
appreciable amounts of the stilbenes since the cis-isomer absorbs strongly a t  
270 mp while the t r a m  form absorbs a t  300 mp. 

I t  would seem from these data that the combination of boron fluoride with 
acetate involves the rate-controlling step, which should then be first-order. 
Furthermore, since the ease of oxidation of alltenes (and of course the inter- 
mediate oxymercurial) is greater with salts of strong acids rather than weak 
ones, the boron fluoride must be creating a salt of a strong acid. The creation 
of an u.v. absorption region when boron fluoride is added to the oxymercurial, 
and the disappearance of this band at a rate commensurate with that of 
oxidation, indicates the reaction : 

but the deviation from first-order kinetics with consequent acceleration when 
mercuric acetate is in large excess ought to involve the reaction: 

Thus the rate of oxidation by mercuric salts seems to depend on the acid 
involved with the mercury and, especially, with the intermediate organo- 
mercurial. However it is doubtful that the acid is functioning in an ionic form. 
The  effectiveness of acids (FINO3, H2S04 > HC104 > CsH6SO3H, CF3COOH) 
does not correspond with the dissociation of these acids in water. Certainly 
in media such as ethanol, nitric acid is largely non-dissociated (15, 16, 21, 28). 
The ion concentration xvould have to be very low, but in this circumstance 
the reaction would have to be very sensitive to added ions. I t  has been shown 
(Table VII) that the oxidation as such is unaffected by addition of lithium 
nitrate. From these considerations it would seem that the acid and its salts 
were not active in the oxidation as free ions. 

The effect of acid in the oxidation has an additional significance. I t  is known, 
and has further been demonstrated in the present report, that acids cause 
decomposition of oxymercurials, which then revert to the parent alkene. But 
those oxymercurials which are most stable toward acid decomposition are also 
most difficult to  oxidize. For example, hydroxyethylmercuric nitrate and 2,2'- 
dinitratomercuridiethyl ether (which actually can be prepared from ethylene 
in acid solutions of mercuric salts) are recovered unchanged after treatment 
with mercuric nitrate in methanol. 

Of course the hydrolytic decomposition and the oxidation of oxymercurials 
have other characteristic resemblances. Both seem to be stereospecific in the 
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sense tha t  diastereomeric oxymercurials tend to  revert by acid decomposition 
to the geoisomer from which they were originally derived, while oxidation 
gives derivatives characteristic of this geoisomer. This would seem to preclude 
the post~llation of a carboniu~n ion intermediate in either reaction. The  
demonstration in the present report tha t  the vicinal alkoxy group is not 
involved directly in the oxidation renders improbable the participation of an 
epoxonium ion. I t  would seem likely that  molecular species are operative in 
both reactions either by  ion-pair exchange (giving HgXf and X- in the acid 
decomposition versus HgX- in the oxidation) or by homopolar exchange 
giving HgX radicals from which mercuric or mercurous salts could be formed. 

Acidic Hydroxywzercuration of Cyclohexene 

A solution 0.5 molar in mercuric nitrate and 1.0 molar in nitric acid was 
treated with cyclohexene equivalent t o  the mercuric salt. After 10 min. the 
system was poured into 0.1 molar aqueous sodium chloride equivalent to  the 
cyclohexene. The  yield of a-2-hydroxycyclohexylmercuric chloride, m.p. 145- 
147', was 79%. A 20-min. experiment gave the identical yield. When the 
reaction system was 1.0 molar in mercuric nitrate and 2.0 molar in nitric acid 
the otherwise identical experiment gave a 63y0 yield. 

For~nylcyclopentane and Its Derivatives 
( a )  From Mercuric Nitrate - Cyclohexene 

T o  a solution of 68.6 gm. (0.2 mole) of mercuric nitrate monohydrate in 
400 ml. of water containing 12.6 ml. (0.2 mole) of 70y0 nitric acid was added 
with vigorous stirring 10.1 ml. (0.1 mole) of cyclohexene. After 84 hr. the sys- 
tem (which contained 0.8 gm. of free mercury) was extracted with four 50-ml. 
portions of chloroform. Distillation yielded 2.22 gm. (23y0) of formylcyclo- 
pentane, b.p. 4&50° (8 mm.), ng 1.4460, and 1.54 gm. (14%) of cyclopentane- 
carboxylic acid, b.p. 94' (8 mm.) n: 1.4597. The  residue, separated from 
0.11 gm. of mercurous salt, was crystallized from 95% ethanol, 1.20 gm. (1270) 
of 2,4,6-tricyclopentyl-1,3,5-trioxane, m.p. 123-12.i0, identified by mixture 
melting point. 

( b )  From Mercuric Nitrate azd 2-Hydroxycycloh~exylmercz~ric Nitrate 
When 8.38 gm. (0.025 mole) of 2-hyclroxycyclohexylmercuric chloride was 

shaken with 50 ml. of water containing 4.25 gm. (0.025 mole) of silver nitrate 
and 5 ml. of methanol for 70 min. the precipitate of silver chloride weighed 
3.71 gm. (%yo). T o  the filtrate was added 8.54 gm. (0.026 mole) of mercuric 
nitrate in 50 ml. of water. The  system was azeotropically distilled a t  8 mm. and 
35' for two hours. No cyclohexene was found in the ice-cooled or dry-ice-cooled 
receivers but  0.93 gm. (38y0) of formylcyclopentane, b.p. 75-85' (94 mm.), 
was obtained by distillation of the ether extract. No cyclopentanecarboxylic 
acid was found. 

*Melt ing poi~zls  hnue been correcled crgni?zsl reliable standards. X-ray  d i f f r ~ c t i o ) ~  patter?zs were 
defermined using CZL K,  (Ni filtered) rt~diatiolz at relafiz~e inlensilies 1/11 and d spacings i n  
.4 lzgstrom zbnits. 
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( c )  Front Adethanolic Mercuric Nitrate - Cyclohexene 
H system containing 6.86 gm. (0.02 mole) of mercuric nitrate, 0.63 ml. 

(0.01 mole) of 70y0 nitric acid, and 1.01 ml. (0.01 mole) of cyclohexene in 
40 ml. of methanol was studied kinetically by removal of 10-ml. aliqi~ots into 
40 ml. of .?yo aqueous sodium chloride. After 17.5, 41.5, and 114 hr. the mer- 
curous chloride weighed 0.28, 0.77, and  0.89 gm. respectively, representing 
oxidation to  the extent of 24, 65, and 76y0. The filtrate from the third aliquot 
on treatment with a so l~~ t i on  of 2,4-dinitrophenylhydrazine in 2 N hydro- 
chloric acid yielded 0.12 gm, of formylcyclopentane dinitrophenj~lhydrazone 
(17y0 based on cyclohexene), m.p. 148-l5Z0, with X-ray ditiractioll pattern 
[ l o ]  4.05; [6]  5.12; [5j 7.48; [4j 3.20; [ I ]  3.40; [0.5] 3.05, 2.44, 2.03, identical 
with an  authentic specimen. 

(d)  From Mercurzc Nitrate and 2-i~~ettho.~ycyclohexylmercuric Nitrate 

A quantitative yield of silver chloride was obtained when 3.49 gm. (0.01 
mole) of a-2-methoxycyclohexylmercuric chloride was treated with 1.70 gm. 
(0.01 mole) of silver nitrate. The remainder of the system after three days with 
3.25 gm. (0.01 mole) of mercuric nitrate was diluted with 100 ml. of water and 
extracted with 125 ml. of ether in four portions. This  extract, washed with 
alkali and with water and dried with magnesium sulphate, was distilled to 
yield only 0.54 gm. (%yo) of formylcyclopentane, n g  1.4495, identified as  the 
dinitrophenjilhydrazone. The extracted aqueous dilution liquor yielded mer- 
curous chloride quantitatively upon treatment with aqueous sodium chloride. 

( e )  From Cyclohexene and Mercuric Sulphate 
After 11 hr. a system comprising 43.4 gm. (0.2 mole) of mercuric oxide in 

50 ml. of G molar sulphuric acid (0.3 mole), 340 ml. of water, and 10.1 ml. 
(0.1 mole) of cyclohexene gave a negative test for mercuric salt. The  suspension 
was flash-distilled a t  10-12 mm. into receivers a t  - 15' and -80°. Extraction 
of the distillate yielded 3.3 gm. (37%) of formylcyclopentane, b.p. 63-68' 
(75-76 mm.), identified as  the dinitrophenylhydrazone. Extraction of the 
9Gyo yield of mercurous sulphate with chloroform gave an oil which, combined 
with the residue from distillation of the aldehyde, yielded about 0.8 gm. (7%)  
of cyclopentanecarboxylic acid, b.p. 80-90" (9  mm.). 

( f) From Cyclohexene and Other Mercuric Salts 
After five days a system comprising 9.48 gm. (0.06 mole) of benzenesul- 

pho~lic acid, 4.34 gm. (0.02 mole) of mercuric oxide, and 1.01 ml. (0.01 mole) 
of cyclohexene was filtered to  remove 0.12 gm. (3%) of free mercury. Treat-  
ment of the filtrate with sodium chloride followed by  extraction with ether 
gave successively 3.65 gm. (7770) of mercurous chloride and 0.39 gm. of oil 
which gave the dinitrophenylhydrazone of formalcyclopentane. By contrast 
no trace of the aldehyde was obtained from mercuric phosphate. 

2-14ethyl-1-phenylpropene ( I )  Purification 
The  preparation according to Tiffeneau and Orkkoff (35) gave a product in 

goy0 yield, b.p. 75-86" (15-17 mm.), redistilled for 75y0 over-all yield, b.p. 
75-79" (12-14 mm.) , n: 1.5376, diO 0.903, m.p. - 66 to - 63". After conversion 
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to 2-methox~~-2-meth~~l-l-phenj~lethylmerc~1ric chloride (G), 1n.p. 78.5-80°, 
which was crj-stallized, the alkene was recovered bl- decomposition of the mer- 
curial with 1 : 1 methanol - concentrated hydrochloric acid, aqueous dilution, 
and petrolei~m ether extraction. The  distilled product boiled a t  65.5-66" 
(12 mm.) or 75-77" (18 min.), n: 1.5405, and seemed to  exist in polymorphic 
forms. Crj.stallization b j ~  rapid cooling gave a ~nel t ing point of about -56"; it' 
maintained a t  this temperature the sample resolidifiecl, then melted at -50" 
to -48". 

2-illethyl-I-phenylpropene with Mercuric Salts 

(a) With i14ercuric Nitrate in Methanol 
The  addition of 17.0 gm. (0.052 mole) of mercuric nitrate to  100 ml. of 

methanol produced a yellow precipitate, principally n~ercuric oxide, but it 
redissolved within two minutes when 3.65 ml. (0.025 mole) of 2-methyl-l- 
phenylpropene was added. After 20 hr. the sj-stem was filtered from 4.74 9.111. 
of mercurous nitrate. The  filtrate, diluted with 200 ~ n l .  of water and thrice 
extracted with a total of 200 ml. of ether, was then treated with sodium 
chloride to  precipitate mercurous chloride. Since the remaining liquor with 
hydrogen sulphide gave 0.6 g ~ n .  of mercuric sulphide, the total recover). of 
mercury is 98y0. 

The  ether solution, washed with water, 5y0 alltali, and water, then driecl 
with magnesium sulphate, contained 4.66 gm. of oil which was distilled (8 mm.) 
to yield two lots of impure (40y0) 1,2-dimethoxv-2-methyl-1-phenylpropane 
( I I ) ,  b.p. 94-100" (ng  1.4966), m.p. 0-Go, and b.p. 100-106" ( n g  1.4980), 
finally purified by fractional freezing of the 2.11 gm. total, m.p. 8-11.5", 
identified bj. mixture melting point (6). After an intermediate fraction, b.p. 
106-122", 0.57 gm. (ng 1.5027), there distilled 1.30 gm. (23%) a t  124-126" 
(ng  1.5083) 2-methoxy-2-~nethyl-1-phenylpropyl nitrate (111). Anal.: Calc. for 
C11HljOdS: N, 6.22. Found: N ,  5.96. The  intermecliate and final fractions 
\\-ere contaminated with small amounts of benzaldeh>.de or its acetal, iden- 
tified bj- preparation of its dinitrophenjrlhydrazone, m.p. 237-238", with 
iinchangecl mixture melting point. The  amount of benzaldehj.de was enhanced 
b! addition of nitric acid to  the original sj.sten1. Essentially the same yields 
of principal products were obtained (according to refractive indices) when 
2-methoxy-2-methyl-1-phenj~lpropylmercuric nitrate replaced the 2-methyl- 
1-phenylpropene in the original slrstem, although contamination with benzal- 
dehyde was diminished. 

In  order to demonstrate that  the nitrate ester is formed more rapidly than 
the 1,2-dimethoxy-2-methyl-1-phenylpropane a system comprising 2.029 gm. 
(0.00625 mole) of finely ground mercuric nitrate and 0.459 ml. (0.00313 mole) 
of 2-methyl-1-phenjllpropene made up to  25 ml. with methanol was main- 
tained a t  25". One series of 1-ml. aliquots was withdrawn periodically and 
analyzed according to  kinetic methods outlined below. Another set of 5-ml. 
aliquots mas periodically diluted with 10 ml. of 0.1 N nitric acid. The  ether 
extract (40 ml.) of this diluate was extracted with two 10-ml. portions of 5% 
sodium sulphate, then diluted to  exactly 50 ml. with ether. Two 10-ml. aliquots 
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of this solution were evaporated, treated with m-xylenol and sulphuric acid 
(42), and examined through a blue filter in the Klett Summerson colorimeter 
using potassium nitrate as a standard. A second experiment was performed with 
inclusion of 0.262 ml. (0.00625 mole) and a t  29". A single analysis was per- 
formed after 130 min. Results are outlined in Table XII. 

, . l ime, yo Reaction % Nitrate Ratio 
Expt. min. ( Y )  ester (X) XI Y 

1 30 32 17 0.53 
1 70 54 24 0 .44  
I 120 66 27 0 42 
2 130 86 :3 0 0 35 

(b)  With illercuric Trz$uoroacetate i n  ilfethanol 
klercuric trifluoroacetate was prepared by solution of 10.83 gm. (0.05 mole) 

of mercuric oxide in 10 ml. (0.147 mole) of trifluoroacetic acid. After the 
initial evolution of heat a further 5-ml. portion of trifluoroacetic acid was 

I added, anil the whole was heated on the steam bath until solutio~l was almost 
I complete. The hot suspension was filtered through sintered glass and chilled 
I to 0'. The white crystals were filtered off and vacuum dried, 10.9 gm. (53%), 
I m.p. 164-168' with softening a t  158". The X-ray diffraction patteln was: 

[20] 10.00; [ I s ]  10.64; [16] 15.39, 13.71; [14] 3.90; [12] 7.82, 4.18; [lo] 4.07, 
3.40, 3.15; [8] 4.48, 3.53; [ G I  5.27, 3.91, 2.98, 2.66, 2.28; [4] 6.91, 3.76, 2.93, 
2.36, 2.23, 2.03; [2] 6.44, 5.49, 4.76, 3.33, 2.77, 2.00, 1.96, 1.03; [l] 7.49, 5.71, 
2.59, 2.48. Anal.: Calc. for Hg(CF3C00)2: Hg, 47.0. Found: Hg, 46.7. 

To  a solution of 4.27 gm. (0.01 mole) of mercuric trifluoroacetate in 20 ml. 
of methanol was added 0.73 ml. (0.005 mole) of 2-methyl-1-phenylpropene. 
Dilution with 25 ml. of water after two days and extraction with 20 ml. of 
chloroform gave a solution which, washed with water, 2 N hydrochloric acid, 
5yo aqueous alliali and water, then dried, was distilled a t  16 mm. giving 0.45 
gm., b.p. 106-1 1 lo, nkO 1.4999, and 0.17 gm.,  b.p. 110-120, A0 1.5080, and 0.21 
gm. of residue. The first f~action (m.p. - 16 to  -6") was converted in part 
to 3-phenylbutanone-2 dinitrophenylhydrazone with the methanolic hydro- 
chloride reagent and was identified by mixture melting point. According to the 
1.98 gin. of mercurous chloride obtained from the diluted reaction liquor by 
hydrochloric acid treatment the oxidation reaction was 84% complete. 

(c)  With iWercuric Sulphate i n  Water 
T o  the bright yellow precipitate obtained when 21.7 gm. (0.1 mole) of 

mercuric oxide was shaken with 200 ml. (0.2 mole) of molar sulphuric acid was 
added 7.31 ml. (0.05 mole) of 2-methyl-1-phenylpropene. After shaking for 
tiio days 23.5 gm. (95y0) of mercurous sulphate was filtered off and washed 
114th inethanol and ether. The filtrate was extracted with this ether and with 
three more 25-ml. portions of ether and three 50-ml. portions of chloroform. 
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Evaporation of the combined, dried extract left 5.80 gm. (70%) of 2-methyl-l- 
phenylpropanediol-l,2 which crystallized slowly, m.p. 47-62'. Crystallization 
from diethyl ether and petroleum ether (b.p. 40-50') gave 4 gnl., m.p. 63- 
63.5", identified by mixture melting point with an authentic sample. 

2-iV1ethoxy-2-methyl-1-phenylpropanol-1 ( I  V )  

A solution of 0.78 gm. (0.0035 mole) of 2-methoxy-2-methyl-1-phenylpropyl 
nitrate in 7 ml. of acetic acid was warmed gently while small amounts of zinc 
dust and iron powder were added until a test sample no longer gave a blue 
color with diphenylamine ancl sulphuric acid. The dark-brown mixt~lre was 
filtered into 30 ml. of water containing 15 gm. of potassi~lm carbonate (pH 8). 
A triple extraction with 40 ml. total of ether removed an oil, b.p. 118-124" 
(12 mm.), 0.44 gm. (70y0), n g  1.5177, m.p. 17-23' (actual ),ield probably onlj- 
half this apparent 70y0). X repeated partial freezing raised this melting point 
to 36-39". This alcohol, still impure, was identified by preparation of deriva- 
tives. 

After oxidation of 0.08 gm. of the impure alcohol with one equivalent of 
alkaline permanganate a t  0" the mixture was extracted with ether and the 
extract evaporated. The oil was dissolved in methanol and the dried solution 
was treated with 2,4-dinitrophenylhydrazine to yield 0.03 gm, of a-methoxy- 
isobutyrophenone dinitrophenylhydrazone, m.p. 124-127', which, crystallized 
from methanol and from 20 : 1 petroleum ether - benzene, melted a t  139-140' 
(0.01 gm.). The X-ray powder diagram was: [lo] 10.97, 3.54; [9] 3.09; [7] 9.25, 
4.13; [6] 6.21, 3.97; [5] 6.75, 5.53, 3.23; [4] 4.87; [3] 4.31, 2.82; [2] 2.97. Com- 
parison with this powder diagram and by mixtirre melting point showed that 
this derivative was identical with that obtainable from the known ketone (1). 

trans-Stilbene with iVfethanolic illercuric Nitrate 

A clear solution was obtained after one hour from 0.90 gin. (0.005 mole) of 
trans-stilbene and 3.41 gm. (0.0105 mole) of mercuric nitrate in 40 ml. of 
methanol. Dilution with 100 ml. of water after 38 hr. gave a mixture which 
was thrice extracted with a total of 70 ml. of ether. Treatment of the aqueous 
layer with 10 ml. of saturated s o d i ~ ~ m  chloride precipitated 2.28 gnl. (92y0) 
of mercurous chloride. 

The  etherous exti-act, washecl with 5% alkali a11cl water, then clriecl with 
soclium sulphate, was evaporated leaving 1.19 gm. of semisolicl, of which a 
benzene solution of 339 mgm. was chron~atographed on non-activated 80-200 
mesh Alcoa alumina in a colunln 29 X 1.0 cnl. Elution with benzene gave 10 
fractions: 1, 10 ml. (29 rngm.), n1.p 110-119°; 2, 11 ml. (131 rngm.), 111.p. 
85-80'; 3 ,  10 ml. (42 mgrn.), 1n.p. 120-135'; 4, 10 ml. (27 mgm.), m.p. 139.5- 
140.5"; 5, 10.5 ml. (11 rngm.), oily solid; 6, 10 1111. (32 mg~n.) ,  oil; 7 ,  11 ml. 
(21 mgm.), oil; 8,  16 1111. (12 nlgnl.), oil; 9, 15.5 ml. (1 mgm.); 10, 40 ml. 
(9 mgm.), 1n.p. 89-91'. 

Fraction 1, crystallized from ethanol, was trans-stilbene (VII),  m.p. 1.21- 
123', identified by mixture melting point. Fraction 2 was crj.stallized four 
times from methanol, m.p. 91.4-92.0°, and this (dl,ld)-2-methoxy-l,2-~liphen)~l- 
ethyl nitrate (IX) gave a positive test with cliphenylamine and sulphuric acid. 
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Anal.: C.'alc. for CljH1504N: C,  65.9; H ,  5.50; N, 5.13. Found:C, 66.2;H, 5.69; 
N,  5.09. X-Ray diffraction pattern: [ lo]  3.79; [7] 9.25, 3.39; [5] 5.65, 5.50, 5.18; 
[4] 7.62, 6.13, 3.97; [3] 4.29, 4.16; [2] 3.26, 3.02; [ I ]  4.79, 2.90, 2.79. Fraction 3 
is an impure specimen of fraction 4, \vhich is almost-pure (d1,ld)-I ,2-climethoxy- 
1,2-cliphenylethane (XII) as was authenticated by mixture melting- point and 
by X-ray diffraction pattern: [ lo]  5.21; [9] 4.98; [8] 4.76, 3.50; [7] 5.96; 
[6] 4.01; [4] 9.45, 4.53, 4.44; [3] 6.01, 6.53, 3.37, 3.28; [2] 3.21; [ l ]  3.13, 3.03, 
2.99, 2.81, 2.76. Disreg-arding fraction 5, the next three, 6, 7, and 8, niere 
combined (n: 1.5280) and evidently comprised in large part diphenylacetal- 
clehycle dimethyl acetal (XIII) since it gave no active hydrogen and no car- 
bony1 addition in the Grignarcl machine, yet slo\\ily yielded the 2,4-dinitro- 
phenylhyclrazone of diphenylacetaldehyde (n1.p. 143-146') when it 11~as 
treatecl with the methanolic hydrochloride reagent. Two crystallizations from 
ethanol or chloroform-petroleunl ether (b.p. 60-70') or from methanol-ethyl 
acetate raised this melting point to 150.2-150.5'. Anal.: Calc. for C,0H140,N,: 
C, 63.8; H ,  4.20; N ,  14.9. 1;ound: C, 63.7; H,  4.24; N ,  14.6. The X-ray diffrac- 
tion pattern was: [lo] 15.6; [8] 5.20, 3.65, 3.18; [TI 4.60, 3.94; [6] 6.93; [5] 
7.73; [4] 5.64,5.40. When this derivative was prepared from authentic diphenyl- 
acetaldehyde, b.p. 165-166' (12 mm.), n g  1.5878, deo 1.09, it was found to be 
identical with the analyzed sample. Fraction 10 was shown by mixture melting 
point to be (dd,ll)-1,2-clin~ethoxy-l,2-diphenylethane. Its X-ray diffraction 
pattern was: [lo] 6.30, 3.55; [9] 5.01, 4.95; [6] 7.28; [5] 8.58, 4.26, 4.13; 
[4] 3.32; [3] 5.43, 4.74; [2] 5.88, 3.76; [ I ]  3.96, 3.06, 2.90. 

(dl,ld)-2-~VIethoxy-I ,2-diplzenyletlzanol (X) 

( a )  From Benzoin il~etlzyl Ether 
'I'he procedtlre of Irvine and Weir (10) was altered by reduction with Raney 

nickel in ethanol a t  27' and 1-2 atmospheres. The product ('37%) melted a t  
100-102", X-ray diffraction pattern: [lo] 5.14; [9] 3.63, 3.42; [7] 8.66, 3.90; 
[(i] 4.66; [4] 12.7, 6.39, 5.64, 4.27, 3.98 ; [3] 4.88, 3.82, 3.74; [.l] 3.34. 'The con- 
figuration was cle~nonstratecl by treatment of 1.14 gm. (0.005 mole) with 7.10 
gin. (0.05 mole) of methyl ioclicle anel 4.35 gni. (0.016 mole) of fresh gradually- 
acldccl silver oside ~lncler reflus for five hours. The product (83%) n1.p. 
140-142' after crystallization \\:as iclentical (mixture melting point) with that 
obtainecl by methylation oi hydrobenzoin. 

(b) From (dl,ld)-2-Ad~tizo.vy-l,2-diphenylethyl iVitrate (IX) 
A solution of the nitrate ester (27 mgm., 0.0001 mole) in 4 inl. of 1 : 1 

rlioxane-ethanol was hyclrogenatccl a t  atmospheric pressure over 0.1 gm. of 
p;llladiuin-on-charcoal (17). The s).stcm, containing ammonia, was filterecl 
anel evaporated, 19 mgm. (83%), n1.p. '37.5-100'. Crystallization from ethanol- 
~vnter raised the melting point to 100.5-101.8'. The compouild was identical 
with that obtainecl by procedure ( a ) .  

(c) From Stilbene Oxide anrl illethyl Nitrate - Nitric Arid 
When 0.196 gm. (0.001 mole) of stilbene oxide (34) (n1.p. 68-69') in 10 ml. 

oi methanol was treatecl with 0.154 gm. (0.002 mole) of methyl nitrate (b.p. 
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65-66', 12: 1.3754, 1.192) a t  27' for 29 hr. it was recovered unchanged. 
However. when 0.105 ml. (0.0025 mole) of absolute nitric acid was added the 
system upon vacuum evaporation after 42 hr. yielded 0.226 gm. of yellow solid, 
m.p. 40-90'. Chromatography on alumina did not yielcl any methoxy nitrate 
ester or climethoxy compound but 97 mgm., m.p. 91-96', was obtained, from 
which (dl,ld)-2-methoxy-l,2-diphenylethanol, m.p. 99.5-100.5', was identified 
(after crystallization from petroleum ether (b.p. 60-70") and ethanol-water) 
by mixture melting point. Both (dl,ld)-1,2-climetl1oxy-1,2-diphenylethane and 
(dl,ld)-2-methox\i-1,2-diphen\ilethyl nitrate were founcl to be stable in the 
reaction system. 

cis-Stilbene with illethanodic Afercuric Nitrate 

A shaken suspension of 3.41 gm. (0.0105 mole) of mercuric nitrate ancl 0.43 
g i n  (0.0024 mole) of cis-stilbene (40) in 40 ml. of methanol was clear after 
five minutes. After 48 hr. the system was diluted into 80 ml. of water. The 
diluate, extractecl with three 10-ml. portions of chloroform, was then treated 
with 10 ml. of saturated aqueous sodium chloride to precipitate 1.33 gm. 
(0.0055 mole) of mercurous chloride. Addition of ammonia to the filtrate then 
precipitatecl 1.09 gm. (0.0043 mole) of aminomercuric chloricle to give a total 
of 93% of the original mercury. 

The chloroform extract, washed with 5% alkali and with \vatel- and driecl 
over sodium sulphate, was evaporatetl to leave 0.703 gm., semicrj~stalline, of 
which 0.242 gin. in benzene was chromatographecl as was describecl for the 
osidation of trans-stilbene. Fraction 1, 3 mgm., was cis-stilbene; 2, 94 mgln., 
m.p. 87-93'; 3, 6 ingm., m.1, 115-138'; 4, 81 nlgin., oil; 5,  31 mgm., m.p. 
85-91". Fraction 2 was twice ci-ystallized from methanol ancl once from 
ethanol, rn.11. 93.6-93.9'. The X-1-a). cliffraction pattern of this (drl,ll)-2- 
methox)r-1,2-cliphenylethyl nitrate (XVJI, which gave a blue color \i~itli 
cliphenylarnine ancl sulphuric acid) was measured: [ lo]  10.77, 10.39, 4.08, 4.04; 
[9] 6.94, 6.73; [S] 7.43, 7.25; [7] 5.18, 5.09, 2.78; [5] 3.64, 3.36; [4] 3.19; [3] 
8.07, 7.79, 6.15, 5.30, 4.98. A mixture melting point with the (dl,ld)-cliastei-eo- 
rner was depressed. Anal.: Calc. for CI5I-Il4rYO4: C, 65.9; I-I, 5.50; S, 5.13. 
Found: C ,  65.9; H ,  5.80; N ,  5.02. Fraction 3, when crystallizeci from methanol, 
ineltecl a t  138-140°, iclentifiecl as (dl,ld)-1,2-climethoxy-1,2-diphenyleth by 
mixture melti~lg point ancl X-ray diffraction pattern. Fraction 4 was converted 
to c l i l~l~en~~lacetaldel~yde 2,4-clinitrophenylhydrazone, m.p. 145-146', with the 
methanolic hyclrochloricle reagent. After crystallization (m.p. 150') it was 
;~~~thenticatecl by mixture melting point. Fraction 5 was identified by i n i s t ~ ~ r e  
melting point and X-ray cliffraction pattern as (dd,ll)-l,2-climethoxy-l,2- 
diphenylethane (XV). 

(rld,dl)-2-Adethoxy-1,2-diphe~zylethanol (X TfIII) 
(a) From Benzoin ilfethyl Ether and Alzsminum Isopropoxide 

A mixture of 2.12 gm. (0.01 mole) of benzoin methyl ether, 4.0 g ~ n .  (0.02 
mole) of aluminum isopropoxide, and 35 ml. of isoprop>,l alcohol in a Hahn 
apparatus (14) was slowly distilled (28 ml.) until acetone (dinitrophenyl- 
hydrazine test) 110 longer was produced. The cooled residue, diluted with 35 ml. 
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of 7y0 hydrochloric acid, was twice extracted with ether. The extract (washed 
with 5y0 alkali and water, and sodium-sulphate-dried) was evaporated, 
1.88 gm., m.p. 55-59'. By fractional crj7stallization from petroleum ether 
(b.p. 60-70') the more soluble component was separated, m.p. 54.5-55.5'; 
X-ray diffraction pattern: [lCI] 5.21; [7] 8.66, 5.71; [6] 4.77; [5] 6.65; [3] 5.01; 
[a] 4.35, 4.07, 4.00, 3.85, 3.74, 3.49; [ I ]  13.4, 3.69. Anal.: Calc. for CI6Hl60?: 
C, 78.9; H ,  7.07. Found: C, 78.4; H ,  7.16. The configuration was confirmed bj, 
methyl iodide -silver oxide methl-lation; 0.094 gm. (99%), m.p. 80-88', was 
crystallized from 0.5 ml. of methanol, m.p. 92-93'. This(dd,ll)-1,2-dimethoxy- 
1,2-diphenylethane (XV), identical with that  obtained by methylation of 
isohydrobenzoin, was compared by mixture melting point and X-ray diffraction 
pattern. 

(b) By liedz~ction o j  (dd,ll)-2-ilfetho.~-l,2-diphenylefhyb Nitrate (XVI I )  

The procedure used for the (d1,ld)-diastereomer gave a 75y0 jield, m.p. 
50-52". After crystallization from petroleu~n ether (b.p. 60-70') this (dd,ll) 
isomer, m.p. 2.3-55.5", was identified by nlixture melting point and X- ra~ .  
diffraction pattern. 

a-2-hlethoxy- l,2-diphenyletlzylrnercuric Chloride 

After about four minutes a strongly shaken mixture of 1.07 gm. (0.0033 
mole) of mercuric nitrate and 0.281 gm. (0.0016 mole) of cis-stilbene in 25 ml. 
of methanol a t  25' was clear. After 10 min. of reaction time the system was 
added to 25 ml. of cold 0.4 N aqueous sodium chloride. The precipitate, 0.737 
gm,, was extracted with chloroform, then with methanol to remove merci~ric 
chloride, leaving 0.129 gm. (17y0) of mercurous chloride. 

The evaporated chlorofor~n solution (0.584 gm.) was washecl with I ml. of 
petroleum ether (b.p. 60-70') to leave 0.548 gm., m.p. 132-139'. After crystal- 
lization from ethanol the product (m.p. 141-143') was identified by mixture 
melting point. 

a-2-ilfethony-1,2-dipl~enyIethyI~mercuric Nitrate (XIX)  with Ethanobic Afercuric 
Nitrafe 
After 1.118 gm. (0.0025 mole) of a-2-methoxy-1,2-cliphe1~ylet1~y11~~e1-curic 

chloride and 0.425 gm. (0.0025 mole) of silver nitrate in 10 ml. of anhydrous 
ethanol was shaken for 35 min. and the silver chloride (0.354 gm. or 0.0025 
mole) was filterecl ancl washed with 10 rnl. of anhydrous ethanol, the combined 
filtrate and \vashings were shaken with 0.845 gm. (0.0026 mole) of mercuric 
nitrate for 72 hr. Filtration removecl 1.047 gm. (0.004 mole) of nlercurous ni- 
trate; the filtrate, diluted with an equal volume of water, \\.as thrice extractccl 
with 5-1111. portions of chloroform :und was treatecl then 1~-it11 dilute hydro- 
chloric acicl. 'I'he precipitated mercurous chloride weighecl 0.31 gm. (0.001 
mole). 

The water-washed chloroform extract was clrietl and evaporateel, leaving 
0.633 gm. This procluct was partially chromatographed, as outlinecl above, to 
yield two fractions. The first was crystallized from petroleum ether (t3.p. 
60-70°), 0.237 gm. (39y0), identified as (dd,ll)-2-methoxy-l,2-diphen~~lethyl 
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nitrate, m.p. 93.5-94', by mixture melting point. The second fraction, which 
uras oily and weighed 0.290 gm., was treated with hot methanolic 2,4-dinitro- 
phenylhyclrazine hydrochloride reagent, yielcling the derivative, n1.p. 133- 
138'. After crystallization from ethyl acetate - methanol, m.p. 150-151°, this 
diphenylacetaldehyde dinitrophenylhydrazone was identified by mixture 
melting point. If the oil is the diethyl acetal the yield is 43% of theoretical. 

(dd,ll)-2-Etl~oxy-l,2-diplzenylethyl Nitrate 

T o  a mixture of 1.69 gm. (0.0052 mole) of mercuric nitrate in 20 ml. of 
anhydrous ethanol containing 0.080 gm. (0.0025 mole) of methanol (shalten 
until the solid had disintegrated) was aclcled 0.4506 gin. (0.0025 mole) of cis- 
stilbene and the mixture was shalten vigorously for 48 hr. After dilution with 
water the system was thrice extracted with a total of 20 1111. of chloroform. 
The aqueous layer yieldecl 0.0049 mole of lilercurous chloride when it was 
treated with aqueous sodium chloride. 

The water-washed chlorofornl extract was driecl and evaporated to leave 
0.658 gm. of an oil. Chromatography of 258 mgm. of this oil by the method 
outlined above yielded 29 rngm., m.p. 48-68', and 80 mgm., m.p. 67-73', as 
well as 117 mgm. of an oil. The 80 mgm. portion was crystallized from petro- 
leum ether (b.p. 60-70°), 52 mgm., 1n.p. 74-75'. Recrystallization raised this 
melting point to 74.8-75.5'; X-ray diffraction pattern: [lo] 3.88; [5] 10.04, 
4.82; [4] 4.58, 4.13; [3] 2.94. Anal.: Calc. for C I G H ~ ~ N O ~ :  C,  66.9; H I  5.97; 
N,  4.88. Founcl: C, 67.3; H, 6.14; N,  4.68. The residue from the evaporated 
crystallization liquors melted a t  57-69', 27 mgm. 

(dd,ll)-1-Etlzoxy-2-nzetlz0.~y-l,2-diphe~zyletlzane ( X X I I )  

(a) From (dd,ll) -2-il~et1zoxy-1,2-d~~lze~~yLetlzanol (X  TTIII) 
Graclual acldition of 0.46 gm. (0.002 mole) of fresh silver oxide to  83 mgm. 

(0.0036 mole) of the alcohol in 2.0 ml. (0.0025 mole) of boiling ethyl iodide 
during four hours gave a mixture which was filtered and evaporatecl; 89 mgm. 
slolvly crystallized, 1n.p. 51-54". A benzene solution, passed through 10 gm. of 
Alcoa alumina in a column, gave a fraction (79 mgm.), m.p. 5-1-55', which was 
crystallized from 0.3 ml. of petroleum ether (b.p. 40-50°), m .p. 55.2-55.5', 
with X-ray diffraction pattern: [lo] 6.48; [9] 5.24; [5] 9.16, 7.13, 4.20; [4] 
3.81, 3.57, 3.44. Anal.: Calc. for CljH2002: C,  79.7; H ,  7.86. Found: C, 79.7; 
H ,  7.97. 

(b) From (dd,ll)-2-Etlzoxy-1,2-di$henylethyl Nitrate (XX) 

Hydrogenation of 36 mgm. (0.00125 mole) of the nitrate ester with palla- 
dium-on-charcoal as outlined earlier yielded 30 mgm. of oil which was methy- 
lated with silver oxide and methyl iodicle. The crude product in benzene was 
passed through 2 gm. of Alcoa alumina in a column and the main fraction 
upon evaporation slowly crystallized, m.p. 53-54.5'. A mixture melting point 
with product prepared by procedure (a) was not lowered. 

p-2-iVIethoxy-1,2-diplze7zylethylmercuric Acetate 

After shaking 5.0 gm. (0.0112 mole) of p-2-methoxy-l,2-diphenylethyl- 
mercuric chloride and 1.87 gm. (0.012 mole) of silver acetate in 40 ml. of 
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methanol for one hour in the dark the mixture was filtered from silver chloride 
(looyo). Vacuum evaporation of the filtrate left 5.35 gm. (loo%), m.p. 100- 
104". Solution in 15 ml. of methanol followed by dilution with 8 ml. of water 
gave 4.22 gm., m.p. 103.5-105'. After crystallization from 95% ethanol the 
X-ray diffraction pattern of the compound, m.p. 104.5-105.5', was determined: 
[lo] 11.04; [9] 4.16; [8] 3.43; [6] 4.38; [5] 5.79, 4.58; [3] 3.73; [ I ]  7.59, 5.27, 
4.95. Anal.: Calc. for C17H1BHg03: Hg, 42.6. Found: Hg, 42.4. The product was 
identified by reconversion to the chloromercurial by treatment of a methanolic 
solution with aqueous sodium chloride. 

cis- or trans-Stilbene or the Corresponding Methoxymercvrials with Methanolic 
Mercuric Acetate and Boron Fluoride Etherate at 25' 
The reaction with trans-stilbene is typical. A solution of 0.90 gm. (0.005 

mole) of trans-stilbene, 3.19 gm. (0.01 mole) of mercuric acetate (crystallized 
from acetic acid), and 0.28 gm. (0.002 mole) of boron fluoride etherate was 
made up to 100 ml. with dry methanol. The reaction was followed by titration 
of 2-ml. aliquots with thiocyanate solution after they had been diluted with 
water and extracted with chloroform. After five days the system was filtered 
to remove 1.70 gm. (65%) of mercurous acetate. The  filtrate, evaporated and 
diluted with water, was thrice extracted with chloroform. The extract, washed 
with 5y0 alkali, water, and then dried and evaporated, yielded 1.055 gm. of 
semisolid. Chromatography of 277 mgm. as described before yielded 26 mgm. 
of stilbene, 130 mgm. of impure (d1,ld)-l,2-dimethoxy-l,2-diphenylethane, m.p. 
137-139" (mixture melting point a t  140-141.5' after crystallization from 
ethanol), 40 mgm. of diphenylacetaldehyde acetal, converted to its 2,4- 
dinitrophenylhydrazone, m.p. 145-147', purified 149-150°, m.m.p., and 
finally 6 mgm. of impure (dd,ll)-l,2-dimethoxy-l,2-diphenylethane, crystallized 
from methano1 to melt a t  90-91°, m.m.p. 

Benzylmercuric Nitrate and Methanolic Mercuric Nitrate 

A mixture of 6.54 gm. (0.02 mole) of benzyImercuric chIoride (22), m.p. 
105-105.5", and 3.40 gm. (0.02 mole) of finely-ground silver nitrate in 20 ml. 
of methanol was vigorously shaken for several hours, then filtered to remove 
2.75 gm. (0.019 mole) of methanol-washed silver chloride. Then 6.83 gm. 
(0.021 mole) of mercuric nitrate was added and the system was shaken nine 
hours and let stand 30 hr. After filtration to remove 0.17 gm., infusible, the 
system was diluted with an equal volume of water and four times extracted 
with 50 ml. total of chloroform. The extract, washed with cold 5y0 aqueous 
sodium hydroxide and water, then dried over sodium sulphate, mas distilled, 
yielding two discreet fractions. The first one (0.90 gm., 46y0) was benzyl 
methyl ether, b.p. 62-70" (15 mm.), n; 1.5042; redistilled a t  168-171" (750 
mm.), n g  1.5040, m.p. -61 to -5G0, it  was identified by mixture melting point 
with an authentic sample, b.p. 170.j0, n g  1.5034, m.p. -56 to -54' (31). 

The  second fraction, b.p. 65-75" (1.5 mm.), n g  1.5212 (0.47 gm., IS%), 
was redistilled a t  66-72' (1-2 mm.), n g  1.5204, m.p. -21 to -lgO, and then 
frozen fractionally, m.p. - 19.5 to - 15'. Anal.: Calc. for C7H.iNOa: N03, 40.5. 
Found: NO3, 40.0. This benzyl nitrate was identified by mixture melting point 
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SHEAKEK A N D  WKIGHT: OXIDATION 1031 

with an authentic sample (26), b.p. 99-100" (16 mm.), n g  1.5211, m.p. -17 
to  - 15" (uncorr.). When toluene was subjected to the same reaction conditions 
used for the mercurial neither of the products was detected and no mercurous 
salt was formed. 

sec-Butyl Nitrate 
A mixture of 5.86 gm. (0.02 mole) of sec-butylmercuric chloride (27), 

m.p. 128.5-129.3", and 3.40 gm. (0.02 mole) of finely-ground silver nitrate in 
25 ml. of methanol was shaken for 30 min. After filtration from 2.93 gm. of 
silver chloride the filtrate with 20 ml. of methanolic washings was shaken 
with 6.83 gm. (0.021 mole) of mercuric nitrate for 10 hr., then filtered to  
remove 3.33 gm. (30%) of mercurous nitrate. The filtrate diluted with 
water was ether extracted and the extract, water and alltali washed, was 
dried and distilled to yield a fraction, b.p. 120-123" (750 mm.), 0.12 gm. 
(5%), n g  1.4006. This product was identified as sec-butyl nitrate by its phy- 
sical constants (23), by a positive test with diphenylamine - sulphuric acid, 
and by uptalte of hydrogen over palladium-on-charcoal to the extent of 96% 
of that expected for sec-butyl nitrate with consequent formation of ammonia. 

2,2'-Dinitratomercuridiethyl Ether with Methanolic Mercuric Nitrate 

Both this compound and hydroxyethylmercuric nitrate were prepared by 
the method of Hoffmann and Sand (18) and both were stable toward 10% 
nitric acid although they were decomposed by hydrochloric acid. When a 
methanolic solution of dinitratomercuridiethyl ether was shaken for five days 
with mercuric nitrate there was no evidence for mercurous salt formation, even 
when some water was added to the system. 

Methods of Analysis for Kinetic Studies 

When analysis for mercuric salts in absence of chlorides was possible the 
method of thiocyanate titration following chloroform extraction (41) was used. 
However the interference by mercurous salt frequently made this method 
unusable and the procedure of Personne (32) was refined for our purpose. By 
this refinement a 1 or 2 ml. aliquot (which might be about 0.5 molar in total 
inorganic mercury I and 11) was added to 10 ml. of water in a separatory funnel 
and 1 ml. of 1 N nitric acid was added to prevent hydrolysis of the inorganic 
mercury salts. Three extractions with 5-ml. portions of chloroform were made 
for removal of organomercurial, then the aqueous layer was rinsed into 10 ml. 
of 2 N hydrochloric acid. The resulting precipitate of mercurous chloride was 
filtered off after 20 or 30 min. with celite as  filter-aid, and washed a t  least 
four times. Filtrate and washings were combined and treated with 10 ml. of 
0.19 N potassium iodide solution. The clear solution was diluted to a volume 
of about 80 ml. and was titrated with standardized (against red mercuric oxide 
in nitric acid) 0.1 N mercuric nitrate solution to the first appearance of a 
permanent red color due to mercuric iodide. Best results are obtained using a 
dark bacltground and side-lighting. The titer value was subtracted from a blank 
carried out similarly on the potassium iodide solution. I t  is important that the 
final volume of each analyzed solution be nearly the same. 
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normality. (vol. of blanlc titer-vol. of sample titer) 
Molarity of Hg7+ = 

2 volume of aliquot 

Since 2-h~~droxycyclohesylmei-c~1i-ic salts cannot be exti-actecl quantitatively 
by chloroform the lcinetic study of cyclohexene oxidation by aqueous mercuric 
nitrate does not include the extraction step and the aliquot is added directly 
to dilute hydrochloric acid which decomposes the hydroxymercurial and 
precipitates the mercurous salt a t  the same time. In this event the rate must be 
calculated on the assumption that the oxymercuration has gone rapidly to 
completion (see equation [i]). 

The determination of ~nercurous salt above, or of both inercurous and iner- 
curic salt, is obviously better suited to a lcinetic study of oxidation by mercuric 
salt than is a determination of the mercuric salt alone, especially since the 
organomercurial is involved as an intermediate. Two methods have beell 
employed. 

In the first method, after extraction of the organomercurial the mercurous 
salt is precipitated but then filtered and washed by suction on a micro filtering 
crucible from which it  is clissolved and oxidized by warming with 2 ml. of 
aqua regia until solutioi~ is complete. This solution is diluted, treated with 
potassiu~n iodide, and titrated as described before, 

normality . blank titer-sample titer , 
Hg2++ = . 

4 volume of aliquot 

while the mercuric salt is determined as before. 
The second method is iodo~netric. After extraction of the organoinercurial 

the aqueous layer is rinsecl into a solution of 0.5 gm. of potassium iodide in 
10 ml. of 2 N hydrochloric acid plus 5 1111. of 0.1 N standard iodine solution. 
Titration is then carried out with 0.1 N standard thiosulphate using a starch 
endpoint because of a tenclency for the final solution to be slightly yellow. 

Kinetic studies based on this determination of mercurous salt are shown in 
Table XI I I ,  depicting the reaction of cis-stilbene with mercuric nitrate in 
methanol a t  25". Rates calculated from data con-esponding to the 1/P curve, 
Fig. 2,  show (Expts. 1 ancl 2 ,  3 and 4, 5 and 6) a satisfactory second-order 
relationship dependent on the concentration of nitric acid, which exerts an 
accelerating effect. 

TABLE XI11 

Ivlolarities after 
Initial molarities mercuration Sec~nd-order % 

Expt. specific rate Investi- 
No. cis- constant, gated 

I-Ig(NOd2 Stilbene HNOs Hg(N01)z Mercurial IlNO3 1. moles-' min.-1 

1 ,0937 ,0313 ,125 ,0625 .0313 .I56 ,293f ,012 73 
2 ,125 ,0313 ,125 ,0938 ,0313 1 ,204f.009 88 
3 ,125 .OR25 ,125 ,0625 ,0626 ,188 .338f ,009 68 
4 ,156 .OR25 . I25 ,0938 ,0625 .I88 .3351.007 81 
5 . I25 . O G 2 8  ,250 ,0625 .OR25  .312 ,402f.006 72 
G ,125 ,0625 ,375 ,0625 ,0025 ,437 .413+.006 74 
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THE PHOTOINITIATED ADDITION OF MERGAPTANS 
TO OLEFINS 

11. T H E  K I N E T I C S  O F  T H E  A D D I T I O N  O F  n-BUTYL M E R C A P T A N  
T O  1-PENTENEL." 

BY M.  ONYSZCI-IUI<~ AND C. SIVERTZ~ 

The detailed kinetics in\~olvecl in the photoinitiated addition of ?L-butyl 
mercaptan to 1-pentene is presentctl. I t  has been shown that side reactions such 
as propagation and u-dchydr.ogenatio11 are relatively negligihlc ant1 the principal 
mechanism comprises attack b y  tliiyl radical followed by transfer with mercaptan 
b y  the all;yl radical. The velocity constant of the attack step is es!j~llatetl to be 
7 X 1 0 G  ancl that of the transfer step 1.4 X 1U6 litcrs/mole-sec. I hese \;alucs 
together with approximate termination velocity constants are sho\\,n to cs- 
plain the 1;inetics over a wide range of conce~itration. 

In the first study (2) rates were observed for only equal concentrations of 
mercaptan and olefin. This preliminary work emphasized the need for a more 
general formulation of the kinetics and the inadmissability of simplifying 
assumptions with regard to  terminations. The inechanism previously proposed 
(2) involved an attaclr. step followed by a transfer step but the isolat io~~ of 
each of these was not accomplished. I t  was therefore the principal object 
of this work to vary the concentrations of reagents over a wide range and test 
the proposed reaction scheme in terms of a more general kiiletic description, 
and if possible to  measure both the attack and transfer velocity coefficients. 

B:\SIC RE?\CrrIOiYS: USCONJUG.\TED VINYLS 

The basic reactions and consequent steady state equations are presented in 
considerable detail in this paper to form a foundation of symbolism and theory 
for subsequent papers. Some estimates of incidental velocity coefficients a t  
30°C. are included to  help in forming a judginent of the reactions which need 
to be considered. 

In this paper we discuss oilly the photoinitiated addition of 72-butyl mercap- 
tan to unconjugated vinyls, and proceed to break the over-all process up into 
the various steps involved. Velocity constants are in liters moles-l sec-I. 

Origin of Radicals 

As in previous worlr. (2) the origin of radicals is through the photolysis of 
2,2'-azo-bis-isobutyronitrile designated Q2, using a filter system which forbids 
activation of reactants: 

(1) Qz+kv = 2Q k (1) 
where k(I)  is the rate of origin of kinetic chains (moles/liter-sec.). In  the 

lllfanzlscript rcceiocd Jafzuary IS, 1955. 
Contribzltio~z fronz tlte Departrnel~t of Cltenlistry, G l i ~ e r s i t y  of W r s t ~ r ? ~  Ontario, Lo?tdon, 0111 .  

Th i s  work zoas sz~bborted by fzrnds brouided by tlte iVatiolta1 Researclz Cozl?tcil o f  Ca7znda. 
2T1~e first papei  i f  this series i s  ~eferelzce (2). 
3Gradz~aLe stzlde?zt 1952. Present address-TJniurrsity of Caulbridge, Cantbridge, E?~,gla?zd. 
4Associale I'rofessor of Cl~e~nis t ry ,  Uniuersity of bvcstern Ontario, London, Ontario. 
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ONYSZCIIUK AND SIVERTZ: PI-IOTOINITIATED ADDITION. I1 1035 

present treatment we will assume that  Q radicals have negligible conceiltration 
compared to all others and that they disappear by transfer with mercaptan: 

(a) Q+RSH = QH+RS k 3° 

The thiyl radical attacks monomer to produce an unconjugated radical 
designated X,  e.g. R S C H ~ ~ H C H ~ C H ~ C H ~  results from an attack on 1- 
pentene. That  the addition was counter Markovnikov was proved by product 
analysis. 

(3) RS+M = XI kl 2.5 X 1 0 q 2 )  
Propagatio?~ 

Nothing much is lrnown of the propagation of 2 radicals into monolefins 
in the liquid phase. If we extrapolate James and Steacie's (5) values to  30' 
for the gas phase propagation of CeH6 radicals into 1-heptene and also their 
dehydrogenation constant, it may be shown that the kinetic chain would be 
of the order of unity, owing to degradative transfer, even in the absence of 
mercaptan. Consequently we can neglect propagation. 
(4) k l + ~  = 2 2  kz = 0 

Clzain Tramfer  

In the presence of sufficient mercaptan the principal transfer reaction is 
(5) X+RSH = P+RS k3x 2.5 X 106(2) 

where P is addition product. 
At low mercaptan concentrations we have reason to  l~elieve that there may 

be significant a-hydrogen transfer with the production of the strongly stabilized 
allylic radical designated A. 

(6) A + M  = P+A kaa 150 ( 5 )  
This value for haa is that for the dehydrogenation of I-heptene in the gas 
phase determined by James and Steacie (5). 

(7)  RS+M = RSH+A k 3af 

Finally reaction (7) is reversible, hence 
(8) A+ RSFI = M+ RS k3h 100 

Since k3af/k3h = I<, the equilibrium constant for (7), we can estimate R 
through bond energies to be somewhat less than unity. The value of kQA = 100 
is about the transfer constant of isoprenyl radical previously reported (2). 

Termination. 

(9) 2RS = RSSR 
(10) RS+X = RSX 
(1 1) 2 s  = X, 
(12) X+A = XA 
(13) 2A = Hz 
(14) RS+A = RSA 

In  the light of the experimental results to  be reported we have found it 
expedient to  deal with the system: 

*Rece?tt work i?t th is  laboratory i?zdicates that !he valz~e 6 X 10" prmioz~sly  reported i s  a n  aoer- 
age for RS a?td X witlt ka' > k6'.  
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103G CANADIAN JOURNAL OF CI-IE~IISTRY. VOL. 33 

(I) assuming the geometric meail for the crossed terminations and i~lcluding 
the or-dehydrogenation, 

(2) neglecting a-dehydrogenation and malring no simplifying assumption 
a 1011s. with regard to  cross termin t' 

Total Radical Termination 
With the assumption of the geometric mean for crossed termillation two 

added constants suffice to express all termination constants in terms of one. Let 
k 4  = U2k6, kg  = u2k6, then all terminations may be expressed as k 6 ( u ~ S  
+UA+X)~. - - 

Here we write k4 = 2kj', k6 = 2k4, k g  = 2ksJ, and k b  = 2t/k4/kcJ = 4 k 4 k ~ .  
Such a definition of the crossed termination k6 is suggested by elementary 
collision theory since the collision number for unlike species is twice that  for 
single. With this convention the expression ~ ~ [ u R S + U A + X ] ~  is equal to the 
rate of disappearance of all radicals. We may note that in terms of the approxi- 
mate values of k4, kc, and kg  given above u + 2, a t 0.1. 

STEADY STSI'E EQUATIOSS 

The radical whose steady state is described is shown on the left. Since all 
terminations except those for Q radicals are included, the rate detail for 
terminations is implied by the letters T. For example 
T I I  = k4(~S)2+k: ,(RS) (x) + k e ( ~ S )  (A). 

I Q k ( I )  = k30 (RSI-I) (Q) 
I1 RS ~ ~ ' ( R s H )  ( Q ) + ~ ~ A ( I ~ s H )  (A)+k3x)RSH) ( 2 )  

= k l ( ~ S )  (M) +kaaJ(RS) (iVI)+ T I I  
I11 A k~aJ(~~)(~~)+k3a(X)(~1)=ka~(RSH)(A)+~III 
I X ~~(RS)(~\/I)=~~~(IISH)(X)+~~~(~I)(X)+TIV. 

Summation to  infinity yields 

The  reaction rate measured dilatometrically is 

providing we neglect T I ,  and kaa(M) compared to ksx(RSH). The former is 
not permissible, as RSH f 0. For long kinetic chains we can express (RS) 
and (A) in terms of (X) through IV and 111. This value of (x) substituted 
in [2] yields 

after elimination of insignificant terms. In [3], "6 = 4k(1)/k6.  Owing to the 
last term in the denominator of [3] this equation predicts lower rates a t  low 
mercaptan than would be the case if k3= = 0. If a-dehydrogenation is negIected 
equation [31 can take a linear form, viz., 
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ONYSZCI-IUK AND SIVERTZ: PEIOTOINITI.-\TED IIDDITION. I I  1037 

from which on varying RSH a t  coristaiit (Mo) 

[51 zc kSS/kl = Intercept (Mo)/slope. 

By the same procedure the rate may be expressed in terms of the RS radical 
(equation [2]). 

[GI  R = kl(~)~c/[zl+kl(M)/k3.~(RSH) { I + ~ ~ ~ ( M ) / ~ Z A ( R S H ) I  I .  
No sigmoidal form of R vs. M such as that  implied in [3] for R vs. RSH is now 
apparent, but the rate should fall a t  high Ail values owing to k3,. Again if 
k3cr = 0 [GI can be written in a similar form to [4] 

[7 I R = kl(M)ws/z~[li- ki(M)z~k3x(RSH) I 
which in linear form yields 

[ a  . ~ k 3 ~ / k l  = slope/intercept (RSH") . 
Cross Termination 

If the cross termination is not given by the geometric mean me can represent - 
it quite gci~erally thus: kS = +dk4ks in which 4 may have any value from 0 
upwards. U7hen this is included in the solutioil for the steady states it readily 
follows that equation [3] ileglectiilg a-hydrogen reactioils now becomes: 

where b = ~ c k ~ ~ / k ~  and r = (RSH)/(M). Similarly [7] becomes 

As rates Rl are measured, varying RSI-I a t  constant Mo  a limiting value of 
[9] is implied a t  (r t m )  XIrn  = k l ( h l I O ) ~ G / ~ ~ .  Similarly R2" = kax(RSH,)~,  
( r  -+ 0). Consequently we call write [9] and [lo] in terms of the two constailts 
b and 4, and the limiting rates Ry and RT viz., 

In general the methods employed were those described in the first paper (2) 
except that a new apparatus was coilstructed employing a series of four quartz 
lenses to  collimate and focus the mercury arc light in a manner similar to that  
of Bartlett et al. (3). 

The ultraviolet light sozcrce was a Hanovia A H-8, 85-watt lamp. The photo- 
sensitizer was again 2,2-azo-isobutyronitrile (AIN) employed in such concen- 
tration as to absorb not more than 20% of the light in the cell. CorningJilters 
9863 and 5840 were used to isolate radiation capable of photolyzing the AIN 
alone. Dilatometer technique was identical with that  previously described (2). 

EXPERIMENTAL 

1-Pentene-Phillips Petroleum Research Grade was used without further 
purification. 
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Normal bzltyl mercnptan-Eastman I<oda1i1s ~vhite label mas distilled under 
an atmosphere of niti.ogen through a 40-plate Todd column. The middle cut 
retained had the followiilg properties: b.p. 98.0°C. a t  750 mm., ng = 1.4410. 
Benzene-Mercli's Reagent Grade Thiophene-free was used ~vithout further 
p~lrific a t '  ion. 

Azo-isobutyronitrile was prepared by the method of Overberger et al. (7); 
m.p. 102.5-103.ti°C. 

The follonring series of experiments were carried out. All coilcerltrations are 
expressed in moles/liter. 12-Butyl mercaptan is represented as BUSH. Teinpera- 
ture was constant a t  25OC. 

TlIBLE I 
-- 

(-4 I S )  103 (1-Pentenc) (n-BLISH) 10'k(I) 

Series I 
Scries I1 
Series 111 

RESCLTS AND DISCLSSIOS 

Se~ies I was designed to show the reproducibility of rate measurements, 
which is shown in Fig. 1. The measured rates are 0.159, 0.161, O.lG1, and 0.16 

0 4 8 12 16 
T I M E  ( M I N . )  

FIG. 1. Di l~~tol~le t r ic  measurenlent of the rate of addition of n-buiyl mercaptan to  1- 
penie~le, shomin_~ rcproducibiliiy of ratc measurements. Series I .  

Butyl ib1ercaptan and 1-Pentene 
Series 11-Analysis of the data plotted in Fig. 2, in the light of the theory, 

proceeded by attempting first to fit equation [GI. This suggested that the last 
term in the dellominator was so small that it could not be distinguished from 
possible effects due to the considerable changes in environment as the composi- 
tion was altered. I n  general the shape of the curve in Fig. 2 is that anticipated 
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OSYSZCIIUIi . \SD SIVERTZ. PIIOTOINITI.ITI.:D .\DDITION. I1 

FIG. 2. TZnte of arltlition of rnercaptarl a s  a f u n c t i o ~ ~  of 1-pcntenc at constant mercaptau 
(0.803 moles/liter). Se~ ies  11. Curie '1: b = 0.3, 4 = 1; Curve B: b = 0.5, + = 1; Curve C: 
Z, = 0.5, 6 = 1.5; Curl-e D: b = 1.0, 4 = 1. 

by equation ['i] or [12]. We could tlleil proceed to apply equation [7] which 
assumes the geo~netric lueail or equation [12] which does not. The result of 
the first alternative in terms of the linear form of equation [7] ,  Fig. 3 ,  yields 
an intercept l / k 3 s ( R S H ) ~  W E  = 900 liter sec./inole, and a slope u / k l w s  = 360 
sec., and hence a value of u k s u / k l  = b + 0.5. The applicatioll of equation [12] 
is discussed below. 

4 
0 0.5 1 .O 1.5 2 .O 

I / P E N T E N E  

FIG. 3. Plot of data in Fig. 2 according to  linear form of equation [i]. Irltercept = 900 Iiter- 
sec./mole, slope = 3G0 sec. 

Series III-The data are plotted in Fig. 4. From Series I1 we have values 
for kaxw6 and u k j x / k l ,  and hence "calculated" rates ileglectiilg a-dehydro- 
genation can be determined. These are sho~vn in Fig. 2B and 4B. A glance a t  
the latter shows that  the rates are lower than calculated in both low a d  high 
~nercaptail regions. I t  is hence obvious that  the linear form [4] cannot apply to 
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I I ! I 
I 2 3 4 

R S H  

FIG. 4. Rate of addition of rnercapian as a function of mercapian, I-pe~ltenc constant 
(0.797 molcs/litc~). Series 111. Curve A :  s~noothed experimental curve Curxre B: b = 0.5, 
@ = 1; Curve C: Z, = 0.5, @I = 6. 

all values of mercaptan. n'evertheless the general form is that anticipated by 
[3] or [ I l l  proceeding from a region where rates are dependent on mercaptan 
through a transition region to one in which rate is independent of mercaptan. 
Moreover the relative value of constants, viz., Z L  ka l /k l  = 0.5 determined from 
Series 11, does locate the position of the transition region. The deviation a t  low 
mercaptan may be partly imputed to some a-dehycll-ogenation (equation [3]). 
Another obvious reason for low rates could be the neglect of termillatio~l by Q 
radicals (basic reaction (2)) which cannot be valid a t  low mercaptan concen- 
trations. There is nothing in the kinetics which anticipates the sharp levelling 
off of rates a t  h,igh mel-captan and we can only surillise that this is due to the 
considerable changes in environment. Also sho~vn are curves A and D, Fig. 2, 
which indicate the sensitivity to b = u k 3 J k 1  values when 4 = 1. Fig. 4 sbows 
in curve C the effect of 4 = 6, b = 0.5. 

Application of Eqz~atioms [I I ]  and [12]: iVon-geometric Termination 
Considering that a-dehydrogenation appears to be close to negligible we may 

with more confidence apply equations [ll .] and [12]. I t  should be noted that 
only unique values of + and b will satisfy both equations. I t  was found that 
when b = 0.5 and 4 = 0.5 a reasonably good fit of the data is again obtained 
(Fig. 5). However the data can hardly discriminate between this interpretation 
and that of the geometric mean. Our main co~lclusio~ls are (a) the cross ter- 
mination is close to the geometric Ineail, (b) the value of u k S X / k l  appears to be 
quite closely given as 0.5 a t  25OC., (c) deviations from the anticipated rate 
curves a t  high ~nercaptan values are probably due to environmental efkcts on 
the mechanism, but the general form is that predicted by the basic reactions 
given. 

Estimation of Absolute Velocity Co?zstants 
While it was not the object of this work to determine the velocity coefficients 

and no half-life measurements were made, we may estimate these by taking 
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FIG. 5 .  Plot of equations [ll] and [I21 with b = 0.5, 4 = 0.5, showing agreement with 
mcasured rates. 

kG = 1011 which corresponds to 5 X 101° for kc', the recombination const;i~lt 
of x radicals. This value is somewhat lower than that previously reported (2) 
and higher than Iviil and Steacie (4) report for CzHs radicals in the gas phase, 
viz., 1.56 X 10lO. This value for k6  together with the k(I) (Table I)  for the 
series yields wc  + lo-! From Fig. 3 we foulld l/kas(RSHo)w+j = 900 or alier- 
natively that Rzm = k3s(RSHo)oc (Fig. 2) = 1.1 X Therefore since 
(RSHo) = 0.8, kslv = 1.1 X 10-3/0.8 X 10-" 1.4 X 106 liter/mole-sec. If 
we t a l e  k 4  for the RS radical as 6 X 10" (2), then u = 2.45 and hence 
k l  = 7 X lo6. This happens also to yield for 11 kal/kl  the value 2.45 X 1.4 
X 106/7 X lo6 = 0.52, which is hence consistent with the direct experimelltal 
value. 

GENEI:.<\L CONCLUSIONS 

(1) The "calculated" curves sho~vu in Fig. 5 are seen to be in substantial 
agreement with the experimeiltal results except for high mercaptail concentra- 
tions. In consequeilce we can presume that the mechailism of the photo- 
initiated addition of mercaptan to 1-pentene does in fact take place in two 
independent steps: an attack step (kl = 7 X lo6) and a mercaptall transfer 
step (k3X = 1.4 X lo6). 

(2) With regard to equation [7] it should be noted that the last term in the 
denominator kl(M)/ukaX(RSH) is equal to (S)/U(RS) and hence measures 
the relative abundance of these radicals. On the plateau of Fig. 2 we may 
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hence presume that (x) > (RS), and a half life in this region may be assigned 
to  the x radical. In a similar manner we might isolate the RS radical. Melville, 
Robb, and Tutton (6) were the first to point out that when such measurements 
of half lives are combined with one made in a region of obvious cross-termina- 
tion the cross-termination velocity constant k g  could be measured. I t  is con- 
cluded here that such a procedure is valid only (a) if it has been shown that 
such side reactions as a-dehydrogenation are negligible, (b) if no propagation 
occurs, (c) provided the regions where radicals may be taken as isolated have 
been defined experimentally such as shown in this paper. 
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SEDIMENTATION AND VISCOSITY STUDIES OF BOVINE 
SERUM ALBUMIN IN UREA SOLUTION1 

ABSTRACT 

Sedimentation and viscosity measurements were made on bovine serum 
albumin during denaturation a t  pH 9.9 in 8.0 M urea in the presence of sodium- 
p-clilorornerc~~riber~zoate. The results suggested that the urea caused a rapid initial 
increase in the axial ratio and equivale~lt volume of the protein molecule. A 
subsequent slower increase in asymmetry was attributed to the effect of the 
mercury compound. 

INTRODUCTION 

The action of strong urea solutiolls on proteins is an example of "denatura- 
tion", a subject recently reviewed by Putnam (34). For many proteins the 
primary change in denaturation is believed to be a rearrangement of the 
secondary-bonded structure (21, 34). At this stage molecular weight is un- 
altered (5, 35), but changes in molecular shape will occur. The present work 
was undertaken to study the gross changes which occur in the shape of the 
bovine serum albumin molecule in the presence of urea. 

The dynamic characteristics of a protein will reflect changes of molecular 
shape, but there are many difficulties involved in establishing the precise 
relation (13). To avoid some of these difficulties Scheraga and Mandelkern 
(39) related the observed characteristics of the protein molecule to a hypo- 
thetical "hydrodynamically equivalent ellipsoid", through a function, @, 
which depends only on the axial ratio of the (prolate or oblatej ellipsoid. 

For the calculation of b, accurate measurements of seve_.al quantities 
should be made (in the same solvent, under the same conditions) and extra- 
polated to infinite dilution of protein. One combination consists of the sedi- 
mentation constant, s ,  intrinsic viscosity, [q] (lo), partial specific volume, O, 
and molecular weight, M. From these characteristics P = N ~ [ q ] ~ / ~ q o  
/1W3(1 -Ope), where qo and P O  are respectively the viscosity and density of the 
solvent, and N is Avogadro's number. Recently Champagne (6) applied a 
similar method of Sadron (36). However, Sadron (36) attempted to attribute 
a portion of the equivalent volume to hydration expressed in terms of O, a 
~rocedure which Scheraga and Mandelkern (39) deprecate. 

Measurements of s and [q] made here have been used to follow the changes 
in @ which occur when urea acts on bovine serum albumin in aqueous solution. 

'21.Ianzlscript receizled Janzlnry 6 ,  1965. 
Contribution from tlze Division of Applied Bioloxy, National Research Laboratories, Ottawa, 

Cu,iada. Issued as N.R.C. hTo. 5557. 
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1044 CANADIAN JOURNAL OF CHEMISTRY. VOI,. 33 

Viscosity measurements under different conditions were made to obtain infor- 
mation about the intramolecular changes responsible for the alterations in 0. 

EXPERIMENTAL 

Stock solutions of bovine serum albumin (Armour, batch 66706) were made 
up, and their concentrations determined by diluting samples for measurements 
in the differential refractometer (4). A specific refractive increment of 0.00186 
(32) was assumed a t  the wavelength used (5890 A). 

Chemicals were reagent grade. Further purification of the urea was con- 
sidered unnecessary (42). I t  was, however, dried by heating in vacua for six 
hours a t  55OC. (16). The solvent used for the main group of experimeilts 
contained urea (8.0 Ad), sodium borate (borax) (0.05 M) ,  and sodium p- 
chloromercuribei~zoate* (0.005 116), the last constituent being added to prevent 
aggregation (15). The pH, measured on a Becltman inodel G pH meter, was 
about 9.9, varying slightly (f 0.03) froill batch to batch and with time for a 
given protein solution. In some experiments phosphate buffers (pH 7.0 and 
8.3, ionic strength 0.2) XiTere used. 

In the main group of experimeilts series of measurements were made a t  
each of six protein concentratioils in the range 0.25-1.5%. The stock solutioils 
of protein and solvent were respectively 11 and 1.1 times the concentrations 
required in the mixture. Coarse sintered glass filters n7ere used to eliminate 
dust. At the start of each series, the stock solutioils were mixed. At  intervals, 
samples were removed from the mixture for ultracentrifuge runs. In each series 
seven runs were made, extending to about six days after mixing. A standard 
schedule was followed so that,  in corresponding runs a t  different protein 
concentrations, photographs were taken a t  the same time after mixing. 
Replicate mixtures were used to avoid the necessity of doing runs during the 
night. Concurrently with the ultracentrifuge runs, viscosity measurements 
were made every 30-60 min. in triplicate, extending to about 27 hr. after 
mixing. Different viscosimeters contained the various replicate mixtures, so 
that  each relative viscosity - time graph was composite, providing information 
011 reproducibility. 

A slight opalescence developed in the mixtures a t  pH 9.9 after 24 hr., more 
particularly a t  the higher protein concentrations. One solution (1% protein) 
was left standing for a \\.eel<. Some gross particles were removed by passage 
through a coarse sintered glass filter, and part of the filtrate was centrifuged 
in the preparative ultracentrifuge. Comparative viscosity measurements were 
made on the solution which was centrifuged and that which was not. Soine of 
the centrifuged solution was dialyzed exhaustively against 0.2 ionic strength 
phosphate buffer (pH 7.0), and examined in the analytical ultracentrifuge. 

A solution of about 1% bovine serum albumin, 8.0 M urea, 0.2 ionic strength 
phosphate buffer (pH 8.3), and 0.00015 M PCMB, after three days a t  25OC., 
was redialyzed against phosphate buffer (pH 7.0, ionic strength 0.2) containing 
0.00015 M PCivIB. Sedimentation and viscosity measurements were made 
using this protein solution and several dilutions of it  (in the same buffer). 
Similar measurements were made on albumin not exposed to urea. 

*Tlzis will bc referrod lo s?lbseqz~enlly as PCBTB. 
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CH;\RLU'OOD: BOVINE SERUM ALBUMIN 1045 

Various viscosity experiments were done in urea a t  several PCMB concen- 
trations, a t  a lower pH (8.3), and in the presence of silver nitrate. Additional 
measurements were made in 0.005 iM PCMB a t  pH 9.65 in the absence of 
urea. 

Sedimentation constants were measured a t  59,780 r.p.m. in the Spinco 
ultracentrifuge in the usual way (7). The  3-mm. cell was employed for protein 
concentrations above 0.9%, the 12-mm. cell for the rest. Eight photographs 
were taken a t  16-min. intervals during each run. Because of the slow separation 
of the peak from the meniscus, the first exposure could not be made until the 
rotor had been a t  top speed for about an hour. Since even a slight leak would 
introduce a large relative error in the distance moved by the peak, the position 
of the meniscus was determined with particular care during measurement of 
the photographs. The  rotor temperature iminediately prior to each run was 
adjusted so that  the rise of about 2°C. during the run ensured a mean tem- 
perature of approxiinately 25°C. The  temperature a t  the middle of the time 
interval between first and last exposures was estimated in the manner of 
Kegeles and Gutter (22), talting into accouilt the 1°C. correction indicated by 
Waugh and Yphantis (44) and Biancheria and Kegeles (3). Sedimentation 
constants were corrected to water a t  20". The  viscosity of solvent, rather than 
solution, was used (20, 24). Solvent density, determined from weighings of 
the volumetric flask used, agreed closely with that  expected from the data  
of Gucker, Gage, and Moser (17). As urea solutions have no exceptional 
compressibility (33), no correction was applied for this. 

Viscosity determinations were made in Ostwald-Fenske type viscosimeters 
(ASTM No. loo), giving a flow time of 70-120 sec. a t  the temperature of the 
thermostat (25.1°C.). In experiments not involving urea, ASTM No. 50 
viscosimeters were used to keep the flow times sufficiently long. The ratio of 
flow times for protein solution and solvent was talten as the relative viscosity 
(10). However, for measurements in the absence of urea, when the relative 
viscosity was low, the effect of the protein on the solution density was taken 
into account. 

RESULTS 

In the main group of sedimentation measurements, values a t  finite concen- 
trations decreased with time (Table I) .  The  concentration dependence (Table 
I)  was several times greater than for the original albumin (22). Regression 
lines were calculated a t  each time, the intercepts giving the extrapolated 
values shown in Table 11. The mean deviation of points from these lines 
amounted to about 1.7yO1 and about 15y0 of the points showed deviations of 
over 3y0. These unusually large errors were probably due to  the small distances 
moved by the boundaries in the rather viscous and dense solvent. For two 
reasons, the points were not weighted in the calculation of the regression 
lines. Firstly, the greater sharpness of the maxima of pealts a t  the higher 
concentrations was less pronounced when the short cell was used. Secondly, 
the boundaries moved more rapidly a t  lower concentrations. 

Viscosity measurements in the main group were plotted as reduced viscosity 
( lo) ,  qrea, against time a t  each protein concentration. The derived curves, 
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TABLE I 
SEDIMENTATION CONSTANTS OF BOVINE SERTJM ALBUMIN AT pH 9.9 IN 8.0 M UREA, 0.005 A l  

PCR/IB, 0.05 A!f BORAX 

Protein concentration (gm./100 ml.) 
Time after mixing 

(min.) 0.245% 0.497% 0.728% 0.967% 1.206% 1.457% 

NOTE: hfeaszrrements were made at about 26°C. Al l  values are corrected to water at 20°C. and 
expressed i n  Suedberg zlnits. 

TABLE I1 
AXIAL RATIOS AND VOLUMES OF EQUIVALENT ELLIPSOIDS FOR BOVINE SERUM ALBUMIN 

Time sR,,, h 1 Axial v e  
(n~in.) (Svedberg (gm./100 P X 1 0 - V a t i o ,  X1019 

units) m1.)-I a / b  (ml.1 

Untreated albumin in 
phosphate buffer, pH 
7.0, ionic strength 0.2 

Albumin in 8.0 M urea, 150 2.67 0.208 2.22 4.6 4.3 
borate buffer, pH 9.9, 388 2.57 0.241 2.24 5.2 4.3 
plus 0.005 M PCMB 622 2.52 0.261 2.26 5.8 4.1 

Recovered albumin in 
phosphate buffer, pH 
7.0, ionic strength 0.2, 
plus 0.00015 M PCMB 4.62 0.041 2.24 5.2 0.8 

which resembled those obtained a t  30°C. by Frensdorff, Watson, and Kauz- 
mann (15), were of the same type as obtained in the presence of silver (Fig. 4, 
upper curves). A few points fell so far off the curves as to indicate errors of 
f 0.3 sec., but usually the deviations were much smaller. 

From the viscosity curves values of vred were read at  times corresponding 
to the middle of the ultracentrifuge runs. These figures were plotted as v,,, 
against protein concentration a t  six different times (Fig. 1). Regression was 
linear within experimental error, the deviations of points a t  the lowest con- 
centration corresponding to a systematic difference of only 0.1 sec. Extrapola- 
tion to zero protein concentration showed the intrinsic viscosity increasing with 
time (Fig. 1 and Table 11). The slopes of the lines also increased steadily 
with time, indicating increased intermolecular influences. In the fitting of 
the regression lines shown, weights were assigned to the points, based approxi- 
mately on the relative errors in vred produced a t  different concentrations by 
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CI-IARLWOOD: BOVINE SERUM ALBUMIN 

0-41 

FIG. 1. Red~~ced viscosity of bovine serum albumin after various times at  pH 9.9 in 8.0 
ilI urea, 0.05 M borax, 0.005 111 PCMB. 

the same absolute error in timing. Experiments in which the head was varied 
confirmed that flow was Newtonian. 

In the calculations of /3 from S ~ O , ~  and [77], ij was talten as 0.734 (12) and M 
as 66,000 (see Discussion). In urea solution, /3 increased with time (Table 11). 
Since the first six values of ~ 2 0 0 , ~  in urea solution did not show a statistically 
significant trend, this increase was due to the rise in intrinsic viscosity. How- 
ever, when the value a t  8798 min. was included, the whole series showed time 
dependence ( p  - 0.02). 

In each series of ultracentrifuge runs (except the one a t  the highest con- 
centration) the areas under the peaks showed no measurable decrease. The 
pealcs showed no obviously abnormal degree of spreading, although no quanti- 
tative measurements of the spread were attempted. There was only a very 
slight difference in viscosity between the sample from the preparative ultra- 
centrifuge and that  which was not centrifuged. This evidence indicates that 
the material responsible for the opalescence is rendered insoluble without 
prior formation of soluble aggregates. 

Removal of urea by dialysis against pH 7.0 phosphate buffer caused exten- 
sive aggregation. There was some precipitation, and the ultracentrifuge 
revealed an asymmetric peak which moved several times faster than normal, 
and spread quickly. In  the absence of PCMB, urea caused s to increase with 
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time and the boundary spread rather rapidly (cf. 34). The material recovered 
from solution in 8.0 M urea, 0.00015 M PCNIB a t  pH 8.3 gave a clear solution 
on redialysis. In pH 7.0 phosphate buffer in the ultracentrifuge it gave one 
peak moving only slightly faster than normal (Table 11). There was a trace 
of a heavier component, but no more than in the untreated albumin. 

Under all conditions 8.0 M urea caused a rapid initial increase in the viscosity 
of bovine serum albumin. Subsequent behavior depended on the composition 
of the solution. At pH 9.9 (in 0.05 M borax) there was always a slow secondary 
increase. At the protein concentration used, the minimum secondary effect 
occurred a t  about 0.0005 M PCNIB (Fig. 2). At pH 8.3 (0.2 ionic strength 

MOLARITY OF PCMB p103 ) 
FIG. 2. Elfect of PCMB concentration on the reduced viscosity of bovine serulll albumin 

a t  pH 9.9 in 8.0 M urea, 0.05 .W boras. Protein concentration 0.97%. 

phosphate) in 0.00015 M PCMB (about one mole per mole of protein), the 
viscosity remained constant for a day after the initial increase (Fig. 3). At 
higher concentrations of PCMB there was a detectable secondary increase, 
illustrated in Fig. 3 by the behavior a t  0.005 M. 

At pH 8.3 (phosphate buffer) one mole of silver nitrate per mole of protein 
prevented a secondary increase in viscosity. This increase reappeared in the 
presence of 0.005 M PCRIIB (Fig. 4). At pH 9.9 (borate buffer) silver nitrate 
failed to eliminate the secondary effect, either in the absence, or in the presence, 
of PCMB (Fig. 4). 

At pH 9.65 (borate buffer), in the absence of urea, 0.005 M PCMB caused no 
detectable variation in the viscosity of the protein solution over the course of 
48 hr. 
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0.22 - 

0.21 - 

,o /0.00015M PCMB 

0.17 I I I I I I I 
200 400 600 800 1000 1200 1400 

MINUTES - 
FIG. 3. Effect of PCMB concentration on the time dependence of the reduced viscosity 

of bovine serum albumin in 8.0 M urea a t  pH 8.3 (0.2 ionic strength phosphate). Protein 
concentration 0.97%. 

' p H  9.9(BORATETE) 

MINUTES - 
FIG. 4. Reduced viscosity of bovine serum albunlin in 8.0 114 urea with one equivalent of 

silver nitrate added. Protein concentration 0.97%. 

DISCUSSION 

As Scheraga and NIandelkern (39) emphasized, quite high experimental 
accuracy must be attained for successful application of their method, as axial 
ratio is critically dependent on P .  I t  is evident, from the discrepancies between 
measurements on the same protein by different workers, that  such accuracy 
is uncommon in available data. I t  was hoped to  circumvent this problem by 
choice of suitable conditions, and by the use of a series of comparative meas- 
urements. 
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The solvent used was chosen because the work of Frensdorff, Watson, and 
Kauzmann (15) showed that qred would be reasonably high, and would give 
measurable variations with time. 

Although it is linown that crystalline bovine serum albumin contains 
impurities of higher molecular weight ( I ) ,  similar or other important objections 
could be raised to the use of alternative proteins. Moreover, as this albumin 
has been widely studied, i t  presented some advantages. Recent determinations 
of M by independent methods have given 65,400 ( l l ) ,  66,100 (26), and about 
66,000 (18) and for human albumin 65,600 (25). If the 1°C. temperature 
correction is applied to the sedimentation measurements of Creeth (1 I ) ,  and 
the most recent value of u (12) substituted for that he used, the value of M 
is increased, but only slightly. In the calculations in the present paper ill was 
taken as 66,000. 

Since no method presented itself for following possible changes in molecular 
weight, conditions were chosen under which there is believed to be little 
alteration (5). Incorporation of PCMB in the solution should not only prevent 
much aggregation (15), but also help to  prevent autoxidation, which might 
otherwise occur a t  pH 9.9 (27). At  a concentration of 0.005 M, this reagent is 
equivalent to albumin present a t  about 1.1%, even if all the sulphur in the 
protein were to exist in the form of -SH groups. 

Although enhanced intermolecular influences were evident from the magni- 
tude of the concentration dependence of s (Table I ;  cf. 22 for native albumin), 
any aggregation must have been slight in extent, as there was no curvature 
of the qred regression lines (Fig. 1 ;  cf. 15). Extrapolation to zero concentration 
should eliminate complications introduced by intermolecular effects, including 
any aggregation. The values of @ should, therefore, not contain errors due to 
these causes. 

According to Frensdorff, Watson, and Kauzmann (14), the ionic strength 
of the borax is high enough to  suppress anomalies in viscosity measurements. 
There is no curvature of the sedimentation regression lines to suggest that 
the ionic strength was not sufficiently high for these experiments. In  any case, 
extrapolation should eliminate any small anomalies which persist. 

Since s, when measured a t  finite concentrations, decreases with time (Table 
I ) ,  the usual method of computation is not strictly accurate. Analogous 
problems have been recently discussed. Schwert (40) has considered the effect 
of increasing temperature, and Alberty (2) the effect of variations in s due to 
concentration changes in the ultracentrifuge cell. A treatment similar to that  of 
Alberty (2), based on a Taylor expansion, showed that  the errors involved in 
using the ordinary method of calculation were negligible. This conclusion 
was not surprising, because the total variation of s during a run (from all 
causes) was never more than double the error of a determination, and there 
was no significant curvature of the log x vs. t lines. 

Several points relating to ultracentrifuge measurements were discussed 
earlier (7, 8). One very important factor, which influences the values of @, is 
the density factor, Up. This has been discussed by Longsworth (24) and by 
Schachman and Lauffer (37). The  magnitude of @ in urea solution (Table 11) 
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is consistent with the assumption that fi in these solutions is not greatly differ- 
ent from normal (29). The  trend of P would be the same even if fi were different. 
0111~ a decrease of fi with time in urea solution might invalidate the con- 
clusions. 

In  so far as the bovine serum albumin molecule inay be identified with the 
equivalent ellipsoid, the results suggest that initial exposure to the urea 
solution increases both the asial ratio and the volume of the protein molecule. 
Subsequently the axial ratio continues to increase with time, but the volume 
may decrease. This secondary change may be due to the PCMB. Frensdorff, 
Watson, and Kauzmann (15) have suggested that under alkaline conditions 
iiltramolecular -S-S- bridges undergo some hydrolysis, liberating -SH 
groups. Reaction of these with PCMB would accentuate the splitting and 
produce a more estended molecule. 

The secondary increase which occurs in the viscosity of bovine serum 
albumin in urea solution (in the absence of inhibitors) was ascribed by Hospel- 
horn, Cross, and Jensen (19) to aggregation resulting from a chain reaction. 
Ultracentrifuge experiments under these conditions also strongly suggested 
aggregation (see Results). The chain reaction was believed to be initiated by  
the free -SH group of the albumin molecule. At pH 8.0 (phosphate buffer) 
Hospelhorn, Cross, and Jensen (19) found that incorporation of one or two 
equivalents of silver nitrate in the urea solution eliminated the secondary 
increase in viscosity. This they ascribed to the blockage of the free -SH 
group. 

The  effects of one equivalent of silver nitrate and one of PCMB were similar 
a t  pH 8.3 in phosphate buffer (Figs. 3, 4). Probably, therefore, the PCMB 
under these conditions merely bloclis the free -SH group. Much higher 
concentrations of PCMB restored the secondary increase (Figs. 3, 4), pre- 
sumably by splitting the -S-S- bridges, as  discussed above. 

The  failure of silver nitrate a t  pH 9.9 (borate buffer) to prevent the second- 
ary effect (Fig. 4) might be accounted for by some hydrolysis, either of the 
silver derivative or of the -S-S- bridges. Both processes would liberate 
-SH groups capable of starting aggregation. The further increase in viscosity 
a t  pH 9.9 when PCMB was also incorporated (Fig. 4) could be due to its 
effect on the splitting of the -S-S- bridges. 

T o  account for the shape of the curves in Fig. 2 it may be assumed that a t  
very low molarities there is insufficient PCMB to blocli all -SH groups, 
and aggregation can occur. As the concentration increases, there is enough 
to react with the -SH groups, and to promote the splitting of -S-S- 
links, causing an increase in viscosity. The minima in the curves of Fig. 2 
will occur when aggregation has been largely suppressed, but the concentration 
of PCMB is not yet great enough to  exert much influence on the hydrolysis 
of the intramolecular -S-S- linlts. The lacli of effect of PCMB in the 
absence of urea seems to indicate that it call act only after a preliminary 
opening up of the protein molecule. All the phenomena are thus explicable in 
terms of the complementary propositions of Frensdorff, Watson, and Icauz- 
mann (15) and Hospelhorn, Cross, and Jensen (19). 
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The basis of the concept of Scheraga and Mandelliern (39) has been chal- 
lenged (43) on the grounds that the sedimentation constant and intrinsic 
viscosity of an actual protein (bovine serum albumin being quoted as a 
possible example) might lead to a value of P less than 2.12 (X106), which is 
inconsistent with the theory. The sedimentation constant used by Tanford 
and Buzzell (43) does not include the 1°C. correction. Careful determination 
of the intrinsic viscosity (Table 11) gave 0.042, in agreement with 0.042 
obtained by Oncley, Scatchard, and Brown (31) and 0.0413 by Koening and 
Perrings (23). Using 0.042 for [?I and increasing s to 4.4 units in the data 
used for computing P gives 2.15 from sedimeiltation and viscosity, or 2.13 
from diffusion and viscosity. The example given by Tanford and Buzzell (43) 
does not, therefore, provide unequivocal verification of their general hypothesis. 
Nevertheless, a quantitative theoretical investigation of their ideas is highly 
desirable. 

Scheraga and Mandelliern (39) applied their theory to measurements by 
Neurath and Saum (29) of the viscosity and diffusion of horse serum albumin 
in the presence of urea (pH 5.2). They remarlied that P values obtained, 
1.98-2.07, were within experimental error of 2.12, but that a value of 2.23 for 
the native protein was not. These conclusions seem inconsistent. Moreover, 
it has been suggested (35) that an empirical correction factor should be applied 
to diffusion measurements made in solutions of high viscosity. Recently 
Scheraga et al. (38), using diffusion and viscosity data, calculated P = 2.15 
(10.10) and 2.35 (10.07) for untreated and urea-denatured fibrinogen 
respectively. They did not regard these figures as differing significantly, in view 
of the probable errors shown in bracliets, and were of the opinion that their 
results did not provide evidence of any gross unfolding on denaturation. 

Ogston (30) and Shulman (41) have compared the method of Scheraga 
and Mandelltern (39) with earlier, more conventional ones. Agreement in 
some instances was poor. Generally, lower axial ratios (and higher equivalent 
volumes) were given by the newer theory. This is only to be expected, because 
the older methods are based on assumptions which may sometimes be far 
from correct (39). 

I t  has been suggested (21) that the molecules of bovine serum albumin 
denatured in urea may approximate to random coils rather than to rigid 
ellipsoids. For flexible chain molecules forming a random coil, Mandelkern 
and Flory (28) gave a treatment similar to, but not identical with, that  of 
Scheraga and Mandelliern (39). They deduced that a function @'I3P-', which 
is formally the same as P, should be constant. The value they found experi- 
mentally for this coilstant was about 2.5 (X106). Although P (Table 11) does 
not become as large as this, it is increasing, and might well attain 2.5 a t  later 
times. Thus, although the results quoted are consistent with the ellipsoidal 
model, it is possible that a t  later times a random coil might be a better ap- 
proximation. If that is so, the actual shape of the molecule will probably 
combine some characteristics of both types, the relative importance altering 
with time. 
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I t  appears from the viscosity experiments that  the first, rapid change in 
the protein is due to the urea, but  the secondary change is brought about by 
the combined action of the urea and PCMB. The recovered albumin had been 
submitted to conditions in which only the first type of change occurred. 
The figures (Table 11) show that  the molecule returned to a more symmetrical 
shape, but was less symmetrical than untreated material. 

The general conclusion from this worlc is that the Scheraga-Mandelkern 
(39) theory gives a very reasonable account of the changes observed. Chernyalc 
and Pasynsky (9), using figures for the adsorption of urea by horse serum 
albumin as a measure of solvation, attempted to evaluate the relative contri- 
butions of volume and shape changes to the observed viscosities of the protein 
in urea solutions. Their method is based essentially on the older type of 
treatment. Moreover, since they used a different albumin under different 
conditions, no comparisoil can be made with the present results. 
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INTERNAL ROTATION 
VIII. T H E  INFRARED AND RAMAN SPECTRA O F  FURFURAL1 

I 

I ABSTRACT 
The Ramall spectrum of furfural has been obtained photoelectrically in the 

liquid over a temperature range of 50" and in solution. The  infrared spectrum 
has been obtained for the solid, the liquid (over a temperature range of 90°), 
and in dilute solution over a 50" temperature range. The  vibrational spectrum 
is interpreted in terms of an  equilibrium mixture of two rotational isomers with 
planar configuration. T h e  isomer with higher electric moment is the more stable 
form in the liquid and in the  solid. 

Mirone (5) has summarized the observed Raman and infrared data  for 
furfural in a recent article and reported intense doublets a t  2800, 1670, 1420, 
and 1370 cm-'. Further, for solutions of furfural in organic solvents the 

I 

I distribution of intensity in the doublets a t  1670 cm.+ and 1470 cm.-I is a 
I 

function of concentration and is also dependent on the particular solvent 
used (5). This indicates that the doublets arise in one of three ways. A doublet 
arising from a Fermi type of resonance interaction might behave in this 

I manner, on the other hand these observations could be interpreted in terms 
of the existence of two rotational isomers. Another alternative is that the 
doublets might occur because of the high degree of association usually en- 
countered in this type of compound. We have established that there are a t  
least four doublets in the infrared and Raman spectra of furfural which 
behave in a similar manner for temperature and environmental changes and 
find that the spectrum can best be explaiiled in terms of the existence of two 

0 
//O rotational isomers - and - . Conjugation of the 

NH '0 H 
carbonyl group with the furane ring will exclude nonplanar configurations. 

EXPERIMENTAL 

Purification of Furfural 
Furfural was purified by distillation through a Stedman colun~n to give a 

colorless oily liquid (b.p. 160" C.). The pure compound oxidizes to  a yellow 
liquid when in contact with air. In the 30 min. required to  obtain a Raman 
spectrum no appreciable change in color was observed, but if the furfural was 
irradiated over a period of an hour the liquid became amber in color. The 
NaNOz filter used in obtaining the Raman spectra retarded the discolorization. 
Pure furfural could be kept in vacuo for a period of days before becoming 
colored. 

1Manuscrifil received Janziary 11, 1955. 
Contribution from the Division of Pure Chemistry, National Research Council, Ollawa. Issued 

as N.R.C. No. 3658. 
2National Research Cozincil Postdoctorate Research Fellow, 1952-1954. 
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1056 CAXADI:\X JOURNAL OF CHEMISTRY. VOL. 33 

The Raman spectra were recorded photoelectrically (cf. Fig. 1) using a 
White spectrometer (8). Depolarization ratios (p) were obtained by the 
method of Edsall and Wilson (3) and corrected for convergence by the method 

PURE LIQU~D 

------ 25% SOLUTION IN CC14 

A v  cm-'- 

FIG. I. Raman spectrum of furfural. 

of Rank and Iiagarise (7). These data  are recorded in Table I .  Scattering 
coefficients (B) referred to the 458 cm.-' band in CCl4 and corrected for con- 
vergence error, viz. :- 

S = I / I 4 5 8  - g A v / g 4 5 8  X [(1+~458)/(1+~obs)], 

have been obtained for the Raman bands in the mixture of the two isomers of 
furfural. In the expression ( I )  for S, I is the integrated intensity and uA, is 
the spectral sensitivity of the photomultiplier tube a t  the ~vavelength corre- 
sponding to a Raman shift Av. Standard Raman intensities per n~olecule 
could not be obtained since it was not possible to obtain a Raman spectrum 
of a pure sample of one isomer. The temperature dependence of the Raman 
spectrum has been studied over a range of 10-60" C. for the pure liquid. The 
Raman spectra of 25, 50, and 75% solutions of furfural in CC14 were also 
obtained to determine the effect of the dielectric constant of the medium on 
the relative concentration of the two isomers (cf. Fig. 1). 

The infrared spectra were obtained with a Perltin-Elmer Model 12C spec- 
trometer. The infrared spectrum of the pure liquicl a t  20" C. and of the solid a t  
N-70" C. were investigated in the region 3000-700 cm.-l using LiF, CaF2, 
and NaCl optics. The results are shown in Fig. 2 and Table I .  The temperature 
dependence of the intensity of the infrared doublet a t  2800 cm.-l was studied 
over a range of 20-70" C. for a 0.001 n/f solution of furfural in CC14 and over 
a range of 20-110" C. for a thin film of the pure liquid (cf. Fig. 3). The 
temperature dependence of other doublets could not be studied accurately 
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TABLE I 

Raman Infrared 

Liquida Liquidb Solidc Approximate Isomer 
character 

Wave 
NO. Ptrua 9 Wave NO. 

s = stropzg, 7% = mediz~?n,  z~?zclassi$ed infrared bands are weak. 
° P u r e  liquid at  27' C. (cf.  Fig. 1 )  
bPure liquid at 20" C. (cf. Fit. 2) 
cSolid at - - 70" C. 

VCR, ring A 

VCR, aldehyde A 
VCH, aldehyde B 

{ U C - ~  B A 
ring vibration 

A 
Y c = c  B 

I 

I""" 
{ring deformations 

because they were not well resolved and because of strong water vapor ab- 
sorption in the region where the most intense doublets occur. 

The infrared spectrum of solid furfural (Fig. 2) was obtained by condensing 
I the vapor onto a transparent NaCl window which was suspended in vacuum 
I and cooled externally. If the vapor a t  room temperature was condensed ! rapidly to a solid (No. 1) deposit then an infrared spectrum could be obtained 

I 
which was similar to the spectrum of the liquid a t  room temperature. However 
if this solid No. 1 is allowed to melt the resulting liquid has a different spectrum 
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FIG. 2. Infrared spectrum of lurfural. 
liquid a t  20" C. - - -liquid a t  -37" C. 

--- solid at -70" C. 

and the most noticeable changes occur in the intensity distribution within the 
doublets previously discussed. Fig. 4 shows these changes for the doublet a t  
2800 cm-l. If the liquid is then cooled slowly a crystalline modification (solid 
No. 2) is obtained in which one component of the 2800 cm.-I doublet almost 
disappears (Fig. 4). The infrared spectrum of solid No. 2 is shown in Fig. 2 
and it is readily seen that other bands a t  1690, 1466, 1244,947 cm.-I disappear 
on solidification and the contours of the bands a t  3100, 1369, 1160, and 
770 cm.-' undergo an appreciable change. 
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---- 0.1% SOLUTION IN  CCI. 

AT 20'c.AND 70°C.  

P U R E  LIQUID FILM AT 90°C. 

( a )  SOLID 11) 
------- ( b )  LIQUID AT m.p. 

---- ( C )  SOLID 12) 

0.5 

2- 

t 
UI 

FIG. 3. Temperature dependence of the 2800 cm.-I doublet in the infrared spectrum of 
furfural. Optical density scale for the pure liquid is twice that for the solution. 

FIG. 4. Infrared spectrum of furfural in the 2800 cm.? region. 
(a) Solid No. 1 obtained by rapidly freezing the vapor. 
(0) Liquid obtained from melting solid No. 1. 
(c) Solid No. 2 obtained by slow cooling of liquid (0). 

------- ,, ,a ,, " zoOc. 

- 17 
I \ 
I I 
I \ 

DISCUSSION O F  RESULTS 

W n 

A 
4 0 

0.25 - 
0 

FIG. 3 

Fermi resonance can be ruled out as a possible explanation for the doublets 
in the furfural spectrum since it  is extremely unliltely that  there would be so 
many ( N G ) ,  and furthermore the intensity distributions in the doublets 
\vould not all have the same dependence on environmental changes (see for 
example the effect of dilution, Fig. 1, and solidification, Fig. 2). On the other 
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hand the type of behavior observed on solidification of furfural is well known 
for solids containing rotational isomers (2, 4). Further a mixture of rotational 
isomers could also account for the intensity changes observed on dilution. 

The spectra shown in Figs. 1 and 2 might also be explained in terms of 
molecular association. T o  exclude this possibility the temperature dependence 
of the doublet a t  2800 cm.-I was investigated for a dilute solution (-0.001 iM) 
of furfural in CC14. The doublet has exactly the same contour a t  20' and 70" C. 
and is shown in Fig. 3. The fact that  both components of the doublet are 
intense a t  very high dilution and also the absence of any temperature de- 
pendence of intensity renders unlikely an explanation of the doublet in terms 
of molecular association. Molecular association would however be expected 
to broaden some bands which arise from vibrations in associating groups. 

The gross features of the Raman and infrared spectra can now be interpreted 
in terms of two rotational isomers (A and B) of furfural. From Fig. 2 the 
change in the infrared spectra on solidification indicates that the bands a t  
2854, 1675, 1476, 1225, and 930 cm.-I belong to one isomer ( A )  and the bands 
a t  2815, 1690, 1466, 1244,947 cm.-I belong to the other isomer (B). Configura- 
tions can be assigned to isomers A and B from a comparison of the Raman 
spectrum of the pure liquid with the Raman spectrum of a solution of furfural 
in CCl4 (Fig. 1). The pure liquid has a dielectric constant of -45 whereas the 
dielectric constant of a 25% solution in CC14 is in the region of 5-10, conse- 
quently the isomer with the larger dipole will be more stable in the pure liquid 
than in the solution (6). From Fig. 1 it will be seen that pronounced changes 
in the spectrum do occur when furfural is diluted with CC14. The bands which 
do not disappear on solidification (isomer A)  decrease in intensity and those 
which disappear on solidification (isomer B) increase in intensity. Hence 
isomer A is identified with the configuration having the higher dipole moment, 

H 0 

and the configuration of isomer B is then q - c <  . 
0 '0 H 

The intensities of the 2853 and 2815 cm.-l infrared bands were studied 
over a range of temperature in an attempt to measure the energy difference 
between the rotational isomers. No temperature dependence was observed 
for the vapor (10-110" C.), or for the 0.1% solution in CC14, indicating that 
the isomeric energy difference is small. A small temperature dependence was 
observed in the pure liquid for these bands over the range -37' to  l lO°C. 
corresponding to an energy of isomerization of the order of one ltcal. This was 
confirmed in a qualitative manner for other doublets a t  1680 and 1470 cm.-I 
in the Raman spectrum of the pure liquid. 

Some of the bands in the spectrum of furfural may now be assigned to the 
isomers A and B (last column of Table I )  and the approximate character of 
the mode of vibration has been tentatively assigned in some cases. The identifi- 
cation of the doublet a t  1380 cm.-I is uncertain. From Fig. 2, the bands a t  
1393 cm.-I and 1363 cm.-I in the solid may be assigned to the A isomer. The 
shift to 1369 cm.-I in the liquid suggests that this band is a superposition of 
a band from A and one from B. This would account also for the change in 
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relative intensity of the bands a t  1371 cm.-I and 1397 cm.-I in the Raman 

I 
spectrum of the CCld solution (Fig. 1). A similar doubt exists for the doublet 
a t  760 cm.-l; the intensity change on solidification is not very pronounced but 

I it appears that the 770 cm.-I band belongs to the isomer A. The doublet 
I observed in both the infrared and Raman spectrum a t  1160 cm.-1 could be 
I the v C-CHO mode since this would not be expected to be very different for 

the two isomers. In the v CH region of the spectrum, the strong band observed 
a t  -3140 cm.-I in the infrared spectrum of the liquid is associated with a v CH 
ring vibration in isomer B, the corresponding mode probably occurs a t  
-3090 cm.-I in isomer A since this band increases in intensity on solidification. 
A shift in frequency is to be expected for the hydrogen stretching mode (of 
the ring) nearest to the aldehyde group. 

Finally it will be noticed that there is a small shift (-5 cm.-l) for some 
bands in the spectrum of solid furfural. A tentative explanation for this is 
that the bands are unresolved doublets in which the positions change as the 
relative intensities of the bands change on solidification. 
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THE PHOTOLYSIS OF METHYL ETHYL KETONE1 

Methyl ethyl Icetone has been photolyzed a t  telnperatures between 25" and 
240°C., a t  varying pressures and intensities. Azomethane has also been photo- 
lyzed in the presence of methyl ethyl ketone. I t  is co~lcluded that the ratio of 
disproportionation to recombination for a methyl and an ethyl radical is of the 
order of 0.04. The activation energy for the abstraction of hydrogen from thc 
ketone by methyl is 7.4 0.1 lccal., and by ethyl i t  is 8.0 & 0.1 lccal. 

INTRODUCTIOX 

The purpose of the present work was to make a study of a system in which 
both methyl and ethyl radicals were present. Methyl ethyl ketone has therefore 
been photolyzed over a range of temperature. In addition, the photolysis of 
azomethane has been used to produce methyl radicals in the presence of 
methyl ethyl ketone. Because of the complexity of the system the results are 
not as clean cut as  might have been hoped. The results do, however, furnish 
some interesting information on certain elementary processes. 

Several workers (11, 13) have investigated the photolysis of methyl ethyl 
ketone in the presence of iodine in order to determine the ratio of the two 
primary steps: 

CHaCOCzH6fhv -+ CH3COfC2H5 (A  
CH3COCzH5fhv --+ CzHsCO+CH3. ( B )  

A gradual increase in the ratio A/B  has been observed with decrease in wave 
length. At 3130 A the ratio is over 10, so that process (B) is not of much impor- 
tance. After the primary step the CH3CO and CzH6CO radicals may further 
decompose, either sponta~ieously by energy carried over from the primarj~ 
step or by normal thermal decomposition. 

On the basis of previous work the following secondary reactions may be 
proposed to account for the noncondensable reaction products: 

I t  may be assumed that it is mainly seco~idary hydrogen atoms in the 
ketone which are abstracted by methyl or ethyl. Although the fate of the 
CH3COC2H4 radical has not been investigated, it  can safely be assumed by 

'Ma.?zz~script received January 20, 1955. 
Contribzrtion front the D i v i s i o ~ ~  of Pure Chetnistry, Aralional Research Cot~ncil,  Ottawa, Canada. 

Issued as N.R. C. No. 3688. 
2National Research Council of Ca?~ada Postdoctorate Fellow, 1958-54. 
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AUSLOOS A N D  STEACIE: PHOTOLYSIS 1063 

analogy with C2H5COCzH4 that i t  may undergo one of the following reactions: 

At low temperatures other products may be formed from acetyl and pro- 
pionyl radicals. 

EXPERIMENTAL 

The apparatus has been previously described (5). The  light source was a 
Hanovia S-500 medium pressure mercury arc. For the photolysis of azo- 
methane in the presence of methyl ethyl ketone a Corning filter No. 7380 was 
used to  cut off radiation below 3400 A. For the photolysis of methyl ethyl 
ketone itself the full arc was used. 

I 
The analysis of the products was done as described previously (5), both a 

mass spectrometer and a LeRoy-Ward still being used. 

RESULTS 
I 

If methane, ethane, ethylene, propane, and butane are formed oilly by  
reactions [I]  to  [7], the followiilg relationships exist: 

R ,  = ~ ~ [ C H ~ ] [ C Z H ~ ] + ~ I [ C H ~ : I [ K ]  
R E  = k3[CH3l2+k4[C2H5l2+k?[C2H5:l[I(] 

or 

I 
I where Rhl, R E ,  R P ,  aild R B  represent the rates of formation of methane, 
I ethane, propane, and butane, and [K] represents the concentration of methyl 

ethyl ketone. 

The Disfiroportionation and Recombination of Methyl and Ethyl 

Recent work on the photolysis of diethyl ketone (7, 9, 10) gives accurate 
informatioil on the relative rates of reactions [4] and [5], i.e. k4/k5 = 0.125. 
Whence, assumiilg reaction [12] to be negligible, 

This relationship may be expected to be valid oilly a t  lower temperatures 
and higher intensities where reaction [12] is unimportant. 

I 

I The values calculated from equation [111] are given in the last column of 
I Table I. The values of k6/k7 increase a t  high temperatures, because of the 
I occurrence of reaction [12]. They also increase a t  low temperatures. The low 
I 
I temperature increase is probably due to  the occurrence of the reaction 
I 
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1064 CANiiDIAN JOURKAL OF CHEMISTRY. VOL. 33 

TABLE I 
PHOTOLYSIS OF METHYL ETHYL KETONE 

Temp., Press., Time. Rate, cc./min. X10" klksb/k7 ky/ks& 
Run "C. cm. min. X 10'~molecules-4 ks/k7 

CO CHa C2H4 C2Hs CsHs CdHlo cm.a/2sec:t 

There is much evidence (2, 3, 4) for the analogous reactions 

CH3fCH3CO -+ CH4+CH*=CO 
and 

CH3CO+CH3CO -+ CHaCHO+CH2=CO. 
The analogous reaction 

CzHs+CzHsCO -+ CzHs+CzH4CO 

will be of less importance since [CH3CO] >> [C2H6CO]. 
In the range from 78" to 130°C. the ratio k6lk.r remains approximately 

constant with a mean value of about 0.04. This value also is consistent with 
other aspects of the kinetics. It appears reasonably safe, therefore, to assume 
that kc/k7 is equal to 0.04 & 0.02. 

Wijnen (14) has recently investigated the photolysis of mixtures of 
CDaCOCD3 and C2H6COCZH6. For CD3 and C2H6 radicals he arrives rough- 
ly a t  the value k6/k7 < 0.08 in agreement with the present results. 

The Abstraction Reaction CH3+ CH3COC2H5 -+ CH4+ CH3COC2H4 
If the ratio k6/k7 is known, it  is possible to calculate klk$/k7, and thus 

obtain some information about the abstraction reaction [I]. A value of 0.04 
has been used for k6lk.r. As discussed above, there is some uncertainty in 
this value. However, except a t  high intensities and low temperatures, the 
methane formed by reaction [6] is negligible, and hence k6/k7 does not have to 
be known accurately. The only experiments in which this is not so are 2, 3, 
and 4. Since the results for these agree well with 1, further support is 
furnished for the value ks/k7 = 0.04. 
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AUSLOOS AXD STEACIE: PHOTOLYSIS 1065 

In Fig. 1, log klk6$/k7 is plotted against 1/T. A good straight line is obtained. 
There are some indications of a deviation from linearity a t  room temperature. 
The results are not accurate enough, however, to establish this with certainty. 
From the slope of the Arrhenius plot in Fig. 1 a value of 7.4 f 0.1 kcal. is 
obtained for E1++E6-E7. E6 and E7 are almost certainly zero since they 
apply t o  radical combination reactions. Hence El = 7.4 f 0.1 kcal. 

FIG. 1. T h e  reaction of methyl radicals with methyl ethyl ketone. 
0 Photolysis of methyl ethyl ketone. 

Photolysis of azomethane - methyl ethyl ketone mixtures. 

As a check on this value, azomethane was photolyzed in the presence of 
methyl ethyl ketone, using light of wave length greater than 3400 A. Under 
these conditions methane is also produced by 

CH3+C113N2CH3 -+ CH4+CHsN2CH? [I41 
so that  

ki R C H ~ / R C ~ H ~  - k i 4 / k 2 [ C ~ 3 ~ ? ~ ~ 3 ]  
Q =  [CH3COC2H,] 

The values of k14/k3' have been taken from an  experimental plot for azometh- 
ane alone (1). The results for kl/k$ are given in the last column of Table 11, 
and an  Arrhenius plot is given in Fig. 1. The  slope of the line corresponds to  
an activation energy of 7.4 f 0.1 kcal. Hence El = 7.4 kcal., in exact agree- 
ment with the value obtained from the direct photolysis of methyl ethyl 
ketone. Some curvature is present in the plot a t  low temperatures, as is the 
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1066 CANADIAN JOURNAL OF CI-IEMISTRY. VOL. 33 

TABLE 11 

Pressure, cm. Rate, cc./min. X lo4 
Temp., Time, 

"C. Azo- Icetone mln. hT 2 CHI C?He kl/k& 
methane x l0l3 

case in the photolysis of methyl ethyl ketone alone. Analogous curvature has 
been found in the case of acetone, and has been ascribed (2) to  wall reactions. 

In principle it should be possible to estimate k7/k$ks6 from the displacement 
of the two curves in Fig. 1. In this way a value of about 1.8 was obtained. 
This is rather rough. However, it is of interest that a similar value (1.84), 
also rather rough, has recently been obtained (14) from the photolysis of 
mixtures of CD3COCD3 and C2HsCOCzHs. 

For comparison Fig. 1 also gives the results obtained in a previous investiga- 
tion for the reaction 

CH3+CzHsCOCzHs --t CH4+C2H4COCzH5. 

I t  mill be seen that  the curves are nearly parallel. Abstraction is, however, 
approximately twice as fast from diethyl ketone which contains two ethyl 
groups. 

The Abstraction Reaction CzH5+ CII3COCzHs -+ CzHG+ CH3COC2H4 
I t  can be seen from equation [11] that  it is possible to calculate kl/ks; if 

k4/ks and k72/k3ks are lrno~vn. I t  is probable that  k4/ks is known with sufficient 
accuracy. The calculatioil is quite sensitive to  the value of k7?/k3ks especially 
a t  low temperatures, and this is o~lly known approximately. I t  can therefore 
be expected that the values of kz/ks' will be reliable a t  high temperatures, 
but uncertain a t  low temperatures. If the value of 1.84 is used for k7/k3ik5ar 
an Arrhenius plot of k2/ks:  gives a reasoilably good straight line a t  higher 
temperatures, but shows a downward break a t  low temperatures. A value of 
2.0 gives a good straight line over most of the temperature range. Results 
calculated in this way are given in Table I ,  and are plotted in Fig. 2. The curve 
leads to a value of Ez-  +E:, = E z  = 8.0 f 0.1 kcal. The uncertainty is, of 
course, somewhat greater than the stated precision because of the approximate 
nature of the calculation. 

I n  Fig. 2, results for mixtures of azoethane and diethyl ketone are also given 
for comparison. These apply to the reaction 

CzHs+CzHsCOCzHs --t CzHG+C2H4COCzH,. [I51 
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AUSLOOS AND STEACIE: PHOTOLYSIS 1067 

FIG. 2. The  reaction of ethyl radicals with methyl ethyl Icetone. 

The  activation energies of [5] and [15] are about the same but the steric factor 
appears to be twice as great for [15], as might be expected. 

DISCUSSION 

The above results clearly indicate that the ratio of the rate of dispropor- 
tionation to that of combination for a methyl and an ethyl radical is con- 
siderably smaller than the ratio for two ethyls, i.e. 

All the reactions probably have activation energies of zero, so that the degree 
of exothermicity is not the rate determining factor. This is confrmed by the 
above results where the most exothermic disproportionation reaction gives 
the smallest ratio. 

There are a number of other cases, which are similar in that the more 
exothermic disproportionatioll reaction appears to occur to the smaller 
extent. Thus for the reactions (2) 

CHsCO+ CHaCO -+ CH,CHO+ CHZCO 
CH3CO+CH3C0 + CH3COCOCH3 [171 

CH3$CH3C0 + CH4+CHzC0 [I81 
CH3+CHaCO -+ CH,COCH3 [lo] 

the ratio k18/k19 is apparently considerably less tha11 k16/kl?, although reaction 
1 [18] is considerably more exothermic than [lG]. 

Similarly for the reactions 
I 

CHsCHzCH?+ CHSCH~CH? + CH3CH?CH3+ CHaCH=CH? [20] 
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kzo/kzl has been found to be in the range 0.1 to 0.17 (6, 12) while k22/k23 is 
about 0.5 (6, 8) although [20] is more exothermic than [22]. 

I t  is possible to explain all these cases on purely steric grounds if it is 
assumed that the rates of the recombination reactioils are not greatly different. 
There is definite evidence (7) that the rates of recombination of methyl and 
of ethyl radicals are not greatly different. Also, it  can be shown from the 
present data a t  lliJ°C., where acetyl will be almost completely decomposed, 
that after correction for CjH6 formed by abstraction, the relative amounts of 
ethane, propane, and butane are very nearly in the ratio 1: 2:  1 as would be 
the case if the rate constants for all three recombination reactions were 
equal. 

We will therefore assume that the differences in the ratio of disproportiona- 
tion to recornbinatio~l are mainly to be ascribed to the disproportionation 
reactions. In reaction [6] there are three primary hydrogens in the ethyl 
radical which may be abstracted in the disproportionation reaction, while in 
reaction [4] there are six. On this basis [4] may be expected to be of the order 
of twice as fast as [6]. Similarly one would expect [16] to be faster than [18] 
in the ratio 6/3, and [22] to be faster than [20] in the ratio 12/4. While this is 
all very rough and somewhat naive i t  does explain rather puzzling results in 
all three cases. 

The  difference in activation energy between the abstraction reactions [I] 
and [2] amounts to  0.6 ir 0.2 kcal. This is the same as  the difference previously 
found for the corresponding reactions of diethyl ketone. 
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THE STRUCTURE AND PROPERTIES OF 
DL-1,2-0-CYCLOHEXYLIDENEGLYCEROL' 

ABSTRACT 

DL-1,2-0-Cyclohexylideneglycerol was prepared by reacting. cyclohexanone 
and glycerol in the presence of sulphuric acid. I t  is miscible with all common 
organic solvents and is slightly soluble in water. I t  is not affected by hydrogeno- 
lysis a t  25°C. over palladous oxide a t  50 p.s.i. for 24 hr. The DL-l,2-0-cyclo- 
hesylidene-3-0-p-nitrobenzoylglycerol is readily cleaved by mineral acids to  
yield 3-0-p-nitrobenzoylglycerol. Proof of the 1,2 ketal structure was obtained 
b y  ( a )  preparation of the monomethyl derivative, acid hydrolysis, and periodic 
acid oxidation of the resultant I-monomethyl ether of glycerol and (b)  treatment 
of the  tosyl derivative with sodium iodide which gave a 93% yield of sodium 
p-toluenesulphonate. 

0-Cyclohexylideneglycerol was first prepared by Iciihn (3) in 1940 but the 
structure was not established. The compound was most likely a 1,2 ketal 
similar to  DL-1,2-0-isopropylideneglycerol. Since 0-cyclohexylideneglycerol 
can be prepared readily in large quantities it seemed desirable to investigate 
the structure and the chemical properties to evaluate the compound as a 
possible starting material for the synthesis of glycerides. 

0-Cyclohexylideneglycerol was prepared in 58y0 yield by reacting glycerol 
with cyclohexanone in the presence of sulphuric acid. I t  is miscible with all 
common organic solvents, slightly soluble in water, and is not affected by  
catalytic hydrogenolysis a t  2Ei°C. over palladous oxide a t  50 p.s.i. for 24 hr. 
I t  is readily cleaved by mineral acids. 

Evidence of the 1,2 cycloketal structure was obtained by preparation of 
the monomethyl derivative and subsequent acid hydrolysis. Periodic acid 
oxidation of the resultant monomethylglycerol showed consumption of 1 mole 
of oxidant. The  ~~-1,2-O-cyclohexylidene-3-0-p-toluenesulphonylglycerol was 
prepared and reacted with sodium iodide in acetic anhydride a t  100°C. 
Sodium p-toluenesulphonate was obtained in 93y0 yield and constituted 
proof that the tosyl group was a t  a terminal position in the glycerol. DL-1,2-0- 
Cyclohexylidene-3-0-p-nitrobenzoylglycerol was prepared and the ketal was 
cleaved with dilute sulphuric and dilute hydrochloric acids to give 1-0-p- 
nitrobenzoylglycerol in yields of 70 and 73% respectively. 

The  DL-1,2-0-cyclohexylideneglycerol appears to  be similar to  DL-1,2-0- 
isopropylideneglycerol and could be used in glyceride synthesis. I t  offers 
an advantage in the ease of preparation. 

EXPERIMENTAL 

A mixture of 665 gm. (700 ml.) of anhydrous cyclohexanone, 330 gm. 
(262 ml.) of anhydrous glycerol, and 46 ml. of concentrated sulphuric acid 

'11Fanziscript received Janziary 4 ,  1955. 
Co~ttribzitio~t from. the Prairie Regional Laboratory, ATational Research Council, Saskatoon, 

Saskatchewan. Issued as Paper No.  186 on the Uses of Plant Prodzicts and as AT.R.C. ATo. 3591. 
2National Research Cotincil of Canada Postdoctorate Fellow 1954. 

1069 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
1.

38
.3

6 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.
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was shaken a t  room temperature for 20 min. Anhydrous CuS04 (160 gm.) 
was added and shaking was continued for 30 min., whereupon the mixture 
was filtered by suction. The filtrate was dissolved in 400 ml. of ethyl ether 
and was stirred vigorously with a solution of 200 gm. IczCo3 in 3000 ml. of 
water for 30 min. The ethereal layer was separated, washed once with water, 
and dried over anhydrous I<zC03. After evaporation of the ether the product was 
distilled in a Podbielnialc Heligrid distillation column to yield 360 gm. (58% 
of the theoretical amount) of analytically pure ketal, b.p. 137" a t  17 mm., 
252" a t  714 mm., nk5 = 1.47645, reported b.p. 133-135' a t  15 mm. (3). 

The DL-1,2-O-cyclohexylideneglycerol is miscible with all common organic 
solvents. I t  is soluble in water a t  2G°C. to the extent of 6.5Yo and the solu- 
bility of water in the cyclohexylideneglycerol a t  26°C. is 30%. 

The lcetal is stable to  hydrogenolysis by catalytic hydrogenation a t  25°C. 
over palladous oxide a t  50 p.s.i. for 24 hr. with n~ethanol as a solvent. 
(2) ~~-l,Z?-O-Cyclohexylidene-Q-O-p-nitrobenzoylglycero~ 

p-Nitrobenzoyl chloride, 43.2 gm., was added to a solution of 40 gm. of 
DL-1,2-O-cyclohexylideneglycerol in 200 ml. of anhydrous pyridine. The 
mixture was shalcen a t  room temperature for 18 hr., poured into 1000 ml. of 
ice water, and stirred. The  crystals were filtered off, dried in a clesiccator, 
and recrystallizecl once from n-butanol. Yield, 50 gm. (67y0 of the theoretical 
amount). Further recrystallizations from ethanol, Sltellysolve "B", and 
methanol gave the pure compound, m.p. 49.5-50.0°C. (stout prisms with a 
slightly yellow color). Analysis for C16H19O6N: C, 59.92%; H ,  5.99%; N,  
4.35%. Calc. for C,  59.80%; H ,  5.96y0; and N,  4.36T0. 

The compound is very soluble in acetone and chlorofor~n, soluble in meth- 
anol, benzene, ethanol, and carbon tetrachloride, slightly soluble in ethyl 
ether, and nearly insoluble in water. 
(3) ~~-1,9-0-CycloJzexylide~~e-9-0-metIzyIglycerol 

Acetone, 1500 ml., and DL-I ,2-0-cyclohexylideneglycerol, 200 gm., were 
placed in a 3 liter flask equipped with a stirrer, reflux condenser, and two 
dropping funnels. The solution was heated to 50°C., 370 gm. (278 ml.) of 
diinethyl sulphate and a 50% aqueous solution of NaOH (272 gm.) in the drop- 
ping funnels were added simultaneously a t  a rate sufficient to maintain reflux 
and an alkaline medium. After the addition of the allcylating agents was 
completed, the bulk of the acetone was distilled off with continuous stirring. 
The remaining liquid was stirred with 400 ml. of 30% NaOH solution a t  
100°C. for three hours. The nonaqueous layer was separated and distilled on 
the Podbielniak distillation column. Yield, 184 gm. (85Y0 of the theoretical 
amount), b.p. 106" a t  12 mm., 226" a t  714 mm., ng 1.4539. Analysis for 
C10H1803: C, 64.03%; H, 9.70%. Calc. for C, 64.48%; H, 9.74%. 

The compound is miscible with common organic solvents, and is insoluble 
in water and glycerol. 

(4) ITydrolysis O ~ D L - 1  ,2-O- Cyclohexylidene-S-O-rneth~~lglycerol 
Sixty milliliters of DL-1,2-O-cyclohexylidene-3-0-methylglycerol and 60 

ml. of 10yo sulphuric acid were refluxed for four hours. The aqueous layer 
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PORCK A N D  CRAIG: STRUCTURE AND PROPERTIES 1071 

was neutralized with sod,ium carbonate solution, separated from the cyclo- 
hexanone and distilled. A second distillation of the product yielded 30 gin. of 
1-0-methylglycerol, b.p. 135' a t  40 inin. (reportecl b.p. 135.5-136OC. a t  40 
mm.) (2). The product was oxidized with periodic acid in aqueous solution a t  
room temperature. Periodic acid, 0.99 moles, was consumed after one hour ancl 
no change was observed after an additional 20 hr. 

(5) DL-1 ,R-O-CycloJzexylidene-Q-O-p-tolz~enesulphonylglycerol 
p-Toluenesulphonyl chloride, 4.5 gm., was added to a solution of 4 gm. of 

DL-1,2-0-cyclohexylideneglycerol in 20 ml. of anhydrous pyridine cooled in 
an ice-water mixture. 'The mixture was allowed to stand a t  room temperature 
for 48 hr. and was then poured into 110 ml. of ice water and stirred. The  
~~-1,2-0-cyclohex~~lidene-3-0-p-toluenesulplonygycero, which crystallized, 
was filtered and dried. Yield of crude material, 6.5 gm. (8670 of the theoretical 
amount), m.p. 49'. Several recrystallizations from Sltellysolve "B" - amyl 
alcohol ( I :  I) gave the analytically pure compound in the form of prisms, 
m.p. 48.5-49.0°C. Ailalysis for C1GH??05S: C,  59.05%; H ,  6.76%; S,  9.88%. 
Calc. for C,  58.87%; H, 6.79%; and S,  9.82%. 

The compound is very soluble in acetone, chloroform, benzene, ethyl 
acetate, and ethyl ether, soluble in methanol, ethanol, and carbon tetrachloride, 
slightly soluble in Sltellysolve "F", and almost insoluble in water. 

(6) Reaction of DL-I ,R-O-Cyclohexylidene-S-O-p-toluenesuIpJzonylglycero with 
Sodiz~m Iodide 

One gram of the tosyl derivative and 1.2 gin. of anhydrous sodium iodide 
were dissolved in 15 ml. of acetic anhydride and the solution was heated a t  
100°C. on a steam bath. Precipitation of sodium p-toluenesulphonate began 
after 15 inin. and heating was continued for five hours. 'The precipitate 
was collected, dried, and weighed. Yield, 0.55 gm. (93y0 of the theoretical 
amount). 

(7) Acid Hydrolysis of DL-1 ,R-0-Cyclohexylidene-3-0-p-nitrobenzoylglycerol with 
Mineral Acids 

( a )  Sulphuric Acid 
'Two grams of the compound was added to a solution of 38 ml. of acetone 

and 5 ml. of 1.0 N HzS04 and the mixture was refluxed for four hours. The 
solution was diluted with an equal voluine of water, neutralized by passing 
through a column of Amberlite IR-4B, and evaporated to a volume of 25 ml. 
The oil which separated n a s  talten up in 60 ml. of hot chloroform; the chloro- 
form layer was separated and evaporated to a volume of 15 ml. The  1-0-p- 
i~itrobenzoylgl~~cerol was crystallized from this solution. Yield, 1.05 gm. 
(70% of the theoretical amount), m.p. 107' (reported m.p. 107') (1). 

(b) Hydrochloric Acid 
Acid hydrolysis was carried out in the same manner with 1.0 N hydrochloric 

acid. Silver oxide was used to neutralize the acid after hydrolysis. Yield, 
1.1 gm. (73% of the theoretical amount), m.p. 107'. 
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OLIGOSACCHARTDES OF XYLOSE FROM WHEAT STRAW 
HEMICELLLTLOSEl 

A series of oligosaccharides were prepared by autoclaving wheat straw 
hemicellulose a t  120°C. in distilled water. The  di- to  the hepta-saccharide 
inclusive were shown to  be members of the (1 - 4) -~ -~-~y lopyra110se  series. 
The  octasaccharide was shown to  be doubly branched. Certain aspects of the 
structure of wheat straw hemicellulose are discussed on the basis of these 
results. 

The structure of a polysaccharide is usually determined by identifying 
and estimating hydrolysis products of the methylated polysaccharide. This 
procedure gives a picture of the gross structure of the polysaccharide, but, 
because of uncertainty of complete methylation or difficulty in separating 
the hydrolysis products, finer details may be missed. With the advent of 
chromatographic methods (9, 11) it is now possible to  isolate oligosaccharides 
produced by partial hydrolysis of unsubstituted polysaccharides. Finer details 
in the structure of the parent polysaccharide are often revealed by characteri- 
zation of oligosaccharides. A large number of these compounds have already 
been investigated (12). 

A previous report (3) described the preparation of a crystalline xylan and a 
mixture of mono- and oligo-saccharides from wheat straw hemicellulose. The 
purpose of the present investigation was to  characterize the oligosaccharides 
and relate the results to  the gross structures previously proposed for wheat 
straw hemicellulose (1, 2). 

Individual components in the mixture of mono- and oligo-saccharides 
obtained by the autoclaving of wheat straw hemicellulose were isolated by 
successive displacement from charcoal columns (11) and by  repeated chroma- 
tography on large paper sheets. The  monosaccharides consisted of D-xylose 
and L-arabinose. The  oligosaccharides were separated into seven, chromato- 
graphically-pure components which appeared to  constitute a polymeric 
homologous series. Table I records the yields and properties of these com- 
ponents. R4olecular weights of the compounds corresponded to the calculated 
values for a series of pentose oligosaccharides ranging from a cli- to an octa- 
saccharide. Hydrolysis of each oligosaccharide released only D-xylose. These 
results suggested that the compounds were members of the (1 -+ 4)-P-D- 
xylopyranose series first isolated, up to the heptasaccharide, by Whistler and 
T u  (13,14,15) from corncob xylan. The  di- and tri-saccharides were crystallized 
and identified as xylobiose and xylotriose by their physical properties and 
those of their crystalline acetates (Table 11). The  tetra-, penta-, and hexa- 
saccharides could not be crystallized but yielded crystalline acetates (Table 

In/Ianz4script received February 9 ,  1955. 
Contribz4tion from the Divisio?~ of Applied Biology, National Research Cou?~cil, Oltawa, 

Canada. Issz~ed as N.R.C. No .  3592. 
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TABLE I 
OLIGOSACCHARIDES OF SYLOSE FROM WHEAT STRAW HEMICBLLULOSE 

-- 

Yield, hIolecular weight 
Djo 0.f (alkaline iodine) (c= 1-2% in water) Melting point, "C. 
henll- -- - 

cell~lose Found Calcu- Found Reported* Foulid Reported* 
lated'" (13) 

Disaccharide 6.18 284 282 
Trisaccharide 5.56 450 423 

Tetrasaccharide 6.82 533 546 
Pe~~tasaccharide 6.74 711 678 
Hexasaccharide 6.80 842 810 
Heptasaccharide 4.94 953 942 
Octasaccharide 6.24 1069 1074 

*For the (1 - 4)-P-D-xylopymnose series. 

ACETATES OF OLIGOSACCAARIDES OF XYLOSB FROM WHEAT STRAW HEMICELLULOSE 

Melting point, "C. [a]i5 (c = 1-27, in chlorofor~n) 

Found Reported* (14) Found Reported* (14) 
Disaccharide 155.5-156 155.5-156 -74.3 -74.47 
Trisaccharide 109 - 110 109 - 110 -85.0 -85.0 
'Tetrasaccharide 199 - 201 201 - 202 -93.6 -93.7 
Pentasaccharide 248 - 249 248 - 249 -97.5 -97.5 
Hesasaccharide 257 - 2511 260 - 261 - 103 - 102 
Heptasaccharide - - - 105 - 
Octasaccharide -56.8 - 

*For the (1 - 4)-0-D-xy~opyra?zose series. 

11) having physical constants identical with those reported (14) for the 
acetates of xylotetraose, xylopentaose, and xylohexaose. The hepta- and 
octa-saccharides could not be crystallized, nor did they yield crystalline 
acetates. Characterizations of these two compounds were therefore based on 
optical rotations and oxidations with periodate. 

In a polymeric homologous series, if the linlcages are identical, 
plotted against (n- l) /n yields a straight line where [&I], is the n~olecular 
rotation (specific rotation X molecular weight/100) and n is the degree of 
polymerization (7, 14). When molecular rotations of the acetates of the present 
series of oligosaccharides were plotted in this way a linear relationship was 
found to exist from the di- to the hepta-saccharide inclusive (Fig. I). These 
results indicated that the heptasaccharide was most likely xyloheptaose, a 
member of the (1 + 4)-P-D-xylopyranose series, the lower members of which 
were positively identified. The octasaccharide, however, must have contained 
some linlcages different from the (1 + 4)-P-D-type. 

Some structural details of carbohydrates can often be revealed by periodate 
oxidation. Members of the present series of oligosaccharides were oxidized 
by periodate using the micromethod developed by  Perlin (lo),  in which the 
oxidation can be followed by continuous measurement of the formic acid 
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BISHOP: OLIGOSACCHARIDES OF SYLOSE 

- FOR OCTISICCHIRIOE 
0' 

[ ~ ] n /  = - I 3 0  

1 I I I 
I 

0.5 0.6 0.7 0.8 0.9 

[n - 
FIG. 1. Relation between molecular rotations and degrees of polymerization of oligosac- 

charide acetates. 

produced, without stopping the reaction. Theoretically, each member of a 
(1 + 4)-P-~-xylopyranose oligosaccharide series should consume n+2 moles 
of periodate with the production of three moles of formic acid. Results of the 
oxidations are shown in Fig. 2. All members of the present series consumed 
the theoretical n+2 moles of periodate and all except the octasaccharide 
produced 3 moles of formic acid. The octasaccharide produced almost five 
(4.82) moles of formic acid indicating that it was doubly branched, i.e. it 
possessed one reducing and three non-reducing xylopyranose units. In such 
an octasaccharide two of the eight xylopyranose units would be protected, by 

TIME, HOURS 

FIG. 2. Periodate oxidation of oligosaccharide series. Upper curve, octasaccharide. Lower 
curve, tri-, tetra,- penta-, hexa-, and hepta-saccharides. Brolien lines, overoxidations of octa- 
and hepta-saccharides. 
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the branching, from oxidation by periodate. T h e  oxidized octasaccharide was 
therefore hydrolyzed and recovery of 2 moles of xylose confirmed the presence 
of the doubly branched structure. I t  should be mentioned that  following the 
initial oxidations of the hepta- and octa-saccharides there was a time lag in 
the reactions after which overoxidation occurred (Fig. 2,  broken lines). Xo  
difficulty was experienced in distinguishing between the two phases of oxida- 
tion. 

The  results presented here are in reasonable agreement with those of pre- 
vious investigations on wheat straw hemicellulose (1, 2, 3) in which the same 
predominance of (1 --t 4)-P-D-xylopyranose linkages were found. However, 
isolation of the doubly branched octasaccharide showed tha t  a t  least 1.56% 
of the xylose units in the polysaccharide were joined b y  another type of 
linkage. Detection of this branching illustrates the advantage of examining 
oligosaccharides formed by partial hydrolyses of polysaccharides. I t  should 
also be mentioned tha t  D-xylose, autoclaved under the same conditions, 
showed no evidence of syntheses. Investigations of the gross structure of wheat 
straw hemicellulose by methylation techniques have been reported by Adams 
(1) and by Aspinall and Mahomed (2). Adams (I) found that  all of the 
2-0-methyl-D-xylopyranose could be accounted for by 2,3,5-tri-0-methyl-L- 
arabofuranose, thus obviating any possibility of branching in the xylan chain. 
However, it is doubtful whether the analytical methods available are sensitive 
enough to  estimate differences in the quantities of these two sugars to account 
for a small amount of branching. Aspinall and Mahomed (2) obtained 3.4% 
of 2-0-methyl-D-xylopyranose which was attributed to incomplete methylation 
and demethylation during hydrolysis. In  the light of our present work it seems 
probable tha t  part  of this 2-0-methyl-D-xylopyranose was due to  branching 
in the xylan chain. T h e  work reported here shows tha t  some of the xylan chains 
in wheat straw hemicellulose have a structure similar to  tha t  of esparto (4) 
and pear cell-wall (5) xylans, in which single branch points were found every 
75 and 115 units respectively. 

EXPERIMENTAL 

The  following solvents (v/v) were used to separate sugars on paper chroma- 
tograms: ( A )  pyridine: ethyl acetate: water-1: 2:  2 ;  (B) butanol: pyridine: 
water-6: 4: 3 ;  (C) butanol: pyridine: water-5: 5: 3. Specific rotations were 
measured in a 1 dm. tube and are equilibrium values. Evaporations were done 
a t  35°C. or less and molecular weights were estimated by the alkaline iodine 
method (15). All melting points are corrected. 

Formation of Oligosncclzarides 
Wheat straw hemicellulose (32 gm.) was autoclaved in distilled water a t  

120°C. and the resulting mixture of soluble sugars was isolated as  previously 
described (3). This mixture, dried to  constant weight over phosphoric anhy- 
dride a t  0.03 mm., was a yellow, friable solid (24.3 gm., 76Yo of the hemi- 
cellulose). D-Xylose autoclaved under the same conditions yielded no oligo- 
saccharides. 
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BISHOP: OLIGOSACCHARIDES OF SYLOSE 1077 

Separation o n  Charcoal Columns 

One-third (8.09 gm.) of the sugar mixture, dissolved in water (100 ml.), 
was adsorbed on a column (170 X 34 mm.) consisting of a mixture of equal 
parts by weight of Darco G-60 and Celite 535 (11). The mixture of adsorbed 
sugars was resolved into four fractions by successive displacement with water 
(900 ml.), 5% ethanol (1100 ml.), 15% ethanol (800 ml.), and 30% ethanol 
(900 ml.). The course of desorption was followed by anthrone spot tests. 
The remaining two-thirds of the mixture was fractionated in the same way 
and the corresponding eluates were combined. Examinatioil of the four 
fractions by paper strip chromatography (solvent A)  showed that they could 
be designated as the monosaccharide, disaccharide, trisaccharide, and higher 
oligosaccharide fractions, respectively. 

-A%nosaccharide Fraction 

The water eluates were evaporated to dryness leaving a sirup (6.5 gm., 
20% of the hemicellulose), part of which was redissolved in water and chroma- 
tographed on large sheets of Whatman 3MM paper (solvent A). Extraction of 
appropriate portions of the chromatograms yielded D-xylose, m.p. and mixed 
m.p. 144-145"C., [a]:: = +19.5 (c = 3.2 in water), and L-arabinose, identified 
by formation of its crystalline benzoylhydrazone, m.p. and mixed m.p. 
185-186°C. 

Purification of Oligosaccharides 

The 5%, 15%, and 30% ethanol eluates from the charcoal columns were 
evaporated separately and the residues were purified by chromatography on 
Whatman 3MM paper (solvent B for the 5% and 15% ethanol fractions, 
solvent C for the 30% ethanol fractions). Extraction of appropriate portions 
of the papers yielded a disaccharide from the 5% ethanol eluate, a trisac- 
charide from the 15% ethanol eluate and tetra-, penta-, hexa-, hepta-, and 
octa-saccharides from the 30% ethanol eluate. The last five oligosaccharides 
were purified by rechromatography in the same way. Table I gives yields, 
molecular weights, and physical properties of all the oligosaccharides together 
with the corresponding reported or calculated values for the (1 --t 4)-P-D- 
xylopyranose series. The di-, and tri-saccharides were crystallized from methanol 
and 85% ethanol respectively. Attempts to crystallize the other oligosac- 
charides were unsuccessful. 

The oligosaccharides were acetylated by the sodium acetate - acetic 
anhydride method so that all anomeric hydroxyl groups were in the @-D- 
configuration. Table I1 lists the physical properties of these acetates and the 
corresponding values reported for acetates of the (1 + 4)-@-D-xylopyranose 
oligosaccharide series. 

I3ydrolysis of Oligosaccharides 

A portion (10 mgm.) of each oligosaccharide was heated a t  97°C. for five 
hours with N hydrochloric acid (0.5 ml.). At one hour intervals samples were 
reinoved from each hydrolysis and chromatographed on Whatman No. I 
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paper in solvent A. The developed chromatograms showed that all hydrolyses 
were completed in the first hour and that xylose was the only sugar produced. 

Periodate Oxidations 

Each oligosaccharide except xylobiose was oxidized by periodate in the 
Warburg respirometer by the method of Perlin (10) which permitted the use 
of small samples (2-4 mgm.). Fig. 2 gives the results of the oxidations which 
were done in duplicate a t  20°C. and pH 5.7. When production of formic 
acid first reached a constant value, one set of samples was removed for estima- 
tion of periodate (arrows in Fig. 2). Periodate consumption by the tri-, 
tetra-, penta-, hexa-, hepta-, and octa-saccharides were respectively 4.9, 
6.0, 6.86, 7.91, 8.96, and 9.88 moles. 

For oxidation of the octasaccharide 2.73 mgm. samples were taken. If the 
octasaccharide was double-branched then the oxidized samples should release 
0.756 mgm. of xylose when hydrolyzed. The  two octasaccharide oxidations 
(after estimation of periodate), together with two blanks to which 0.76 mgm. 
of D - X Y ~ O S ~  had been added, were deionized with Amberlite I R  120 and 
Dowex-2 (carbonate form). The deionized solutions were evaporated to 1 rill. 
and were boiled under reflux for two and one-half hours with 12% hydrochloric 
acid (0.25 ml.). The hydrolyzates were neutralized with Dowex-2 (carbonate 
form) and the xylose present in each of them was estimated by quantitative 
(6) paper chromatography (solvent A). Average recoveries of xylose were 
0.544 mgm. from the blanks, 0.579 mgm. from the oxidized octasaccharides. 
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FREQUENCY SPECTRA OF FREE LATTICES AND PARTICLE SIZE 
EFFECTS ON THE HEAT CAPACITY OF SOLIDS1 

A B S T R A C T  

T h e  e f f e c t  o f  particle size on  t h e  heat capacity o f  solids has been  investigated 
 sing lattices wi th  free boundaries as models. A monatomic lattice shows a low 
t e m p e r a t ~ ~ r e  e f f e c t  associated wi th  t h e  acoustic modes. T h i s  can be  compared 
wi th  results obtained f r o m  a cont inuum model. W i t h  a diatomic lattice, however,  
an e f f e c t  is also associated wi th  t h e  optical modes and is apparent a t  higher 
temperatures. T h e  possibility t h a t  this  latter e f f e c t  can explain some recent 
experimental results is examined. 

The continuum model of the solid has been used to predict an effect of par- 
ticle size on the specific heat which would be observable a t  low temperatures 
(4, 12, 17); such an  effect has recently been found with NaC1 (14). However, 
an effect a t  higher temperatures which had not been predicted has also been 
found using Ti02 in the rutile form ( 5 ) ,  and a theoretical explanation is 
required. The frequency spectrum of rutile contains both acoustic and optical 

I modes, as is show11 by the fact that  the specific heat is fitted with a combination 
of Einstein and Debye functions (16). The coiltinuurn (Debye) model must 

I therefore be inadequate in this case and it  seemed worth while to investigate 
the particle size effect using simple lattice models. These have the advantage 

I of giving a more adequate picture of the acoustical modes and of also being 
able to show the optical (Einstein) modes when the lattice contains atoms of 

I differing mass. Although a simple model of nearest neighbor interactions only 
is employed in the three-dimensional case, the essential features of the effect 
are displayed and an  extension to  more elaborate models may be made when 
warranted by the sensitivity of the experiments. The effect of particle size 
on the specific heat of a monatomic lattice is treated in Part I and thus only 
the acoustic modes are considered there. I t  is shown that  a t  low enough 
temperatures the continuum model gives the same results as the lattice 
model, as  might be expected. 

Part I1 goes on to consider lattices containing atoms of differing mass. I t  is 
shown that  particle size effects are associated with the optical modes as  well 
as  the acoustic modes and should be observable a t  high temperatures. A 
calculation assuming a simple cubic structure for Ti02 gives about one-fifth 
of the effect actually observed a t  higher temperatures. Although a calculation 
for the actual Ti02 lattice should produce a larger result, i t  is thus possible 
that  some other effect occurs. 

While the only thermodynamic property dealt with explicitly is the specific 
heat, i t  is apparent that  once the effect of particle size on the frequency spec- 
trum is known the corresponding effects on the other thermodynamic proper- 

1~16anztscript received November SO, 1954. 
Contribution from the Division of Pure Cltenzistry, National Researclz Laboralories, Ottawa, 

Canada. Issued as N.R.C. No. 358.9. 
?National Research Laboratories Postdoctornte Fellozu. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
1.

38
.3

6 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1080 CANADIAN JOURNAL OF CHEMISTRY. VOL. 33 

ties may be obtained by the conventional methods of statistical thermo- 
dynamics. 

I. E F F E C T  O F  PARTICLE SIZE ON SPECIFIC  HEAT (hIONATOMIC LATTICES) 

The  frequencies of vibration of free chains and free lattices have already 
been discussed to some extent, the former particularly in connection with 
long chain molecules (10, 15). Born (3)  remarks tha t  the frequencies of the 
free monatomic chain should be given by  

[ I ]  a  = i n  m 4 ;  4 ,  = a1/2N7 1 = 0, 1 ,  . . . (N-1) .  

Here a is the Hooke's Law constant for the interatomic interactions, m the 
mass of the atoms, and N the number of atoms in the  linear chain. This is to 
be compared with the case of a chain where consideration of the boundary 
has been obviated by  the adoption of periodic boundary conditions. Then 

Halford (7)  has obtained [l] for the free chain and has generalized it to a 
three-dimensional lattice, taking into account nearest neighbor interactions 
only. For vibrations parallel to the x direction 

2 2  a b .  b 

[3 1 
a v = -- M sin- +,+ - m sin '+,+- 'm sin2 +,, 

42 = a1/2Nz, 4, = am/2N,,, 4,  = an/2Nz; 

1 = 0 , 1 ,  . . .  (N,-1), m = O,1, . . .  (Nu-1) ,  n = O,1, . . .  (N,-1) where 
N,, N,, N ,  are the numbers of atoms in the linear dimensions of the particle 
and a a i d  b are the Hooke's Law interactions ill the direction of vibration and 
perpendicular to it. The  spectrum of frequencies in the other t u ~ o  directions 
is obtained by interchanging x, y ,  z so that  the total number of modes is 
3NzNuNZ. For the case of periodic boundary conditions 

T h e  validity of the model has already been discussed to some extent (7).  
I t  may be shown further that  a t  low temperatures the model becomes equiva- 
lent to a consideration of nearest neighbor interactions as  well, provided this 
interaction is small, as  is usually the case. When these conditions are fulfilled, 
the spectrum with next nearest neighbors is given by  Blackman (2) to  be 

where a and y are the constants for nearest and next nearest interactions. 
[4] may be compared with [3], putting 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
1.

38
.3

6 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



PATTERSON: PARTICLE SIZE EFFECTS 1081 

I The specific heat associated with the lattice vibrations may be obtained as 
the sum of Einstein terms over the frequency spectrum, i.e. 

The specific heat of the linear chain will first be considered. According to [ l ]  
1 v may be taken as a function of 4 evaluated a t  equal intervals between $0 

and 4N-l. The summatio~l [6] may therefore be replaced by an integration 
through the use of the Euler-Maclaurin series (R. B. Dingle, private com- 
munication). Thus if 

(see Jeffreys and Jeffreys (8), for instance). The error in replacing the summa- 
tion by the integral is given by the last term of [7] which is quite negligible 
if 

hvo/2kT << 2N/n where 2n vo = (4a/m)*, 

the maximum frequency of the spectrum. For the chain with free boundary 
conditions, then 

Thus C contains a term proportio~lal to  N, the number of atoms in the chain, 
plus a constant term due to an  "end effect" on the frequencies. At low tem- 
peratures sin 4 - 4 and E (3n) - 0. [7] may be integrated to give 

of the form 

Such a constant contribution does not arise when periodic boundary conditions 
are assumed, i.e. the frequencies are given by [2] and 4o = 0, +N = K.  The  
constant term then becomes 3 (E (0) -E (n) ) , which is zero since E (0) = E (n) 
= 0. Thus, although [ I ]  and [2] show the frequency density of modes to be 
the same whether or not the free boundary is considered, the frequencies 
associated with 4~ are different, producing a particle size effect in one case 
and not in the other. As will be seen, the same holds for a diatomic chain and 
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in the three-din~ensional case. Born (3) shows that in the former case the 
density of modes is the same whether free or periodic boundary conditions 
are chosen. For the three-dimensional case Ledermann (11) has proved quite 
generally that the difference in the density of modes due to considering the 
boundary is one which tends to zero with increasing size of the solid. However, 
in these cases a particle size effect exists for a particular model a t  least and 
arises 'from the behavior of the frequency spectrum when + 0. 

The  specific heat of the three-dimensional Iattice may be dealt with in a 
manner analogous to the one-dimensional case, the summation [6] over the 
frequency spectrum [4] being evaluated by meails of the Euler-Maclaurin 
approximation applied three successive times. There are then contributiolls to 
the specific heat which may be associated with the volume, surface, and edges 
of the lattice, and finally with the translation of the lattice. Of these, the first 
two are most important, whence 

plus corresponding terms for the vibratioils in the other two directions. In 
I the case of periodic boundary conditions, the integrand of the surface con- 
I tribution is 

i + {E(+%, +", 0) -E(+z, +", .rr) 1 
and vanishes. 

I t  may be noted that in both the one- and three-dimensiona1 cases the 
I Euler-MacIaurin approximation requires correctioil through the final term of 

[7] when hvo/2kT - 2N/.rr, where N is the linear dimensioil of the lattice. 
In the one-dimensional case as  T -+ 0 the correction term -++k, so that 
C -+ k illstead of +k as would be expected from [8]. In the three-dimensional 
case the contribution of particle size to the specific heat ceases to be extensive 

I in the surface area as in [lo]. I t  has been suggested (9) that the excess specific 
heat be considered as a surface thermodynamic quantity. I t  is seen, however, 
that the particle size and the temperature must be of sufficient magnitude 
for these surface thermodynamics properties to be extensive. 

At high temperatures the full integration of [lo] would be difficult. At  low 
temperatures, however, the approximation becomes valid. Blackman (2) has 
show11 that in this case the specific heat follows a T3 law and an analogous 
treatment of the surface contribution in [ lo]  shows that i t  follows a T2 law. 
In fact [lo] reduces to 

C = 464 (T /o )~+B ( ~ 1 1 9 ) ~  cal./deg.-mole where 

- - 

an exact correspondence between [ l l ]  and the low temperature form of the 
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PATTERSON: PARTICLE SIZE EFFECTS 1083 

expression given by Montroll (12) for the specific heat of small particles, 
provided the factor (a*+26i)/a;b of the lattice model compares with 3213~3213/~z 
in the Montroll continuum model. 

I 11. EFFECT OF PARTICLE SIZE ON T H E  SPECIFIC HEAT (OPTICI1L MODES) 

If now alternate atoms of a free chain of 2N atoms are of differing masses 
ml and ?no_ there are 2N equations of motion whose compatibility is assured by  
the following secular equation 

I I I By means of a diagonal expansion i t  may be shown tha t  the determinant 

is a factor. Thus, two of the frequencies of the chain are given by the secular 
equation for a free pair of atoms, C = 0, leading to  a translation of zero 
frequency and the vibration 

The  remaining modes are those of a chain of ( N - 1 )  pairs of atoms given 
by 

The  frequencies may be compared with those fouild for a chain with periodic 
boundary conditions in which the 2N frequencies are given by [15] but  with 

= nl /N and 1 = 0, 1, . . . ( N - 1 ) .  In  the free case the modes lie along two 
I branches bu t  t ha t  corresponding to  1 = 0 of the optical branch has been dis- 

placed downwards, as  shown in Fig. 1. The significance of the position of 
this mode becomes apparent if ml << m?. I n  this case, the  ( N -  1) frequencies 
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FIG. 1. Acoustic and optical modes for a free diatomic chain. 

of the optical branch given by [15] may be approxi~nated by the single Ein- 
stein frequency 4 7 ~ " ~  = 2a/ml and the remaining mode is of frequency 
4n%' = a/ml. I n  the case of periodic boundary conditions, all N optical 
modes xvould have 4 n V  = 2a/ml. Here each atom is identical in interacting 
with two neighbors, while in the free boundary case the end atoms have only 
one neighbor. This result inay be obtained directly from [12]. As mz --t m ,  

a/nz2 + 0, so that in [12] the off-diagonal elements in alternate rows reduce 
to 0 and the diagonal elements each become -4n2v2. The determinant is then 
easily expanded to give 

or the product of the diagonal elements. Thus the frequency spectrum com- 
prises an iV-fold root a t  0 (the acoustic modes), (iV-1) roots a t  2a/ml, and a 
root a t  a/nzl. 111 the periodic case the iV optical modes fall a t  2a/ml. 

The integration of [GI is ilow performed separately over the acoustic (-) 
and optical (+) modes in order to obtain the specific heat. In  the periodic 
case 
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PATTERSON: PARTICLE SIZE EFFECTS 

NowE+(O) = E+(a) = E-(0) = E-(a) = 0,  whence 

In the case of the free boundary the frequency of the optical mode a t  I = 0 
I has been replaced by half the value in the periodic case or the term E+(O) 

must be replaced by &+(O). The specific heat then becomes 

t P  

C = 2 N i  
'lr 

E+(+) db-$(E+(O)+E+($r))  +g+(O) 

[I81 
+$J%-(+) o d++$[E-(0)-E-($7~))  

- - S:E+(~) dm- ${E+(O)+E+($T) 1 +&+(O) 
T 

+! S T ~ - ( a )  dqb+$(E- (o ) -E- (+~)]  

and the effect of free ends is to add the bracketed terms to the specific heat. 
I t  may be noted that  when rnl = rn? the second bracket is zero and the  con- 
tribution reduces to 

i {k -E+(O)) .  

Since enumeration of the optical modes starts with I = 0 corresponding to the 
highest frequency, E+(O) is the same as E(3n) for the chain of equal masses. 
Thus [18] reduces to [8] when the masses are equal. 

The contribution to the specific heat given by [lS] is plotted in Fig. 2 as a 
function of 2 k T / l ~ v o  for mass ratios ml/m,  = 1, 0, 16. Thus if the masses are 

AC 
.5 k 

.25 .5 I 

2 kT/ hv, 

FIG. 2. Contribution of "end effect" to specific heat of a free diatomic chain. 

quite different and there is a gap between the acoustic and optical modes, 
1 

the effect associated with the acoustic modes may die away before that  
I associated with the optical modes becomes prominent. 
I In  the three-dimensional case the effect of the free boundary is easily 

evaluated when one of the masses is much greater than the other, say as  
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m? --t 0. The secular determinant corresponding to [12J may then be expanded 
as  the product of its diagonal elements, from which the roots are found 
immediately. If the lattice is of dimensions 2N, X 2Nu X ZN, atoms the 
roots fall into groups associated with the acoustic ( v 2  - 0 )  and the optical 
modes which are further subdivided into groups associated with atoms in 
the bulk of the material, on the surface, along the edges, and finally a t  the 
corners. Of these, the most important are the bulk and surface groups. There 
are 4 (N,- 1) (N,- I )  (N,-  1) of the former with 47r2v" 2(a.+2b)/ml and 
4( fV, - l ) (Nu-1)  of the latter with 47r2v2 = 2(a+b) = 2(a+b)+b/nzl, and 
similarly modes found by  interchanging x ,  y ;  y ,  e ;  z ,  x. 

Since the modes associated with the surface atoms have a lower frequency 
of vibration than those associated with the bulk, a higher contributioil to the 
specific heat will result. The  excess specific heat due to the surface modes 
may be found by taking the Einstein functions of the frequencies involved. 
In most cases ~ / a  - 0.1 or, using [ 5 ] ,  b/a - 0.14 SO that the frequencies of 
vibration of surface atoms perpendicular to the surface are considerably 
different from the frequency of an interior atom, while vibrations in the plane 
of the surface are not greatly different. With ~ / a  = 0.1 the mode of vibration 
perpendicular to the surface has 0.78 of the frequency of an interior atom and 
a t  a temperature one-half of the characteristic Einstein temperature the 
contribution to the specific heat of the modes is 25y0 higher than from an 
interior atom. Thus with small particles which may have lOyo of their atoms 
on the surface it  should be quite feasible to observe the effect. 

Obviously it cannot be correct to apply these considerations to the complex 
rutile structure since a simple cubic lattice is assumed. Nevertheless, the order 
of magilitude of the particle size effect may be obtained. I t  appears that only 
about one-fifth of the observed specific heat difference between the small 
particles and the bulk crystal (3% a t  270°K.) call be accouilted for in this way. 
I t  should be noted, however, that the predoiniilant rutile surface ( ( 1 1 0 ) )  is 
covered with chains of relatively exposed oxygen atoms producing a rougher 
surface than the predominant (100) of the simple cubic structure, and hence 
a larger surface effect. 

SUMMARY 

The lowered frequency spectrum of a monatomic lattice with free bound- 
aries results in an increased specific heat as shown by equation [ lo] .  At low 
temperatures the expression [ I l l  results which compares with the result found 
using a continuum model. If atoms of differing mass are present in the lattice, 
a particle size effect is associated with the optical modes and appears a t  
high temperatures. I t  is evident that although the model chosen is a simple 
one, refinements such as the introduction of next nearest neighbors and 
lattice defects may be introduced into the lattice model in order to give a 
better picture of the particle size effect. 
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THE DEGRADATION OF CARRAGEENIN 
11. INFLUENCE OF FURTHER VARIABLES1 

ABSTRACT 

A further study has been made of the degradation of carrageenin in aqueous 
solution. An 80°C. estract of Chotzdrz~s crispz~s degraded more rapidly than a 
preparation from which a 30°C. extract had been first removed. The latter pre- 
paration c o ~ ~ l d  be degraded to a lower limiting intrinsic viscosity under suitable 
conditions. Degradation was mainly random, but a more rapid initial degradation 
was observed under all conditions studied. The presence of dissolved oxygen 
accelerated the reaction above 60°C. Maximum stability was observed in an 
inert atmosphere a t  pH 9 in the presence of salts. Hydroxymethylfurf~~ral and 
formic acid were identified as products, the yield of the former being higher than 
from ~-galactoSe alone. The results have been discussed in the light of recent 
work on the constitotion of the polysaccharide. 

INTRODUCTION 

In Part I (8) the kinetics of degradation of carrageenin of low molecular 
weight were described. I t  is of interest to observe if similar kinetics are ob- 
tained with an extract of high molecular weight, and to examine the effect of 
other variables, such as concentration, pH, and atmospheric oxygen, on the 
reaction. I t  is also important to establish the nature of the products. These 
aspects are investigated in the present work. 

Materials 
The carrageenin used for the kinetic experiments was an 80°C. extract of 

dried Irish moss which had been previously extracted a t  30°C. The significant 
details are given elsewhere (9). I t  had a number average molecular weight, 
determined osmometrically, of approximately 2.5 X lo6. I t  is referred to as 
extract G. 

In the experiments designed to identify the products of degradation, an 
80" extract was employed, no attempt being made to remove the 30" extract 
separately. This extract is designated H. Both extracts were stored a t  - 13°C. 

Solutions were prepared as described previously (8). For all experiments 
with extract G the sodium salt was used. 

Oxygen-free nitrogen was prepared by passing gas from a cylinder through 
heated copper turnings. 

Measurements 
Experiments in the presence of air were carried out exactly as  described 

previously (8). For experiments in the absence of oxygen, two techniques 
were employed. In the first, carrageenin solutions were contained in sealed 

'Manuscript  received J a n z ~ a r y  25, 1955. 
Contribzrtion from the  mari it in re Regional Laboratory, National Research Coz~ncil, Halifax, 

Nova Scotia. Isszred as N.R.C. No.  3593. 
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MASSON ET AL.: CARR.4GEENIN. I1 

FIG. 1. Apparatus for studying degradation in  nitrogen. 

pyrex tubes which had been either flushed thoroughly with nitrogen or de- 
gassed by repeated freezing and thawing of the contents in vacuo. Tubes were 
immersed simultaneously in a bath a t  the appropriate temperature and 
removed a t  various intervals. This method was later cliscontinued and the 
apparatus shown in Fig. 1 was constructed for studying the degradation in 
an atmosphere of nitrogen. The  solution was introduced into flask F via clip 
C,  by applying suction a t  -4. During an experiment, nitrogen was passed 
through the solution via capillary B. By suitable manipulation of the stopcocks 
a pressure of nitrogen could be applied to the surface of the solution and 
samples removed via C without the introduction of air. 

I t  has recently been sho~vn (9) that the viscosity of solutions of carrageenin 
of high molecular weight is markedly dependent on the rate of shear. For 
each sample, therefore, the viscosity was measured a t  various rates of shear 
as well as a t  various concentrations. Capillary viscosimeters similar to those 
described elsewhere (9) were employed. The  shear-dependence decreased, as 
expected, during an experiment and became negligible when the intrinsic 
viscosities had fallen to 5.5 gm.? 100 ~ m . ~  Lower viscosities were therefore 
measured in a simple Ostwald viscosimeter, with a flow time for water of 
179.2 sec. 

Polarograms were obtained with a Sargent-Heyrovsky No. XI1 instrument. 
Aqueous 0.1 N KCI, with or without buffer, was used as supporting electrolyte, 
and gelatin in O.O1yo concentration was used to suppress undesired maxima. 
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RESULTS 

Degradation in A i r  at p H  7.0 
A 0.1314% solution of extract G in 1%f/30 sodium phosphate buffer (pH 7.0) 

was heated a t  90°C. in the presence of air, and samples were withdrawn a t  
various times for viscosity measurements. Inspection of the results showed that 
all measurements could be referred to a common shear rate of 700 sec.P1. 
Linear plots of rls,/c against c a t  this shear rate were extrapolated to yield 
values of [7]&.ioo for various times during the run. The results are presented 
in Table I. 

TABLE I 
DEGRADATION OF EXTRACT G I N  AIR AT pH 7.0 

Time (hours) In] a t  700 set.-I / Time (hours) [n] a t  700 set.-I 

Comparison of Results for Extracts F and G 
For comparison with previous work, the results are plotted as l/[q]t--1/[7]0 

against t ,  where h]a and [rl]t are the intrinsic viscosities a t  zero time and time 
t respectively. This plot is chosen as no relationship between [?I] and M is a t  
present available a t  high molecular weights. Trial shows, however, that the 
nature of the above plot is not greatly influenced by the value of the exponent 

I 
I 

T I M E  (hours )  

FIG. 2. Rate curves for extracts F and G in air a t  pH 7. 
Estract F; 0 Extract G. 

Insert (same ordinates), showing early stages of degradation. 
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a in the equation [77] = K11.Ia, SO that  the main features of the degradation are 
adequately depicted in this way. 

Fig. 2 shows this plot for the present results and for the degradation of the 
low-molecular-weight extract F studied previously (8). Three features are 
observed: (a) Extract G is degraded more slowly than extract F under the 
same conditions. (b) Both extracts show an initial sharp decrease in viscosity, 
follolved by random degradation. The initial change is slight for extract G, 
and is complete in about two hours as compared with five hours for extract F. 
(c) With extract G, the I-ate of random degradation eventually decreases 
until, after 300 hr., a lower limiting viscosity of [77] = 2.15 is reached. This 
value of [77] is only slightly lower than the initial intrinsic viscosity of extract 
F. 

Effect of Oxygen 

Initial experiments (extract G) showed that,  a t  temperatures below 5S0C., the 
rate of fall in viscosity was unaffected by passing oxygen, nitrogen, or air 
through the solutions. 

At higher temperatures, however, the rate is slower in vacuo or in nitrogen 
than in the presence of air. Fig. 3 shows the results of experiments in sealed 
tubes a t  90°C. and pH 7.0. The experiments were performed a t  various 

TIME (hours) 

FIG. 3. Erfect of.dissolved osygeil on degradation of estract G a t  pH 7. 
- - - - - -  i n  a ~ r ;  - i l l  absence of oxygen. 

@ c = 0.093870 ' o 7 ~  oacno: Q c = 0.070270 ;in oaczio; 
0 c = 0.093870 in nitrogen; 8 c = 0.0488% in oacuo; 

8 c = 0.0488% i l l  nitrogen. 

concentrations to check that  the reaction is truly first-order. The scatter in 
the points is due to the difficulty of determining the true initial viscosity for 
each sample, as the viscosity of the blank solution dropped appreciably during 
the time required for degassing the solutions. The effect of oxygen is, however, 
obvious. The slopes of the lines indicate that the rate of random degradation 
in air is approximately 4.6 times that in vacuo or in nitrogen. 
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In unbuffered solution, as noted previously (8), the degradation of carra- 
geenin in the presence of air is accompanied by a decrease in pH. In one experi- 
ment the pH  decreased from 6.15 to 2.88 on heating for 102 hr. a t  90°C. 
In the presence of nitrogen, however, the decrease in p H  is less pronounced, 
although the viscosity of the solution still drops mar1;edly. T h e  pH of an 
unbuffered solution of extract G, for example, decreased only from 6.50 to  
6.10 on heating for 265 hr. a t  90°C. The  specific conductance of this solution 
remained constant a t  1.740&.04, while the value of (Osp)B=200 a t  c = 0.052 
gm./100 ml. fell from 9.27 to 0.03. 

This result shows also that the rate of degradation is considerably retarded 
by the presence of salts. Thus the intrinsic viscosity of a buffered solution of 
extract G, after heating for 265 hr. in nitrogen, is [rl]o=700 = 6.05. This inay 
be compared with the value of ( ?7ep /~ )  = 0.58 obtained for the unbuffered 
solution above. T h e  difference in salt concentration and shear rate in the 
two sets of measurements would, if taken into account, further accentuate 
this difference. I t  is evident also that ,  in the absence of salts, the viscosity 
falls well below the limiting value attained in buffered solution in the presence 
of air. 

Effect of [TI+] 
Experiments were done to  determine the pH for optimum stability of 

carrageenin in the presence of nitrogen. Portions of a 0.396% solution of 
extract G in 0.05 M sodium chloride were brought to  different pH values by 
the addition of a few drops of 1 N NaOH or 1 N HCI. The  solutions were 
then heatecl a t  90°C. for four hours in nitrogen, quenched in ice water, and the 
viscosities measured. A shear rate of 100 sec.P1 was common to  the measure- 
ments. The  specific viscosities of the heated solutions, a t  this rate of shear, 
are plotted against pH  in Fig. 4. (rlsn),9=100 for the unheated blank was 18.65. 
Maximum stability is observed around pH  9, although even a t  this pH  a 
significant decrease in viscosity has occurred. 

P H  

FIG. 4. Effect of [Ht] 

The  course of the degradation a t  pH  10 in 0.5 M sodium carbonate - bicar- 
bonate buffer was studied a t  90°C. in nitrogen. The  results could be compared 
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over a range of shear rates. i\/Ieasurements a t  three shear rates are given in 
Table 11. The plot of l/[?l]t- l/[?l]o against t was found to be independent of 
the rate of shear and showed the initial rapid degradation illustrated pre- 
viously. 

DEGRADATION OF EXTRACT G I N  CARBONATE-BICARBONATE BUFFER AT pH 10.0 I N  NITROGEN 

Tirne (hours) 1771 'at 100 set.-I (771 a t  200 set.? [77] a t  300 set.-' 

0 22.2 21.6 20.7 
2 . 7  16.0 15.7 15.4 

Products of D e g r u h t i o n  
Attempts were made to identify some of the products of degradation using 

polarographic and spectrophotometric methods. The only products conclus- 
ively identified were 5-hydroxymethyl-2-furaldehyde (HMF) and formic acid. 
The presence of the former was established by comparison of its ultraviolet 
absorption spectrum and polarograms with those of an authentic sample, 
and of the latter by chemical tests supplemented by its polarographic behavior. 

Three hundred milliliters of a 1% solution of extract H in water was 
autoclaved for three hours a t  127'C. and 21 Ib. 'The resulting light brown 
solution (pH 5) was extracted with ethyl acetate. The absorption spectrum 
of the extract (A,,, = 2750 A) was not identified. The solution, after extrac- 
tion, was boiled under reflux for a further 36 hr. The pH dropped to 2 and 
the solution darkened further in color. This solution was extracted continuously 
with ether for eight hours. The ether extract, which was light brown in color 
and highly acidic, had a strong penetrating odor resembling that of formic 
or acetic acid. On distilling off the ether under reduced pressure and allowing 
the vapors to pass through an ice trap, a few milliliters of a colorless liquid 
were collected. This gave the usual tests for formic acid. Polarograms in dilute 
buffered and unbuffered solution were exactly similar to those obtained using 
dilute formic acid. In unbuffered solution, well-defined waves having half-wave 
potentials E; of -1.61 v. and -1.57 v. (vs. S.C.E.) were obtained a t  pH 3.6 
and 2.9 respectively. In buffered solution (pH 6.3) the waves were less clearly 
defined and had E+ = - 1.80 v. From the magnitude of the diffusion currents 
the yield of formic acid was estimated to be approximately 3% of the weight 
of carrageenin. 

The brown residue remaining after removal of the ether dissolved only 
partly in water. The absorption spectrum of the dilute filtered solution was 
identical with that of H M F  prepared by the method of Haworth and Jones 
(6). In addition, polarograms of this solution and of H M F  showed identical 
half-wave potentials under the same conditions. This solution also gave 
positive tests with Fehling's solution, a-naphthol - sulphuric acid and re- 
sorcinol-HC1 reagents, indicating that this compound is most probably 
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responsible for the positive ketose tests so often reported for carrageenin 
(3, 4, 5, 12, 14). 

After extracting with ether, the solution of degraded carrageenin was still 
brown in color and still acidic. Attempts to  isolate further low-molecular- 
weight products, however, were unsuccessful. A sensitive photometric test 
(I) for furfural was applied to further extracts of degraded carrageenin with 
negative results. Control tests showed that  furfural could have been detected 
in 0.002% concentration. Tests for reductic acid, using sodium-2,6-dichloro- 
benzenoneindophenol (2) on several acid fractions, were also negative. 

Origin of HMF 
The yield of H M F  from carrageenin was found to be 31 times larger than 

from D-galactose under the same conditions. A 10% gel of carrageenin and a 
10yo solution of D-galactose each in 1% HC1 were heated on a steam bath 
for one and one-half hours. After neutralizing the solutions with NaOH, 
buffering with phosphate, and diluting, the absorption spectra were compared. 
The ratio of the peak heights a t  X 2825 A gave the relative yields of HNIF. 

That  H M F  did not originate from the liberation of ketose residues or from 
2-keto gluconic acid was indicated by heating solutions of jnulin and calcium-2- 
ketogluconate under the same conditions as carrageenin and comparing 
the absorption spectra. This was further verified by the absence of spots due 
to these compounds on paper chromatograms of various solutions of degraded 
carrageenin (1 I).  

Yield of HMF from Extract G 
(a) In Air 
A 0.0856% aqueous solution of extract G was heated a t  90°C. in air for 

102 hr. The  pH dropped from 6.18 to 2.88. The solution was titrated potentio- 
metrically with 0.005 N NaOH. Found: p K  = 3.79. Alkali, 15.8 ml., neutral- 
ized 20 ml. solution. The absorption spectrum of the neutral solution lvas 
similar to H M F  and had an optical density of 1.13 a t  X 2825 A. A test for free 
sulphate was positive. 

T o  calculate the total yield of HMF,  it was first assumed that all the sulphate 
groups in the polymer had been hydrolyzed. Taking a value of 25% for the 
sulphate content (as S04) of the polymer, the acidity due to this cause was 
calculated. The remaining acidity may then be attributed to organic acids. 
On the basis that these consisted of formic and levulinic acids arising from 
the decomposition of HMF,  the yield of H M F  required to account for this 
was calculated to be 0.01083 gm./100 ml. From its extinction coefficient (7) 
a t  X 2825 A, the yield of free H M F  was found to  be 0.00152 gm./100 ml. 
The total H M F  calculated in this way represents a maximum yield of 14.47, 
of the weight of carrageenin. 

(b)  In Nitrogen 
A 0.104% aqueous solution of extract G was heated in nitrogen a t  90°C. 

Examination of the absorption spectrum a t  various times showed that  H M F  
was formed considerably more slowly than in air. Slight absorption (A,,, 
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2600 A, D = 0.23; Xmh 2420 A, D = 0.195) appeared after 164 hr., but the 
spectrum of H M F  was not observed until later. The yield of HiVIF after 
264.5 hr. was only l.0570, the rate of formation being approximately 1/35 of 
that in the presence of air. 

DISCUSSION 

I t  is apparent that the decrease in viscosity which occurs on mild hydrolysis 
of carrageenin is associated with the liberation of HRIIF, and that this does not 
arise from the galactan portion of the molecule nor from ketose residues in 
the chain. The negative furfural test indicated that the degradation was not 
due to the liberation of pentose sugars. 

Recent work (13) has revealed the presence in carrageenin of two distinct 
components, the relative amounts of which vary in different preparations 
according to the method of extraction. I t  has also been found (10) tha t  3,6- 
anhydro-D-galactose is a constituent of the so-called K-,  or gelling, component. 
Several features of the present results may be interpreted in the light of these 
observations. 

O'Neill has pointed out (10) that 3,G-anhydro-D-galactose would be expected 
to yield H M F  readily on heating, particularly in acid solution, and the forma- 
tion of this compound is thus accounted for. The  yield of H M F  is high in 
unbuffered solution in air on account of the drop in pH, which catalyzes its 
formation. The  value of 14.4% found for the yield from extract G may be 
compared with the value of 18.7Yo for the pure K fraction (10). This indicates 
a high percentage of K-carrageenin in this extract. 

The  random degradation may thus be attributed to the splitting out of 
3,6-anhydro-D-galactose residues from the polysaccharide. The difference in 
rate observed for extracts F and G may be due to  a higher proportion of these 
residues in the former extract. If the degradation is attributed to the instability 
of the K fraction, the result indicates a higher percentage of this fraction in 
extract F. This is in accord with the results of Smith and Cook (13) who 
showed that a 60°C. extract contained a greater proportion of the K fraction 
than an extract of the residue a t  higher temperatures. 

Previous results (8) indicated the absence in extract F of long chains of 
1-3 linked D-galactose residues, as this extract could be degraded randomly 
to very low viscosities. For extract G ,  however, the limiting viscosity reached 
on degradation a t  pH 7.0 (Fig. 2) may correspond to the presence of such 
residues. Whether this is an actual portion of the molecule or a separate 
component is not a t  present known. 

The rate of random degradation of extract G will, of course, be lower than 
that of extract F by virtue of the presence of this stable residue. Allowance 
has therefore been made for this by  plotting the quantity [1/([.11],--2.15)]- 
[l/([o]o-2.15)] against time for the early stages of random degradation of 
extract G,  and comparing the rate curve with that obtained for extract F. 
The correction is, however, insufficient to account for the difference in rates 
for the two extracts. This indicates that the component responsible for random 
degradation in extract G is not identical with that in extract F. Further 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
1.

38
.3

6 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1096 CANADIAN JOURNAL OF CHEMISTRY. VOL. 33 

studies, using separate fractions of carrageenin, are obviously necessary to 
explain this difference in rate. 

From a practical aspect, the results indicate that  for extraction of carra- 
geenin with minimum of degradation, best results are to be obtained a t  pH 9 
in the presence of salts, and with the exclusion of dissolved oxygen if the 
temperature exceeds 60°C. 

ACKNOLVLEDGMENTS 

Our thanks are due to  Dr. E. Gorclo~l Young for his interest in this work 
and for helpful suggestions concerning the manuscript. We wish also to  thanlc 
our colleagues in these laboratories for useful discussions. 

REFERENCES 

1. ADAMS, G. A. and CASTAGNE, A. E. Can. J .  Research, B, 26: 314. 1948. 
2. BIRCH, I .  \V., HARRIS, L. J., and RAY, S. N. Biochem. J. 27: 590. 1933. 
3. BUCHANAN, J., PERCIVAL, E. E., and PERCIVAL, E. G. V. J. Chem. Soc. 51. 1943. 
4. HAAS, P. and RUSSELL-\VELLS, B. Biochem. J .  23: 425. 1929. 
5. HADECKE, J., BAKER, R. W., and TOLLENS, B. Ann.  238: 302. 1887. 
6. HAWORTH, W. N. and JONES, W. G. M. J .  Chem. Soc. 667. 1944. 
7. MACICINNEY, G. and TEMMER, 0. J .  Am. Chem. Soc. 70: 3586. 1948. 
8. MASSON, C. R. Can. J. Chem. 33: 597. 1955. 
9. MASSON, C. R. and GORING, D. A. I. Can. J. Chem. 33: 895. 1955. 

10. O'NEILL, A. N. J .  Am. Chem. Soc. In press. 1955. 
11. O'NEILL, A. N. and MASSON, C. R. Unpublished work. 
12. SEBOR, J .  Oesterr. Chem.-Ztg. 3: 441. 1900. 
13. SMITH, D. B. and COOK, W. H. Arch. Biochem. and Biophys. 45: 232. 1953. 
14. YOUNG, E. G. and RICE, F. A. H. J. Biol. Chem. 156: 781. 1944. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
1.

38
.3

6 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



SULPHATED DERIVATIVES OF LAMINARINL-2 

ABSTRACT 

The polysaccharide, laminarin, was prepared from the marine alga, La?ninaria 
digitata, and was sulphated with chlorosulphonic acid in pyridine and in liquid 
sulphur dioxide a t  temperatures below 0". Derivatives containing both O-sul- 
phate and N-sulphate groups were prepared by sulphating p-aminoethyl ethers 
of laminarin obtained by the reaction of laminarin with ethylenimine. These 
derivatives were found to act  as  anticoagulants for blood in vitro. The prepara- 
tions with highest sulphate were most active, and for equivalent sulphate tha t  
with both 0-sulphate and N-sulphate groups was more active than the one 
containing only the former. 

INTRODUCTION 

A naturally occurring blood anticoagulant was isolated in 1916 by McLean 
(15) from liver and bovine heart. I t  was named heparin by Howell and Holt 
(9). Structural studies (25, 6, 12) have shown that it is a polysaccharide 
composed of D-glucuronic acid and D-glucosamine residues (I: I). Extensive 
work has indicated that the anticoagulant activity of heparin is dependent 
largely upon the degree of sulphation (11.3y0 S). Recently it has been shown 
(13, 17, 24, 26) that the amino groups in the molecule are sulphated and that 
these are readily removed by mild hydrolysis resulting in essentially complete 
inactivation. The molecular weight of heparin has been reported to be 15,000- 
20,000 (16, 26). 

In 1935 Bergstrom (2) discovered that polysaccharides which contained 
sulphate groups had anticoagulant activity while similar derivatives of mono- 
and di-saccharides were inactive. Since that time a number of synthetic 
anticoagulants have been prepared by sulphating such polysaccharides as 
chondroitin sulphuric acid (2, 14), cellulose (14, 5, I), inulin (lo), starch (I),  
chitin (14, I),  alginic acid (19), and dextran (21). These sulphated derivatives 
had the disadvantage of possessing a much lower anticoagulant activity and a 
much higher toxicity than heparin. In view of recent work (26, 27, 7) the low 
activity can be attributed to their lack of sulphamic acid groups and the 
toxicity to their high molecular weights. 

Laminarin, a water-soluble polysaccharide composed of D-glucopyranose 
units joined through Cl and Ca by P-glucosidic linkages, is found in some brown 
marine algae. I t  occurs in greatest amount in the fronds of Laminaria, and 
comprises 30-50% of the dry plant. The molecular weight of laminarin has 
been reported (20) to be about 4000-8000, and hence this polysaccharide 
should be suitable for the preparation of anticoagulants without recourse to 
partial hydrolysis and fractionation as has been found necessary for other 
pol ysaccharides. 

'Manztscript received February 11 ,  1956. 
Contribzttion from the National Research Coztncil, ilIarili?ne Regional Laboratory, l ia l i fax ,  

Canada. Isstled as  N.R.C. No.  3698. 
2Patent applied for. 
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RESULTS AND DISCUSSION 

Since it was desirable that sulphation be accomplished without serious 
degradation of the polysaccharide, attempts were made to carry out the re- 
action of laminarin with chlorosulphonic acid in pyridine a t  -5 to -15'. 
This, however, was not completely satisfactory since the maximum sulphate 
content obtained was only 35% or about one sulphate half-ester group per 
glucose unit. The degree of sulphation below this value could be varied by 
changing the proportion of chlorosulphoi~ic acid in the reaction mixtures. 
By increasing the temperature to 65-70' preparations could be obtained 
with higher sulphate but these were severely degraded as noted from their 
color and reducing properties. 

The derivatives with highest sulphate were prepared by treating laminarin 
with a solution of chlorosulphonic acid in liquid sulphur dioxide a t  -20'. 
By this procedure preparations were obtained containing 1.7 sulphate groups 
per glucose unit. These were white in color and nonreducing and showed no 
noticeable degradation. Liquid sulphur dioxide is an excellent solvent for 
chlorosulphonic acid and it may be readily removed by simple evaporation. 
The reaction is heterogeneous since the polysaccharide is not soluble in this 
solvent. The use of sulphur dioxide as a solveilt was proposed previously for 
preparing arylsulphonic acids (4, 22), and was used by Meyer (18) for the 
sulphation of chondroitin sulphuric acid with sulphur trioxide. 

Derivatives of laminarin containing primary amino groups which could be 
sulphated to the corresponding sulphamic acid residues at  first proved difficult 
to prepare. All attempts to replace tosyl groups by amino in a derivative in 
which the primary alcohol groups had been tosylated were not successful. 
However the introduction of such groups was readily accomplished with 
ethylenimine, whereby a P-aminoethyl ether derivative was obtained. This is a 
general reaction for polysaccharides and was carried out in a closed flask in the 
presence of an emulsifying agent a t  80-90'. The degree of substitution was 
controlled by varying the proportion of ethylenimine in the reaction and 
preparations containing from 0.5 to 1.0 P-aminoethyl residues per mono- 
saccharide unit were obtained. Several side reactions may occur such as the 
formation of a polyethylenimine ether and a hydroxyethylirnine of laminarin. 
However agreement between the nitrogen analyses by the Icjeldahl and Van 
Slyke methods indicated that essentially all of the nitrogen was in the form 
of primary amino groups and hence the derivatives were the p-aminoethyl 
ethers. These derivatives formed very basic and highly viscous solutions in 
warm water. They were sulphated with chlorosulphonic acid in liquid sulphur 
dioxide to give products containing both sulphamic acid and half-ester sul- 
phate groups. 

The neutral sodium salts of all these derivatives were tested for their 
anticoagulant activities in comparison with a standard heparin by the method 
of Howell as modified by Charles and Scott and described by Jaques and 
Charles (11). The only modification was that freshly drawn human venous 
blood was used instead of that from the cannulated carotid artery of a cat. 
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TABLE I 

COMPARISON OF THE .4XTICO:iGUL.4KT ACTIVITIES OF SULPHATED DERIVATIVES OF LAhIINARIN 
WITH THAT OF A STANDARD HEPARIN BY in uitro .4SS:IY 

Preparation Description of material Sulphate, 7, Activity, 
I.U. per mgm. 

Heparin Standard from Connaught Medical Research 
Laboratories 100 

1 Laminarin sulphated a t  -20' with chloro- 
sulphonic acid in liquid sulphur dioxide 46.5 25 

2 p-aminoethyl ether of laminarin (7.28Yo Ti) 
sulphated a t  -20" with chlorosulphonic 
acid in liquid sulphur dioxide 46.2 40 

3 p-aminoethyl ether of laminarin (3.2% N) 
sulphated a t  -20' with fluorosulphonic 
acid in l i q ~ ~ i d  sulphur dioxide 43.8 20 

4 Laminarin sulphated a t  - 10' with chloro- 
sulphonic acid in pyridine 32.8 6 

5 Laminarin sulphated a t  -5" with chloro- 
su l~hon ic  acid in ~ v r i d i n e  35.0 6 

6 ~ a m i i ~ a r i n  sulphated'at -15" with chloro- 
sulphonic acid in pyridine 29.6 6 

7 8-aminoethyl ether of laminarin (7.28Yo q) 
sulphated a t  90' with chlorosulphonic a c ~ d  
in pyridinc. Highly degraded 39.1 6 

The apparent potency of the sulphated laminarins, assuming the standard 
heparin to  contain 100 I.U. per mgm., is shown in Table I. 111 general, pre- 
parations with highest sulphate groups per glucose residue had an anticoagu- 
lant activity of 25-30yo that  of a standard heparin. The material prepared by 
sulphating a P-aminoethyl ether of laminarin, which contained 7.28Yo nitrogen, 
had an activity of 35-40y0 that of heparin. This derivative contained both 
sulphamic acid and half-ester sulphate groups. 

These results have been confirmed by in vivo studies in rats and dogs and are 
to be reported elsewhere (8). 

EXPERIMENTAL 

Preparation of Laminarin 

The soluble form of laminarin was prepared from local Laminaria digitata 
(3). The yield from 500 gm. of dried plant was 85 gm.; [a]:-12.2" (c 3.0, 
water), ash O.8Y0. 
Sulfihation of Laminarin 

(a) With chlmosulfihonic acid in  pyridine.-Dried, finely powdered lamina- 
rin (5.0 gm.) was dissolved in 50 ml. of pyridine and 20 ml. of formamide and 
the solution cooled to -5". The pyridine had been freshly distilled over 
phosphorus pentoxide. Freshly distilled chlorosulphonic acid (6.0 ml.) was 
dissolved in dry chloroform (25 ml.) and added dropwise over a period of 30 
min. to the solution of laminarin. The mixture was rapidly stirred a t  -5" 
for three hours and then allowed to  stand a t  this temperature overnight. 
Sufficient ice and water were added to dissolve the precipitated derivative 
followed by sodium bicarbonate until the evolution of carbon dioxide ceased. 
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The solution was exhaustively extracted with ether, and the resulting aqueous 
solution neutralized to phenolphthalein with dilute sodium hydroxide and 
dialyzed until free from sulphate. The sulphated derivative was precipitated 
by the addition of ethyl alcohol and a little sodium chloride. I t  was washed 
with absolute ethanol and ether and finally dried to a white powder. Yield, 
8.6 gm.; sulphate, 35.0%. 

(b) T4rith chlorosulphonic acid in liquid sulphur dioxide.-Commercial 
gaseous sulphur dioxide from a cylinder was dried by passage through three 
drying towers containing respectively silica gel, sulphuric acid, and phosphorus 
pentoxide. I t  was condensed in a flaslc which was protected from atmospheric 
moisture and was immersed in a bath of dry ice and acetone. The liquid 
sulphur dioxide (120 ml.) was cooled ill an ice-salt bath to -20". Freshly 
distilled chlorosulphonic acid (3 ml.) was added followed by 2.0 gm. of dry 
laminarin. The mixture was continuously stirred a t  -20" for six hours and 
then the sulphur dioxide was allowed to evaporate. On completion of the evap- 
oration 100 ml. of N sodium hydroxide a t  -5" were added to dissolve the 
solid residue. The solution was neutralized with sodium hydroxide. I t  was 
dialyzed against running water for two days and against distilled water for one 
day. The dialyzed solution was concentrated in vaczto to 200 1n1. and the sulpha- 
ted laminarin precipitated by pouring the solution into 1000 ml. of 95% ethanol 
containing a small amount of sodium chloride. The precipitate was centri- 
fuged, washed with absolute ethyl alcohol, with ether, and dried. Yield, 4.0 
gm. ; sulphate, 46.5y0. 

Preparation of Ethylenimine 
Ethylenimine was prepared from P-aminoethyl sulphuric acid by heating 

with sodium hydroxide (23). I t  was purified by distilling over potassium 
hydroxide through a 15 in. Widmer column and collecting the fraction boiling 
between 56" and 58". I t  was stored in the refrigerator over solid sodium 
hydroxide. 

Reaction of Laminarin with Etlzylenimine 
Air-dried laminarin (5.0 gm.) and 0.5 ml. of a ly0 solution of emulsifier 

BRI J 35 (Atlas Powder Co.-polyoxyethylene lauryl alcohol) were mixed to a 
paste and 4.8 ml. (4.0 gm.) of ethylenimine were added. The mixture was 
stirred in a closed reaction flask a t  80-90' for four hours. The resulting material 
was dissolved with some difficulty in 200 ml. of warm water. After cooling, 
the viscous solution was filtered through a sintered glass funnel of medium 
porosity and poured with stirring into 1000 ml. of ethyl alcohol. The precipitate 
was recovered by centrifugation, washed with aqueous methyl alcohol acidified 
with hydrochloric acid, absolute ethanol, and finally with ether. I t  was dried 
in vacuo. Yield, 7.7 gm.; N (Kjeldahl) 7.28y0, (Van Slyke) 6.9y0. 

Sul@hation of the P-Aminoethyl Ether 
An amount of 1.6 gm. of the above material was sulphated in 100 ml. of 

liquid sulphur dioxide with 2.6 ml. of chlorosulphonic acid in the same InanIler 
as described for laminarin. Yield, 2.5 gm.; sulphate, 46.2%. 
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CARBOHYDRATE THIOETHERS 

ABSTRACT 
A thioalkyl derivative has been synthesized by two distinct methods. One of 

these methods left 110 doubt as to  the structural configuration. I t  is suggested 
that  the other method of synthesis yields first a n  epoxy anhydro derivative 
which on further reaction leads to  the thioalkyl carbohydrate, namely, G-deoxy- 
6-thioethyl-D-galactose. 

Thioalkyl substituted carbohydrates in which the sulphur atoms were not 
linked to the glycosidic carbon atoms were first obtained by Raymond (6) and 
by Brig1 and Schinle (1). 

Levene and Raymond (4) synthesized 3,5-anhydro-1,2-isopropplidene-D- 
xylofuranose (11) and, unequivocally, determined the structure of this sub- 
stance. Hot metha~lolicsodium methylate led to the formation of a monomethyl 
pentose, after removal of the isopropylidene group. This methyl pentose, 
being different from the known 3-methyl-D-xylose, was assumed to be 5- 
methyl-D-xylofuranose (IV). 

Raymond (6) then synthesized a substance which he considered to be 
5-deoxy-5-thioethyl-D-xylose (111) by treating 1,2-isopropylidene-5-0-9- 
tolylsulphonyl-D-xylofuranose (I)  with two molecular equivalents of dry 
potassium ethanethiolate followed by hydrolysis of the isopropylidene group. 
Owing to the fact that the C-3 position had an hydroxyl group, it  is probable 
that under the conditions of the experiment anhydridization would occur 
and the anhydro derivative (11) would cleave in the presence of the second 
molecular equivalent of potassium ethanethiolate (3) to  yield the product 
1,2-isopropylidene-5-deoxy-5-thioethyl-~-xy~ofuranose. 

In  similar manner, this worker (6) obtained 6-deoxy-6-thiomethyl-D-glucose 
from 1,2-isopropylidene-6-O-p-tolylsulphonyl-~-glucofuranose and two mole- 
cular equivalents of dry potassium methanethiolate. The intermediate 5,6- 
anhydro-l,2-isopropylidene-D-glucofuranose would be formed and this would 
then cleave to yield the glucose thioether. 

The present publication pertains to a third w-thioalkyl aldose, namely 
6-deoxy-6-thioethyl-D-galactose (XII) that was obtained by two methods, 
one of which left no doubt as to the configuration. I11 the first method, 1,2-3,4- 
diisopropylidene-6-0-p-tolylsulphonyl-~-galactose (V) was treated with con- 
centrated hydrochloric acid and ethanethiol. The isopropylidene groups 
were cleaved and the tolylsulphonyl aldose reacted with the ethanethiol to 
yield 6-0-p-tolylsulphonyl-D-galactose diethyl thioacetal (VI). This product 
was then treated with two molecular equivalents of dry sodium ethanethiolate 
to give the substance VII, 6-deoxy-6-thioethyl-D-galactose diethyl thioacetal. 
In addition, when VI was treated with one molecular equivalent of sodium 

'A!fanziscript received Novenaber 1.9, 1954. 
Conlribzition from the Research Institzcle, Molztreal Gelteral Hospital, lllontreal, Quebec. 
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BAKER: CARBOHYDRATE THIOETHERS. I 

v vr 

?CzHs FHO 

"' I 
"$(5c2~5h 

CHOH HFOCOCy HCOCOCH3 

b'C°COCH, + CHBOCOFH t- CH,OCO+H 
CH,OCOFH CH,OCO$H 
C&OCOcH 

CYOCO$H 
HCOCOCH, . H$OCOCH3 HCOCOCH,\ 

CH,SC,H, 
CYSCzH, 

CH,SC,H, 

X vnr J 

methylate and the reaction product acetylated, a sirup was obtained. Treating 
the sirup with one molecular equivalent of sodium ethanethiolate yielded 
VII. 

The secoild method of preparatioil of 6-deoxy-6-thioethyl-D-galactose 
(XII) left no doubt about its structural configuration. One molecular equi- 
valent of 1,2-3,4-diisopropylidene-6-0-p-tolylsulphon yl-D-galactose (V) was 
heated in a suitable solvent with one molecular equivalent of sodium ethane- 
thiolate. The sirupy product, after hydrolysis to remove the two isopropylidene 
groups, yielded XII.  Possibly the tolylsulphonyloxy group was cleaved to 
yield a carbonium ion and since there were no free or potential hydroxyl 
groups under the reaction conditions employed, anhydro ring formation 
could not occur. The nucleophilic thioethyl group reacted with the electrophilic 
carbonium center. 

Acetylation of VII, 6-deoxy-6-thioethyl-D-galactose diethyl thioacetal, 
yielded the tetraacetate VIII.  This latter substance (VIII) formed aldehydo- 
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1104 CANADIAX JOURhTAL OF CHEMISTRY. VOL. 33 

2,3,4,5-tetraacetyl-6-deoxy-6-thioethyl-~-gaactose (IX) on reaction with 
mercuric chloride and cadmium carbonate in methanol-free acetone. The 
aldehydo derivative (IX) reacted directly with ethanol to yield the hemiacetal 
(X). This phenomenon appears to be general for aldelzydo acetyl sugars 
(2, 8). Mercuric chloride and cadmium carbonate, on reaction with VIII ,  in 
the presence of absolute methanol and absolute ethanol yielded the dimethyl 
and diethyl acetals, respectively, of 2,3,4,5-tetraacetyl-6-deoxy-6-thioethyl-D- 
galactose. 

EXPERIMENTAL 

1,2-3,4-Diisopropylidene-6-deoxy-6-thioetl~yl-~-galactose 

1,2-3,4-Diisoproylidei~e-6-O-p-toly~sulphonyl-~-galactose (7) (V) (60 gm.) and 
freshly prepared dry sodium ethanethiolate (16 gm.) were dissolved in N,N- 
dimethylformamide (275 cc.). The  reaction mixture was heated a t  100' for 
two hours and after cooling to room temperature it  was poured into cold 
water (2000 cc.). A sirup separated, and after it had been left to stand for 
two hours a t  so, it was taken up in ether. The ethereal solution was dried over 
sodium sulphate, filtered, and the filtrate concentrated in oacuo. The  resulting 
viscous sirup weighing 39 gm. (89%) did not crystallize from any solvent and 
it was distilled a t  123-12G0/0.12 mm. yielding 33.4 gm. (76y0). A portion was 
redistilled a t  124-12G0/0.12 mm. yielding a colorless viscous sirup which was 
insoluble in water but soluble in all common solvents including petroleum 
ether. The refractive index was ~~g~ 1.4795 and [a]g0-85.70 (CHCI3; c, 
6.5052). Anal.: Calc. for C14H2.605: C, 54.28; H ,  7.89; S,  10.52. Found: 
C, 54.06; H ,  7.96; S,  10.6. 

The  sirupy 1,2-3,4-diisopropylidene-6-deoxy-6-thioethyl-~-glactose (30 gm.) 
was dissolved in 95y0 ethanol (250 cc.). Water (100 cc.) containing sul- 
phuric acid (5 cc.) was added and the solution was heated for two hours 
a t  70". The hot solution was then diluted with hot water (350 cc.) and neutral- 
ized with an excess of barium carbonate. The barium salts were removed by 
centrifugation and the clear supernatant was concentrated in oacuo a t  40'. 
Traces of water were removed by three codistillatioils with absolute ethanol 
and the dry, somewhat turbid, sirup was dissolved in absolute ethanol (125 cc.) 
and the solution was treated with charcoal to remove the turbidity and a trace 
of color. Ether was added to the colorless solution until i t  became slightly 
turbid, and crystallization occurred on extended cooling a t  -20". The  product 
was recrystallized from a small volume of absolute ethanol and the yield was 
14.7 gm. (G7%), m.p. 98-100°, and [a]~"+73.8" equil. (water; c, 1.3536). 
Anal.: Calc. for C & ~ ~ G S O S :  C, 42.85; H ,  7.14; S,  14.28. Found: C, 42.78; 
H.  7.21; S ,  14.19. 

6-0-p-Tolylsulphonyl-D-galactose Dietlzyl Tlzioacetal (VI) 

1,2-3,4-Diisoprop~~lidene-6-O-p-tolylsulphonyl-~-galactose (V) (25 gm.) was 
dissolved in ethanethiol (30 cc.). Concentrated hydrochloric acid (25 cc.) 
was added and the mixture was agitated on the shaking machine for one hour. 
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BAKER: CARBOHYDRhTE THIOETHERS. I 1lO.f~ 

The colorless reaction mixture became milky with the partial separation of 
reaction product and after cooling to 5" the mixture was cautiously neutralized 
with cold ammonium hydroxide. Petroleum ether (30-60") was added and the 
heterogeneous mixture stirred well and allowed to stand a t  5" for about one 
hour. The mixture was filtered and the reaction product washed with cold 
water and finally with petroleum ether (30-60"). The yield was 15 gm. (64%) 
and, after one recrystallization from hot acetone, the melting point \vas 
114-115" and [a]Z0+7.5" (pyridine; c,  8.6314). Further recrystallization did 
not alter these constants. The literature (5) reports 1n.p. 115" and [a]g0+7.66" 
(pyridine). 

6-Deosy-6-thioethyl-D-galactose Dietlzyl Tlzioacetal (VI I I )  

(1) 6-0-p-Tolylsulphonyl-D-galactose diethyl thioacetal (VI) (3.5 gin.) 
and sodium ethanethiolate (1.4 gm., 2 mol. equiv.) were dissolved in anhy- 
drous N,N-dimethylformamicle (40 cc.). The mixture warmed spontaneously 
and it was then heated a t  100" for two hours, cooled to lS0, and the sodium 
p-toluenesulphonate was removed by filtration. The filtrate was added to  
cold water and the separated feathery mass was filtered, washed with a small 
volume of cold water, and then air-dried. I t  was recrystallized from acetone 
and an additional crop was obtained from the mother liquor. The combined 
yield was 2.2 gm. (goy0), the melting point was 157-158", and the optical 
rotation [a ]~"-6 .2"  (pyridine; c,  4.029'2). Anal.: Calc. for CI2Ht6SaOl: C,  
43.63; H, 7.87; S,  29.1. Found: C, 43.6; H ,  7.94; S,  29.1. 

(2) 6-0-p-TolylsulphonyI-D-galactose diethyl thioacetal (VI) (4 gm.) was 
suspended in anhydrous methanol (50 cc.). A solution (10 cc.) of sodium 
methylate, containing 0.2 gm. (1 mol. equiv.) of sodium, was adcled. Solution 
occurred rapidly and, after the reaction mixture had been allowed to stand for 
six hours a t  22O, carbon dioxide was passed into it to destroy any unreacted 
sodium methylate. The reaction mixture was then concentrated in uaczlo a t  
40" and the dry residue containing soclium p-toluenesulphonate was acetylated 
with pyridine and acetic anh~.dride. The reaction mixture was poured into 
colcl water and after it had stood for 24 hr. a t  22' the sirup did not crystallize. 
The sirup was taken up in ether and the ethereal solution was dried over 
sodium sulphate and the solvent removed i.iz vacuo. The resulting sirup, 
probably 5,G-anhydro-D-galactose diethyl thioacetal triacetate, was dissolved 
in N,N-dimethylformamide (50 cc.) and dry sodium ethanethiolate (0.8 gm.) 
was added. The solution was allowed to stand overnight a t  5", heated one hour 
a t  100°, cooled to room temperature, and then adcled to cold water (150 cc.). 
The product that separated was air-dried ancl recrystallized from acetone. 
The yield was 2 gm. (6Gy0) and the melting point, 157-158", was not depressed 
when a sample was admixed with 6-deoxy-6-thioethyl-D-galactose diethyl 
thioacetal. 

(3) 6-Deoxy-6-thioethyl-galactose and 1,2-3,4-diisopropylidene-6-deoxy-6- 
thioethyl-D-galactose were each mercaptalated by the usual hydrochloric 
acid - ethanethiol method and the products that were isolated i r i  each case 
were recrystallized from acetone and melted a t  157-158'. R/Iixed melting point 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1106 CANADIAN JOURNAL OF CHEMISTRY. VOL. 33 

determinations with authentic samples of 6-deoxy-6-thioethyl-D-galactose 
diethyl thioacetal showed identity. 

2,3,4,5-Tetrabenzoyl-6-deoxy-6-thzoethy1-~-galactose Diethyl Thioacetal 

6-Deoxy-6-thioethyl-D-galactose diethyl thioacetal (VII) (7.8 gm.) was 
dissolved in anhydrous pyridine (50 cc.). The  solution was cooled to -10" 
and benzoyl chloride (14.8 gm.) was added dropwise with stirring. The 
reaction mixture was then allowed to stand overnight a t  room temperature 
and finally poured into water. Solid potassium bicarbonate was added to 
dissolve benzoic acid that arose from the excess benzoyl chloride used. The 
sirupy product did not crystallize and it was extracted with chloroform. The 
chloroform solution was dried over anhydrous sodium sulphate, filtered, and 
then concentrated in vacuo. The light yellow sirup was dissolved in 99% 
ethanol and petroleum ether (30-60") was added until the solution became 
slightly turbid. The solution was cooled to -20" and an oil separated. More 
99% ethanol was added so that the oil was just redissolved and further cooling 
caused the deposition of a crystalline product. The material was again recrys- 
tallized from a small volume of absolute ethanol. The yield was 11.7 gm. 
(71y0) and the substance melted a t  90-91". The substance rotated [a]L3"+5.8" 
(CHC13; c, 5.5592). Anal.: Calc. for Ci,,H42S308: C,  64.34; H ,  5.63; S,  12.87; 
CCHSCO, 56.3. Found: C,  64.28; H ,  5.71; S ,  12.9; CtjHSCO, 56.1. 

2,3,4,5-Tetraacetyl-6-deoxy-G-thioethyl-~-galactose Diethyl Thioacetal (VI I I )  
6-Deoxy-6-thioethyl-D-galactose diethyl thioacetal (VII) (23 gm.) was 

suspended in anhydrous p5-ridine (75 cc.) and acetic anhydride (50 cc.). 
The reaction mixture was allowed to stand overnight a t  room temperature 
and the colorless solution was poured into a large volume of cold water. A 
sirup separated and it solidified within 30 min. The solid was broken up, 
filtered, and washed to remove pyridine. The  substance was dissolved in 
ether and the solution dried over anhydrous sodium sulphate and then filtered. 
The filtrate was concentrated to about 50 cc. and petroleum ether (30-60") 
was added until the solution became turbid. The turbidity was cleared with 
several drops of ether and after cooling for 48 hr. a t  -20" large colorless 
hexagonal crystals separated. The product melted a t  77.5-78' and rotated 
[a ]~"-4 .9"  (CHCI:1; c, 7.6792). The yield was 30.5 gm. (8870). Anal.: Calc. 
for C?,,H34S308: C,  48.19; H ,  G.82; S,  19.27; CHZCO, 34.54. Found: C, 48.06; 
H ,  7.02; S,  19.2; CH:,CO, 34.4. 

Aldehydo-2,3 ,4,5-tetraacety~-6-deoxy-G-thioethyl-~-galactose ( IX)  

2,3,4,5-Tetraacetyl-G-deoxy--G-thioethyl-~-galactose dieth yl thioacetal (VIII) 
(5 gm.) ~ v a s  dissolved in methanol-free acetone (100 cc.) and cadmium 
carbonate (20 gm.) was added, followed by mercuric chloride (11 gm.). The 
mixture was heated under reflux for five hours, filtered hot into fresh cadmium 
carbonate, and the filter washed twice with hot methanol-free acetone. The 
combined filtrates mere concentrated to dryness in the presence of cadmium 
carbonate. The residue was refluxed with three portions of absolute reagent 
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BAKER: CARBOHYDRATE THIOETHERS. I 1107 

diethyl ether (containing not more than 0.01% ethanol) and the combined 
ether solutions were washed with 10% aqueous potassium iodide solution to  
remove the mercury compounds. The washed ether solution was dried over 
anhydrous sodium sulphate, filtered, and then concentrated to about 20 cc. 
Cooling a t  - 15' caused precipitation of the product and after filtration it was 
washed once with pure absolute diethyl ether (5 cc.) a t  - 15'. The yield was 
3.2 gm. (820j0) and the substance melted a t  102-103' and rotated [a]:' - 28.7" 
(CHCl3-ethanol free; c, 1.772). IUutarotation occurred in USP chloroform 
probably owing to the direct combinatio~l with the ethanol found in USP 
chloroform to form the hemiacetal (X). Anal.: Calc. for C16H24S09: C, 48.98; 
H ,  6.12; S, 8.16; CHSCO, 43.8. Found: C, 48.91; H ,  6.41; S ,  8.2; CHSCO, 
43.6. 

2,3,4,5-Tetraacetyl-G-deoxy-6-thioethyl-~-galactose Ethyl Hemiacetal (X) 
A sample of the aldehydo derivative (IX) (2 gm.) above was dissolved in 

hot absolute ethanol (5 cc.). The solution was allowed to stand overnight a t  
room temperature when crystallization occurred. The  product was recrystal- 
lized from toluene, m.p. 129.5-130' and [alp-3.05" (CHC13; c, 5.0728). 
Anal.: Calc. for C18H30S010: C,  49.31; H ,  (3.82; S,  7.3. Found: C,  49.24; H, 
6.98; S,  7.3. The semicarbazones mere made from I X  and from the hemiacetal 
(X) by the usual method of water and potassium acetate and after recrystal- 
lization from hot water the melting points and mixed melting points were 
202-204'. Anal.: Calc. for C17H27SN309: N, 9.35; S,  7.12. Found: N ,  9.28; 
S ,  7.1. 

2,3,4,5-Tetraacetyl-G-deoxy-6-thioet?~yl-~-ga~actose Dimethyl Acetal 

2,3,4,5-Tetraacetyl-6-deoxy-G-thioethyl-~-galactose diethyl thioacetal (VIII) 
(11.2 gm.) was dissolved in anhydrous methanol (150 cc.). Powdered 
cadmium carbonate (50 gm.) and mercuric chloride (26 gm.) were added and 
the mixture was refluxed vigorously for foul- hours. The reaction mixture was 
allowed to stand overnight a t  room temperature. Additional quantities of 
cadmium carbonate (30 gm.) and anhydrous methanol (150 cc.) were added 
and the mixture reflused for three hours. The hot mixture was filtered into 
some caclmium carbonate in a distilling flask and the filtrate was concentrated 
to dryness i ~ z  aaczbo a t  40'. Chloroform (200 cc.) was added, the solution 
filtered, and the filtrate extracted twice with 10% potassium iodide solution 
to relnove soluble mercury con~pounds. The  chloroform solution was dried 
over anhydrous sodium sulphate, the misture filtered, and the filtrate con- 
centrated to dryness ,in aac~.~o a t  40'. The resultirlg sirup was clissolvecl in a 
small volume of ether, and petroleum ether (30-60') was added to turbidity. 
Cooling a t  - 1.5' caused precipitation. The product mas recr\~stallized twice 
from ether - petroleun~ ether and once from a large volume of hot petroleum 
ether (65-110'). The  yield was 6.8 gm. (69%) and the melting point 89-90" 
and rotation [a]~'+G.1° (CHC1:j; c, 4.0592). Anal.: Calc. for ClSH30S010: 
C, 19.31; H ,  (5.82; S,  '7.3; CHaCO, 40.1. Fo~uld :  C,  49.11; H ,  6.88; S,  7.3; 
CH,CO, 39.8. 
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2,3,4,5-Tetraacetyl-6-deoxy-6-thioethyl-~-galactose Diethyl Acetal ( X I )  
2,3,4,5-Tetraacetyl-6-deoxy-6-thioethyl-~-galactosediethyl thioacetal (XII I )  

(5 gm.) was dissolved in absolute ethanol (100 cc.). Cadmium carbon- 
ate  (25 gm.) was added followed by mercuric chloride (11 gm.). The mixture 
was refluxed for two hours, filtered into fresh cadmium carbonate, then con- 
centrated to dryness. The residue was extracted with three portions (50 cc.) 
of hot chloroform and after filtration, the chloroform solution was washed 
twice with 10% potassium iodide solution to remove soluble mercury com- 
pounds. The  solution was dried over sodium sulphate, filtered, and concen- 
trated i n  vacuo to a thick sirup, which crystallized on standing. The solid mass 
of crystals was recrystallized twice from GOYo ethanol and it did not reduce 
Fehling's solution prior to  acid hydrolysis. The yield was 3.6 gm. (76y0) and 
the melting point was 94.5-95.5' and it rotated [a]E0+4.l0 (CHC13; c, 4.8468). 
Anal.: Calc. for C20H34S010: C, 51.50; H, 7.29; S, 6.86; CH3C0,  39.05. Found: 
C,  51.42; H ,  7.31; S ,  6.9; CH3C0, 38.8. 

6-Deoxy-6-thioethyl-D-galactose Diethyl Acetal 
The solution, above, from the optical rotation determination (1.2117 gm.) 

was cooled to -15' and sodium methylate solution (0.5 cc. of 0.3 N) mas 
added. The clear solution was allowed to stand a t  room temperature and 
within two hours a thin gel formed. The  reaction mixture, after it had been 
left to stand 24 hr. a t  room temperature, was added to anhydrous ether 
(100 cc.) and the crystalline product washed with a small volume of anhydrous 
ether. The crude product was twice recrystallized from a small volume of 
hot water and it  melted a t  143.5-144' and rotated [ a ] ~ ' + l l . l  (pyridine; 
c, 2.464). The yield was 0.6 gm. (80y0). Anal.: Calc. for C12H26S06: C, 48.32; 
H ,  8.72; S,  10.73. Found: C,  48.2; H ,  8.91; S, 10.69. 

The above substance (0.5 gm.) was acetylated with pyridine and acetic 
anhydride and after isolation and one recrystallization from 60% ethanol, 
the product, weighing 0.58 gm. (75y0), had a melting point of 94-95'. The 
melting point of a sample mixed with 2,3,4,5-tetraacetyl-6-deoxy-6-thioethyl- 
D-galactose diethyl acetal, obtained previously, was 94-95'. 
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GEOMETRICAL CORRECTIONS TO THE BRAGG-GRAY RELATION 
APPLIED TO ABSOLUTE CHEMICAL DOSIMETRY1 

ABSTRACT 

The y-ray irradiation conditions for the valid application of the Bragg-Gray 
relation, which relates the energy deposition in a solid to the ionization in an  
air-filled cavity, are examined with particular reference to  some p~~bl ished 
experiments on the yield of the radiation-induced oxidation of ferrous sulphate. 
I t  is pointed out that  experiments in which divergent radiation is used will give 
a higher oxidation yield than the relation indicates. A quantitative treatment 
is advanced which accounts for the discrepancies between certain experimental 
results. 

White, Marinelli, and Failla (10) have shown that the Bragg-Gray relation 
will give erroneous results if applied to ion chambers which are irradiated by 
divergent radiation and have given a method for estimating the error. Weiss, 
Bernstein, and Kuper (9) suggested that this was the reason for some of the 
discrepant results reported by different experimenters on the G value (No. 
of ions oxidized per 100 ev. absorbed) for the radiation-induced oxidation of 
ferrous sulphate. Earlier work in which the energy absorption was obtained 
from ion chamber measurements, using the Bragg-Gray relation, gave a G 
of about 20 which is considerably higher than the now well-established value 
of about 16 (3, 5, 7, 9). This paper will describe explicitly the reason for the 
failure of the Bragg-Gray relation in these earlier experiments and will show 
that  the treatment given by White, Marinelli, and Failla can be extended 
to  give a semiquantitative explanation of the anomalous high G values. 

For this purpose we shall discuss a set of experiments in which the energy 
deposition in a solution was obtained from the ionization in an identical 
volume of air. All these experiments were carried out with polystyrene vessels 
using hard y or X rays and differ only in the geometrical arrangement of source 
and solution. "Edge" effects, which arise because the solution near the poly- 
styrene wall is being irradiated by secondary electrons generated in the wall, 
can be shown, from the relative stopping powers and electron densities of 
polystyrene and 0.8 N H?S04, to be negligible. 

The chosen set comprises the experiments of Miller (G), Hardwick (2), 
Hochanadel and Ghormley (3), and Weiss, Bernstein, and Kuper (9). The G 
values which they reported are shown in column A of Table I .  As different 
values were used in their calculations for the energy per ion pair and the ratio 
of the stopping powers of air and polystyrene we have recalculated their 
results using the values used by Weiss, Bernstein, and I<uper. These are 
shown in column B. I t  can be seen that there is a discrepancy of about 15% 
between the first two experiments and the last two. 

The Bragg-Gray relation (1, 8) states that the rate of energy deposition 
per unit volume, E, in a mass of solid material is given by E = JWp where J 

lMa?zuscripl received Ja~t i tary  26,  1955. 
Co~ztribz~tion from the Research Chemistry Branch, Atomic E7zergy of Ca~tada Limited, Chalk 

River, Ontario. Issued as A.E.C.L. No. 169. 
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TABLE I 

G VALUES FOR THE OXIDATION O F  FERROUS SULPHATR 

A B 
Miller 20.3  18 .5  
Hardwiclc 20.7 18 .5  
Hochanadel and Ghormley 16.7 15 .5  
Weiss, Bernstein, and Icuper 15.9  15 .9  

is the rate of formation of ion pairs per unit volume in an air-filled cavity in 
the solid, W is the energy per ion pair for air, and p = nsSs/nASA where ns 
and nA are the electron densities in the solid and air respectively and Ss, SA 
are the stopping powers of the solid and air respectively. For this relation to 
hold it  is required that the dimensio~ls of the cavity be small compared with 
the range of the secondary (Compton recoil) electrons in air. Apart from this 
restriction, the relation is independent of the geometry of the cavity, provided 
tha t  the radiation field is strictly uniform over the whole volume of the cham- 
ber. This is demonstrated most clearly in the treatment given by Laurence 
(4). 

This requirement of uniform irradiation may be fulfilled experimentally 
either by a uniform parallel beam of gamma or X rays or by isotropic irradia- 
tion which could be realized, for example, by placing the sample a t  the center 
of a spherical shell of material which emitted gamma rays. The former con- 
figuration was used by Weiss, Bernstein, and Kuper, the latter was approached 
by Hochanadel and Ghormley whose irradiation cell was placed on the axis of 
a cylindrical source of Co60. Both of these values may be talcen to be in agree- 
ment with G = 16. 

The irradiation apparatus used by Miller and by Hardwick is shown 
diagrammatically in Fig. 1. The radioactive source (S) is placed 011 the axis 

FIG. 1. Cylindrical ion chamber as  used by Miller and by Ilard\\~icl;. S, source; C, cavity; 
P ,  polystyrene \\all. 

of a cyli~ldrical shell (C) of solutio~l or air which is enclosed by polystyrene 
~valls (P). The experimental volume is being irradiated by a divergent, 
nonuniform field and we cannot apply the Bragg-Gray relation to the ion 
current to obtain the energy deposition in the liquid. 
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DYNE: GEOMETRICAL CORRECTIONS 1111 

The energy deposition in the liquid can be calculated for divergent radiation 
by a modification of the method of White ( 1 1 )  and White, Marinelli, and 
Failla (10). These worliers discussed the case of a cavity between two concen- 
tric spherical shells with a point source of radiation a t  the center. In Fig. 2 

FIG. 2. Paths of secondary electrolls crossing a spherical shell. 

we show the paths of secondary electrons generated by 7 rays originating 
from the point 0 crossing the walls of the spherical chamber, AA', BB'. 
Let the 7 rays generate n secondary electrons per cm. having a range r cm. 
in the solid, which are scattered through an angle 0 from the direction of the 
incident 7 ray. Since the range of the secondaries in air is very much greater 
than that in the wall, seconclaries which are formed up to a distance r cos 0 
inside the wall will be able to cross the air cavity. The number of secondaries 
crossing the air cavity is, therefore, nr cos 0. Since r << T ,  the thickness of 
the air cavity, these secondaries have path lengths which are all effectively 
equal to PM. We put PM = PN/X = T/X cos 0. If these secondary electrons 
produce T ions per cm. in air, losing W ev. per ion pair, the total energy 
deposition in the gas is EG = nr cos 0. (T/X cos 0)rW = (nrTTW)/X = JW, 
where J is the ion current. 

When the air cavity is filled with liquid (or any condensed medium) the 
energy deposition is due entirely to secondaries generated in the liquid. 
The -y rays cross T cm. of liquid and will produce nT secondaries of range r 
cm. if the wall and liquid are equivalent. Each secondary will deposit rrpW ev. 
where p = nLSL/nASA as before, the subscripts referring to the liquid and air 
respectively. The energy deposition in the liquid is EL = nrTrpW ev. Com- 
bining the equations for EL and EG and noting that EG = JW we find 

which is a form of the Bragg-Gray relation modified by the introduction of 
the geometric factor A. I t  can be seen from Fig. 1 that X is appreciably greater 
than unity. Application of the unmodified Bragg-Gray relation will, therefore, 
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underestimate EL and consequeiltly will overestimate the G value for a radia- 
tion-induced reaction. 

White, Marinelli, and Failla showed that for a cavity in the shape of a 
spherical shell 

X = T/( [(R cos 8)?+2RT+ ~ ~ ] * c o s  8-R cos28j. 

This formula was applied to measurements on a set of ion chambers of different 
dimensions. For 8 -- GO0 a satisfactory agreement was obtained between their 
measurements and earlier inclepende~lt measurements on the specific gamma 
ray output from radium. I t  should be noted that 8 is an empirical parameter. 

The calculatio~l of the energy deposition ill a cylindrical cavity follows 
precisely the same steps. The paths of secondary electrons crossing the cavity 
are shown in Fig. 3. The lines MQ and OQ are in the YO2 plane. The source 

x ' 
FIG. 3. Paths of secondary electrons crossirlg a cylindrical cavity. 

is a t  the origin, halfway along the length of the cylindrical cavity. A y ray 
follows the path OPQ making an angle + with the Y axis and generates sec- 
ondary electrons which emerge, in effect, a t  the point P a t  the edge of the iniler 
wall. The paths of all the seco~ldaries crossing the air cavity, scattered through 
an angle 8, generate a cone, semiangle 8 with an axis OPQ, vertex a t  P. 
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DYNE: GEOMETRICAL CORRECTIONS 1113 

The coordinates (x, y, z) of the point L shown in the diagram are 

[2 1 x = p tan e sin a, 

[3 1 y = R+p(cos +-tan 0 cos a sin +), 
[41 z = R tan ++p(sin ++tan e cos a cos +). 

These may be taken as the parametric equations of the line LP which is 
the path of an individual secondary electron specified by the angles +, 8, 
and a. 

For the cylindrical ion chamber the equation of the outer cylinder which 
terminates the paths of the secondary electrons is 

~ h e ~ ~ a t h  length D of the secoildary electron crossing the cylindrical cell is 
p/cos e when, from equations [I],  [2], and [z], 

p2[tan?B sin2a+ (cos +-tan 0 cos a sin +)2] 
+2pR(cos +-tan 0 cos a sin +)+R2- (R+T)' = 0; 

whence 
+RP+ -\/(R+ ~)'(tan%=f ~ ' t a n ' e  sin2a 

[GI D = cos e(tan% s in2a+~ ' )  

where P = (tan e cos a sin + - cos +). 

A secondary electron whose path is defined by +, 0, and a has the path length 
D(a) and will deposit D(a ) rW ev. in the cavity. T o  obtain the total energy 
deposition for gamma rays having the direction + we first multiply this energy 
by the number of secondary electrons having this path and then integrate over 
all values of a .  The paths of secondary electrons inside the wall, near the edge 
of the cavity, are shown in Fig. 4. The points P and S correspond to the poiilts 

FIG. 4. Paths of secondary electrons inside the wall, a t  the edge of the cavity. 

P and S in Figs. 2 and 3. The paths of secondary electrons in the wall are 
terminated by a vertical plane (since r << R). I t  can be shown using equations 
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[2], [3], and [4] above that  a secondary of path length d is generated a dis- 
tance t inside the wall where t = d(cos 0- tan e sin $ cos a)cos e = -d (3 cos 0. 
All secondaries generated along the path SF = t/cos $ when d = r 
will cross the cavity. Using our previous notation the number of secondary 
electroils N(a)  specified by the direction a which cross the cavity is given 
by 

N (a) = - nr(3 cos e/cos $. 

The total energy depositioil from secondaries generated by y rays having the 
direction $ is EG where 

When the cavity is filled with liquid the y rays cross T/cos $ cm. of this med- 
ium and consequently the energy deposition in the liquid EL is given by 

whence we find 
2a 

[9] EL = - E ~ P T ~  (1/(3 D(a) )da /cosB~2rda ,  

which we may rewrite, noting that  EG = JW,  as EL = JWpq. This is similar 
to  equation [I],  the factor q corresponding to the factor A defined for spherical 
cavities. The quantity q may be evaluated numerically. 

Since q is a fuilction of $ the factor required to  correct the experimental 
results is the value of q ,  weighted for the distribution of y rays as a functioil 
of $ averaged over $. Since in the experiment which we are discussing the source 
of y rays was a cylinder of length and diameter comparable with those of 
the cell itself (not a point source by any means) we do not know this distribu- 
tion function. All we shall do is to discuss the values which q make take for 
chosen values of $. 

In our calculations we used a value of 0 = 60" as found experimentally by 
White, Marinelli, and Failla. This describes the average path of electrons 
generated by a gamma ray whose path is normal to a spherical wall. For 
small angles of $ we would expect 0 to be unchanged for the cylindrical wall 
since the radius of curvature of the wall is large compared with the path 
length of the secondaries in the wall. For R = 10 mm., T = 4 mm., dimensions 
corresponding to the Miller and the Hardwick cell, and for $ = 0°, lo0, and 
15", q has the values of 1.16, 1.18, and 1.19 respectively. The G values, as 
they were originally calculated, would be about 18% higher than the true value 
if the averaged value of q was of this magnitude. 

When $ > 15" we cannot use equation [7] for, with the experimental 
cells, some of the secondary electrons crossing the air cavity are not terminated 
by the cylindrical wall but by the plane end of the cell. The geometrical 
correction will therefore be greater than the value of q given by equation [9]. 
The calculation is further complicated when $ > 30" for, with e = GO0, only 
part of the cone of secondary electrons cross the air cavity a t  all. The value 
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DYKE: GEOMETRICAL CORRECTIOSS 1115 

of 7 is still however appreciably greater than unity. For small values of #, 7 
is in the range 1.15-1.20. 

These calculatio~ls are based on an idealized model and too much weight 
should not be placed 011 the numerical values we have quoted. I n  addition to 
the fact that  the angular distribution of gamma rays is not known, we have 
assumed a single value of 0. The  value chosen was that  found experimentally 
for electrons generated by a gamma ray whose path is normal to the edge of 
the cavity. When the incident y ray intersects the cavity obliquely we should 
not expect the average scattering angle to be quite the same. This will not 
alter the conclusion of the last paragraph, namely that  the correction is always 
appreciably greater than unity, but  the possible range of values for the correc- 
tion should be extended. 

We can say, in conclusion, that  the Bragg-Gray relation applied to cylindri- 
cal ion chambers as  used by RiIiller and by Hardwick will give energy deposi- 
tions in a condensed medium which are low by 10-20%. This observation is 
offered as  an explanation of the high G values obtained by these experimenters 
compared with those obtained by  Hochanadel and Ghormley and by Weiss, 
Bernstein, and Kuper. 
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A SYNTHESIS OF D-TAGATOSE FROM D-GALACTURONIC ACID1 

ABSTRACT 

D-Tagatose has been synthesized by a series of reactions from D-galacturonic 
acid. 

INTRODUCTIOK 

D-Tagatose is generally prepared by the isomerizatioil of D-galactose with 
very dilute alkali (1) or hot pyridine (4). However, the yields from these 
reactions are small and the isolation of the product tedious. D-Tagatose has 
also beell prepared by the biochemical oxidation of the rare sugar derivative 
D-talitol using Acetobacter suboxydans (5). 

We now describe a preparation of D-tagatose from D-galacturonic acid. 
This material is readily prepared by the enzymic hydrolysis of pectic acid 
(3). Isomerization of D-galacturonic acid (I)  with lime water gave the calcium 
salt of 5-keto-L-galactonic acid (11; 2) which on treatment with an acetone - 
sulphuric acid mixture followed by esterification with ethereal diazomethane 

CO, H $Oa$ca I C0,Me 

yielded 3,4;5,6-di-0-isopropylidene-5-keto-~-galactofuronic acid methyl ester 
(111). An ethereal solution of this material was reduced with lithium aluminum 
hydride to 1,2;3,4-di-0-isopropylidene-D-tagatose (IV) which was identical 
with an authentic specimen prepared from D-tagatose. Acid hydrolysis OF 
(IV) gave a material indistinguishable From D-tagatose (V) in 25y0 over-all 
yield from the calcium salt of 5-lteto-L-galactonic acid. 

'Manz~script  received Febrilary 14, 1955. 
Co?ztribzrtiolt from the Departnzeltt of Chentistry, Queen's U?ziversity, k'i?zgston, Ontario, and 

the Research Depart,?zent, H. 1V. Carter and Company Limited, Coleford, Gloz~cester, E,tgland. 
2Department of Chentistry, Queen's University, Kingston, Ontario. 
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GORIN ET AL.: SYNTHESIS 01; D-TAG.-ITOSI? 11 17 

EXPERIMENTAL 

Evaporations were carried out under reduced pressure. Optical rotations 
were measured a t  1 6 f  2°C. Melting points are uncorrected. 

3,4;5,6-Di-0-iso~ropylidene-5-keto-~-gala~ronic Acid Methyl Ester (111) 

The calcium salt of 5-keto-L-galactonic acid (11; 620 rngm.), prepared by 
the isomerization of D-galacturonic acid (I) by alkali, was shaken in dry 
acetone (12 ml.) containing sulphuric acid (0.5 ml.) for four hours. The 
solution, which contained a suspension of calcium sulphate, was neutralized 
by rapid addition to aqueous lime. The  alkaline solution was then neutralized 
with carbon dioxide, filtered, and the filtrate evaporated to a white solid (the 
calcium salt of 3,4;5,6-di-0-isopropylidene-5-l~eto-~-galactofuro1ic acid). 
The free acid was obtained from the salt by the addition of dilute sulphuric 
acid to an emulsion of ether and a solution of the calcium salt in ice-cold water. 
The ethereal extract was washed with water (four times), dried (sodium 
sulphate), filtered, and esterified by addition of an excess of ethereal diazo- 
methane. After 30 min. the solutioil was evaporated to a sirup which crystal- 
lized. Two recrystallizations from ethanol gave white needles (353 mgm.) 
with n1.p. 60°C. and [a] ,  +22" (c, 1.0 in chloroform). Found: C, 54.4; H,  
7.0%. Calc. for C13H2007: C, 54.2; H ,  6.9%. 

1,2 ;3,4-Di-0-isopropylidene-D-tagatose (I V) 

3,4;5,6-Di-O-isopropylide11e-5-keto-~-galact0fur011ic acid methyl ester (111 ; 
848 rngm.) was added with stirring to an excess of lithium aluminum 
hydride (500 mgm.) in ether (20 ml.). After five hours, excess of reagent was 
destroyed by addition of ethyl acetate. Water (50 ml.) was added and organic 
solvents evaporated. The solution was neutralized with acetic acid, filtered, 
and the filtrate extracted with an equal volume of chloroform. The extract 
was washed once with water, dried (sodium sulphate), filtered, and evaporated 
to  a sirup (674 rngm.) which crystallized. Two recrystallizations from light 
petroleum (b.p. 30-60°C.) gave white needles which had m.p. 63-64°C. 
not depressed on admixture with an authentic specimen of 1,2;3,4-di-0- 
isopropylidene-D-tagatose which had been prepared from D-tagatose and 
[a] ,  +64" (c, 0.80 in chloroform). Found: C,  55.1; H ,  7.5%. Calc. for 
C12H?oO6: C, 55.4; H,  7.6%. 

n-Tagatose ( V) 

1,2;3,4-Di-0-isopropylidene-D-tagatose (IV; 173 rngm.) was hydrolyzed 
by heating in 0.05 N sulphuric acid (5 ml.) a t  100" for one hour. The reaction 
mixture was neutralized (aqueous barium hydroxide, then barium carbonate), 
filtered, and evaporated to a sirup (115 rngm.). The product was crystallized 
twice from ethanol to  give white crystals (71 rngm.) which had m.p. 131- 
132°C. undepressed on admixture with authentic D-tagatose prepared by 
isomerization of D-galactose and [cY]D +2" (2 min.) + -3" (30 min.; constant 
value) (c, 1.0 in water). Found: C,  40.3; H ,  7.0%. Calc. for C6H1206: C,  40.0; 
H ,  6.7%. 
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THE SYNTHESIS OF D,L-SERINE BY SELECTIVE REDUCTION OF 
N-SUBSTITUTED AMINOMALONIC AND CYANOACETIC ESTERS'.' 

L'Ctude de la reduction sClective de l'amino malonate d1Cthyle libre ou 
substitui: sur I'azote par des radicaus acylCs e t  de llacCtamido cyano acCtate 
dlCthyle, par les hydrures LiAIHd, NaH4B, KHIB, e t  LiBH4 dans diffkrents 
solvants et  diffkrentes conditions espi.rimentales a CtC faite. Une nouvelle 
synthbse de la D,L-shrine, B la fois rapide e t  facile, a ainsi Cti. effect~~Ce. I'ar 
rCductio11 sklective des esters N-substituCs des acides amino malonique e t  amino 
cya~~oaci.tique, au  moyetl de I'hyclrure de sodium e t  de bore dans l'eau e t  
I'Cthanol, s ~ ~ i v i e  d'hydrolyse acide, on obtient la D,L-si.rine avec de bons 
rendements. 

INTRODUCTIOX 

Serine is an  important amino acid. One of its derivatives, azaserine, has been 
used with success in cancer research. However, most of the general methods 
for the syilthesis of D,L-serine are not convenient. The starting materials for 
some of them are difficult, laborious, or expensive to prepare, and the over-all 
conversion to serine is not particularly good by any of them. 

The best method published so far is by Icing (9) who condensed quantita- 
tively formaldehyde with ethyl acetamidomalonate (I) .  However, acid hydro- 
lysis of the intermediate gave no serine but ammonium chloride and pyruvic 
acid. Owing to the instability of the condensation product in acid, it had to 
be first monosapollified with one equivalent of normal alkali, acidified, de- 
carboxylated, and then hydrolyzed to D,L-serine, with an over-all yield ol  
65y0. With the condensation product of formaldehyde and ethyl acetamido- 
cyanoacetate (11), no serine could be obtained either by acid or by alkaline 
hydrolysis. 

Both ethyl acetamidomalonate (I)  and ethyl acetamidocyanoacetate (11) 
co~ltain the three-carbon s1;eleton of serine and are easily available. I t  was 
felt that a better synthesis of serine could be worliecl out froin these starting 
materials if the condensation with formaldehyde ancl the subsequent hj-drolj,sis 
were avoided. 

The availability of powerful reducing agents such as the hydrides and their 
recent use in the synthesis of 2-amino alcohols (1) have prompted us to study 
the selective reduction of N-substituted aminomalonic esters, and ethyl 
acetamidocyanoacetate, products easily available in large quantities. Three 
possibilities were to be expected in the reduction of ethyl acetamidomalonate 
( I ) :  (1) No reduction, in which case, the unchanged starting material ~~rould 
yield glycine (111) by acid hydrolysis. (2) Reduction a t  both ester groups to  

lAIa?zz~scr~pt  rece~ved in or tg i t~n l  for112 Septetizber I S ,  I(lb4, a n d ,  a s  r ev~sed ,  Ju71zrary 2 1 ,  195.5 
Co?z t r tb~~ t?o?~  frotn the Depart t~re?~t  of B?oclreti~istry, Facz(lty of ilfedicr?re, Lnval L;tzloerslty, 

Q~rebec, P.Q. 
'I'resetrted before t l ~ e  a?t?t l~al  ,,teeti?tg of tlre Che,,rrcuI Itrstitrlte of C a ? ~ n d a ,  Toro?rlo, J t ~ t r e  20-23, 

195/ , .  
3fIololder of a Fellowship of llte hT(~tro~ta1 Calzcer I t ~ s t l t z ~ t e  of Crr?~adrr. 
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give after hydrolysis 2-amino-1,3-propanediol (IV). (3) Selective reductioil 
a t  one ester group which would form ethyl N-acetyl serine ester, from which 
D,L-serine (V) would be obtained by hydrolysis. 

C O O C ~ H S  C O O H  C H z O H  C O O H  

H-C-R 
H z  H C 1  + -  + H-L-NH2 + H - b N H ?  + H - b N H 2  

1 H 2 0  1 I 
COOC2Hs  H C H  2 0 H  C H ? O H  

I t  was highly improbable that the amide group would be reduced to the 
secondary amine since Bory and Mentzer (3) had shown that this reduction 
required very drastic reducing conditions, which were not found in our 
experiment. 

I t  was hoped that suitable coilditions would be found in which possibilities 
(I)  and (2) would be absent or reduced to a minimum, with the reduction 
proceeding only on one ester group to give D,L-serine. 

In the reduction of ethyl acetamidocyanoacetate only two products were 
possible. In fact, no reductioil was to be expected a t  the nitrile or a t  the amide 
groups since the reducing conditions were not drastic enough. Hence, only 
glycine and serine could be produced. 

REDUCTION OF ETHYL ACETAMIDOCYANOACETATE 

C N C O O H  C H 2 0 H  

H ?  
H - L - N H - c o c H J  - 

H C1 + -  I + H-L-NH2 + H-C-WH, + r\'H4cl 
i H a I 
C O O C ? H s  H C O O H  

Several N-acyl derivatives of ethyl aminomalonate were reduced and 
subsequently were hydrolyzed to give serine, some glycine, and a trace of 
amino alcohol (Table I).  No significant differences were found between 
N-acetamido, N-formamido, N-phthalimido, and N-benzamido ethyl malon- 
ates, except a slight decreasing yield in serine, probably due to the lower 
solubilities of the latter esters. In the case of N-unsubstituted ethyl amino- 
malonate, practically no serine and no glycine were found but free ammonia 
was abundant, apparently produced by the decomposition of the ester 
molecule. 

As expected the reduction of ethyl cyanoacetate gave serine, no amino 
alcohol, but here again glycine was produced, though in a small yield. 

Experimental conditions used during these reductions were studied in order 
to minimize the yield of glycine and 2-aminopropanediol. 
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BERLINGUET: SYNTHESIS OF D.L-SERINI.: 1121 

Efect of Solvent (Table I) 
When the ester to be reduced is water soluble, an aqueous medium gives 

the highest yield in serine. If the reduction is carried out in alcohol, a more 
complete reduction taltes place a t  both ester groups with a subsequent greater 
formation of propanediol a t  the expense of serine and glycine. 

Ethyl acetamidocyanoacetate does not give propanediol and, therefore, 
reduction in alcohol gives a slightly better yield of serine on account of the 
better solubility of this ester in alcohol than in water. 

Nature of the IIydride (Table I )  
Sodium borohydride gives the best yield in D,L-serine. Potassium boro- 

hydride also gives serine but is of slightly inferior reducing power. Lithium 
borohydride does not improve the yield. Lithium aluminum hydride in ether 
or in tetrahydrofuran a t  different temperatures does not reduce selectively 
any of the esters. In all cases no serine could be detected on paper chromato- 
grams. 

I t  is significant to note that i t  has been claimed previously that sodium 
and potassium borohydrides could not reduce esters, especially in water. 

The concentration of the hydride, the order of addition, the pH of the 
medium, and the surface of contact between the hydride and the ester have no 
effect on the yield of the reduction. An increase of temperature, however, 
decreases the yield of serine (Table 11). 

From these studies, a new direct synthesis of serine has been worlced out  
by reduction of ethyl acetamidom~lonate or by reduction of ethyl acetamido- 
cyanoacetate with sodium borohydride in aqueous medium. 

EXPERIMENTAL PART 

Compounds 
Sodium borohydride, potassium borohydride, and lithium aluminuin 

hydride were obtained from Metal Hydrides Inc., Beverly, Mass., and were 
used without purification. 

Ethyl isonitrosomalonate was prepared according to Cerchez (4). The oxime 
has been described as  an oil. However, when it  was dissolved in benzene, a 
crystalline product was obtained in the cold. Melting point: 87OC.* Calc. 
for C7H1105N: N, 7.41%. Found: N, 6.8Ty0. Subsequent recrystallizations 
from benzene did not raise the nitrogen content. This solid product, which 
seemed to be the oxime, was transformed into ethyl acetamidomalonate with 
the same yield as the ordinary oil. 

Ethyl aminomalonate was obtained by reducing diethyl isonitrosomalonate 
with aluminum amalgam, according to Cerchez (5). The product was obtained 
as an oil. From this oil, the hydrochloride, m.p. 162'C., and the oxalate, 
m.p. 13g°C., were prepared, as described by Cerchez (5), in yields of 4570 and 
55y0 respectively, calculated from the diethyl isonitrosomalonate. Calc. for 
C7H1.104NCl: N,  6.56%. Found: N ,  6.45%. Calc. for CgH150JV: N,  5.28%. 
Found: N, 5.20y0. 

*Melt ing points are not corrected. 
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Some oximes have been reduced to amines with LiAIH4 (18) but we have 
tried unsuccessfully to reduce diethyl isonitrosomalonate with LiAlH4 and 
NaH4B. NO positive test to ninhydrin was obtained and free ammonia was 
present. 

Ethyl formylaminomalonate was prepared according to Galat (7). Yield: 
50y0. Melting point 47°C. Calc. for CgH1306N: N,  6.90y0. Found: N,  6.78y0. 

Ethyl  $hthalimidomalonate was obtained by reaction of ethyl bromomalonate 
with potassium phthalimide as described in Organic Syntheses (12). Melting 
point: 73°C. Yield: 70%. Calc. for C15H150SN: N,  4.59%. Found: N,  4.55%. 

Ethyl  benzamidomalonate was prepared according to Redeman and Dunn 
(15) by reacting benzoyl chloride and diethyl aminomalonate in pyridine. 
Melting point: 55°C. (from benzene and ligroin). Yield: 80%. Calc. for 
C14H170~N: N,  5.02%. Found: N,  5.10y0. 

Ethyl  acetamidomalonate was prepared from isonitrosomalonic ester which 
was hydrogenated and acetylated with zinc dust in acetic anhydride and 
acetic acid. Melting point: 96°C. (from ether or ethyl acetate). Yield: 71%. 
Calc. for CgH150aN: N, 6.45y0. Found: N ,  6.52y0. 

Ethyl  acetamidocyanoacetate was prepared by reducing isonitroso ethyl 
cyanoacetate with sodium hydrosulphite in acetic anhydride (19). Melting 
point: 129°C. (from acetic acid). Yield: 6.5%. Calc. for CiHloOaNr: N,  16.48%. 
Found: 16.58y0. 

Analytical Procedures 

I n  order to study the relative yields of glycine and serine in the reduction 
experiments, methods of analysis for these products had to be found. 

Paper chromatography has been widely used for the analysis of amino 
acids and amino alcohols. However, glycine and serine, having very similar 
Rf values in most solvents, are difficult to separate. I n  our case pyridine and 
water (80: 20) have been used with great success. I n  this system, the Rf 
values for glycine and serine are respectively 0.19 and 0.30. 2-Amino-1,3- 
propanediol has a much higher value a t  0.75. 

Glycine and serine were determined quantitatively with standard methods 
of paper chromatography. The simplified procedure used mas as  follows: 
Weighed drops of the calibrated so l~~ t ion  obtained after reduction were placed 
on a paper chromatogran~. The ascending chron~atograms were run in pyridine 
and water (80: 20) and were clried a t  room temperature. They were sprayed 
with 0.5y0 ninhydrin in acetone and were dried in the oven a t  110°C. for 
10 min. When allowed to dry a t  room temperature, serine appeared first, 
giving a bright bluish color, with glycil~e appearing later with a redclish color. 
The color due to  aminopropanediol is rather slon7 to appear and is always 
meal;. The two spots of serine and glycine were cut, placed in a test tube, 
triturated with 4 ml. of warm water, and filtered on a fritted disk. The filter 
paper was further washed with 1 ml. of warm water and the optical density 
of the clear filtrate was read a t  540 mp in a Beckman spectrophotometer. 
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BERLINGUET: SYXTIIESIS OF D,L-SERISE 1123 

Standard molar solutions of serine, glycine, and serine plus glycine were 
analyzed as above. As expected, equivalent molecular quantities of serine and 
glycine gave the same intensity when sprayed with 0.1% ninhydrin in butanol. 
However with 0.5% ninhydrin in acetone, serine gave a much deeper color 
than glycine. 

The  relative yields of serine and glycine were of primary importance in this 
study. For this reason, the amounts of serine and glycine in the reaction 
mixtures mere determined calorimetrically from the ninhydrin color developed 
and eluted after chromatography. The "comparative" yield of serine was 
expressed as the number of moles of serine in 100 moles of amino acids (serine 
and glycine) in the reaction mixture. Since in most cases the amounts of amino- 
propanediol and other secondary products were negligible, the "comparative 
yield" approximated the true yield. 

T o  reveal serine and the amino alcohol, a useful identification test has been 
used. The  chromatogram was dipped in a watch glass containing a 10% 
solution of periodic acid. Then, it  was dipped in Nessler reagent. Ten t o  
twenty seconds later, a yelloli~ spot developed which rapidly turned brown, 
then black. If this yellow color develops in Nessler reagent without having 
first dipped the paper in periodic acid, ammonia is present. The A, values 
obtained in pyridine-water (80: 20) with this test were respectively: 0.30 for 
serine, 0.52 for ammonium chloride, and 0.75 for aminopropanediol. 

This test for serine was first described by Consden, Martin, and Gordon 
(6). We have found that it can be very useful in detecting 2-amino alcohols 
on paper chromatograms. 

Periodate Estimation 
When no amino alcohol was present, as in the reduction of ethyl acetamido- 

cyanoacetate, for instance, the direct estimation of D,L-serine could be made 
by the method of Rees (16). In this method the amino acid is oxidized with 
periodic acid and the formaldehyde produced is titrated with bisulphite. 
Glycine was found by difference. 

This procedure measures serine, threonine, glycols, and 2-amino alcohols. 
Thus if it is to be used to determine serine in presence of aminopropanediol, 
care must be talien to remove the latter before carrying out the oxidation. 

Methods of Isolating Serine 

The isolation of serine can be carried out by different procedures. 
(1) Owing to the much higher solubility of glycine as compared to serine, 

the two amino acids can be separated by two or three recrystallizations from 
water-alcohol mixtures, serine crystals separating first. The hydrochloric 
acid used during hydrolysis can be removed from the amino acid by one of the 
following: (a) silver carbonate, (b) deacidite column, or (c) neutralization 
with an equivalent of lithium hydroxide forming LiCl which is soluble in 
alcohol. 

(2) When small quantities are involved, the ideal separation would appear 
to  be the chromatographic procedure used by Moore and Stein (8, 11) on 
Dowex-50 columns. An excellent method of isolation of serine by adsorption 
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011 Zeo-Karb has been described by Partridge (13). Another chromatographic 
procedure has been used with success. When the amino acids are adsorbed on 
Permutit S-1 and eluted with 0.1 N acetic acid, glycine appears first, followed 
by  a mixture of serine and glycine. Then serine alone is eluted. 

(3) For larger batches of serine, the selective removal of glycine is made 
using classical methods (2), such as distillation of the ethyl ester of glycine or 
selective precipitation of glycine with 5-nitronaphthalene-sulphonic acid 
(17). 

Separation oj Glycine and Serine on Permutit S-1 
A solution of D,L-serine (1.0 gm.) and glycine (1.0 gm.) was slowly passed 

through a column of Permutit S-1 (35 X 180 mm.). The  amino acids were 
retained on the column. Elution was made with 0.1 N acetic acid. Aliquots 
from each 25 ml. of the eluate were analyzed with paper chromatography. 

The  first 250 ml. contained no amino acid. In the next 150 ml. only glycine 
was present. The  solutio~l was evaporated and the residue recrystallized from 
ethanol and water. Yield of pure glycine: 0.4 gm. (40Yc). Calc. for C2H502N: 
N,  18.G6y0. Found: N ,  18.50y0. 

The following 225 ml. contained a mixture of glycine and serine. When 
evaporated, the total weight of the residue was 0.G gm. 

Aliquots from the next 200 ml. gave only the serine spot on paper chromato- 
grams. The solution was evaporated to dryness and the residue was recrystal- 
lized from aqueous ethanol. Yield of D,L-serine: 0.8 gm. (80yo). Calc. for 
C3H703N: N ,  13.32Y0. Found: N ,  13.55y0. 

Conditions Used During the Reductions 
Different experimental conditions were used in the reductions of different 

esters in order to find out the best synthesis of serine. Results are summarized 
in Tables I and 11. 

The standard conditions used for the reductions were as follows: One gram 
of the ester was dissolved in the selected solvent system, water, methanol, 
ethanol, tetrahydrofuran, ether, or mixtures of them. Two grams of the hydride 
in solution or in solid form were then added a t  a chosen rate, with vigorous 
agitation. After one or two hours, the mixture was first acidified with dilute 
hydrochloric acid to pH 1.0 and then hydrolyzed by boiling for four to six 
hours for substituted aminomalonates and 12 to 17 hr. for acetamidocyano- 
acetate. 

After hydrolysis, the solution was evaporated to dryness and the residue 
was dissolved in distilled water to a calibrated volume of 100 ml. Aliquots 
were analyzed for their glycine and serine contents as described. 

Some of the reductions were carried out in the refrigerator, some in boiling 
water. When the surface of contact was studied, the above standard procedure 
for the reduction was carried out in a column (300 mm. X 20 mm.) packed with 
glass beads. 

When lithium aluminum hydride was used, drops of water were carefully 
added to  the reduction mixture a t  the end of the reaction to decompose any 
unreacted hydride. 
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In  order to obtain lithium borohydride, equivalent quantities of potassium 
borohydride and lithium chloride were mixed in ethanol prior to the addition 
of the ester (10, 14). 

TABLE I 
YIELDS O F  SERlNE AS COMPARED TO THE TOTAL YlBLD O F  SERlNE AND GLYClNE 

H ydride 

Solvent 

Ethanol- Ethanol Water Ethanol- Ethanol T e t r a h y d r o s n  
water l *  1 2 water 0" 20" 65" 

Ethyl acetamido- 
malonate 68 - 50t 54 69 70 50 65 - 0 0 

Ethyl formamido- 
malonate 70 - 50 66 68 62 50 26 - 0 Traces 0 

Ethyl phthalimido- 
malonate 62 - 49 35 57 44 50 24 - 0 

Ethyl benzamido- 
malonate 60 

Ethyl amino- 
malonate Traces Traces Traces 0 

Ethyl acetamido- 
cyanoacetate 67 72 45 55 66 35 50 0 

*Grams of N a H I B  per grena of ester. 
tWlzen  the yield i s  zmderlined, the amozint of a m i n o  alcohol produced was larger than usual. 

Reductions of Ethyl Aminomalonates 

Reduction of Ethyl Aminomalonate 
With LiH4A1, no ninhydrin test was obtained after hydrolysis. Free am- 

monia was formed, indicating decomposition of the aminomalonate. 
With NaH4B, and I<H4B, slight traces of glycine, serine, ammonia, and 

aminopropanediol were detected on paper chromatograms. 
These reductions were carried out on the free amino ester. When the oxalate 

or the hydrochloride were reduced, the yields of 2-aminopropanediol and 
serine seemed to increase a little. 

Reduction of Ethyl Phthalimidomalonate 
As was to be expected, reduction with LiAlHl gave no serine but a mixture 

of glycine, free ammonia, and several unknown products. 
When NaH4B was used, serine was produced in good or poor yields, depend- 

ing on the solvent used. In water, the ester is too insoluble to react with the 
hydride; hence, glycine is produced by acid hydrolysis. With ethanol and water, 
paper chromatography has show11 that seriile and glycine are produced in 
relative yields of 6OYo and 40%. 

Reduction with I<BH( gave about the same results as with NaBH4. 

Reduction of Ethyl Benzamidomalonate 
In a mixture of water and ethanol, the reduction with NaH4B gave "com- 

parative" yields of 6OyO serine and 40y0 glycine. 
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Reduction of Ethyl  Forrna~nidornalonate 
In this case, the reduction with LiA1H4 in tetrahydrofurail gave in low 

yield some serine, with glycine, ammonia, and unknown products. 
Ethyl formamidomalonate (5.0 gm.), treated with 3.0 gm. NaH4B in aqueous 

methanol or ethanol, gave after hydrolysis 1.29 gm. (50%) of D,L-serine. 
Silver carbonate was used to liberate the amino acid from hydrochloric acid. 
After recrystallization from aqueous alcohol, transparent platelets, characteris- 
tic of D,L-serine, were obtained. Calc. for C3H70aN: N,  13.32y0. Found: 
N,  13.37%. No glycine was found on paper chromatograms from this isolated 
serine. 

In the reductions with I<BH4, equal quantities of serine and glycine were 
found on paper chromatograms. 

Reduction of Ethyl Acetamidomalonate 

Reductions in different experimental conditions were studied. The results 
are presented in Tables I and 11. 

In tetrahydrofuran or ether, the reduction with LiA1H4 gave no serine but 
glycine and free ammonia. 

When ethyl acetamidomalonate was monosaponified with an  equivalent of 
sodium hydroxide before reduction with NaBH4, the yield of serine was only 
about 30%. 

With KBH4, the reduction gave about the same yield in glycine and serine 
as with NaBH4. 

TABLE I1 
YIELDS OF SERINE AS COMPARED TO T H E  
TOTAL YIELD O F  SERINE AND GLYCINE 

Red~~c t ion  of ethyl acetamidomalonate in 
water with NaH4B; a t  room temperature, 

except where specified 

Conditions used Yields, % 

Hydride into ester 67 
Ester into hydride 71 
Temperature: 0°C. 74 
Temperature: 100°C. 44 
Surface (glass beads) 65 
pH (Dowes 50) 50 

Reduction of Ethyl Acetanzidocyanoacetate 
After reduction with LiAlHl and hydrolysis, the residue gave on a paper 

chromatogram a spot a t  0.17 (glycine), a very weak spot at 0.48 (NHdCl), 
and a very strong blue spot a t  0.68 (unknown product). No serine was present. 

When NaBH4 was used to reduce the ester, the yields in D,L-serine obtained 
from the periodate analysis were around 70y0, irrespective either of the solvent 
or of the acid used during the hydrolysis (Table 111). 

With KBH4, the yields in serine were much lower (35y0). 
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'I'ABLE I11 

PERIODATT, ASALYSlS  OF TFIIC REDUCTION I'RODUCTS OF ETIIYL ACETAb1IDOCYAN0.2CEEr.4'rE 

Solvent Mgm. of serine % "Com- 
Hyclride Hydrolysis -- yield parative" 

used with Found Calc. yield 

Blank (no reduction) 
Ethanol-water 
Ethanol-water 
Water 
Ethanol 
Etha1101-water 
Water 
Ethanol-water 
Ethanol-water 
Ethanol 

HCI 
HCI 
HCI 

10% H2SO.s 
10% H2SO.j 
10% H2SO.j 
l0Yo FI?SO.t 
10yo H2SO.Z 

HCI 
H CI 

Typical Syntheszs of Serine 
From Ethyl Acetamidomalonate 

From these studies, a new direct synthesis of serine has been worlted out. 
The best conditioils fount1 for ethyl acetamidomalonate are to reduce it 

with an excess of NaBH4 in water or water-alcohol (80: 20) solution in the 
cold, with a subsequeilt two-hour hydrolysis with dilute acid. In this case, 
propanediol is produced in a negligible quantity and glycine is reduced to a 
minimum. Paper chromatograms i~lclicated a proportion of serine over glyciile 
of 4 to 1. Depending on the various methods used in the isolatioil of serine, 
D,L-serine was obtained in yields ranging from 40% to 60y0. 

To  a solution of 43.4 ,am. of ethyl acetamidomalonate (0.2 mole) in 200 ml. 
of methanol and water (1: 1) ulere added, over a period of an hour with vigorous 
stirring and cooling, 12.0 gm. of solicl sodium borohydride. The mixture was 
stirred for an additional hour, 200 ml. of concentrated HC1 were added, and 
the mixture was boiled for three hours. 

The solution was evaporated to drj-ness in unczio, and the residue was 
leached with boiling ethanol. The insoluble inorganic salts were removed by 
filtration and the filtrate was evaporated. The residue was clissolved il l  water 
and divided in four equal portions. 

(a) The first solutio~l was neutralized to pH 6.0 with lithium hydroside 
and concentrated to a small volume (25 ml.). Warm ethanol (500 ml.) was 
slowly added and D,L-serine crystallized. I t  was recrystallized from aqueous 
ethanol and dried. Yield: 3.1 gm. (59y0). 

(b) The second portion was neutralized with ammonium hydroxide to pH 
6.5 and concentrated to a small volume. Methanol was added and after cooling, 
the crystalline amino acid was filtered, recrystallized, and dried. Yield: 
2.8 gm. (%yo). 

(c) The third solution was treated with an excess of silver carbonate, 
filtered, saturated with hydrogen sulphide, and filtered again. After treatment 
with charcoal, warm ethanol was added to the clear filtrate. D,L-Serine 
crystallized in the cold. The amino acid was recrystallized and dried. Yield: 
2.6 gm. (49.5%). 
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(d) Finally, the last portiorl was passed through a colum~l of Permutit S-1. 
The amino acids were retained and eluted with 10% acetic acid. The eluate 
was evaporated to dryness and the residue was recrystallized from ethanol 
and water. Yield: 2.4 gm. (&yo). 

The four samples of D,L-serine thus obtained were mixed, recrystallized, 
and analyzed. At the microscope, the crystals appeared as transparent platelets 
which had a melting point of 244°C. (decomp.) on the Fisher-Johns bloclr. 
No sublimate was observed on the upper glass slide, whereas commercial 
glycine has been found to  give such a sublimate. When a paper chromatogram 
of the sample was run in pyridine-water, no glycine was present. Chloride was 
absent. Calc. for C3H703N: N,  13.32y0. Found: N, 13.30y0. 

D,L-Serine ethyl ester I~ydroch1oride.-Dry HCl was bubbled through a 
suspension of 4.05 gm. of the above D,L-serine in ethanol. The  ester hydro- 
chloride was recrystallized from methanol-ether. Yield : 5.15 gm. (86y0). 
Melting point: 133°C. Lit.: 134°C. (9). Calc. for C4H903N. HC1: N, 9.0170, 
C1, 22.8y0. Found: N, 9.00y0. C1, 22.7y0. 

From Ethyl Acetamidocyanoacetate 
Similar and even better is the synthesis of serine from the reduction of 

ethyl acetamidocyauoacetate with NaHdB in ethanol a t  room temperature, 
followed by hydrolysis for six hours with concentrated HCl. No propanediol 
was produced and the yield of seriue was around 70%, as shown by both 
quantitative analysis and paper chromatography. 

A solution of ethyl acetamidocyanoacetate containing 10.0 gm. of the 
ester in 25 ml. ethanol was reduced by adding slowly 6.0 gm. of sodium 
borohydride, while vigorous agitation was maintained. After the addition, 
the solution was further mixed for an  hour, 200 ml. of concentrated HCl 
were added, and the mixture was boiled for eight hours. 

The amino acid hydrochlorides were treated with silver carbonate and D,L- 
serine was isolated as described for ethyl acetamidomalonate. Yield: 3.6 gm. 
(58y0). Calc. for C3H703N: N,  13.32y0. Found: N,  13.10y0. 

No glycine was detected on paper chromatograms obtained from this 
serine. 

D,L-Serine can be prepared directly by reducing ethyl acetamidocyano- 
acetate or ethyl acetamidomalollate with sodium borohydride. 

Sodium and potassium borohydrides are capable of reducing certain esters 
even in water. 

T o  the National Cancer Institute of Canada, the author expresses his 
gratitude for a Fellowship. He is also grateful to the Permutit Company for a 
sample of Permutit S-1. His thanks are also due to Mr. Bertin Girard for 
technical assistance. 
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BENZYL 2-CHLOROETHYL ETHERS1 

ABSTRACT 

The solvolysis reaction between bcnzyl chlorides and ethylene chlorohydrin 
has been employed for the synthesis of a series of benzyl 2-chloroethyl ethers 
(111) required in insecticide screening tests. This method is limited to the 
synthesis of 111 which possesses a partially deactivated nucleus. Several new 
benzyl chlorides are recorded. 

Several classes of con~pounds including derivatives of chlorobenzenesul- 
phonic acid (8, lo),  2-hydroxybenzophenoiles (9), and phenoxymethyl 
2-chloroethyl ethers (11) have been synthesized in this laboratory and screened 
for insecticidal value by RIIusgrave and I<ukovica (14) a t  the Ontario Agri- 
cultural College. In continuation of the joint program of insecticide research 
this report deals with a class of compounds possessing the grouping 
-CH20CH2CH2Cl. 

Genzer, Huttrer, and van UTessem (5) developed a method for the synthesis 
of benzyl 2-chloroethyl ether (111) and its ortho chloro-derivative which 
comprises treatment of benzyl chloride (I) with the monosodium salt of 
ethylene glycol (IV) followed by conversion of the resulting benzyl2-hydroxy- 
ethyl ether (V) to 111 (RiIethod B). Although this method was satisfactory in 
many cases, a more direct method was sought. The solvolysis reaction between 
benzyl halides (I) and ethylene chlorohydrin (11) to form I11 and hydrogen 

chloride under the influence of heat (Method A) was found to be of preparative 
value though of limited scope. The failure of Method A in some cases can be 
attributed to the fact that  benzyl halides are susceptible to polymerization 
under the influence of heat and acid catalyst and the extent of this side re- 
action is governed by the reactivity of the benzene nucleus. The following 
benzyl halides (I) gave polymers almost exclusively when heated with 11: 
2,4-dimethyl- ('i), 2,il-dimethyl-5-chloromethyl ('i), 3,4-dimethoxy- (12), 
3-bromo-4-methoxy- (lj), 2-nitro-4,s-dimethoxy-, 2-(2-ch1oroethoxy)-5- 
chloro-, 2,4-bis(chloromethy1)- ('i), and 9-nitrophenoxy- (1'7) benzyl chlorides 

';l/Ianuscript received February 23, 1955. 
Contribzrtion fronz tlze Donzinio7t Rzrbber Compa7zy Limzied Researclz Laborntorles, Gzrelph, 

07ztario. 
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as well as 6-chloro-8-chlorornethyl-1,3-benzodior;ai ( I )  and l-chlorometl~yl- 
naphthalene (2). The nuclei of the majority of these compounds are activated 
by alkyl or alkoxyl substituents. Benzyl halides ( I )  possessing nuclear de- 
activating substituents such as chloro or nitro polymerized to a lesser extent 
when heated with ethylene chlorohydrin and formed the benzyl 2-chloi-o- 
ethyl ethers (111) (Table I). The reaction between I and I1 to  form 111 was 
complete after heating under reflux for 24 to 48 hr. except in one case. Much 
of p-nitrobenzyl chloride remained unchanged after heating with 11 for four 
days. 

The benzyl chlorides requirecl for this investigation were prepared by 
cl~loroinetl~ylation of the appropriate aromatic compo~~ncls. I t  is interesting 
to note that  2-nitro-4,5-dimet11oxybei1zyl chloride, which was obtainecl from 
3,4-dimethoxybenzyl chloride (12) by nitration, unlilte the parent coinpound, 
is stable a t  room temperature. I-Iowever it decomposes rapiclly when Lvarined 
with alcoholic solutions of alkali or potassium cyanide to form resiilous 
materials. Heating wlth ethanolic thiourea produced stable 2-nitro--1,s- 
climethoxybenz~~l isothiuronium chloride. 

TABLE I 

PRBP~RATION OF BENZYL 2-CHLOROETHYL ETHERS (X-CcH4CH20CH2CH2C1, 111) FROM 
THE CORRI?SPONDlNG BElNZYL HhLlDES ( I )  

.- 

!\~lalyses 
h1ethod Yield, B.p. ;r ----- 

I I I X =  ofprep. % rn.p., C. 7r20 Calc. Found 
D - --- 

C H C H 

FI R ( 5 )  77 b l n = l l 5  1.5200 G3.33 G.45 63.26 G.15 
A 60 

o - C ~ I O ~ O  (5) B 40 bl? = 132-136 1.5344 
p-Chloro R 40 bl? = 138-142 1.5348 52.G0 4.88 52.35 4.84 
2,4-Dichloro X 40 b12=158-161 1.5483 45.09 3.7G 44.99 :3.93 
2,5-Dichloro A 47 bl? = 155-1G0 1.5362 45.09 3.76 44.83 4.3G 
3,4-Dichloro B 61 bl?  = 155-160 1.5308 45.00 3.7G 45.36 3.69 

A 45 
2,3,4,5,6- 

Pentachloro B 81 m.o. 71-72 31.49 1.75 31.90 1.07 
p-0-Chloro- 

ethyl A 40 bl?=170-175 56.65 6.01 58.72 5.S0 
p-Nitro A 2'3 bl? = 1'30-195 50.12 4.G4 49.92 4.G3 
3-Nitro-4- 

methoxy A 80 bl = 175-177 1.5535 48.88 4.88 49.30 4.81 
3-Nitro-4-72- 

butosy A 78 bo.? = 1GO-163 1.5315 54.26 G.2G 54.25 G.20 
3-Nitro-4-n- 

dodecyloxy :I 82 b0 .2~235-2401 .5088  63.08 8.51 63.24 8 .28  
3-Chloro-G,B- 

chloroethosy rl 24 bl? = 205-207 1.5452 46.56 4.58 46.82 4.46 
B 85 

3-~romb-4- 
methoxy B 84 b,?=lSG-188 1.5622 42.03 4.20 43.34 4.38 

a-Nnphthyl- 
methyl 
2-chloro- 
ethyl ether R 85 b12 = 188 1.5990 70.75 5.89 70.32 5 .75  
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The benzyl 2-chlo~oethj 1 ethers (111) suffer degradation in the presence of 
acidic reagents. An attempt t o  chloromethylate benzyl 2-chloroethyl ether 
(IIT, S = H)  resulted only in lolv-boiling materials. Similar results were 
obtained in attempts t o  chlorinate and nitrate 111. The alkyl chlorine of I11 
is far less reactive than the chlorine in bis(2-chloroetl~yl) sulphide (mustard 
gas), but like bis(2-chloroethyl) ether nrill react with alcoholic potassium 
thiocyanate after prolonged heating. 

TABLE I1 
PREP.%RATION OF BHNZYL 2-IIVDROSYBTHYL ETHERS (~--CcHrCH?OCH?CH?OH, V) FROhI 

THE CORRBSPOSDISG BENZYL HALIDES ( I )  AND ETHYLENE GLYCOL 
-- -- 

Analyses 

\., X = Yield, B.p. or m.p., n20 Calc. F ~ L I I I ~  
5; "C. D 

C H C H 

cthoxy 
3-Bromo-4-methosy 
a-Naphthylrnethyl 

2-hydrosyethyl ether 

* I n  the preparation of tlvis cov~pol tnd i t  was necessary to heat the reactiort nrixtztre for 18 kr. 
instead of 2 Irr. 

EXPERIMENTAL 

2-Nitro-4,5-dimethoxybenzyl Chloride 
To a solution of 3,4-dimethox~1benzyl chloride (12) (46 gm.) in acetic acid 

(120 ml.) kept a t  8-10" was added dropwise with stirring concentrated nitric 
acid (d = 1.42) (37 gm.) over one-hcdf hour. After the reaction mixture was 
stirred a t  8-10' for two hours it was poured into cold water. The yello~v 
precipitate was filtered, washed, and crystallized from methanol. The  yellow 
prisms weighed 26 gm. (50%) and melted a t  87-88'. Anal. calc. for C9H10- 
N0,CI: C ,  46.65; H ,  4.32; N, 6.05. Found: C ,  47.08, 46.86; H, 4.43, 4.42; 
N, 6.23. Heating with thiourea in methanol under reflus produced S-2-nitro- 
4,5-dimethoxybenzyl isothiuroniurn chloride in goy0 yield. The light-yellow needles 
melted a t  215-216' with decomposition. Anal. calc. for CloHl4N30rCIS: 
C ,  30.03; H ,  4.55. Found: C, 38.64; H, 4.82. 

3-N,itro-4-n-butozybenzyl Chloride 
This is essentially the method previously used for the preparation of 

3-nitro-4-methoxybenzyl chloride (4). Into a suspension of trioxymethylene 
(16 gm.), zinc chloride (25 gm.), and acetic acid (350 ml.) dry hydrogen 
chloride was passed until saturated. Then o-nitro-n-butoxybe~~zene (100 gm.) 
was added and the resulting solution was heated a t  75-80' for 72 hr. The  
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solution was added to water, exti-acted with benze~le, and the benzene extract 
washed with water, with aqueous sodium bicarbonate, and wit11 water. 
Removal of the solvent and distillation of the residue yielded a yellow oil 
(80 gm. or 64%) boiling a t  1-10' (0.3 nim.) or 200' (12 mni.), n g  = 1.5450. 
Anal. calc. for C1lH1.lKOsC1: C, 54.21; H ,  5.75. Found: C, 54.66; H ,  5.70. 

3-Nitro-4- (P-brovzoethoxy) benzyl Chloride 
This was prepared in 547, yield by the same method as \vas 3-nitro-4-71- 

butoxybenzyl chloride above from o-nitro-P-bromoethoxybenzene which \VLLS 

obtained from o-nitrophenol and ethylene dibromide. The product distilled a t  
lt?O-170' (0.3 nim.) and crystallized from methanol as white needles melting a t  
78-79". Anal. calc. for C9H9NOsClBr: C,  36.67; H,  3.06. Found: C,  36.57; 
H, 3.09. 

3-Nitro-4-n-dodecyloxybenoyl Chloride 
This was prepared in 33% yield by- the same method as was 3-nitro-4-72- 

butoxybe~lzyl chloride above from o-~~itrododecyloxybenzeiie. I t  crystallized 
as white needles from methanol and from ethyl acetate and melted a t  55-56'. 
Anal. calc. for C19H30r\;0:;C1: C, 64.13; H ,  8.44. Found: C, 64.01; H ,  8.58. 

3-Chloro-6-(P-ch1oroethoxy)benzyL Chloride 
This was prepared in G5yo yield by the method used for the preparation of 

3-nitro-4-n-butoxybenzyl chloride above from P-chloroethyl p-chlorophenyl 
ether (3). I n  this case it was not necessary to heat for 72 hr.; 20 hr. urns 
sufficient and the amount of zinc chloride should be reduced by 30Yo. The 
product distilled a t  165-175' (12 mm.), cr>.stallized as white prisms from 
methanol, and melted a t  34-35'. Anal. calc. for C9H9C130: C, 45.09; H,  3.76. 
Found: C, 45.25, 45.2G; H ,  3.79, 3.85. 

p- (P-Chloroethyl) benzyl Chloride 

Into a stirred reaction mixture of P-chloroethg~lbenzene (50 gm.), ethylene 
dichloride (100 ml.), paraformaldehyde (10 gm.), and zinc chloride (10 gm.) 
hydrogen chloride was passed for three hours. The temperature was main- 
tained a t  40' by cooling a t  first and warming later. After standing overnight, 
the reaction mixture was washed with water, with aqueous sodium bicarbonate, 
and with water. The solvent mas removed and the residue was distilled and 
the fraction (32 gm.) boiling a t  140' (12 mm.), n g  = 1.5550, was collected. 
Anal. calc. for C9H10C1,: C, 57.14; H ,  5.29. Found: C,  57.39, 57.14; H,  5.3'3, 
5.14. 

3-Nitro-4-.metl~ydbensyl Chloride 

This uras prepared I J ~ J  a method similar to that of Matsukawa and Shiraltawa 
(13). To  stirred 20Yo oleum (475 gm.) was added dropwise a solution of o- 
nitrotoluene (137 gm.) and crude methyl chloromethyl ether (100gm.) over one 
and a half hours, the temperature being kept a t  5-10' by cooling. After it was 
stirred for an additional two hours a t  5-10' the dark reaction mixture was 
poured onto cracked ice. The precipitated oil was extracted with benzene, 
the extract washed with water, and the solvent removed. The residue was 
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distilled and the fraction (39 gm.) boiling a t  140-150" (12 mm.) was collected. 
This soliclified on standing and was crystallized from ~nethanol, m.p. 44-45"; 
literature (18) m.p. 45". 

2,s-Dichlorobenzyl Chloride and 2,5-Dich.loro-p-xylylene Dichloride 

To stirred 20% oleum (500 gm.) liept a t  0-5" by cooling was added dropwise 
a solution of 9-clichlorobenzene (74 gm.) in 150 gm. of crude methyl chloro- 
methyl ether over one hour. The  reaction mixture was stirred a t  0-5" for tu7o 
hours, let stand overnight a t  8-10', and then poured on cracked ice. The 
reaction mixture was estracted with chloroform, the extract was washed with 
water, and the solvent was then removed. The residue was fractionally distilled 
and two main fractions were collected. The first fraction, a colorless licluid 
(14 gm.) which was 2,s-dichlorobelzzyl chlo~ide, boiled a t  122-124' (15 mm.), 
ng = 1.5750. Anal. calc. for CiHSCl3: C, 42.97; H ,  2.56. Founcl: C, 42.29; 
H ,  2.61. 

The secoild fraction boiled a t  165-180" (15 mm.) and the distillate (16 gm.) 
which solidified was crystallized from ethanol. The colorless rhombohedrans 
of 2,5-dichloro-9-xylylelze dichloride (13 grn.) melted a t  98-99". Anal. calc. 
for CsHGCl4: C ,  39.35; H, 2.46. Found: C, 39.68; H, 2.48. 

The S,Sf-2,s-dichlo~o-p-xylylene bis-isothiuronium chloride was prepared by 
boiling the 2,5-dichloro-p-xylylene dichloride with thiourea in ethanol. I t  
melted a t  289-292" (with decomposition) after crystallization from water. 
Anal. calc. for CloHI4N4CI4S?: C,  30.30; H ,  3.54. Found: C,  30.02; I-I, 3.72. 

Preparation oJ" Benzyl 2-Chloroethyl Ethers by ilJethod A 
Some of the benzyl 2-chloroethyl ethers listed in Table I lvei-e prepared by a 

method used for the preparation of p-xylylene bis-2-chloroethyl ether which 
follolvs: A solutio~l of p-xylylene dichloride (7) (20 g~n . )  in dry ethylene 
chlorohydrin (100 ml.) \vas heated under reflux for 24 hr. The hydrogen chloride 
gas was allowed to escape through a condenser kept a t  about 60". The excess 
ethylene chlorohydrin was removed and the residue distillecl. The colorless 
liquid boiled a t  200-203' (12 mm.), n: = 1.5260. The yield was 26 gm. or 
85%. Anal. calc. for C1~H1~O?CI~ :  C, 54.75; H ,  6.08. Found: C, 55.12, 55.13; 
H ,  5.07, 5.99. 

o-Xylylene bis-2-chloroethyl eth,er.-This was prepared in 68% yield by 
Method A from o-xylylene dichloride (7). The colorless liquicl boiled at 
190-195 (14 mm.). Anal. calc. for C12H~G02C12: C ,  54.75; H,  6-08. Found: 
C,  54.44, 54.49; H ,  5.53, 5.60. 

Preparation of Benzyl 2-Cl~loroethyl Ethers by ilfethod B 
Some of the benzyl 2-chloroethyl ethers listed in Tablc I were prepared by 

Method B. This method, which was used by Genzer et al. (5), is further 
exemplified by the preparation of 2,5-dichloro-p-sylylene bis-2-chloroethyl 
ether. 

(a) 2,s-Dichloro-p-xylylene bis-2-hydroxyelhyl ether.-To a solution of dry 
ethylene glycol (50 ml.), xylene (25 ml.), and sodium (2..5 gm.) mas added a 
solution of 2,5-dichloro-p-x~~lylene dichloride (12 gm.) in xylene (25 ml.). 
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The reaction mixture was heated under reflux for two hours, most of the xylene 
and glycol were removed in vacuo, and the residue was treated with water. 
The white solid mas filtered and crystallized from methanol. The white crystals 
(12 gm.) melted a t  120-121'. Anal. calc. for C1?H1604C1?: C, 48.82; H ,  5.42. 
Found: C, 49.32; H ,  5.47. 

(b) 2,s-Dichloro-p-xylylene bis-2-chloroethyl ether.-To a stirred suspensio~l 
of 2,5-dichloro-P-xylylene bis-2-hydroxyethyl ether (10 gm.), dimethylaniline 
(10 ml.), and dry chlorofor~n (25 ml.) was added dropwise with cooling a 
solution of thionyl chloride (6 ml.) in chloroform (10 ml.), the temperature 
being kept a t  20-30'. The dark reaction mixture was heated under reflux for 
one-half hour and then poured into cold dilute hydrochloric acid. This was 
extracted with chloroform, the extract was washed with dilute hydrochloric 
acid and with water, and the solvent was removed. The residue was crystallized 
from methanol and from petroleum ether (30-60') yielding 9 gm. (80y0) of 
white needles which melted a t  70-71'. Anal. calc. for Cl?H1402CI4: C,  43.38; 
H ,  4.22. Found: C, 43.81, 43.77; H,  4.33, 4.32. 

p,pl-Dichlorobenzhydryl 2-Chloroethyl Ether 
A method simpler than A or B which was employed by Kato et al. (6) was 

followed in this case. 
To  a hot solution of p,p'-dichlorobenzhydrol (16) (10 gm.) in ethylene 

chlorohydrin (40 ml.) was added a solution of concentrated sulphuric acid 
(2 ml.) in water (10 ml.) and the resulting solution was heated a t  80' for six 
hours. The reaction mixture containing a precipitated oil was poured into 
water, extracted with benzene, the benzene extract washed with water, and 
the solvent removed. The residue distilled a t  167-170' (0.2 mm.) giving a 
colorless liquid (15 gm.), n g  = 1.5830. Anal. calc. for C15H130C13: C,  57.06; 
H ,  4.12. Found: C, 57.00; H ,  4.14. 

o,p'-Dichlorobenzhydryl 2-Chloroethyl Ether 
This was prepared in goy0 yield as above from o,p'-dichlorobenzhydrol. 

The colorless liquid distilled a t  155-160' (0.2 mm.), n g  = 1.5835. Anal. calc. 
for C15H130C13: C,  57.06; H ,  4.12. Found: C,  57.52; H ,  4.25. 

3-Nitro-4-metlzoxybenzyl 2-Tlviocyanatoethyl Ether 
A solution of 3-nitro-4-methoxybenzyl 2-chloroethyl ether (13 gm.) in 

ethanol (150 ml.) and potassium thiocyanate (6 gm.) was heated under 
reflux for 40 hr. The precipitated potassium chloride was filtered and the 
ethanol was distilled off from the filtrate. The residue was dissolved in benzene 
and washed with water. The solve~lt was removed and the residue distilled 
yielding a ~nalodorous yellow liquid (8 gni.), b.p. = 165-170 (1 mm.). Anal. 
calc. for C1lH1?N?OzlS: C, 49.25; H ,  4.48. Found: C,  48.82, 48.78; H ,  4.81, 
4.74. 

p-Chlorobenzyl 2-Thiocyanatoethyl Ether 

This was prepared in 65y0 yield as above. I t  boiled a t  187-192" (12 mm.), 
n g  = 1.5358. Anal. calc. for CloHloNOCIS: C,  52.75; H ,  4.39. Found: C,  
52.45; H ,  4.83. 
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INTENSITY IN THE RAMAN EFFECT 
I 111. THE EFFECT OF DEUTERIUM SUBSTITUTION ON THE INTENSITY OF 

RAMAN BANDS OF BENZENE1 
I 

ABSTRACT 
Standard intensities of the Ranian bands of CtHc, 1,3,5,-CaH3DS, and C6D6 have 

been obtained photoelectrically. r2n ambiguity in the vil~rational assignment for 
1,3,5,-CaD3H3 has been removed, and the assumption of the invariance of the 
polarizability and anisotropy derivatives upon isotopic substitution has been 
tested. A sLlm rule for depolarization ratios of Raluan bands in isotopic homo- 
logtles has been derived subject to the same assumptions used for obtaining the 
intensity sum rules. 

The Raman shifts and ilormal mode assignments are well known (1, 6, 7) 
both for C ~ H G  and C ~ D G  and the relative intensities of the Raman bands 
have been obtained photographically (1). Rank (10) has reported integrated 
intensities for C6H6 obtained with an electroilically recording spectrometer 
but there are no corresponding data for C ~ D G .  The Raman intensities are of 
interest because Lord and Teller (8) have calculated the intensities of the 

I 

al, modes in C ~ D G  i l l  terms of the intensities of the al, modes in C6HG and 
Crawford (3) has derived a sum rule for intensities in isotopicallj~ substituted 
molecules which applies to the al, and the e2, modes in these molecules. 

1 1,3,5-Trideuterobenzene has been studied by Langseth and Lord (7) and 
also by Illgold et al. ( I ) .  There is disagreement on the assignment of the el-type 
fundamentals which are associated with the C-H and C-D stretching modes. 
'The two reports also disagree in the assignment of one of the el1-type modes. 
Langseth and Lord have calculated the intensities oi the all-type vibrations 
in 1,3,5-C6H3D3 relative to the intensities of the all-type vibrations in C6H6. 

We have obtained standard intensities with a photoelectric spectrometer 
for the three benzene molecules in the liquid phase and have cleared up the 
ambiguity in the assignment for CGHSDa, and have tested the assumption of 
the invariance of the polarizability derivatives for isotopic substitution. 

EXPERIMENTAL 

The Raman spectra and depolarization ratios were obtained a t  27OC. 
using a White Raman spectrometer (12). Standard intensities of scattering 
per molecule referred to the 458 cm.-I band of CC14 were obtained bj7 a method 
previously described (2). The expression used to obtain the standard intensities 
is (2): 

I 1SP458 n2  
. 9  

R(n)  [ I ]  s = --- -:- 
I 4 5 8  ' I SP ~ C C I ,  U45S ' R (n)CCI, 

1 -e-1.44AaYT ( ) ( )  458 v -  Av 1-e -1.44x4.lT 

'Manzrscript received January 18, 1955. 
Co?itribution fronz the Division of Pure Chemistry, National Research Coz~ncil, Ottawa. Issued 

as N.K.C. No. 3602. 
21Vational Research Council Postdoctorate Fellow, 1,952-1954. 
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where I = integrated intensity, p = observed depolarization ratio for natural 
light, n = refractive index of compound, a = spectral sensitivity of phototube, 
R(n)  = reflection loss, M = molecular weight, d = density, Av = Raman 
shift, v = 22938 cm.-I, the frequency of the exciting line, T = absolute 
temperature, a' = aa/aQ = derivative of the average polarizability with 
respect to the ilormal coordinate a t  the equilibrium position, y' = dr/dQ = 

derivative of the anisotropy with respect to the normal coordinate a t  the 
equilibrium position. 

The results for CGHG and CGDG are given in Table I ,  the experimental error 
is of the order of &2% in fi (fi = { I / I 4 s 8 )  . { a / ~ 4 5 ~ } )  and &lo% in S. Depo- 
larization ratios were obtained by the method of Edsall and Wilson (5) and 

TABLE I 

Symmetry  
Av, cm.-l type Poh. 

C G H ~  606 e t a  0.98 
849 elrl 0.95 
992 a ,  ,, 0.24 

Ptruo 

0.86 
0.86 
0 .11 
0 .86 

0 .86 

0 .86 
0.21 

Reject ion loss = 1.04. 

corrected for convergence to pt rUe by the method of Rank and Kagarisse (11). 
In order to obtain 

the theoretical quantity given for transverse scattering, S should be multiplied 
by ( I f  ~obs). 

Two samples of CGDG were investigated. The intensities reported in Table I 
were obtained from a sample loaned by Professor Langseth. The second sample 
was prepared by Dr. Leitch and good agreement for the intensities of all 
bands except 867 and 661 cm.-' was obtained. In the sample obtained from 
Dr. Leitch the two anomalous bands had "shoulders" which were due to an 
impurity and which prevented an accurate estimation of the integrated 
intensities of these bands. 

The sample of l r 3 , 5 , - C G H ~ D ~  was obtained from Professor Langseth. In 
this case the estimation of standard intensities was complicated by the presence 
of about 17.5% of 1,3-CEH4Dz in the sample. 1,3-CGH4D? has bands which 
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ALLEN AND BERXSTEIN: R.kMAN EFFECT. I11 1139 

overlap all the fundamentals in 1,3,5-C~H3D3 with the exception of 955 cm.-I. 
In order to estimate the amount (17.5%) of 1,3-C6H4De in the sample (and 
hence to correct the observed intensities to correspond to  pure 1,3,5-C6H3D3) 
we assume: 

(a) the 955 cm.-I band in C6H3D3 and the 968 cm.-l band in C6H4D2 have 
the same standard intensity, 

(b) where bands from each molecule overlap then the observed intensity is 
equal to the intensity in pure 1,3,5-C6H,D3. 

The  first assumption is not unreasonable because the standard intensities 
of the corresponding bands in C6H6 and C6D6 differ only by -loyo. The  
second assumption means that the maximum error in the intensities is 17.5y0. 
In Table 11, therefore, the intensities of the 955 cm.-l and 1576 cm.-I bands 

TABLE I1 

RAMAN I N T E N S ~ T ~ E S  I N  CsD3Haa 

Symmetry 
AV type ~ o h s  Ptrue B Sotls S c o t ,  

°Ranzan spectrzrnz of l i p i d ,  rejlection loss R ( n )  = 1.04. 
btn-CsH4D2 impur i t y  band. T h e  intensi ty  of this band indicates that i t  i s  present to the extetit of 

-17.5y0. 
cCorrected for 17.5% nz-CsH4Dz inzpzrrity. 

are accurate within the limits of the first approximation, since these bands 
could be obtained without overlap. The intensities of the remaining bands 
are subject to the validity of the second assumption. 

The intensities obtained photographically by Ingold et al. (1) should be 
compared with the intensities listed under s. 

D I S C U S S I O N  

A comparison of our results for C6H6 and C6D6 shows the same general 
features as the photographic intensities. For the al, and the ez, modes there is a 
slight decrease ill intensity on deuteration. For the el, mode however both 
investigations show that  there is an increase in intensity on deuteration. 
This anomaly has been successfully explained by Lord and Teller (8). 

Lord and Teller have also calculated the relative intensities of the al,  
modes in C6H6 and C6D6 assuming that  the polarizability and anisotropy 
derivatives with respect to internal coordinates do not change on deuterium 
substitution. The  intensities of the al, vibrations in C6D6 (a':: and a?:) 
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are expressed as linear superpositions of the al, vibrations in C6HG, viz.: 

rCC CII CC . CD CH C C 
a 1, = 41a1, +vial, , al, = 42al, +wal, . 

The coefficients 4 and 7 have been evaluated by Lord and Teller from the 
amplitudes of vibration obtained from the equations of motion using a com- 
plete quadratic potential function. Since our standard intensity S is defined 
in terms of the normal coordinate Q, it cannot be substituted directly into 
these equations. It  must be transformed as shown below into S', viz.: 

The experimental values for S' are given in Table 111. Using our data for S' 
and p we have followed through the calculations of Lord ancl Teller. The results 
of the calculations are also given in Table 111. This represents a more satis- 
factory test of Lord and Teller's treatment than the one given in their original 
paper. 

TABLE I11 

CALCULATED RAMAN I S T E N S I T I E S  

Observed C a l c ~ ~ l a t e d  
av, cm.-' -- 

Sf Ptrue S' Ptrur. 

" T h e  errors arise front the experitne71tal errors i n  the observed S' for the CGHG bn71ds. 

If the coefficients 4 and 7 derived for a simple valence force potential func- 
tion by Lord and Langseth (7) are used to calculate the intensities of the al' 
modes in C G H ~ D ~  from the experimental data for CGHG, the results given in 
the lower field of Table 111 are obtained. The calculation for the intensity of 
the band a t  955 cm.-' is satisfactory but the disagreements between the 
calculated and observed intensities for the bands a t  1004 cm.-I and 2283 
cm.-l are well outside the experimental error. The observed and calculated 
intensities for the Raman band at 3054 cm.-' cannot be compared directly. 
There is some doubt about the assignment of this band. Langseth and Lord 
assign the band as a superpositioil of the all and e' vCH modes. Ingold et nl. 
observe the el-tvpe vCH mode a t  3082 cm.-' in the infrarecl spectrum of 
C6H3D3 vapor and they conclude that the Raman band observed at 3054 
cm.-' in the spectrum of the liquid arises solely from the all-type mode. 
We have investigated the infrared spectrum of liquid C6H:ID:I using LiF 
optics, and find bands a t  3055 and 2273 cm.-l; these bands are assigned to the 
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e'-type vCH and vCD modes respectively. I t  appears then that the assignment 
given by Lord and Langseth is correct for the spectrum of liquid C6HJD3. 
This is supported by the fact that the depolarization ratio for this band is 
higher than that  for the other al-type bands in the Raman spectra of CcH3D3, 
CBHG, and CGDG All the other al-type vCH or vCD modes reported in this 
paper have depolarization ratios in the region of 0.22, but the depolarization 
ratio for the 3054 cm.-' band is 0.36. The observed intensity (S t )  of the al-type 
band a t  3034 cm.-', is therefore <1.16, and the calculated value is too high. 

This over-all poor agreement between observed and calculated intensities 
for the totally symmetrical modes of 1,3,5-C6H3Dd may be due to the fact 
that only a simple valence force potential function (7) has been used to eval- 
uate the t's and ?l's and the calculation of intensities is very sensitive to the 
values of force constants employed. 

SUM RULES FOR RAhIAh' INTENSITY 

Recently Crau~ford (3) derived intensity sum I-~iles for Raman bands in 
isotopic molecules. The intensity of the at" fundamental of Raman shift 
Avl, in the gas phase is-given by the follo\\7ing expression according to  Plac- 
zeck (9): 

In this expression a universal constant is included in I, N is the number of  
4 1 -e-l.444v,"/T)-1, scattering molecules, IC1, = (v- Avl,) ( where v is the fre- 

quency of the exciting line and T is the absolute temperature. The notation 
in the square bracket is that used by Crawford. Here P, and Po are constants 
depending only on the conditions of observation. Equation [3] is used for the 
intensity in the liquid phase also, since whatever changes occur in passing 
from gas to  liquid might be expected to be very nearly the same for isotopic 
homologues. The temperature dependent term is included in the intensity 
expression since it is very nearly independent of phase and indeed has been 
shown to give the correct Stolies/anti-Stokes intensity ratio in liquid CC14 
(2). Follo\ving Crawford we write his 2" rule in the form 

and his ZG rule* in the form 

In these equations IC1, has been inclucled in the summation a n c l  not con- 
sidered to be constant (3) and the number of molecules N has been assumed 
constant since the same volume of the isotopic homologues is used to obtain 
the Raman spectra. 

"There i s  n 77zisprint in  equation (26) i n  Crawford's paper. T l ~ e  I,.B.S. slzould rend Z , I 1 , , R ~ , ,  
instead of ZaIl ."/wla. I'rof. Crnwford (private c ~ ~ ~ ~ ~ I I z L ~ I ~ c L L ~ ~ o ~ ,  Feb. 11 ,  1055) suggested thnt tlzis 
nzigl~t be ( I  sz~itnble tiray In wlziclz to record this correctioiz. 
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TABLE IV 

s' X loz1 S X loG 8 X loz1 
n 

Av, cm.-I S Av, cm.-I S - Av, cm.-l S 
S X lo6 g 

K A v  Av2 K A v  Av2 2 
z 

992 ( ~ 1 , )  7.56 4.41 4.48 945 ( ~ 1 , )  7.20 1.06 4.54 955 (al ' )  2.78 + 
1.76 7.56 

z 
"3062 (a l , )  3.22 16.51 9292 (a,,) 2.50 1.46 

-- 
1003 (al ' )  

-- -- - - - 
0.80 LI 

0 

10.78 20.92 6.24 9.70 11.62 6.00 C 
P 

2283 (a l ' )  2.42 Z 
3053 (a,') 7.73 P 

-- 
13 72 r; 

L.H.S. of equation [GI = 10.78, R.H.S. = 9.70 
L.H.S. of equation [ l l ]  = 6.24, R.H.S. = 6.00 
L.H.S.of equation 112) = 32.51, R.H.S. = 2 X 13.73 = 27.46 

0.49 577 ( e ~ , )  1.10 0.44 
0.42 867 (en,) 1.03 0.41 

0.43 1560 (e .  ,) 1.02 0.40 

0.50 h2264 (en,) 1.22 0.48 
- - - 
1.84 4.37 1.73 

L.H.S. of equation [GI = 4.93, R.H.S. = 4.37 
L.H.S. of equation [ l l ]  = 1.84, R.H.S. = 1.73 

a.bThese bands are dozrblets whiclz were only partiully resolved. The experimental error i n  determining their intevsi ly  i s  about &100/0. 
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ALLEN AND BERNSTEIN: RAMAN EFFECT. I11 1143 

The R.H.S. of equation [4] is invariant with isotopic substitution when 
(i) the force constants of the most general quadratic potential function do not 
change with isotopic substitution, (ii) the polarizability and anisotropy 
derivatives with respect to internal coordinates do not change with isotopic 
substitution, (iii) anharmonicity effects may be neglected. Assumption (ii) is 
valid only for symmetry types for which there is no molecular rotation which 
changes the equilibrium polarizability. 

As long as the conditions of irradiation and observation are the same for 
the isotopic molecules, integrated intensities observed with any experimental 
arrangement may be used to verify equation [4] in the form 

7 7 

Here subscripts and 2 refer to the two isotopic species. In Table IV, B, the 
integrated intensit~r of the Raman bands of the al, and en, symmetry species 
of C6H6 and C6D6, referred to the intensity of the 458 cm.-l band in CCl, 
and corrected for the sensitivity of the photomultiplier tube, has been used 
to form the sums of equation [6]. The  disagreement between the L.H.S. and 
R.H.S. of this equation is within the experimental error because of the diffi- 
culty in measuring accurately the intensity of the components of the partially 
resolved doublets a t  3050 cm.-I and 2280 cm.-I in C6H6 and C6D6 respectively. 

For parallel transverse irradiation Pa = 45 and Po = 13 in equations [3], 
[4], and [5]. The depolarization ratio under these experimental conditions is 
given by 

Substituting from equation [7] in equation [3], the following expressions may 
be derived in the same manner as  given by Crawford for equations [4] 
and [5]: 

Equation [8] gives the intensity sum rule 

in which the intensities to  be used in forming the sum are those observed under 
conditions of parallel transverse irradiation. Equation [lo] then is a sum rule 
for depolarizatio~l ratios on isotopic substitution. In the simple case when 
there is only one vibration in the symmetry species (e.g. Hz,  the al, mode in 
CHI) it is apparent from ecluations [6] and [lo] that the depolarization ratio 
is unchanged for complete isotopic substitution. If there are several modes of 
vibration in the symmetry species, the depolarization ratios of corresponding 
bands may still be the same but are not required to be so. 
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1 11-1 C.AN.-IDlAS JOURNAL O F  CHEMISTRY. VOL. 33 

I t  has been s h o ~ v ~ ~  (2) that the ratio I /  ( l f p )  is independent of experimental 
conditions provided that under the usual conclitions of irradiation the incident 
beam may be considered to  make a n  average angle with the direction of 
observation. Since this assumption has been sho11~11 to be valid (2) within the 
experimental error equation [ lo]  may be written in terms of the starldard 
intensity defined in equation [ I ] ,  viz.: 

A satisfactory experimental verification of this equation is shown for the n l ,  
and e2, modes of CGHG and CGDG in Table IV. 

Similarly one may write Z,S1, instead of the L,.H.S. in equation [9]. 
Decius (4) has shown that the same relations are valid upon isotopic sub- 

stitution for the L.H.S. of equation [9] and Z,Ava2. Thus for example for the 
a1, and bl, modes of CsHG and CGDG, and the al' modes of 1,3,5-CGH3D3, one 
should have 

Since the bl,, modes for CGHG and C6D6 are inactive in the Raman effect their 
co~ltributio~l to the sums is zero. In  Table IV the experime~ltal data for 
verification of equation [12] are given. Again within the experimelltal error 
the rule has bee11 verified. 

I t  is readily seen from application of equations [8] and [9] to the molecules 
H2, HD,  and D2 that the depolarization ratio is constant. 
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LIGHT ABSORPTION STUDIES 
PART I. ULTRAVIOLET ABSORPTION SPECTRA O F  SUBSTITUTED 

ACETOPHENONES1 

The steric hindrance postulated by Arnold and co-\\,orl;ers to account for 
anomalous reaction rates of some substituted acetophenones has been verilied 
by means of ~~ltra\:iolet light absorption data. The spectra of a number of other 
subst i t~~ted acetophenones have been discussed in t e r~us  of the electronic and 
steric effects of substituents. 

INTRODUCTIOK 

Acetophone exhibits an intense band near 240 mp, E - 10-15,000, which 
also appears in benzaldehyde, propiophenone, and but) rophenone (see Table 
I) .  This band, which is typical of T-T conjugation, is ascribecl to  an N --t V 
transition, and is found in a variety of phenj l derivatives containing unsatura- 
ted side-chains (styrenes, aromatic amines, benzoic acids, benzamidines, 
etc.), a s  also in biphenyls and cyclohexene derivatives. In acetophenone, 
therefore, the allowed transition from a state having a non-ionic wave function 
to  one having an ionic wave function can be represented by  Ph-C=O --t Phf 
=C-0-. As has previously been pointed out elsewhere (6), whilst in benz- 
aldehyde, m- and p-methyl groups cause a small increase in E, and o-methyl 
groups produce a small decrease, in the acetophenones, m- and p-methyl 
groups also cause small increases in E ,  but  o-methyl groups produce very 
marked decreases in E. A similar effect is observed for o- and p-methyl substi- 
tuted propiophenones (see Table I) .  This effect is ascribed t o  steric overlap 
between the o-methyl groups and the Iteto-meth) l or Iteto-ethyl group setting 
up appreciable interference and thus preventing the attaining of a uniplanar 
configuration. Steric inhibition of electronic interaction thus raises the  energy 
level of the ground state,  bu t  since the  phenyl-carbon link in the postulated 
polar excited state contains a larger amount of double bond character, and 
since the energy required to  twist a double bond is considerably in excess of 
tha t  required to  twist a single boncl, and further since the interplanar angle 
cannot from theoretical considerations (Franclc-Conclon principle) change 
during a transition, therefore the energy-level of the excited state will be 
raised even more than tha t  of the ground state. Thus  the transition energy is 
increased, which results in a h~~psocl~rornic  shift of the bancl, and also in a 
reduced transition probabilit)., which results in a loss of absorption intensity 

(€1. 

ULTRAVIOLET ABSORPTION SPECTRA 

Propiophenone itself, compared t o  acetophenone, gives rise to a slight steric 
effect of the type referred t o  above, presumably because the replacement of a 

L1lJa?~lrscript received Ja?zz~ary $0, 1855. 
Co~ztri6z~tio?z frotn the Departtizelzt of CIzelnistry, Jfc,lzorial L',ziuersity of ~Vewfoz~?zdla?zd, 

St .  Johrz's, Newfozr~zdlatzd. 
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1146 C.?XADIAN J O U R S A L  OF CHEMISTRY. VOL. 33 

hydrogen atom by a methyl group gives rise to further steric overlap between 
the additional hydrogen atoms and the carbonyl group and/or the ortho- 
positioned hydrogen atom of the benzene ring. n-Butyrophenone has an ab- 
sorption spectrum almost entirely similar, which is as expected-from steric 
considerations alone-since the additional methyl group is too far removed 
to  interfere effectively with the rest of the molecule. I t  is somewhat surprising 
though that the reported value of isobutyrophenone (9) does not indicate 
additional steric interference, since one would expect the additional methyl 
group to exert further steric overlap. One would expect the change from 
acetophenone, propiophenone, and isobutyrophenone, i.e. the successive 
replacement of two hyclrogen atoms by two methyl groups, to be accompanied 
by first a slight, and then by a more pronounced steric effect, since in each case 
the molecule will assume the sterically most favorable position-there being no, 
or very little, restriction to the free rotation of the methyl group. Thus 
accommodation of the second methyl group-the molecule having attained 
the sterically most favorable position after the introduction of the first methyl 
group-would be a t  least equally, but probably more, difficult and hence 
involve more appreciable steric overlap. The spectra of propio- and isobutyro- 
phenone, however, are reported to be the same (9); our own values indicate 
a slight, though definite, change of absorption intensity as expected from the 
above hypothesis (see Table I) .  

A further point of interest is that the change in spectral properties between 
4-methylacetophenone and 2-methylacetophenone is almost identical with 
the change observed between 4-methylpropiophenone and 2-methylpropio- 
phenone. For the first pair there is a bathochromic shift of 10 mp and the 
ratio of the molar extinction coefficients is 0.57 (8500/15,000), whilst for the 
second pair the shift is 9 mp, and the corresponding ratio is 0.57 (8000/14,000) 
(see Table I). This is reasonably conclusive evidence that the preferred planar 
configuration of 2-methylacetophenone and 2-methylpropiophenone is IA 
rather than IB, since if IB were correct, the replacement of the methyl group 
by the ethyl group in 2-methylpropiophenone would increase the steric overlap 

already caused by the 2-methyl group (relative to  4-methylacetophenone), 
which would be in a position directly adjoining the more bulky ethyl group. 
This argument is verified by the absorption spectra of pairs of compounds, 
where the replacement of a methyl by an ethyl group normally causes addi- 
tional steric effects (see, for example, Table I ,  for spectra of pentamethyl- and 
pentaethyl-acetophenones). 
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FORBES 4I iD MUELLISR: LIGHT ABSORPTION STUDIES. I 11-17 

For 4-methylbenzaldehycle and 2-methylbenzaldehyde there is no batho- 
chromic shift and the ratio of the molar extinction coefficients is 0.87 (13,000/ 
15,000). Thus whilst in acetophenone and propiophenone the intensity of 
absorption is approxin~ately halved by the introduction of a 2-methyl group, 
in benzalclehyde the intensity of absorption remains approximately constant. 
This type of steric effect has previously been discussed (5) and has been shown 
to  be prevalent in conjugated systems which can exist in a t  least one unhind- 
ered or only wealtly hindered uniplanar configuration, and has been ascribed 
to  transitions involving non-planar ground states and planar excited states (6). 
Thus  the fraction of molecules which are in a sufficiently planar ground state 
to be able to be raised to the postulated planar excited s ta te  governs the 
observed intensity of absorption. Therefore in 2-methylbenzalclehyde, the  
number of permitted near-planar vibrational states is only very slightly 
reduced, whilst in 2-methylacetophenone or in 2-methylpropiophenone it is 
approximately halved, indicating tha t  structures of type I B  can no longer 
contribute appreciably to the absorption band. This hypothesis is confirn~ecl 
for 2,6-dimethylacetophenone where the absorption band has almost com- 
pletely disappeared (see Table I) .  

T h e  band under consideration is clearly sensitive to  para-substituents and 
has on account of this previously been provisionally assigned to  electronic 
transitions associated with para-resonance forms of type IC (7). 

T h u s  4-methyl substituents will increase the para-resonance contributions 
to  the hybrid of the ground-and even more so its contributions to  the excited- 
states, giving rise t o  a bathochromic shift and an increased probability of 
absorption. -\n ortho-methyl group will likewise tend to  exert a similar batho- 
chromic shift accompanied by increased intensity of absorption, bu t  in this 
instance, these effects are counterbalanced by  the previously described steric 
effects. Hence the steric effect of the ortho-methyl group is larger than it ap- 
pears to  be, since it has to  overcome the electronic effect associated with reso- 
nance forms of type IC. This is why it is necessary to  compare the ortho- 
substituted compounds with the para-substituted analogues, rather than with 
the unsubstituted parent compounds. Also, it may be noted tha t  this electronic 
effect of the ortho-methyl group becomes more evident in certain compounds, 
such as 2-methylbenzaldehyde and 4-acetylhydrindacene (11). In the  latter, 
the second ortho-methylene group (which is comparable to  a methyl group) 
gives rise to a bathochromic shift of about 10 nip, which is similar to the  
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bathochromic shift observed between acetophenone and p-metl~ylaceto- 
phenone. 

In 2,6-dil~1eth~.lacetophenone, the molecule can no longer take up  a illore 
favorable steric configuration (as is the case for 2-rnethylacetopl1enone, 
where the n~olecule takes up the more favorable configuration IX) and the 
interplanar angle is considerably increased resulting in an  almost total loss 
of the conjugation band (see Table I ) .  

Introduction of a third methyl group in the fiara-position gives rise to a 
slight bathochromic shift accompanied by increased transition probability, 
evidently clue to the increased double bond character bettileen the carbonyl 
group and the benzene ring caused by greater contributions of resonance 
forms of type IC. This decreases the interplanar angle and gives rise to the 
observed ef'fect. I t  may further be noted tha t  a similar difference is observed 
between 2,3,5,6-tetramethyl- and 2,3,4,5,6-pentamethyl-acetophenones (see 
Table I). 

T o  account for the spectrum of 4-acetylhydrindacene (11) it must be noted 
that  here both positions corresponding to structures IX and IB are equally 
possible. The  observed maximal absorption a t  252 mp is approximately as 
expected for two ortlzo-alkyl substituents, but  the intensity of absorption 
indicates a certain amount of steric hindrance of the type described above, 
i.e. corresponding to non-planar ground states and planar excited states. 
Since there is a decrease of intensity of absorption relative to acetophenone and 
an  increase in intensity of absorption relative to 2,6-dimethylacetophenone, the 

TABLE I 

HBSORPTIOS SPECTRA OF ORTHO-SGBSTITUTED ACETOPHENONES AND RELATED COMPOUNDS I N  
ABSOLUTE ETHAXOL 

Wave-lengths and intensities of the  niain maxima (values in italics represent inflections) 

Compound X m a s ,  E m n r  Am,,, ~ m n x  

111p r11p 

Benzaldehyde 
Hcetophenone 
Propiophenone 
92-B~~tyrophenone 
Isobutyrophenone 
4-Methylbenzaldehyde (6) 
2-bIet11ylbenzaldehyde (6) 
4-Methylacetophenone (6) 
2-Methylacetophenolie (6) 
2,4-Diniethylacetophcnone (6) 
2,6-DimethyIacctophe11011e (12) 
2,4,6-Triniethylacetophe1io11e (12) 
2,3,5,6-Tetrametl~ylacetophenone 
2,3,4,5,6-PentamethylacetopI1e1io11e 
2,3,4,5,6-Pentacthylacetophenonc 
4-&Iethylpropiophenone 
2-Methylpropiophenone 
4-Xcetylhydrindacene (11) 
4-Acetyl-5,6-dimethylindane (111) 
0-A~et~loctahydroanthracene (IV) 
5-Acetyl-6,T-di1netl1yltetralin (V) 
2,3,5,6-Tetramethj~lbe11zene 
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FORBES . \ S D  hIUE1,LER: LIGIIT ABSORPTIOS STGDIISS. I 11-19 

ortho-methj-lcne group in the cj,clopentyl ring offers stel-ic resistance inter- 
mediate to that of an ortho-hydrogen atom and an ortho-methyl group, which 
is indeed as would be expected from an esamination of scale models. 

In 9-acet~-loctal1yclroantl1racene (IV), the steric effect due to the methylene 
group, as inclicated by the location of maximal absorption, is considerabll- 
more pronounced, in agreement with the observation of Xr~lold and Craig ( I ) ,  
who found from reactivitj- measurements and in part from the values of 
carbonj71 Iiaman frequencies that the steric hinclrance around the carbonyl 
group decreases in the order V > IV > 111 > 11. Thus the methylene group, 
held in a position where there is considerable interaction between the n~ethyl  
group of the -COCHX group and the hydrogen atoms of the methylene 
group, increases the transition energy which results in the observed hypso- 
chromic shift of the band. The observed intensity of absorption can be con- 

111.4 I I I B  
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sidered to be largely clue to the superposition of absorption due to the "tetra- 
methylbenzene" band a t  214 mp. 

For 4-acetyl-5,6-dimethylinclane (111) two structures (IIIA) and (IIIB) 
are possible. The tendency for coplanarity between the carbonyl group and 
the rest of the molecule-which is clue both to contributions of resonance 
forms to the ground-state hybrid and possibly to steric effects of the ortho- 
nlethj~lene group-will be opposed by the usual steric effect. 

If structure IIIA predominates, the location and intensity of the absorption 
band should be similar to that of 2,6-dimethylacctophenone, although two 
secondary effects will be operating in opposite directions. Thus the molecule 
will be more hindered since the aclditioilal methyl group in the meta-position 
increases the steric effect (cf., for example, Table I,  the spectra of 2,6-dimethyl- 
and 2,3,5,6-tetramethyl-acetophenones), but this effect will be opposed by 
the substitution of the cyclopentyl group for the second ortho-methyl group, 
which, as has been noted above, will reduce steric hindrance. If structure 
IIIB predominates, the location and intensity of the absorption band should 
again resemble that of 2,6-dimethylacetophenone, but having undergone 
further steric hindrance due to the "buttressing" effect of the methyl group in 
the meta-position. Since it has been shown that the pronounced steric effect 
in 2,6-dimethylacetophenone is due to the interference of the a- and ortlzo- 
methyl groups, the cyclopentyl group in I I IB would not be expected to affect 
the amount of stcric hindrance obtained. Therefore, if structure IIIB were 
correct, a further steric effect relative to 2,6-dimethylacetophenone should 
occur. From 'Table I it is seen that only structure IIIA can fit the observed 
spectrum. This is also what would have been expected from scale models, 
since the C=O group has a smaller interference radius than the meth!~l 
group and would more readily be accommodated in the arrangement as 
represented by I I IA. 

On applying a similar argument to the spectrum of 5-acetyl-6,7-dimethyl- 
tetralin (V), the data a t  first sight seem to point to a structure VB rather 
than to a structure VA, since the observed spectrum closely resembles the 
spectrum of 9-acetyloctahydroanthracene (IV), and also exhibits an absorption 
intensity more than twice as high as that of 4-acctyl-5,6-dimethylindarle 
(111-4); this is an argument that the two structures are probably dissimilar, 
since if they were similar, the absorption intensity of VA would be smaller 
than that of the corresponding five-membered ring compound IIIA. However, 
if  the observed intensity of IV and V is almost wholly due to "tetramethyl- 
benzene" absorption, as is indicated by the spectrum of tetramethyl benzene, 
the argument clearly becomes invalid and the question of the preferred 
configuration remains open. I t  should be remembered that for compounds 
IV and V, the interplanar angle approaches 90°, and since conjugation is 
hence almost completely inhibited, one would not expect to be able to draw 
conclusions about preferred configurations of these con~pounds, from a stucly 
of this particular band. 

The spectrum of 2,3,5,6-tetramethylacetophenone (Table I) is of interest 
as it illustrates the "buttressing" effect of the m-methyl group, which nlay 
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FORBES .\ND MUELLER: LIGHT ABSORPTIOS STUDIES. I 1151 

be regarded as  preventing bending away of the o-methyl group ( 5 ) .  T h a t  the 
pronounced effect in the spectrum is chiefly of a steric, rather than electronic, 

I nature is indicated since in 4-acetylhydrindacene (11), no similar effect (i.e. 
a very pronounced hypsochromic shift) is observed, although in tha t  compound 
both the m-positions are also occupied. 

The  secondary band, near 280 mp, which may be regarded as  derived from 
the low intensity band of benzene near 255 mp and which is benzenoid in 
character (4), is not sensitive to  the steric influences discussed in the present 
communication. The  effect of substituents on this band, together with the 
effect of different solvent systems and temperature variations, will be the 
subject of a separate communication. 

The  absorption spectra of the 2,4-dinitrophenylhydrazones of some of the 
sterically hindered acetophenones, together with those of some reference 
compounds, are listed in Table 11. The  dinitrophenylhydrazones of aceto- 
phenones and propiophenones which absorb maximally a t  372 and 374 mp 
indicate interaction between the hydrazine group and the benzene ring, 
which is enhanced in para-substituted acetophenones as  evidenced by a 
further bathochromic shift and increased intensity of absorption. In the 
dinitrophenylhydrazone of 2-methylpropiophenone this interaction is inhibited 

I 
and the spectrum closely resembles tha t  of the 2,4-dinitrophenylhydrazone of 
cyclohexanone, in which no cross-conjugation is possible, and must be ascribed 

1 to  the)  C=K-NH-R (R = 2,4-dinitrophenyl chromophore). The  spectrum 

of the 2,4-dintrophenylhydrazone of isobutyrophenone is entirely similar and 
therefore indicates tha t  in this instance, the change from propiophenone t o  
isobutyrophenone brings about a change from a planar or near-planar to a 
non-planar configuration. T h e  2,4-dinitrophenylhydrazones of 4-acetyl- 
hydrindacene (11) and 4-acetyl-5,6-dimethylindane (111) absorb maximally 
a t  366 mp and 362 mp respectively, indicating an increasing amount of steric 
inhibition of conjugation. 9-Acetyloctahydroanthracene (IV), 5-acetyl-6,7- 
dimethyltetralin (V), tetramethyl-, pentamethyl-, or pentaethyl-acetophenones 
do  not form 2,4-dinitrophenylhydrazones, oximes, or semicarbazones under 

TABLE I1 
ABSORPTION SPECTRA OF 2,1-DINI~ROPHENYLHYDRAZONES OF ACETOPHENONES AND RELATED 

COhIPOUNDS I N  CHLOROFORhf 
Wave-lengths and intensities of the main maxima 

Carbonyl compound Xrn~ox, E n ~ n x  Color 
mu 

Benzaldehyde 
Acetophenone 
Propiophenone 
4-Nethylpropiophenor~e 
2-i\ /Iethvl~ro~io~henor1e 
lsobut$dphendne 
Cyclohexanone 
4-Acetylhydrindace~~e 

Orange-red 
Red 
Red 
Red 
Red 
Yellow 
Yellow 
Orange 
Orange 
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the usual conclitions. The  amount of steric hindrance can also sometimes be 
estimated in the above-mentioned 2,4-clinitrophen~~lhyclrazones by their color 
(see Table 11). 

EXPERIMENTAL PART 

T h e  ultraviolet spectra were cleterminecl by standarcl methods using a 
Unicarn SP 500 spectrophotometer. E represents the molecular extinction 
coefficient clefnecl b]. E = [loglo(Io/I)]/cl, where lo ancl I = intensity of inci- 
clent ancl of transmitted light, respectively, c = concentration in moles/liter, 
and 1 = cell thiclrness in centimeters. 

Melting points are uncorrected; analyses were carried out in the micro- 
analytical laboratory (i\/Ir. F. H. Oliver) of the Departinent of Organic 
Chemistrl., Imperial College, I,onclon, England. 

Benzaldelzyde, Acetophenone, Propiophenone, Isobz~tyrophenone 

The  commercially available compounds were redistilled to constant refrac- 
tive index and intensity of absorption. Light absorption in ethanol: see Table 
I .  T h e  2,4-dinitrophenylhydrazones of these, as well as of the other carbonyl 
compounds clescribed below, were cl~romatographecl on alumina from chloro- 
form-benzene and crystallized, unless otherwise stated, from ethanol - ethyl 
acetate mixtures. Benzaldehycle 2,4-dinitrophenj lhydrazone crystallizecl from 
glacial acetic acid as  red neeclles, melting point 241-242" (Johnson (10) gives 
melting point 239-240'); acetophenone 2,4-dinitrophenyll~>~clrazone crystal- 
lized from glacial acetic acid as red needles, melting point 2.50' (Johnson (10) 
gives melting point 247-248'); propiophenone 2,4-dinitrophenylhydrazone 
cr~7stallized as recl plates, melting point 196-197' (\\lith decomposition) (John- 
son (10) gives melting point 103-1 94') ; isobutyrophenone 2,4-clinitrophen).l- 
hydrazone cr~~stallizecl as  yellow inonoclinic prisms, melting point 1G5-lGGO 
(Johnson (10) gives melting point 161-1G2'). 1,ight absorption in chloroforn~: 
see Table I I. 

4-iVIetkylpropiophenone 

Anhydrous aluminum chloride (0.1 gm.) was added to toluene (100 ml.), 
and propionyl chloride (6.3 gm.) was adcled dropwise with stirring a t  O°C. 
After stirring for one hour, the mixture was hydrolyzed and isolated in the 
usual manner. T h e  product distilled a t  110°, 12 mm., yield 5.5 gm. (55%), 
ng .5  1.5264 (Birch et al. (3) give boiling point 135', 30 mm.; n g  1.5278). 
Light absorption in ethanol: see Table I .  The  2,4 dinitrophenylhydrazone 
crystallizecl fro111 ethyl acetate as  recl monoclinic prisms, melting point 209' 
with decomposition (Cullinane et al. (8) give melting point 201"). Light 
absorption in chloroform: see Table 11. 

2-NIetl~ylpropiophenone was prepared according to the method of Birch 
et al. (3), and was obtained as  a colorless licluicl, boiling point 100' a t  18 inm., 
n g  1.5243 (Birch et al. (3) give n g  1.5250), yield 0.2 gm. (62%). Light absorp- 
tion in ethanol: see Table I. 'The 2,4-clinitrophenylhyclrazone cr~7stallized 
from ethanol as red plates, melting point 11.5". Anal.: Calc. for C15Hld04N4: 
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C, 57.3; H ,  4.5; N, 17.8y0. Found: C, 57.3; H ,  4.5; N, 17.7y0. Light absorption 
in chlorofornl : see Table 11. 

2,3,5,6-Tetramethylacetophenone 

Durene (4 gm.), prepared from xylene by the method of Smith (13), was 
dissolved in carbon disulphide (40 ml.) a t  0". -Aluminum chloride (4 gin.) 
was added to the stirrecl mixture in small portions followed by the dropwise 

I 

addition of acetyl chloride (2.4 gm.) over a periocl of 10 min. Stirring \\.as 
continued for three hours a t  0°, and the mixture \\.as then allowed to stand 
overnight a t  room temperature. I t  was then poured onto an ice - hydrochloric 
acicl ~nixture and extracted with ether. After drying, removal of ether afforded 
the acetophenone in i%yO yield, 11-hich crystallizecl from petroleum ether 
(boiling range 40-60") as colorless plates, melting point 75" (i\lIeyer (11) 
gives melting point 73"). No oxime, se~nicarbazone, or 2,4-clinitrophenyl- 
hydrazone could be obtained under the usual conditions. Light absorption in 
ethanol: see Table I .  

I 

2,3,4,5,6-Pentamethylacetopheno~ze 

Pentamethylbenzene (2 gin.), prepared by the inethod of Smith (13), was 
dissolved in carbon disulphide (30 ml.) and treated with aluminum chloride 
(1.8 gm.) and acetyl chloricle (1.1 gin.) as described above. The product, 
which crystallized from methanol as colorless neeclles, inelting point 87", 
was obtained in 90% yield. Anal. : Calc. for C13H180: C,  82.1 ; H ,  9.5y0. Found : 
C,  82.1; H ,  9.7y0. No oxime, semicarbazone, or 2,4-dinitrophenyll~ydrazone 
could be obtained uncler the usual conditions. Light absorption in ethanol: 
see Table I. 

Pentaethylbenzene (5.1 gm., n g  1.5130), prepared by the method of Smith 
and Guss (14), was treated \vith aluminum chloride (3.2 gm.) and acetyl 
chloride (2.7 gm.) as described above. The product which crystallized froin 

ethanol as colorless needles, melting point 143.5-144", was obtained in 
80% yield. Anal.: Calc. for ClSH2SO: C,  83.0; H,  10.9y0. Found: C, 83.0; H ,  
ll.Oyo. No oxime, semicarbazone, or 2,4-dinitrophenylh~~lrazone could be 
obtained under the usual conditions. Light absorption in ethanol: see Table I .  

/t-Acetyl-5,6-din7ethyli~zda~ze (111) 

5,G-Dimethylinclane (1.9 gin., 1.5318), preparecl by the method of 
Arnold and Craig ( I ) ,  in carbon disulphide (30 ml.) was treated with aluminum 
chloride (1.7 gm.) and acetyl chloride (1 gm.) as described above. Fractiona- 
tion a t  3 mm. afforded the indane as a pale yello\\r oil, which solidified on 
standing and crystallized from petroleum ether (boiling range 40-60") as 
moi~oclinic prisms, melting point 42.5". Arnold and Craig (1) report melting 
point 43" for this compouncl. Light absorption in ethanol: see Table I .  The 
2,4-dinitrophenylhydrazone crystallized from benzene as yello~v plates, 
melting point 196-197". Anal.: Calc. for C19H2004X4: C,  61.9; H, 5.5; N, 15.2%. 
Found: C, 61.9; H,  5.5; N,  15.1Yo. 1,ight absorption in chloroform: see Table 
11. 
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4-Acetyblzydrindacene (11) , 9-Acetyboctahydroantlzracene ( I  V) , a?zd 6-Acetyl-6,Y- 
dimethyltetralin ( V )  

T h e s e  compounds  were crystallized to cons t an t  mel t ing  po in t  a n d  cons t an t  

intensi ty of absorpt ion.  T h e i r  p repara t ion  h a s  previously been described 
(1, 2)  a n d  we a r e  grateful  to Professor R. T. Arnold for ve ry  k ind ly  providing 

us  wi th  t h e  required specimens. T h e  last t w o  compounds  do n o t  form a n y  
oximes, semicarbazones,  o r  2,4-dinitrophenylhydrazones. T h e  2,4-dinitro- 

phenylhydrazone  of 4-acetylhydrindacene crystallized f rom e thano l  as orange  
needles, melt ing po in t  185". Anal . :  Calc. fo r  C ~ O H , O O ~ N ~ :  C,  63.15; H ,  5.3; N, 
14.7%. F o u n d :  C ,  63.2; H, 5.3; N, 14.6%. L igh t  absorpt ion in chloroform: 
see T a b l e  11. 
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GROWTH RATES OF SINGLE CRYSTALS OF 
ETHYLENE DIAMINE TARTRATE1 

Single crystals of ethylene cliamilie tartrate were grown ~ ~ n d c r  controllecl 
conditions and the growth rate of the faces measured ciirectlyjn the so l~~ t ion  a t  
short intervals by means of a travelling microscope. For the (110) (110) pair of 
faces, the fastest growing form, steady growth a t  constant supersaturation was 
interrupted by occaaionnl short periods of more rapicl growth. Rejecting these 
erratic "spllrts", rea.ionably reproducible values co~i ld  be obtained, and the 
dependence upon supersaturation plotted. 'The eq~~ iva len t  faces a t  the opposite 
end of the polar axis of the crystal grew, a t  low supersaturation, with erratic 
starts and stops, so that reprocl~~cible growth-rate values could not be obtained. 
The results are disc~issecl in relatioli to existing crystal growth theories. 

INTRODUCTION 

Plates cut from large crystals of ethylene diamine tartrate (EDT) have 
been used instead of quartz in the filter circuits needed for carrier telephone 
systems (9). Growing E D T  crystals large enough for this purpose requires 
careful control (7). In order to study the influence of solution conditions on 
the growth of a single crystal it was desired, as a first step, to determine the 
growth rates of the various faces as a function of supersaturation. This paper 
describes an attempt to do this. A later paper reports the use made of the 
method in a search for possible growth "improvers". 

At the outset it was not known whether reproducible growth-rate measure- 
ments could be obtained on single crystals. Rates of crystalline precipitation 
are usually reproducible, but they represent merely the mean growth rate of 
the large number of crystals involved. Correspondillg studies have rarely 
been made on single crystals, and the little illformation available was confusing. 
I t  has been observed by many that visibly flawed crystals grow two or three 
times as fast as clear flawless ones, but- it seems to have been rather generally 
assumed that crystals free from obvious Aaws would grow a t  the same rate. 
However, no clata to support this could be found in the literature. There is, 
in fact, some evidence against it. Berg (1) and others (2, 5) determined growth 
rates of the cube faces of sodium chlorate in a thin film of solution under the 
microscope, while measuring concentration gradients continuously by an 
optical interference method. They found that the growth rates of equivalent 
faces of the same crystal varied widely and that occasion all^^ a face completelr 
stopped growing for a while even though it was in contact with a strongly 
supersaturated solution. 

The reason for this behavior is not clear. 4 possible explanation is that the 
faces studied \\-ere so minute that the nucleatioll centers a t  \\~hich growth 

lilia?zirscript recfir'ed ~lfurclz 1.5, 1955. 
Co7zlriDz!tio11 froti1 tlze Crystallography Deparl~~ze?zt, University of ilIu,rcl~ester, Ma?zchester, 

En,olnnd. Part of a Ph.D. Thesis, Uizioersity o f  ~liacr?~chesler, il[(~rr?zchester, Eizgland, 1952. Pre- 
sented hefore tlre Clrettzical institute qf Canada, J u n e  5, 1855, nt Wiizdsor, Orztario. 

2Present address: .-llo71lic Energy of Canada L i ~ n i t e d ,  Chalk Ri.LIrr, 011tario. 
3Prese7rt address: UnP~ersi ty  of ~l!fa,~chester, 11h7tcl~ester, Engla7rtl. 
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layers started were few or zero. Their distribution would then be of critical 
influence on the growth rate. I t  seemed possible that by worlcing with moderate 
sized crystals more reproducible growth rates might be obtained. Diffusion 
effects would, of course, have to be eliminated or held constant. On this point 
Egli and Zerfoss (3) state that usually only moderate stirring is needed to  
eliminate diffusion as a rate controlling factor. Van Hook (6) found this to be 
so for sucrose and concluded that the reaction a t  the crystal face is a slo\ver 
process than transport towarcl it. 

EXPERIMENTAL 

The apparatus is shown in Fig. 1. I t  consisted of a cr~atallizing chamber 
ellclosed by a water jacket, both made of transparent plastic. The volume of 
the crystallizing cell was made large enough in relation to the crystal seed so 
that  as the crystal grew, the supersaturation remainecl constant during the 

MICROSCOPE 

1 
J 

CRYSTAL STIRRER 

MIRROR 

FIG. 1. Crystal growth-rate apparatus. 

measuring period. The temperature could be held constant within O.l°C. The 
shaft of the stirrer operated through a mercury seal to prevent evaporation. 
The crystal was viewed and measured with a low power travelling microscope, 
the trailsit of which read directly to 0.001 mm. 

Solutions were prepared by dissolving recrystallized EDT-monohydrate in 
water. (The mo~lohydrate is the stable form below 4 0 . G ° C . )  The solutions were 
used only until they became slightly colored by clccomposition proclucts and then 
were discarded. The crystal seeds nrcre about 4-12 mm.? in cross section, and 
were free from visible flaws. They were cemented on a hinged plastic rod 
which was inserted in the cell and the hinged part then drawn up into positioil 
with a wire. Solutio~ls saturated a t  the required temperature were prepared in 
a separate water bath ; but after the cell nras filled the saturation temperature 
was checked in the following way. The crystal was allowed to grow somewhat 
and then the temperature was raised very slowly until the first sign of rounding 
of the sharp edges was seen. This method was found to be accurate to within 
0.2OC. The saturation temperature was checked frequently throughout the 
life of the solution to ensure that the supersaturation had not been lowered 
appreciably by the growth of the crystal. 
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Normally most rapid growth is on tlie wedge shaped (770) (110) pair of 
faces which cap the negative end of the y-axis. Generally, the edge of tlie wedge 
was talteii as the marker, and measurements were made of the growth along 
the axis. The recorded values therefore do not represent directly the growth 
rates of ally real face, but if they are multiplied by cos 45" 30' (one half the 
interfacial angle) they give the average for the two members of the pair. The 
two were always nearly equal unless one of the faces was visibly flawed. In  
such a case the flawed face grew more quicltly so that its area decreased rela- 
tive to the other, and tlie crystal became asymmetric. 

The equivalent faces a t  the positive end of the y-axis, (110) (ilO), are 
reportedly "11011-growing" under the coiiditions in the industrial crystallizer. 
They are said to gro\v appreciably only when visibly flawed (7). Measure- 
ments a t  this elid of the crystal were made in the same way. The top a i d  side 
faces (001) and (100) were not studied in detail. Their growth behavior seemed 
similar to that of the (110) (710) pair. 

The settings of the microscope cross hairs against the crystal poilit were 
reproducible to about 0.003 mm. Growth rates were recorded for equal incre- 
ments of added length, usually 0.02 mm. The  average of a t  least 10 readings 
was taken in each case. 

The effect of stirring speed was studied first. With quite moderate agitation 
a maximum growth rate was reached; then the stirring speed could be doubled 
without any further increase. All subsequent work was done with stirring 
speeds that were well over the necessary minimum. Unfortunately, with such 
agitation it was not possible to work a t  undercoolings of more than 4 or 5°C. 
(supersaturations of 1.5%) without great danger of spontaneous crystalliza- 
tion. 

Growth 1-ates covering the practical supersaturation range were measured. 
The reproducibility for different individual crystals and the dependence upon 
solution composition and temperature were then studied. 

RESULTS 

( a )  The Negative End of the y-Axis 
At constant supersaturation the measured value of the growth rate, when 

the crystal was growing with its iiormal habit faces and without visible flaws, 
was nearly constant. However, occasionally a sudden jump to a value errati- 
cally higher was noted. This was commonly about twice as great as the steady 
value, the deviation being quite outside tlie cornbiiml errors of temperature 
and length measurement. The rate ~ ~ s u a l l y  dropped back to the steady value 
in a short time, often on the next reading. The irregularities seemed greater 
when the temperature was changing than when it was held nearly constant. I t  
was found better to measure the growth rates a t  each supersaturation separ- 
ately, holding tlie temperature constant for a time and dropping it stepwise, 
rather than by interpolating the values from a continuous cooling curve. 

These erratic periods of more rapid growth left no visible mark in the 
crystal. However, sometimes when the supersaturation was high the eiihaiiced 
rate of growth coiitinued for a much longer time before dropping back to the 
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normal rate. Then a visible "veil" appeared. Veils were more frequent when 
the stirring was inefficient. They could be produced almost a t  will on a given 
face by orienting the face so that  it was in the lee of the current. Presumably, 
dead spots in the circulation leading to irregularities in the supersaturation 
of the solution a t  various points along the face promoted the disordered growth. 

Despite the complication caused by the erratic jumps, i t  was quite feasible 
to evaluate "normal" growth rates. The jumps were usually well-defined and 
not too close together, and so could be rejected unambiguously.~ The rate 
values quoted later always refer to  these corrected values, not to the gross 
average rates. 

D E G R E E S  BELOW S A T U R A T I O N  TEMP.(46OC.) 
3OC.z  I P E R  C E N T  S U P E R S A T U R A T I O N  

FIG. 2. Growth rates at negative end of y-axis. 

Even with this limitation, some variation outside experimental error was 
found in measurements made under apparently identical conditions. First 
with the same crystal in position, measurements were talcen up and down the 
supersaturation scale several times. Then four other crystals successively were 
treated in the same way in the same solution. Later in the work, four other 
crystals were measured a t  various times in sinlilar solutions. The  differences 
between the values obtained in different runs with the same crystal were just 
as great as those between different illdividual crystals. 111 Fig. 2 all the values 
obtained are shown without distinguishing separate cases. Although not good, 
the reproducibility was sufficient to allow study of some factors which might 
be presumed to affect the growth rate. 

The effect of temperature was studied first. A series of curves for the same 
crystal over different temperature ranges was plotted. These were replotted by 
interpolation as rate curves a t  different fixed temperatures. I t  will be seen in 
Fig. 3 that the rates increase appreciably with increase in temperature. On the 
other hand, the rate was found to be not very sensitive to the presence of those 
substances which normally occur as impurities in E D T  solutions. Variations 
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BOOT14 A N D  BUCGLEY: GROWTH RATES 

FIG. 3. Growth rates a t  various temperatures. 

in pH over the range 5.0 to 8.0, due to excess of either tartaric acid or ethylene 
diamine, gave no change sufficiently large to be observable. The decomposition 
products* of E D T  also had little effect, a t  least when in low concentration. 
Solutions aged a t  40-55OC. for periods up to four months produced no detec- 
table change in the growth curve. One very much older solution gave erratic 
values, but this effect was not studied further. 

Variation of the size of the crystal from 1 to 10 mm.2 cross sectioil did not 
affect the rate of growth. Moreover, the values obtained are of the same order 
of magnitude as those observed with the larger crystals (100 times greater 
facial area) which are grown industrially. Most likely the rate is independent 
of the size of the face. 

FIG. 4. Growth rates a t  positive end of y-axis. 

*Walker (7) states that "I~eat and rz~nlighl both cause brownislt decomposition prodzlcts", 2321t i t  
was fnzrnd that tlte color i s  entirely a result of atmosplteric oxidation, heat accelerating tlte reaction. 
The solutions renzained colorless wltelt z~nder a n  inert atmospl~ere or when sodium sztlphite was 
added. 
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(b )  T h e  Positive End of the y -Ax i s  
Growth a t  the positive end of the y-axis of the crystal was quite different 

from that a t  the negative end discussed above. I t  proceeded d iscont i i lu~us l~  
except when the supersaturation was high. There were long pauses, during 
which no growth a t  all occurred, intermingled with periods of activity. This is 
represented diagrammatically in Fig. 4 where the markers delimit the highest 
and lowest values observed in a series of tests. 

DISCUSSION 

The marked difference between the growth a t  the positive and negative 
ends of the crystal makes it  necessary to discuss the two separately. 

( a )  The  Negative End 
I t  is well established that crystals grow by the spreading out of thin layers 

which start  from growth centers on the faces. The  irreproducibility of the 
growth-rate determinations under apparently identical conditions must be 
caused by differences in the surface structure, leading to differences in the 
pattern of developing layers. The  nature of the growth centers is still under 
discussion. In the Frank dislocation theory (4) they are the points where 
screw dislocation lines emerge a t  the surface. Growth is controlled by a few 
of the most active ones. Variations in the growth rate would then be caused 
by the shifting of dominant screw dislocations under the influence of slight 
stresses. 

However the erratic "spurts" may be associated with grosser changes in the 
surface structure caused by the interference of slightly disoriented layer sys- 
tems with each other- an idea rather similar to that suggested by Yamamoto 
(10 )  to explain skeletal growth. Disoriented junctions between layer systems 
would serve as strong growth centers and lead to more rapid growth. Probably 
there are then two opposing tendencies. One is for a group of active centers to  
become dominant, bridge over gaps, and heal the surface. The other is for the 
disordered structure to spread, and to become less amenable to healing; for 
the gaps between disoriented layers will become larger as growth proceeds 
outward. Consequently, the surface either heals quickly or not a t  all. In the 
latter event a visible veil appears. I t  is interesting that a veil usually covers a 
face completely but does not spread to adjacent faces. No doubt, this follows 
from the observed fact that spreading layers usually end a t  the edge of the face 
on which they start. That  veils can frequently be induced to heal a t  low super- 
saturatioil may be evidence of the ability of the most active growth center to  
dominate the others. 

(b )  The  Positive End 
The peculiar growth behavior of the (110)  (710)  faces is similar to that  de- 

scribed for the cube faces of microscopic sodium chlorate crystals ( I ) .  This 
raises the possibility that the phenomenon may be a rather common one and 
the smoother increase with supersaturation shown by the (770)  (110) faces 
exceptional. Since data for other crystals are lacking, this remains speculation. 
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BOOTH AND BUCKLEY: GROWTH KATES 1161 

The complete stopping and sporadic restarting of growth is difficult to 
explain. Blocltage of nucleation centers by adsorption of impurities is a 
possibility. More probably, however, the solvent itself interacts with these 
crystal faces in such a way as  to inhibit growth. The likelihood of this can be 
seen by considering an experiment of Wells (8). He found that  resorcinol 
grown from benzene solution grows equally well a t  the two ends of the polar 
axis but from water solution most of the growth takes place a t  one end. He was 
able to  explain this convincingly as  caused by the interaction of water 
molecules with the non-growing end, the structure of which exposes hydro- 
xylic groups a t  the surface. I t  will be of interest to  determine whether a similar 
correlation can be made in the case of E D T  when its structure is fuHy 
determined. 
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THE EFFECT OF BORIC ACID ON THE GROWTH OF 
ETHYLENE DIAMINE TARTRATE CRYSTALS1 

ABSTRACT 
When present in ethylene diamine tartrate IEDT) solutions in small concen- 

tration boric acicl produces many crystallographic phenomena associated with 
specific adsorption on crystal faces; especially habit modification and growth 
inhibition. These effects are typ~cal  of those given, incidentally, by "growth 
improvers", and i t  is concluded that boric acid would be a logical choicc for 
intensive testing as  a flaw suppressor in the solutions from wh~ch  large single 
crystals of EDT are grown. 

INTRODUCTION 

T o  be useful in fabricating chanilel filters for carrier telephone systems 
crystals of ethylene diamine tartrate must be free from flaws, a t  least from 
those of visible size. The most common type of flaw is a "veil", an opaque 
region in the otherwise clear crystal caused by disordered growth (also called 
skeletal, disoriented, porous, or rotten growth). T o  prevent the appearance of 
such veils the crystal must be grown very slowly and uniformly. In industrial 
practice a growing period of several months is required to obtain the desired 
size, which is about one poulld in weight. In the present work methods for 
speeding up the growth of flawless crystals were sought. 

I t  appears to be a general principle of crystal growth, first established by  
Yamamoto (4), that for any crystal there is a critical growth rate which, if 
exceeded, results in slceletal rather than clear compact growth. The critical 
rate depends greatly on the size of the face, being lower for large than for 
small faces, and this makes it all the more difficult to grow perfect crystals of 
large size. The critical rate can, however, be greatly raised by  the presence 
in the solution of specific impurities, often in very small amount. Such addi- 
tives have been used successfully in several cases for improving the growth 
of large crystals (1, 2), and the principles involved in selecting a suitable 
additive are becoming clear. Presumably they owe their effect to  selective 
adsorption on the crystal faces, which restrains the initiation of new layers. 
This limits the number of layer series existing contemporaneously and so 
prevents them from interfering with one another. 

The adsorption is usually revealed by a number of other crystallographic 
effects. The most important of these are a change of crystal habit, a slowing 
down of the growth rate, and an increase in the supersaturation range in which 
spontaneous crystallization does not occur. A decrease in growth rate compared 
with a pure solution of equal supersaturation is thus connected with an increase 
in the critical rate (the maximum rate for clear growth). T o  evaluate the worth 

lilifa?zz~script received hlarclr 15 ,  195.5. 
Contribi~tion from the Crystallography Departmellt, University of Mnnchester, Maf~chester, 

England. Part of a P1z.D. Thesis, University of Ma?zchester, Munchaster, E~zglnnd, 1952. 
2Present address: Atomic Encrgy of Canada Limited, Clinlk River, Ontario. 
3Present address: Unhersi ty  of Manchester, Manchester, E?zgland. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BOOT13 AND BUCKLEY: EFFECT OF BORIC -4CID 1163 

of an "improver" directly is a difficult and time consuming problem, so that  
an attempt was made to  make a preliminary selection of likely substances by 
a study of these associated effects. 

EXPERIWIENTAL 

Habit modificatioil effects were studied by crystallizing single crystals in 
test tubes, or in a cell under the microscope. Growth inhibition was studied in 
the apparatus described in the preceding paper. In  addition a few tests were 
made in an apparatus similar to that  used in industrial practice, as  described 
by Wallrer (3). The crystallizing vessel was a 5 liter beaker. Large seeds about 
2 in. wide were mounted on a "spider" which rotated in the solution with a 
reciprocating motion, the direction of stirring being reversed every 30 sec. 

RESULTS 

The crystals were for the most part quite unaffected by the presence of 
small amounts of foreign substances introduced into the solution. This applies 
to common inorganic ions, surface active agents, and some arbitrarily chosen 
organic compounds. However, a very powerful and strilring effect was found 
with small quantities of boric acid. 

FIG. 1. Crystal habits of E D T :  (top) normal; (center and bottom) modified by presence of 
boric acid in the solution. 
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(a)  Habit Modification 
Quite small amounts of boric acid suppress the development of the (770) 

(170) faces. The (171) (171) pair, not normally present, appears in their stead. 
I t  has no such effect a t  the positive end of the y-axis. The actual co~lce~ltration 
required depends on the rate of growth. At very slo~ir rates maintained for 
long times, as in the industrial type crystallizer, concentrations over 0.04 gm. 
per liter invariably produced an appreciable developme~lt of the (Ti1 (177) 
faces, and a t  concentrations over 0.1 gm. per liter they completely replaced the 
(710) (170) pair. If both pairs were coexisting and the growth rate was then 
increased the (771) (177) faces became smaller and finally disappeared. In the 
growth rate measurement apparatus the crystals were mostly growing a t  
somewhat higher rates than in the larger crystallizer, so that appreciable 
developmerlt of the (171) (177) faces was not observed below concentratio~ls of 
about 0.5 gm. per liter, with complete replacement of the other pair a t  about 
1.0 gm. per liter. The normal and modified forms are shown in Fig. I .  

(b)  Growth Inhibition 
The rate curves for several concentrations of boric acid are sho~vn in Fig. 2. 

Below 0.2 gm. per liter there was no detectable change. From 0.2 to 0.6 gm. 
per liter there was a progressive slowing do1i.11 of the rate. This was accom- 

0 - NONE 

n - 0.35 GM. 

X - a5 GM. 

0.5 1.0 1.5 
SUPERSATURATION (PER CENT) 

FIG. 2.  Growth rates with boric acid additive. 

panied by an  apparent decrease in the number of the sudden erratic "spurts" 
discussed in the preceding paper. The tendency toward spontaneous crystal- 
lization was also lessened. The temperature could be lowered several degrees 
below that a t  which "snow-storm" crystallization usually occurs. 

At concentrations of about 1.0 gm. per liter a rounded (partially dissolved) 
seed grew out to form plane faces and then stopped growing completely. This 
was with a supersaturation of 1.0%. The temperature was then lowered, but 
growth did not start  again until the supersaturation was about 2.0%. The 
crystal then grew slowly for a short time but soon stopped growing again and 
remained completely stopped for several hours. 
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1 
The behavior with even larger amounts of boric acid in the solution is 

interesting. The crystals will grow oilly a t  high supersaturations and the faces 
I appear warped or rounded. Above about 10 gm. per liter a rounded seed does 
I not grow out to form plane faces. Instead, a mass of extremely small crystals 

form over the surface. These crystals drift off into the solution and start a 
dense ~nicrocrystalline precipitation. Apparently under these co~lditions it is 
easier for new crystals to form than for growth to proceed on existing ones. At 
yet higher concentrations nuclei formation is so inhibited that the solution 
can be evaporated to a sirup which sets to a glass 011 cooling. 

This behavior appears to be similar to that observed with substances that 
have been used as growth improvers in other cases. For instance, Egli and 
Zerfoss ( I ) ,  speaking generally, say that "if concentrations beyond the opti- 
mum are used habit is modified, flaws are induced and spontaneous nuclei 
occur more readily than from pure solution". 

On the evidence of these effects, then, which point to an adsorption of the 
desired kind, boric acid would appear to be a logical choice for intensive 
testing as a flaw suppressor in EDT crystallizer solutions. The optimum con- 
centration would probably be below that needed for habit modification. 

The encouragement given by Mr. C. E. Richards of the Post Office Research 
Department of Great Britain is gratefully aclmowledged. One of us (A.H.B.) 
is indebted to the National Research Council of Canada for a grant and 
special leave. 
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STEROIDS 
111. THE EPIMERIC N-ACETYL-3-AMINOCHOLEST-4- AND -5-ENES' 

ABSTRACT 

1.ithiclm aluminum liydride reduction of the osimes of 3-ketocholest-4- and 
-5-enes gave mistc~res of amines. These anlines on acetylxtion and separation 
gave respectively N-acetyl-3(a)-aminocholest-5-ene, N-acetyl-3(0) aminocholest- 
.5-ene, hT-acetyl-3(a)-aniinocholest-4-ene, and N-acetyl-a($)-aminocholest-4-ene. 
The N-acetyl-3(a)-aminocholest-5-ene (m.p. lS4.5"C.) was shown to  be identical 
with the cholesterylacetamide obtained by the acetylation of the degradation 
product from N-benzyl-3(a)-aminocholest-5-e1~e (rn.p. 90-91°C.). 

I t  was previously (6) shown that  be1lz)~lamine and 3(P)-chlorocholest-5-ene 
heated together a t  180°C. gave a mixture of 3(P)-benzylaminocholest-5-ene 
(m.p. 116.5-117.5"C., [a]i5 -23') and 3 (a)-benzylamii1ocholest-5-ene (m.p. 
90-91°C., [a]: -9"). Julia11 et al. (5) had degraded the 3@)-benzylamino- 
cholest-5-ene to  3(P)-aminocholest-5-ene which they converted into 3(P)- 
acetylaminocholest-5-ene (m.p. 243°C.). The  same 3-cholesterylacetamide 
(m.p. 243°C.) was prepared by  Windaus and Aclamla (7) by heating 3(P)- 
chlorocholest-5-ene with ammonia solution in a sealed tube and by  recluction 
of cholest-4-ene-3-one oxime with sodium in alcohol. Two other isomeric 
cholesterylacetamides melting a t  190°C. and 216°C. were isolated also from 
the latter reaction. When 3(a)-benzylaminocholest-5-ei1e was degraded (6) 
to  the corresponding amiile and co~~vertecl to  3(a)-acetamidocholest-5-ene 
(m.p. 184.5°C.3), i t  was thought that  this cholesterylacetamide might corre- 
spond to  the one melting a t  190°C. isolated by  Windaus and Adamla (7). 
However since there was 110 way of confirming this by  direct comparison of the 
cholesterylacetamides from the two different reactions, the four epimeric 
N-acetyl-3-aminocholest-4- and -5-enes were synthesized. 

Cholest-5-ene-3-one oxime (m.p. 184.5-1865°C.) on reductioil lvith lithium 
aluminum hydride gave a mixture of epimeric 3-aminocholest-5-ei~es. The  free 
amines on conversion to their acetyl derivatives and chromatographic separa- 
tion gave a 46.6y0 yield of pure N-acetyl-3(@)-aminocholest-5-ene (m.p. 243°C.; 
[a]:.' -44.9") and a 23y0 yield of pure N-acetyl-3(a)-arninocholest-5-ene 
(m.p. 1845°C. ; [a]k4.' - 59.4'). The identity of this N-ace t~~l -3  (a)-amino- 
cholest-5-ene with the cholesterylacetamide (m.p. 184.5"C.) obtained from the  
degradation of 3(a)-benzylaminocholest-5-ene (6) was established by  a mixed 
melting point determination. 

The  configurations of the epimeric 3-benzylaminocholest-5-enes were de- 
duced (6) from their rotations in agreement with the rule that  the 3(a)  form 
of a steroid will have a higher positive rotation than the 3(P) form (1). If this 

1Manzlscribt received March 7 .  1955. 
Contribution from Defence ~ e s e a r c h  CItemical Laboratories, Oltawa, Ot~tario. Issned as 

D.R.C.L. Report IVo. 172. 
ZPresent address: Monsavlo Ca7znda Linlited, Ville LaSnlle, Quebec. 
3This melting point was previozlsly (6) reported as 189°C. but the szlbstance lizelted at 18/r.o'OC. 

i n  the Hershberg 7izelting point apparatrrs used i n  these stzldies. 
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B h S S . l I l D  h Y D  McKAY: STEROIDS. I11 1167 

rule applies to the N-acetyl-3-aminocholest-5-enes then the higher melting 
compound (243') having the more positive rotation will have to be assigned a 
3(a) configuration. This \vould reverse the assignments given above for these 
cholesterylacetamides. Thus one must corlclude that degradation of the 
3-be~~zylaminocholest-5-enes is accompanied by an unexpected (6) Walden 
inversion a t  the C3-N bond or the above rotation rule does not apply to the 
N-acetyl-3-aminocholest-5-enes. The purity and rotations of the epimeric 
N-acetyl-3-aminocholest-5-enes were checlced repeatedly to confirm the given 
rotations. 

The reduction of cholest-4-ene-3-one oxime (m.p. 158'C.) with lithium 
aluminum hydride gave a mixture of epimeric 3-aminocholest-4-ems. This 
lnixture was acetylated and the acetamides were separated by chromatography. 
This procedure gave a 27y0 yield of pure N-acetyl-3(~)-ami1~ocholest-4-e~~e 
(m.p. 223.5'C.; +6,2') and a 28% yield of pure N-acetyl-3(a)-amino- 
cholest-4-ene (m.p. 163-164'C.; [a]g.' +105.5'). This is the first time that the 
latter acetamide (1n.p. 164°C.) has been described. The rotations of the 
epimeric N-acetyl-3-aminocholest-4-enes agree with the rule that the 3(a) 
epimer should possess the higher positive rotation. 

This worlc confirms the structure originally (6) assigned to the new N-benzyl- 
3 (a)-aminocholest-5-ene (1n.p. 90-91°C.). 

EXPERI hlIENTAL4sS 

Cholest-5-ene-3-one 

Cholest-5-ene-3-one (m.p. 122-124'C.) was prepared in 547& yield from 
cholesterol via cholesterol dibromide and 5 (a), 6 (0)-dibromocholestan-3-one 
following the procedure of Fieser (4). 

Cholest-5-ene-3-on Oxirne 
Cholest-5-ene-3-one (2.96 gm.; 0.0077 mole), hydroxj-lamine hydrochloride 

(0.71 gm.; 0.01 mole), and fused sodium acetate (0.83 gm.; 0.01 mole) in 95% 
ethanol (90 cc.) were heated under reflux for six hours. After the reaction 
mixture had cooled to room temperature, the resultant crystalline slurry was 
poured slo~vljr into 300 cc. of water with stirring and the colorless crystalline 
precipitate (m.p. 165-169°C.) was removed by filtration and dried, yield 
3.04 gm. (98.6y0). Three recrystallizatiolls fro111 methanol raised the melting 
point to 184.5-18G.5"C. with decompositio~l, yield 1.79 gm. (58.1y0). Buten- 
andt and Schmidt-Thorn6 (2) report the melting point of cholest-5-ene-3-one 
oxi~ne as 188°C. with decompositior~. 

Redz~ction of Clzolest-5-ene-3-one O.vime wi th  Litlzizim Alziminunz FIydride 

Cholest-5-ene-3-one oxime (1.00 gm.; 0.0025 mole) was placed in a glass 
extraction thimble consisting of a glass tube with a sealed-in fritted-glass disk. 
For hot extraction the thimble was placed in a tube xvl~ich was attached to the 
center neck of a three-neck 300-cc. round-bottom flaslc equipped with an 

4.411 rneltiwg poi?zts are u~zcorrerled and  were obser:led i n  a H e r s h b e r ~  ? ~ ~ e l l i r ~ g - p o i ! ~ l  c ~ p p n r u l ~ ! s  
zrsiug a letitpercllirre rise of P C .  per 117iitzlle. 

bJIicroarlc2lys~s b y  Micro-Tech Lnbornlories, Skokie ,  Ill i l iais.  
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Allihn condenser set for 1-eflux and protected from entry of moisture with a 
calcium chloride guard tube. A second neclc of the flask was fitted with a 
dropping funnel, and the third neck was closed by means of a glass stopper. The 
flask was equippecl with a "glascol" heating mantle and a maglietic stirrer. 
The entire apparatus was swept with "oxygen-free" dry nitrogen as for a 
Grignard reaction. Lithium aluminum hydride (0.862 gm.; 0.023 mole), which 
was weighed in a nitrogen-swept dry-box, was addecl to the reaction flask 
along with 75 cc. of anhydrous ether. The  mixture was heated under reflux 
with stirring until the osime hat1 all been extracted from the thimble (one 
hour). After the solution had been refluxed for a further period of six hours, it 
was allowed to cool and stand overnight a t  room temperature. During this 
time the reaction mixture was maintained under an atmosphere of nitrogen. 
The stirred suspension was hydrolyzed after addition of a further 100 cc. of 
anhydrous ether by dropwise addition of water until evolution of hydrogen 
ceased and the precipitate became colorless and granular (5 cc.). Stirring was 
continued for a further hour after which the precipitate was collected by 
filtration and washed with anhydrous ether (6 X 25 cc.). The combined ether- 
eal solutions were concentrated to a volume oi 125 cc. and dried over anhydrous 
sodium sulphate (15 gm.). The  dry ether solution was evaporated to clryness 
first a t  atmospheric pressure and then in vacuo a t  60°C. The resultant colorless, 
porous, solid residue weighed 0.975 gm. 

No attempt was made to separate this mixture of cholesterylamines but the 
residue was heated with 5 cc. of acetic anhydride a t  70°C. for 10 min., cooled, 
treated with 20 cc. of anhydrous ether, and heated under reflux for one hour 
in an apparatus protected from entry of moisture. The  mixture was poured 
into 100 cc. of water with stirring and a colorless precipitate separated a t  the 
ether-water interface. Stirring was continued for 30 min. to complete the 
hydrolysis after which the colorless solid (m.p. 233-236'C.) was removed by 
filtration and dried, yield 250 mgm. The residual aqueous phase was neutralized 
to pH G by acldition of 10% sodium hydroxide solution followed by 5% sodiuni 
bicarbonate solution, extracted with "peroxide-free" ether (6 X 50 cc.), and 
the combined ethereal solutioiis evaporated to a volume of 200 cc. and dried 
over anhydrous sodium sulphate (15 gm.). The  dried solution ~ 7 a s  decanted 
and evaporated to a volume of 25 cc. on the steam-bath, whereupoil colorless 
platelets (m.p. 234-237'C.) separated, yield 202 mgm. The ether solutioii 
failed to yield more of this substance so was evaporated to dryness. The resi- 
dual pale yellow oil was heatecl in vacuo a t  60°C. in the presence of potassium 
hydrosicle to remove a trace of acetic acid, whereupon the oil slowly crystal- 
lized, yield 675 mgm. The latter material, 011 boiling with 30-60' petroleum 
ether, partially dissolved, leaving behind 42 ingm. of insoluble substance 
melting a t  222-232'C. The filtrate was evaporated to dryness, the resiclue 
(578 mgm.) dissolved in 25 cc. of anhydrous 56-67" petroleum ether and trans- 
ferred to a column for chromatographic analysis (diam. 20 nim.) packed with 
alumina (neutralized, reactivated, activity 11, 17 gm.). The column was 
eluted with 50-cc. portions of solvent. The benzene-ether (1 : I) eluates fur- 
nished two crops of crystalline material, the first and larger amount of which 
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011 recrystallization from methanol yielded 248 mgm. (23.2y0) of fine colorless 
needles, [a]: -59.4" (103.1 mgm. substance dissolved in chloroform, 10 cc., 
1 dm. tube); m.p. 183-184.5"C. alone and in admixture with an authentic 
specimen of r\li-acet~~l-3(a)-amiiiocholest-5-ene of m.p. 184.5"C. previously 
(6) prepared. 

The  smaller quantity of crystalline material, m.p. 235"C., (60 mgm.) from tlie 
chromatogram proved to be identical with tlie higher melting crops (250 mgm., 
202 mgm., and 46 mgm. respectively) previously obtained a t  various stages in 
the purification of the mixture of N-acet~~lcl~olesterylamines. This substance on 
recrystallizatioli from acetone furnished 498 nigm. (46.6%) of N-acetyl-3(p)- 
amiiiocholest-5-ene as colorless platelets, m.p. 242-243°C.; [a]g  "44.9" 
(104.2 mgni. substance dissolved in chloroform, 10 cc., 1 dm. tube). Anal.: 
Calc. for C2oH49NO: C,  81.45; H ,  11.54; N,  3.2770. Found: C, 81.49; H ,  11.59; 
N,  3.71%. This substance is undoubtedly the N-acetylcholester~lainiiie of 
m.p. 244°C. and 238-240°C. reported by Windaus and Adamla (7) and by 
Julian et al. (5) respectively. 

Cholest-4-ene-3-one 
Cholest-4-eiie-3-one of n1.p. 81-82°C. mas prepared in 94% yield from 

cholest-5-ene-3-one by Fieser's (4) procedure. 

Cholest-4-ene-3-one O x i m e  
Cholest-4-ene-3-one (10.0 gm.; 0.0260 mole) was heated under reflux for six 

hours with hydroxylamine hydrochloride (2.80 gm.; 0.0403 niole) aiid anhy- 
drous sodium acetate (3.20 gm.; 0.0390 mole) in 350 cc. of 95% ethanol, 
allowed to stand overnight, and poured slowly into 2500 cc. of water with stir- 
ring. The colorless flocculent precipitate which separated was collected by 
suction filtration and dried to constant weight in a vacuum desiccator in the 
presence of phosphorus pentoxide. The crude cholest-4-ene-3-one oxime 
weighed 10.3 gm. and exhibited a double melting point of SS-90°C. and 149- 
151°C. This substance was dissolved in boiling ethyl acetate (75 cc.) aiid the 
filtered solution allowed to stand in a desiccator in tlie presence of phosphorus 
pentoxide. Slow aclsorption of tlie solvent by tlie desiccant causecl long clusters 
of colorless needles (m.p. 157-158°C.) to separate. I n  this manner, over a 
period of four weeks, four crops of crystals of tlie above melting point were 
obtained, yield 8.90 gm. (85.6y0). Diels and Abclerhalden (3) report the 
melting point of cliolest-4-ene-3-oiie oxime as 152°C. 

Redz~c t ion  of Clzolest-4-ene-3-one Oxinze zoith L.itlzizm A l z ~ n z i n z ~ ~ n  JIydride 
The apparatus and procedure were tlie same as described for the reduction 

of cholest-5-ene-3-one oxime except that  2.00 gm. (0.005 mole) of cholest-4- 
ene-3-one oxime, 1.70 gm. (0.045 niole) of lithium aluminum hydi-ide, and 150 
cc. of anhydrous ether were used. The crude mixture of cholesterylamines 
(1.81 gm.) which resulted from hl-drolysis of the complex followed by ether 
extraction was acetylated with acetic anhydride (10 cc.) by the same pro- 
cedure as described for the mixture of cliolesterylamines resulting from 
reduction of cholesten-5-one-3 oxime. 
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The cholesterylacetamides proved to be entirely ether extractable. The 
ether extract on evaporation to dryness in vacuo furnished 2.00 gm. of pale 
yellow solid. This material was refluxed with 58-64' petroleum ether (25 cc.), 
the suspension filtered, and the solid residue (m.p. 221.5-223'C.) on the filter 
washed with 2 X 10 cc. of boiling petroleum ether, yield 262 mgm. This sub- 
stance proved to be identical with a second crop of material (m.p. 221-223'C.) 
which separated from the petroleum ether solution on cooling, yield 298 mgm. 
The petroleum ether solution failed to yield any further crystalline subs t a~~ce  
on slow evaporatioil and was consequently evaporated to dryness in vaczlo 
and brought to constant weight. The resultant pale yellow oily solid (1.45 gm.) 
was dissolved in 58-64' petroleum ether and transferred to a column (diam. 
24 mm.) packed with alumina (neutralized, reactivated, activity 11, 46 gm.) 
for chromatographic analysis. The column was eluted with 100-cc. portioils of 
solvent. 

Elution with benzene-ether (1 : 1) gave 143 mgrn. of crystalline substance 
which, after recrystallization from methanol, gave 71 mgm. of flat colorless 
needles which proved to be identical with the substance of m.p. 221-223'C. 
previously obtained. The three crops of this substance (262 mgm., 298 rngm., 
and 71 mgm. respectively) were combined and recrystallized from methanol 
(35 cc.) yielding 592 mgm. (27.7%) of N-acetyl-3 (P)-aminocholest-4-ene, m.p. 
222.5-223.5'C., [a]:.' f6.2" (104.2 mgm. substance dissolved in chloroform, 
10 cc., 1 dm. tube), as long flat needles. Calc. for C29H4gNO: C, 81.45; H,  11.54; 
N ,  3.27%. Found: C, 81.22; H ,  11.71; N,  3.27%. 

Elutioil with ether containing 0.5y0 methail01 gave 801 mgm. of colorless 
crystalline substance, which on recrystallizatioil from n-pentane (35 cc.) 
yielded 615 mgm. (28.8%) of colorless feathery needles melting a t  160-lGl°C. 
Two more recrystallizations from the same solvent raised the melting point to 
163-164'C., [a]:.' +105.5' (103.1 mgm. substance dissolved in chloroform, 
10 cc., 1 dm. tube). Anal. : Calc. for C,,H,QNO: C, 81.45; H ,  11.54; N, 3.27%. 
Found: C,  81.16; H ,  11.30; N, 3.64%. The latter substance is the hitherto 
unreported N-acetyl-3 (a)-aminocholest-4-ene. 

The authors wish to thank Mr. R. 0. Braun for assistailce with some of the 
chromatography. 
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THE INFRARED AND RAMAN SPECTRA OF cis AND trans 
DIBROMOETHYLENE, TRIBROMOETHYLENE, AND AN 

APPLICATION OF THE FREQUENCY SUM RULE1 

ABSTRACT 
Complete vibrational assignments have been obtained for tribromoethylene 

ant1 cis dil~romoethylene and thcrmoclynamic functions c;~lculatcd. 'Ten of the 
twelve fundamentals of trans dibrornoethylelle h:~vc becn assignctl and thc  
approsin~atc frequency of the missing pair evaluated by application of the 
frequency surn rule. The heat capacity of trans dibromoethylene has been 
calculated. 

Satisfactory spectroscopic data exist for vinyl bromide (6) ancl 1,l-clibromo- 
ctl~ylene (9), while the infrared active fundamen tals of tetrabro~noethylene 
below 300 cm.-' remain to be observed (11). Previous investigations did not 
enable complete vibrational assignments to be macle for tribromoethylene, or 
for cis and trans dibromoethylene. The Raman spectrum of tribromoethylene 
has been obtained (15), but in the absence of values for the depolarizatio~l 
ratios only a very limited assignment was attempted. More extensive worlc 
has been done on the cis and trans dibromoethylenes (8, 10, 17), but for both 
molecules the assignments are incomplete. 

In this investigation, the Raman spectra of the liquids with depolarization 
ratios and the infrared spectra of the liquids and their vapors were obtained 
for tribromoethyle~le and cis and trans clibromoethylene. Complete assign- 
ments for tribromoethylene and cis clibro~~~oetl~ylene, and an assignment of all 
but two modes (Raman inactive, iilfrarecl active lying below 250 cm.-l) for 
the trans molecule, have been macle. 

EXPERIMENTAL 

'The sample of CzHBra (Eastman ICodalc) was fractionally distilled under 
reduced pressure. A mixture of cis and trans C.HzBr2 (Eastman ICoclak) was 
redistillecl and a partial separation of the isomers was achievecl by fractional 
distillatioil with absolute alcohol (18). 

A White photoelectric recording grating spectrometer (20) and a Perkin 
Elmer Moclel 12C double pass infrared spectrometer (LiF, CaF, NaC1, ICBr, 
and CsBr optics) were used to obtain the spectra. Depolarization ratios were 
measured (7) and corrected for convergence error (16). The Raman spectra of 
liquid mixtures of cis and trans dibromoethylene were obtained a t  several 
temperatures between O0 and 85OC., the temperature variation of the cis d 
trans equilibrium being sufficient over this range to enable the identification of 
the Raman bands of the cis and the trans species to be made. The spectra of 
the cis-enriched and the trans-enriched sa~llples a t  room temperature made the 
identification unequivocal. 

1Manz~script received January 21,  1955. 
Contribution fro711 the Division of Pzrre Clternistry, iVationa1 Researcl~ Cozrncil, Ottawa. Issued 

as N.R.C. 1%. 3606. 
21Vat;o?zal Research Cozi?zcil Postdoctorate Research Fellow, 1953-1956. 
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Under collditions of optimum resolution with the NaC1 prism it was possible 
to resolve only partially the rotational structure of the perpendicular a ,  band 
of trans dibromoethylene a t  899 cm-I. Complications fro111 hot bands may 
account for this. 

Figs. 1, 2, and 3, respectively, illustrate the Raman spectrum of the liquid, 
the infrared spectra of the liquid and solution, and the infrared spectrum of the 

10 

FIG. I. Obcervecl Raman spectrum of eq~lilibrium ~llixtilre of cis ancl L r a m  clibromocthylcnc 
a t  27°C. 

FIG. 2. I~lfrarccl soectrum of an eoililibri~~ln ~llixtilre of cis and Lrafts clibromoetl~vlene a t  
20°C. 
-- 0.1 rnm. lic~uicl fillu; - - - - capillary liquid film; - - - - - - - -1% S O ~ L I ~ ~ O I I  in CS2, 

0.1 mm. cell. 
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-8 '+ 6cm. CELL 

Fig. 3. Infrared spectr~lm of an equilibri~un mixture of cis and trans dibromoethyle~le vapor 
spectrum. 

SLIT  WIDTH 5cm;' 

c mr' 
FIG. 4. Raman spectrum of liquid tribromoethylene. 
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vapor of the cis-trans dibromoethylene equilibrium mixture a t  rooin tempera- 
ture. Tables I and I1 summarize the assignment for the cis ailcl trans molecules. 

Fig. 4,  the Raman spectrum of liquid tribromoethylene, is a direct repro- 
cluctioil of a chart taken at high scanning speed, and some of the features 
which are obvious a t  slower scanning speeds are not apparent. Fig. 5 shows the 
infrared spectrum of tribromoethylene. Tables I11 ailcl IV summarize the 
assigllmeilts of all the observed bands of tribromoethylene, while in Table V 
the assignments of the fuilclamental modes of tribromoethylene and tri- 
chloroethylene are compared. 

I nfrarecl Rnman 
Assignment 

Vapor 1,iquid c111.-l Peorr. 

867 vvvw 

753 J 
738 sh. m. v7+19 = 736 ( A ] )  
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EV.4XS AND BERNSTEIK:  INI;R..\Rl<D AXD KAMAN SPECTRA 1175 

TABLE I1 

I nfrarecl Raman (liquid) 

\;npor Liqllid c111.-l P c u r r  

3158 w 
3089 s 

2727 vw 
2396 vw 
1827 vw 
1!)05 sh. vvw 

:%) 16281~1. 

1581 s 

P 2v.2 = 3162 ( A , )  
0.22 Y1 (a,) 

VcJ ( b" )  
Y ~ + Y I O  = 2741 (B,) 
va+vlo  = 2411 (13,) 
~ 3 + ~ l l  = 1931 (Bu) 
Y . I + U I O  = 1903 (B,) 

736 w 0.S6 ) 6Sl (CS? sol.) vs 
318 vs 0.39 

TABLE I11 

Corrected 
depolarization 

c111.-l ratio Intensity" Assignment 

2fi = 3100 ] Fermi resonance 
Y I  

p e r m i  resonance 
v a + u o  
vlo+vi i  = 1168 

1203 
1 17G 
826 
S l l  sh. 

5 0 0 
469 
412 
402 
238 
184 sh. 
I (is 
115 

VVW 

0.050 
0 .36 
0.025 
0.074 
0.031 

'Vnte?~si t ies  quoted are L1z.e slandard inlensities relatioe to  tlze CCI.I band at 458 cnr-1. A correction 
for Llze reflection loss slroztld be applied to these ualzres. Tlre nrclhod for deter?lrining these i?ztensibies 
Iras bee72 described (3). 
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Frc. 5 .  Infrared s p e c t r ~ ~ m  of tribrornoethylene. 
A Capillary film of the l i q ~ ~ i d ;  
B 0.1 mm. lilm of the liquid; 
C Capillary lilm of the liquid. 

Liquid Vapor Assignment Liquid Vapor Assignment 

v~ +vg  = 3178 

2m = 3100)Fer~11i resonance 

n +v3 = 1'715 
"3 +"I = 2030 
"3+"5 = 1910 
v?+n = 1793 
v>+2vg = 1787 
".>+US = 1739 
n+vq = lli72 
Y Z  

Fernli 
2vl0 = 1536; v ~ + v j  = 1533 

nance 
v;+v; = 140-4 
",+"a = 1331 
w+vr = 1323 

1240 vvw sh. v1fv11 = 1233 593 vw va+vi t  = 589 
12151 ".I )-mi resonance 50D m vd 

1 2 0 0 / ~  v;+va = 1205 -4Ii5 vrv 2vl = 476 
1180'vvw sh. V I O + V I L  = 1172 
10lj5 vw v ~ + n  =!,lo66 
1030 vvw 2 ~ , ?  +v5  = 1038; 2v11 + irl = 1C48 

408 m YLI 

364 vvw 2va = 368 
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EV-ASS A N D  BERNSTEIN: ISFRARED ASD RAXAN SPECTRA 1177 

C?HBr3 C Z H C I ~ ~  

Corrected Corrected 
Y Approximate \Vave depolarizatio~~ Wave depolarizatio~i 

descri~tion number ratio number ratio 

2 Yol (C=C) 

4- ua' (C-S) 
5 YY' (C-X) 
6 Y.' (C-X) 
7 a' skeletal 
8 a' skeletal 
9 a' skeletal 

10 6," (CH) 
11 a" skeletal 
12 a" ske!etal 

f = Fernzi resonance. 
aAllen,  G. a d  Rernstein, IT. J. Can. J .  Clzenz. 32:1044. 1954. 

DISCUSSION 

cis and trans Dibromoet17,ylene 
The assigilments are consisteilt with the selection rules, the depolarizatiorl 

ratios, the vapor band contours,* and with the assignments for the corre- 
sponding chloroethylenes (5). The  missing trans fundamentals, v7 and vl? ,  lie 
beyond the CsBr prism liinit but a rough estimate of their sum may be made 
from the vapor phase equilibrium data obtained by  Noyes and Diclcenson 
(14). For the equilibrium cis trans, these authors determined the heat of 
isomerizatioil to  be - 130&300 cal./mole. Assuming AEoO = 0&300 cal./mole, 
and using the momeilts of inertia quoted in the footnote and the equilibrium 
constant a t  158°C. of 0.98, i t  is found by a calculation analogous to tha t  
described for the chloroethylenes (5) that v7+v12 = 340 f  90 cm-l. 

Another estimate of each niissing frequency will be described below. 

The 12 fundamental modes are distributed between the symmetry species 
a' and a" as 9a'+3aU. The three depolarized Raman bands are assigned to the 
3a" modes and, in the case of the highest and strongest vlo,  the infrared vapor 
band contour provides confirmation. The nine polarized a' modes fall readily 
into the approximate descriptions given in Table V. 

"Assz~nzing bond lengths for both cis and trans nzolect~les: C=C = 1 .~4 .4 ,  C-Br = 1.84.4, 
C-H = 1.07.4, and all angles 1BO0, the following nzowzents of inertia were determined: 
trans IA = 9.3, I B  = 1544, I c  = 1353 gm. c n ~ . ~  X 10-'0 (nfiproxinzates to a synznzetric top); 
cis IA = 106, IB = 679, I c  = 785gm.cm.Z X l0-40;S = -0.95, p = 5.Oforthecismolecule(l). 
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The Frequency Sum Rule 
I t  has been shown that the frequency sum rule is applicable to the chloro- 

ethylenes (4) and that the five parameters of Table VI describe the relations 
between the sums adequately. Here n is the number of substituted halogen 
atoms in the series CZH4-,H,. To  apply the sum rule to the bromoethylenes 

TABLE VI 

0 C?H, a 
I CrHxX a f b  
2 1 : 1-CyH2X2 a+2b+c 
2 cis C?H?X? a+2b+d 
2 trans C?HrX:, a+$b+e 
3 C?HX3 a+3b+c+d+e 
4 c2x4 a+4b+2(c+d+e) 

the data  given in Table VII have been used. Just as for the chloroethylenes 
the sum rule should apply to the in-plane modes and out-of-plane modes as 
well as  for all the modes. In Table VIII the sums for trans dibromoethylene 
and C2Br4 have been calculated from the experimental sums for ethylene, 
vinyl bromide, cis- and asym-dibromoethylene and tribromoethylene. In  this 

TABLE VII 

aArnett, R .  H. and Crawford, B. L. J .  Cltetlt. Pltys. 18: 118. 1950; zuitlt tlte 71ew value for v j  

(b,,) found by  Stoicheff, B.  P .  J .  Chetn. P l ~ y s .  21: 755. 1953. 
*Reference 6. 
cTltis work. 
dReference 9.  
"Reference 11. 

way v7(aU) and vl?(b,) are calculated as 1 9 4 f  63 cm.-I and 1 5 4 f  130 cm.-I 
respectively for trans dibromethylene; v 4 f v 7  = 2 6 5 f 4 5  cm.-I and v l o f v l z  

= 303f 100 cm.-l are calculated for tetrabromoethylene. The quoted uncer- 
tainties are maximum values based on assuming an error of f 25 cm.-I in the 
sum of the 12 observed frequencies for each molecule. 
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TABLE VIII 

Total In-plane Out-of-plane 
- 

Calc. Obs. Calc. Obs. Calc. Obs. 

C2H4 21597" 18678O 2919a 
CzILBr 17795O 15364b 2$3lb 
cis CzH?Br2 1392Oc 12020" 1900" 
asyttl 13810d 11831d 197gd 
trans 13787f ( 1 3 4 3 9 ~  11957f 18301 

137300 1 + U ~ + U ~ .  119390 {1:f:3c 17910 
C?HBi-3 973OC 8394c 1336" 
CzBr, 5467f ( 4900" 4738f 4435" 729f  

54600 { + u I + u ~  ,750. (+ulo+u~2 710. { $ f 4 4 i ~ 7  

(+YIO+YIY 

a~"c~droSa?t~e  footnotes as i n  Table V I I .  
IFrotn paranzetric equations. 
@From li i~ear plots. 

The frequency sum rule may be applied in a graphical manner and possibly 
less uncertain values may be obtained. From Table VI it is readily seen that 
the values of Cv for n = 0, I, the average for n = 2, n = 3, and 4 lie on a 
parabola. The sums then for two homologous series such as the chloroethylenes 
C2H4-,Cl, and bromoethyleiles C2H4-7,Brn are given by two quadratic equa- 
tions, viz.: 

In general there will be a relation between Cv C?H4-,Cl, and Cv C2H4-,Brn 
of the type 

Cv C?H4-,CI, = A + B (Cv CzH4-,Br,) + C(Cv C2H4-nBrn)2. 

However, this will be linear if C, which is proportional to 

[ (c1+d'+e')lb'1 - [ (c+d+e)/bl, 

is very small. 
In the case of the above-mentioned series the three points corresponding to 

n = 0, 1, and 3 plotted for the sums of the chloro- and bromo-ethylenes lie 
within the experimeiltal uncertainty on a straight line (Fig. 6). Similarly, 
straight lines are obtained from the plots of the in-plane and out-of-plane 
sums. Interpolation from the known value of the average of the sums of the 
three disubstituted chloroethylenes gives a value for the average of the three 
disubstituted bromoethylenes and extrapolation to the value for C2C14 allows 
the correspondiilg values for C2Br4 to be estimated. 

In Table VIII the calculated sums for trans dibromoethylene and C2Br4 
obtained from linear plots of corresponding sums are also shown. In Table I X  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

17
8.

21
1.

38
.3

6 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CANADIAN JOURNAL OF CHEMISTRY. VOL. 33 

FIG. 6. F r e q ~ ~ e ~ i c y  S L I ~ I S  (c~n.-I) of the chloro- and the bromo-ethylenes. 

the calculated values for missing frequencies in these molecules have been 
collected. The usefulness of the sum rule for estimating low lying frequencies 
may be judged from the uncertainties for these values given in Table IX. 

TABLE I S  
CALCULATED MISSING FREQUENCIES 

From From From 
linear relations equilibrium Mean 
plots of Table VI data value 

"Usijzg the assign?ile?zt for C?CL( giae,~ by iWann, Acqzrista, a?zd Plyler (12). Sonzewhat differefzt 
values are obtained if the assignme?zt of Ber?zstein (2 )  i s  used. 

T h e r m o d y n a m i c  Funct ions  
The vibrational contributioils were computed from tables by R/Iiller, West, 

and Bernstein (13), while the formulae given by Rossini et al. (19) were used 
to determine the rotational and vibrational contributions. The moments of 
inertia of the dibromoethylenes have been quoted earlier. Using the same 
values for bond lengths and angles, the product of the moments of tribromo- 
ethylene was determined as I, IB IC = 1.210 X 10-Ill gm.3 cmG. 
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TABLE X 

C-HBr.  as a n  ideal pas 

cis C7H-Br. as a n  ideal ens 

!runs dibromoe!lrylene as a n  ideal gas 
300 17 .OO 

The  thermodynamic functions have been given for a few temperatures only 
since liquid data have been used for many of the vibrational frequencies. 
Furthermore, only Cop was calculated for trans dibromoethyleile since large 
uncertainties arise in calculating the other thermodynamic functions from the 
uncertainties in the values for v7 and VIP. I t  may be shown numerically that for 
two modes v, and vb, the contribution to the vibrational heat capacity from v, 

plus the contribution from vb is very nearly equal to twice the contribution 
from (va+vb)/2 (at the same temperature). The  best estimate for v7+v12, 

320 cm.-l, was used in the computation, and the error in Cop is determined by  
the error in estimating vi+vl~. 

The results for the three molecules are given in Table X. 

The authors have appreciated helpful correspondence with Professor M. de 
Hemptinne who has beell investigating the vibrational spectra of cis and trans 
dibromoethyleile and their deuterated ailalogues a t  the same time as the 
present work was done. 
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--- 
NOTES 

T H E  SYNTHESIS O F  ETHANOLAMINE-1-C" 

BY D. E .  DOUGLAS AND ANNA ~ ~ I A R Y  BURDITT 

Pilgeram et al. (4) have reported a synthesis of uniformly labelled ethanol- 
amine-C14 from barium carbonate-C14 via acetylene and ethylene oxide, 
yielding di- and tri-ethanolamine as  by-products. 

We have synthesized ethanolamine-1-C1"rom radiocyanide through the 
formation of (C1"-cyano)methyl benzoate (1, 3) and its subsequent reduction 
with lithium aluminum hydride to  ethanolamine in 30y0 over-all yield. This 
method involves only two stages and yields solely primary anline. The  re- 
actions are as follows: 

H?O+HCHO+NaC14N $ HOCH?C14S+NaOH 

I EXPERIMENTAL 

I (CIA-Cyano)methyl benzoate was prepared by the method of Aloy and 
I 

Rabaut (I) on a semimicro scale as follows: T o  0.154 gm. (2.9 mM.) of sodium 

I 
cyanide-C14 (3.28 X lo7 counts/min. total activity) in 0.5 ml. of water cooled 

I in an ice-bath and stirred with a magnetic stirrer was added 0.24 ml. of 37% 
I forinalin (2.7 mlM. of formaldehyde). After one hour, 0.30 ml. (2.6 mM.) of 

benzoyl chloride was added, and stirring a t  O°C. continued three hours 
longer. After the addition of 3 ml. of 5% sodium bicarbonate, the reaction 
misture was extracted continuously with ether for two to three hours. The  
ether extract was dried thoroughly, first over calcium chloride, then over 
Drierite. 

The  cyanomethyl benzoate was reduced without isolation by the gradual 
addition of the dried ether solution to 3.5 ml. of an ethereal solution of lithium 
aluminum hydride (approximately 2.6 mM. per ml.). T h e  complex was decom- 
posed by stirring with 30 ml. of water, added slowly, the ether was removed 
by evaporation, and the aqueous phase was saturated with carbon dioxide. 
The  aluminum hydroxide was centrifuged off and washed thoroughly with 
several portions of hot water. T h e  supernatant and washings were combined, 
1 ml. of ethylene glycol monobutyl ether (2) and 5 ml. of 0.5 N sodium hy- 
droxide added, and the ethanolamine and water removed by lyophilization 
and condensed into a trap cooled with dry ice - isopropyl alcohol. The  residue 
remaining was talten up in water, 1 ml. of ethylene glycol monobutyl ether 
added, and lyophilization repeated. This  process was carried out  four times 
altogether. The ethanolamine was recovered as  hydrochloride by evaporation 
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of the combined condensates from the cold trap with excess hydrochloric acid, 
and the salt recrystallizecl from isopropyl alcohol - ether. Yield: 0.0946 gm. 
(30.9y0, based on sodiuin cyanide). The material was recrystallized for activity 
and melting point determinations. Specific activity: 132,000 counts per min. 
per mgin. Melting point: 79.8-82' C. Mixed melting point with authentic 
ethanolamine hydrochloride : 79.8-83' C. 

Thirty-seven per cent of the initially added racliocyanide activity was found 
in the aqueous phase after ether extraction of the cyanomethyl benzoate. 

To  check the radiopurity, ethanolamine hydrochloride prepared by the 
above procedure was chromatographed on paper, with water-saturated phenol 
as the developing solvent. Radioautography indicated that the material was 
essentially free from radioactive contaminants. The Rf was 0.76. 

1. .%LOT, J. and RABAUT, C. Bull. soc. chin]. France, (4) 13: 457. 1913. 
2 HORSLEY, L. H. Bnnl .  Chcm. 21: 838. 194'3. 
3. MOWRY, D. T. J.  Am. Chem. Soc. 66: 371. 1944. 
4. PILGERAM, L. O., GAL, E. &I., SASSENRATH, E. N., and GREBSBERG, D. hI. J. Biol. Chem. 

204: 367. 1953. 

RECEIVED D E C E ~ ~ B E R  15, 195.1. 
DIVISION or; ATOMIC CHEBIISTRY, 
THE MOSTREAL GENERAL HOSI'ITAL, RESEARCH INSTITUTE, 
MONTREIL, P.Q. 

A SELF PUMPING DROPPING MERCURY ELECTRODE FOR USE 
WITH STIRRED SOLUTIONS1 

The theory of polarography assuines the formation of a polarized layer around 
one electrode in an electrolysis cell. If through agitation of the solution this 
layer is dist~irbed the current passing through the cell is no loilger diffusion 
dependent and the Illcovic equation does not apply. Uiilson and Smith (12) 
studied the effect of increasing flow rate of solution on the dropping mercury 
electrode (DME) and found first of all a deviation from diffusion coiltrolled 
current and finally a complete disruption of the regular drop formation. 
By employing a slolv rate of flo~l7 in a horizontal direction they mere able to  
monitor continuousI~7 sulphur dioxide in industrial solutions by a polarographic 
method (13). This principle has been used by a number of worliers (1, 11) 
while others have employed baffles (4, 5, 6, 7, 14) and some have even aban- 
doned the ordinary DAME in favor of the vibrating DME (2), or solid electrodes 
(3, 9, 10). 

This paper describes a cell in which the DllIE is situated in a side arin 
and the solution is circulated past the electrode by the pumping action 
of the detached drops descending through a capillary. Basically the cell 
consists of a Lingane-Laitinen H cell (8) to xx~hicl~ a side arm has been attached 

IContribzition No.  45, Sciefzce Service Laboratory, L o ~ t d o n ,  Ontario. 
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of the combined condensates from the cold trap with excess hydrochloric acid, 
and the salt recrystallizecl from isopropyl alcohol - ether. Yield: 0.0946 gm. 
(30.9y0, based on sodiuin cyanide). The material was recrystallized for activity 
and melting point determinations. Specific activity: 132,000 counts per min. 
per mgin. Melting point: 79.8-82' C. Mixed melting point with authentic 
ethanolamine hydrochloride : 79.8-83' C. 

Thirty-seven per cent of the initially added racliocyanide activity was found 
in the aqueous phase after ether extraction of the cyanomethyl benzoate. 

To  check the radiopurity, ethanolamine hydrochloride prepared by the 
above procedure was chromatographed on paper, with water-saturated phenol 
as the developing solvent. Radioautography indicated that the material was 
essentially free from radioactive contaminants. The Rf was 0.76. 
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A SELF PUMPING DROPPING MERCURY ELECTRODE FOR USE 
WITH STIRRED SOLUTIONS1 

The theory of polarography assuines the formation of a polarized layer around 
one electrode in an electrolysis cell. If through agitation of the solution this 
layer is dist~irbed the current passing through the cell is no loilger diffusion 
dependent and the Illcovic equation does not apply. Uiilson and Smith (12) 
studied the effect of increasing flow rate of solution on the dropping mercury 
electrode (DME) and found first of all a deviation from diffusion coiltrolled 
current and finally a complete disruption of the regular drop formation. 
By employing a slolv rate of flo~l7 in a horizontal direction they mere able to  
monitor continuousI~7 sulphur dioxide in industrial solutions by a polarographic 
method (13). This principle has been used by a number of worliers (1, 11) 
while others have employed baffles (4, 5, 6, 7, 14) and some have even aban- 
doned the ordinary DAME in favor of the vibrating DME (2), or solid electrodes 
(3, 9, 10). 

This paper describes a cell in which the DllIE is situated in a side arin 
and the solution is circulated past the electrode by the pumping action 
of the detached drops descending through a capillary. Basically the cell 
consists of a Lingane-Laitinen H cell (8) to xx~hicl~ a side arm has been attached 
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MILLER: DROPPIKG M E R C U R Y  ISLECTRODE 

I FIG. 1. Polarographic cell assembly. 

I 

as shown in Fig. I. The D M E  capillary A is inserted through rubber tubing B 
I i into the top part of the side arm, the mercury drops falling into capillary D. 

The diameter of D is slightly smaller than that  of the detached mercury drops 
(approximately one millimeter) so that the drop seals the capillary and forces 
the solution downward as it falls. This draws fresh solution into the side arnl 

1 through C and because of the small volume of liquid in the side arm the 
solution is completely changed with every two or three drops. Each drop 
comes to rest a t  E, the lowest point in D, where it  remains until forced out 
by the succeeding drop and thus temporarily seals the side arm against 
disturbances in the main body of the solution F. Since the drop descends to  

. . .  . , .  . . . . . . . . . . . . .  . . . . . . . . .  . . . . . . .  . . . . . . . . . .  . . . . . . . . . . . .  
E in less than a second, the solution is in motion for only a short time a t  the 

. .  , . . . . . . . . . . .  . . . .  
. . 

. . . . . . . .  . . . .  . . . . . . . . . . . . . . . . .  . . . . . . . . . .  . . . . .  . . . . . . . . .  . . 
beginning of each drop formation, and for drop times of four seconds or 
greater the effect on the polarogram is negligible. 

. . .  
. . . . .  . . . . .  

T o  test the response of the D M E  to changes in solution composition, 
. . . . 10 ml. of a 0.1 N KC1 solution saturated with air were placed in the cell and . . .  

the polarogram recorded by a Sargent Model XXI Visible Recording Polaro- 
graph. The  applied e.m.f. was constant a t  -0.75 v. vs. S.C.E., the sensitivity 
set a t  0.030 ~amp./rnm.,  the damping switch in the off position, and the drop 
time 4.55 sec. The polarogram obtained under these and the following condi- 
tions is shown in Fig. 2. For the first minute the diffusion current due t o  
oxygen is recorded. At point L a fritted glass gas dispersion tube was plunged 
into F and nitrogen bubbled through the solution a t  about 100 ml./min. 
The rapid drop in the oxygen concentration is indicated by the fall in the 
current between one and three minutes. Two drops of cadmium sulphate 
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0 
M 

0 
1 

I 2 3 4  5 
T I M E  ( M I N . )  

FIG. 2. Response of polarograph cell: 
L-nitrogen bubbled through cell. 

A[-cadmium sulphate solution added 
N-bubbler withdrawn. 

solution were introduced a t  M and the subsequent rise in current deinonstrates 
a 98% response in 30 sec. following a change in concentration in F. .At point N 
the dispersion tube was withdrawn with no visible effect on the polarogram. 

The cell as depicted in Fig. 1 has proved very useful for general polarographic 
work. If clamped into a water bath and cleaned by suction it provides the 
added advantage that the position of the D M E  is fixed and reproducible. 
Certain precautions must be observed however in the building of this cell or 
design of other assemblies based on the same principle. The  length of C must 
not be too great because of its high resistance (this was 1200 ohms in the cell 
used by the author with 0.1 N KC1 as ground electrolyte). Further, the agita- 
tion in F must not be violent enough to cause vibration of the D M E  or to 
dislodge the mercury drop prematurely from its position a t  E. Actually, 
stirring by the means described here is preferable since it is thorough, smooth, 
and rapidly deoxygenates any added reagents. The D M E  is undisturbed by 
the gas flow, even to the point a t  which the solution foams over the top of 
the cell. 

1. BECKMANN, P. Chemistry & Industry, 791. 1848. 
2. BERMAN. D. A.. SAUNDERS. P. R.. and WINZLER. R.  1. Anal. Chem. 23: 1040. 1951. , d 

3. COOKE, i~. D. ' ~ n a l .  ~ h e k .  25: 215. 1953. 
4. JuR.4, W. H. Anal. Cheni. 26: 1121. 1954. 
5. LAITINEN, H.  A.  and RURDETT, L. lV. Anal. C h e n ~ .  22: 833. 1950. 
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THE NATURE OF THE INTERACTION FORCES BETWEEN 
PARTICLES IN SUSPENSIONS OF GLASS SPHERES 

IN ORGANIC LIQUID MEDIA' 

ABSTRACT 

Electrostatic agglomeration can be induced in suspensions of glass beads in 
organic liquid media. The stability of the agglomerates is markedly dependent 
on temperature. The influence of surface roughness and the presence of small 
quantities of water on the interparticle interaction is discussed. Assuming a 
simple model the observed relationship between yield value and particle size for 
systems containing the same concentration of solid phase is derived. 

INTRODUCTION 

The behavior of suspensions of solids in liquid media is of considerable 
importance owing to the numerous practical applications of systems of this 
type which exhibit non-Newtonian behavior. Basically, the behavior of such 
a system is determined by the interparticle interaction, which is, in turn, 
determined by the nature and composition of the supporting medium. Sus- 
pensions of inert solids in organic liquids have been investigated by a number 
of workers (5, 12) and the presence of small amounts of water as an immiscible 
liquid has recently been shown to be of profound importance (9, 10). 

Eggleton and Puddington (4) investigated the effect of temperature on 
suspensions of glass beads in toluene containing various amounts of water. 
Although the suspensions containing large amounts of water behaved as  
expected, showing a minimum yield value below the freezing point of water, 
the anhydrous suspension and that containing 0.1% water showed an un- 
expected and steady increase in sedimentation volume and yield value as the 
temperature was lowered to -60' C. This work is concerned with a further 
investigation of this phenomenon and a consideration of other factors involved 
in systems of this type. 

EXPERIMENTAL 

Glass beads, -275 mesh, were supplied by the Flexolite Manufacturing 
Corporation. The beads were fractionated dry in a current of air by means of 
an Aminco Roller Particle Size Analyzer. A fraction of average diameter 41 p 

'Manuscript received March 8, 1955. 
Contribution from the Division of Applied Chemistry, National Research Council, Ottawa, 

Canada. Issued as N.R.C. No. 9619. 
'N .R .L .  Postdoctorate Fellow, 1953-55, National Research Council, Ottawa, Canada. 



1190 CANADIAN JOURNAL OF CHEMISTRY. VOL. 33 

was used in all experiments. Fig. 1 shows the distribution of bead sizes. This 
fraction was selected to conform with that of 43 p obtained by Eggleton and 
Puddington by wet fractionation. The main impurity in the beads was a 
ferromagnetic dust, the bulk of which was removed by flowing the aqueous 

DIAMETER OF BEADS (MICRONS) 

FIG. 1. Size distribution of glass beads. 

suspension of beads through a glass tube placed between the poles of a power- 
ful magnet. The beads were then cleaned in aqua regia and extracted with hot 

I distilled water by decantation to remove acid. End washings were strongly 
allcaline and analysis of the supernatant liquor for Na and Ca showed con- 

I 
siderable solution of the soft glass. I t  is possible that the glass beads used in 
similar worlc (4, 13) were considerably etched by solution of the glass. The 
beads were finally oven-dried before use. 

The reagent grade organic liquids were purified as follows. Tolue~le was 
dried over calcium hydride and refluxed in vacuo. Chloroform was washed 
several times with distilled water, dried over silica gel, and refluxed in uacuo. 
Methyl alcohol was partially dried over calcium oxide, was distilled into a 
vacuum reservoir containing magnesium turnings, and after solution of the 
magnesium was degassed by refluxing in vacuo. The required amount of beads 
was weighed into a calibrated 12 mm. tube attached to the vacuum line. The 
glass beads were then balced out in vaczro a t  350' C. until a stick: vacuum in 
the McLeod gauge was obtained, and were allowed to cool. The required 
organic liquid was then further degassed by repeated distillation between two 
traps and finally distilled into the tube containing the beads. The tube was 
then immersed in liquid nitrogen and sealed off a t  a preformed constriction. 
A similar tube containing beads with no supporting liquid was also prepared. 
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Copper spheres, 100-200 mesh, were substituted for the glass spheres in one 
tube. These were reduced a t  350" C. in an atmosphere of hydrogen and the 
water reaction product was frozen out in a liquid nitrogen trap. The system 
was then degassed a t  350" C. and filled with toluene as described above. 

RESULTS AND DISCUSSION 

(a) The Behavior of Glass and Copper Spheres in Anhydrous Media 
I t  was found that the sedimentation volume of the glass beads in toluene 

was a minimum (the same as for the beads in vacuo) and virtually independent 
of temperature, as long as  the suspension was not subjected to too vigorous 
or sustained agitation. Observations were carried out in an air thermostat 
capable of regulation to 0.3' C. between room temperature and -60" C. 
Gentle agitation by inversion of the tube would eventually cause agglomeration 
and the time required was shortened to a few seconds by vigorous shaking. 
The maximum sedimentation volume so obtained (about 2 ml./gm. compared 
with about 0.67 ml./gm. minimum) also appeared to be independent of the 
temperature, but a t  room temperature the subsequent collapse of the settled 
agglomerate to  the minimum volume was very rapid, whereas a t  lower tempera- 
tures the agglomerate appeared to be very stable and showed no tendency to 
collapse over periods of some six hours. Similar behavior mas observed for the 
beads in chloroform but in methyl alcohol no increase in sedimentation volume 
was observed. 

Gallay and Puddington (6) have shown that  an attractive force between 
particles causes an increase in the sedimentation volume by preventing the 
close packing of the particles. I t  is apparent from the above observations that  
the agglomeration observed in the anhydrous toluene and chloroform is 
caused by the build-up of electrostatic charges which exert a strong attraction 
between the beads. The formation of the charges is probably owing to the 
collisions which take place between the beads during agitation or to the 
relative motion of the glass beads and the supporting liquid. The formation 
of electrostatic charges by the relative motion of two dielectrics is a well-ltnown 
phenomenon. I t  appears that the presence of the liquicl phase is important in 
that i t  allo\vs for relative motion of the beacls with respect to each other or to 
the liquid medium. The agitation of the glass beads in vacuo did not give any 
agglomeration since there is no resistance to flow. 

The reduced copper spheres in anhyclrous toluene showed no agglomeration 
a t  all from room temperature t o  -60" C. The  resistance of the settled beads 
measured between two sealed-in tungsten electrodes about 1 cm. apart was 
less than 1 ohm. This value was obtained immediately after settling and did 
not alter with time of standing. An adsorbed layer of toluene ~vould be ex- 
pected to give an appreciably higher resistance since the resistance of the 
original oxide coated beads was of the order of 5 megohms. 

The agglomeration of the glass beads in anhydrous toluene and chloroform 
and the absence of any such aggregation in anhydrous methanol can be 
considered in the light of the electrical conductivities of these liquids. Both 
toluene and chloroform are good dielectrics; toluene has a volume resistivity 
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of about 10-l4 ohm-cm. whereas that of methanol is about No appreciable 
adsorption of toluene on glass would be expected but methanol should be 
chemisorbed andJg ive  a suitably conducting surface, thus preventing the 
formation of localized charge centers during agitation. At  room temperature 
the surface conductance of the glass in toluene is apparently sufficient to cause 
a rapid collapse of the charged agglomerate. 

I t  is surprising tha t  the agglomerates are so stable a t  lower temperatures. 
A t  contact points the behavior of the liquid can be compared to  that of a 
liquid in a capillarjr of molecular dimensions. T h e  temperature coefficients of 
surface resistivity and of liquid viscosity in such a system are not known but 
are possibly of an  order which will explain the observed properties. There is 
little doubt that adsorption energies and electrovisco~~s forces in such a system 
are very high compared with normal bulk properties. 

The  copper beads in toluene showed no agglomeration, and in this case no 
localized charges are capable of existing on the surface of the bead. I t  should 
be noted tha t  if the glass beads all possessed a uniform surface charge of the 
same sign, no agglon~eration would be expected since the existence of a uniform 
surface potential would tend to  stabilize a suspension by repulsion between 
the particles in the same way as an electrical double layer stabilizes aqueous 
suspensions. The  glass beads may, however, possess localized surface charges 
all of the same sign, and agglomerate by electrostatic induction. Alternatively, 
the beads may possess both positive and negative localized surface charges 
which would cause the observed flocculation. T h e  existence of a stable charge 
mosaic on the surface of glass has been suggested elsewhere (3). 

The  actual mechanism of the electrostatic agglomeration is important in 
connection with the stabilization of suspensions of inert materials in organic 
liquid media. Garner and co-workers (7) have shown that  an electrical charge 
is present a t  the surface of particles of carbon black dispersed in organic 
liquids and tha t  the particles may be either positive or negative according to  
the nature of the supporting medium. Toluene was found to  give a negatively 
charged suspension and chloroform a positively charged one. I t  is possible 
that  this phenomenon and tha t  of the electrostatic agglomeration of the glass 
beads are related and the same basic phenomenon may cause both stabilization 
and agglomeration of a suspension according to  the nature of the suspended 
material. When this is sufficiently conductive the charge will distribute itself 
over the whole surface and stabilization of the suspension will result. The  
stability of a double layer on a conducting particle of this type may be owing 
to  the seat of the charge not being confined to  the periphery of the solid but  
being smeared out throughout the whole particle. In the case of the glass 
suspensions, charges may be localized a t  points on the surface and the ad- 
sorption of oppositely charged solvent molecules could take place a t  other 
surface locations. 

The  electrostatic agglomeration of the beads is not affected by small amounts 
of water although this is more apparent below 0" C., when the water is frozen 
out on the beads. However, the indication is tha t  the electrostatic behavior 
is inherent in such suspensio~zs and is not owing to  the presence of ionic im- 
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purities. Suspensions of various materials in organic and aqueous solutions 
in which the particles are capable of hydrogen bonding with the liquid medium 
are generally stabilized against flocculation (8). Thus, suspensions of copper 
sulphide in water and ether are stabilized by the addition of hydrogen sulphide 
which allows for such bonding to occur. Such bonding would also be expected 
in suspensions of glass beads in methanol and water and, in fact, these sus- 
pensions do not flocculate. However, i t  might also be expected that  in such 
systems stabilization is brought about by the formation of a continuous double 
layer on the surface owing to the adsorption of one of the ionic dissociation 
products of the stabilizing medium. 

( b )  Minimum Sedimentation Volumes 
The settled volumes of the glass spheres in various liquids are shown in 

Table I. The minimum volumes are the same in methanol, toluene, water, and 

TABLE I 
MINIMUM SEDIMENTATION VOLUMES OF GLASS SPHERES IN DIFFERENT LIQUIDS 

Sedimentation volume, ml./gm. 
Supporting - 

medium Settled under Tapped down 
gravity while settling Centrifuged 

Water 
Methanol 
Vacuum 
Toluene 
Chloroform* 

*Higher values i n  chlorofornz m a y  be dzie to snzall amozints of decomposition 
products of the chloroform. 

in vacuo indicating that  electrostatic agglomeration is absent. In all these 
cases it is to be noted that  the minimum volume is well above that  expected 
for a closest packing of the spheres and since the spheres cover a small but  
definite fraction range it would be expected that  the close packed volume 
would be still smaller. Table I1 shows the void fraction for various tl~eoretical 
types of packing (2) of uniform spheres. 

Taking a density of 2.32 for soft glass and 0.67 ml./gm. as the minimum 
sedimentation volume observed, the calculated porosity is about 0.36. This 
lies between the orthorhombic and tetragonal-sphenoiclal porosities and 

TABLE I1 

Packing orientation Porosity* Contacts per sphere 

Cubic 0.476 
Orthorhombic 0.395 
Tetragonal-sphenoidal 0.302 
Rhombohedra1 0.260 

"Porosity = volunte of void space per total volunte. 
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corresponds to about 9 contacts per sphere compared with the theoretical 
maximum of 12 contacts per sphere. This may well be the closest packing 
which can be obtained experimentally but no dilatancy is apparent and there 
is some evidence that all these suspensions possess a small residual yield value, 
which would prevent closer packing owing to  the force of interaction between 
the beads. This might be due to a small London -van  der Waals interaction 
between the beads. 

(c)  T h e  In$z~etzce of Water and Sz~rface Roz~ghness 
For suspensions of glass beads in toluene the results of Eggleton and Pud- 

dington show that the influence of the electrostatic effect is still apparent in 
the presence of small amounts of water below a certain concentration. The 
behavior of the beads with 0.1% water is the same as in the anhydrous sus- 
pensions between -60' C. and +30° C., but with 0.28% water only weak 
electrostatic forces are apparent below O°C. This is probably owing to the 
surface roughness of the beads. Preferential adsorption of water would be 
expected in the surface depressions leaving the surface peaks exposed. Localized 
charge build-ups would then be able to take place a t  these pealis. This is in 
keeping with general electrostatic phenomena. 

With 0.28% water the surface depressions will be filled leaving only a few 
high points exposed. Below O0 C. only weak electrostatic forces are present 
and the yield value is low. Above 0' C. enough of the surface is covered with 
water to allow some water necks to form between some of the beads, which 
causes the yield value to increase sharply. However, the yield value falls off 
quiclily as the temperature is raised owing to the increasing solubility of water 
in the toluene. The small apparent residual yield value obtained with larger 
amounts of water below 0' C. inight be attributed to a small residual electro- 
static efiect on a better conducting ice surface or, since surface discontinuities 
will have been smoothed out by filling the depressions with water, i t  might 
also be attributed to increased London - van der Waals forces. 

The B.E.T. area of the water-etched beads was shown by Thompson (13) 
to be as much as 21 times the value for unetched beads. This corresponds to a 
monolayer coverage by about 0.04% water. At  0.28% water, where coverage 
is practically complete, about seven monolayers would appear to be sufficient 
to f i l l  up the surface depressions. Assuming that  the volume of the depressions 
is equal to the volume of the peaks, an approximate mean height of the surface 
peaks can be estimated as being equal to the thickness of a filin of water 
composed of 14 monolayers, i.e., ca. 50 A. This is probably a low estimate but 
indicates that the maximum surface irregularities may be of the order of 100 A. 
( d )  Yield Thlz~e  of Suspe~lsiolzs Colztaining Water 

The high maximum yield value and the large sedimentation volumes of 
inert suspensions containing water immiscible with the organic liquid medium o 
are owing to the formation of water "necks" between the particles. Bloomquist 
and Shutt  (I) related the sedimentation volumes of glass spheres in various 
organic liquids to their interfacial tension against water. Those with the 
largest values gave the largest sedimentation volumes. Icruyt and van Selms (9, 
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10) found that  the yield value of starch and quartz suspensions in organic 
liquids depended on the care talien in drying the materials and the amount of 
water subsequently added. 

McFarlane and Tabor (11) have shown that  the force between a bead and a 
plate owing to the neck of liquid between then1 is given by the expression 

where F is the force in dynes, R the radius of the bead, y the interfacial tension, 
and a the contact angle. The equatioil applies strictly only for small amounts 
of water and when the contact angle is very small, but,  essentially, for small 
amounts of water the adhesion is independent of the amount of water in the 
neck. I t  has been observed by the present authors that  as the water in the 
neck is increased to large amounts, the adhesion decreases somewhat. 

For the adhesion between two spheres the same equation will hold where y 

is the interfacial tension between water and the organic liquid. For quartz 
suspensions Kruyt and van Selms (9, 10) have shown that  the yield value is 
constant over the range 2-12y0 water and then begins to  fall off until the point 
is reached where the quartz and water separate out as a second phase. This 
behavior is consistent with that  expected for the adhesion between the beads. 
Below 2% water, where the sigmoid characteristic of the yield value versus 
water content appears, several factors probably account for the shape of the 
curve. This could be influenced, for example, by the solubility of water in the 
organic liquid, the extent of adsorption of water from the organic liquid when 
below saturation, or the filling of surface discontinuities by water and the 
consequent continuous increase in necli formation up to the maximum possible. 

Icruyt and van Selms also showed that for the same concentration of solid 
phase the maximum yield value is inversely proportional to  the radius of the 
spheres. They arrived a t  a relationship between the yield value and the water 
content of the suspension by calculating the work required to separate a pair 
of glass beads with a linown quantity of water in the i~eck joining them. 
Eggleton and I'uddington noted tha t  the yield value has the dimensions of a 
force, rather than of work, and tha t  the adhesion between the beads is the 
important factor. 

The observed proportionality between particle size and yield value can be 
derived by considering the following simple model. Systems in ~vllich the 
interparticle interaction is strong will form a continuous network in the 
supporting medium composed of chains of particles. The  force required to 
breal; down this networli and cause ilow is the yield value of the suspension. 
Consider an ideal system of uniform spheres \vhich interact strongly when 
supported in a liquid medium. Let a unit volume of the system contain x 
chains, each of which is composed of n spheres of radius r. For two such systems 
containing the same weight of solid but with spheres of radius rl and r2 ,  then 
the ratio of the total numbers of spheres in the two systems is given by 

The  ratio of the chain lengths is given by 
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[31 nlrl = nzrz. 

Combining equations [2] and [3] gives the ratio of the number of chains 

[41 X I / X Z  = rt3/r12. 

For any plane of the same area intersecting the volume element the number of 
chains cutting the plane will be P x  where P is some constant allowing for the 
random orientation of the chains. Therefore, the ratio of the number of chains 
intersecting such a plane is given by 

151 Pxl/pxZ = rZ2/r12. 

The yield value 0 is assumed to  be proportional to the force across the plane, 
i.e., the force required to break all the chains intersecting the plane. The 
force F required to break any one chain will be the force between any two 
beads in the chain. From equation [I] it is seen that the maximum force be- 
tween two beads of radius r with a connecting water neck is given by 
F = 47rry cos a, i.e., F a r .  I t  follows therefore that 

[GI e1/02 = FlPxl/F2PxZ = rn/rl. 

Thus for the same concentration of solid phase, the yield value is inversely 
proportional to  the radius of the spheres, which is the experimentally observed 
proportionality. 
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THE REACTION OF NITRAMINES WITH HYDROCHLORIC ACID1 

ABSTRACT 

A facile process for the conversion of N-(8-nitraminoethy1)-N'-substituted- 
Nu-nitroguanidines into the reactive N-(~-chloroethyl)-N1-substituted-N"- 
nitroguanidines has been developed. N-(~-Nitraminoethyl)-N1-phenyl-N"-nitro- 
guanidine on standing in concentrated hydrochloric acid solution gives a mixture 
of N-(8-chloroethy1)-N'-phenyl-N1'-nitroguandne and 1-nitro-2-phenylamino- 
2-imidazoline. N-(8-Chloroethy1)-N'-diethyl-N1l-nitroguanidine, which is pre- 
pared in a similar manner, is unstable a t  room temperature and it slowly cyclizes 
to  give 1-nitro-2-diethylamino-2-imidazoline. Some new nitroguanidine deriva- 
tives formed from the reaction of amines with methylnitrosonitroguanidi~le also 
are described. 

I t  was previously (2) shown that alkyl nitramines in dilute acid solutions 
decomposed to  give alkyl cations. Thus methylnitramine in dilute hydro- 
chloric acid solution gave a 50% yield of methyl chloride from the reaction of 
the intermediate methyl cation with the chloride ion. The mechanism of this 
reaction indicated the possibility of substituting the chloro group for a nitra- 
mino group in good yield by treating an aliphatic nitramine with an excess of 
concentrated hydrochloric acid. This assumption was realized (8) with N-P- 
nitraminoethyl-N1-nitroguanidine on treatment with concentrated hydro- 
chloric acid when a 92.6% yield of the expected N-p-chloroethyl-N1-nitro- 
guanidine was obtained. Since this reaction provided a simple method of 
obtaining the reactive and highly substituted N-p-chloroethyl-N1-nitro- 
guanidines, i t  was investigated further. 

N-(P-Nitraminoethy1)-N1-phenyl-N"-nitroguanidine (I)  in concentrated 
hydrochloric acid solution gave a 74.2% yield of N-(P-chloroethy1)-W-phenyl- 
Nu-nitroguanidine (111). The filtrate after neutralization in the cold with 
sodium hydroxide solution gave a 20.4% yield of l-nitro-2-phenylamino-2- 
imidazoline (or the tautomeric 1-nitro-2-phenyliminoimidazolidine) (IV). 
These products are easily explained on the basis of the formation of an inter- 
mediate alkyl cation I1 as shown below. The similarity of the reactions de- 
picted here to those previously outlined for the reaction of acetyl chloride 
with N-(~-nitraminoethyl)-N'-substituted-N"-nitroguanidines (4, 7, 9, 10) 
will be apparent. As stressed before (7j the main reason for the complexity 
ascribed to  some of the acetyl chloride - nitramine reactions was the variety 
of products isolated. Some of these products undoubtedly arose from secondary 
reactions during the involved isolation procedures. The products from the 
reaction of the N-(p-nitraminoethyl)-N'-substituted-N"-nitrouanidine with 
concentrated hydrochloric acid solution can be separated with ease, which 
eliminates this difficulty. 

The structure of N-(p-chloroethy1)-N1-phenyl-Nu-nitroguanine (111) was 

IManzrscript received March 21, 1956. 
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0 
OZNNHCH?CHZNHC(NNOI)NHR + H@+[CH~CH?NHC(NNO,)~~HR]+NH~NO? 

I 

CI@ -- i -+ N20 T + H20 
NO? 

R = phenyl group I 
1. NaOH 

2 HCI 

confirmed by its infrared spectrum and by its conversion to the lcnown 1- 
phenyl-2-nitriminoimidazolidine (V) (12). 1-Phenyl-2-nitriminoimidazolidine 
was previously (12) referred to as the tautomeric l-phenyl-2-nitramino-2- 
imidazoline. The reason for this change in nomenclature has been discussed 
recently (13). 

-4 more highly substituted compound N-((3-nitraminoethy1)-Nf-diethyl-Nu- 
nitroguanidine also was allowed to stand a t  room temperature in hydrochloric 
acid solution. The product from this reaction melted a t  96-97' C. and it was 
identified as N-((3-chIoroethy1)-N'-diethyl-IT"-nitroanidin by analysis and 
by its chemical properties. When N-(~-chloroethyl)-Nr-diethyl-N"-nitro- 
guanidine was heated with water it cyclized to l-nitro-2-diethylamino-2- 
imidazoline. The latter compound was isolated as  its picrate. On standing in a 
vial the crystalline N-(p-chloroethy1)-Nr-diethyl-Nrr-nitroguanidine changed 
into a viscous oil with entrained gas bubbles. This oil was dissolved in 
water and then treated with a saturated solution of picric acid. -4 69% yield 
of 1-nitro-2-diethylamino-2-imidazolinium picrate was obtained. Thus the 
original crystalline N-((3-chloroethy1)-Nr-diethyl-N1'-nitroguanidine cyclized 
on standing a t  room temperature. The presence of gas bubbles in the viscous 
oil suggests that some decomposition also occurred. 

Some new nitroguanidine derivatives have been prepared by the reaction 
of amines with methylnitrosonitroguanidine (6, 14). These are described in 
the Experimental section. 

EXPERIMENTAL2 

N- Methyl-N-nitroso-Nr-nifrogz~anidine 
This compound (m.p. 11s' C. with decomp.) was prepared as previously 

described (1 I ) .  
?All  melting points were laken o n  a Kofler block. Microanalyses by Micro-Teclz Laboralories, 

Skokie, Illinois. 
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McKAY ET AL.: REACTION OF NITR.4MINES 1199 

N-Acetyl Ethylenediamine 

N-Acetyl ethylenediamine was prepared by the method of Hill and Aspinall 
I (1, 5). Ninety-five per cent ethylenediamine (570 gm., 9.0 moles) was mixed 

with 264 gm. (3.0 moles) of ethyl acetate and left a t  room temperature for 
I eight days. The ethyl alcohol and excess amine \yere removed by distillation 

in nncuo. The residue on distillation in nacz~o gave 233.3 gm. (69.9%) of N- 
acetyl ethylenediamine, b.p. 99-103" C. (0.5 111m.). This distillate soon solidified 
after which it: melted a t  49.5" C. The melting point given in the literature (5) 
is 51" C. The residual solid (62.6 gm.) in the distillation flask melted sharply 
a t  173-174.5" C. after one crystallization from %yo ethanol (2.4 cc./gm.). A 
melting point of 173" C. is given in the literature (5) for N,N1-diacetyl ethyl- 
enediamine. 

T o  32.7 gm. (0.032 mole) of monoacetyleth~~lenediamine in 35 cc. of water 
was added portionwise 15.7 gm. (0.0107 mole) of methylnitrosonitroguanidine 
over a period of 25 min. During the addition period the temperature was held 
a t  22-27" C. A creamy-white solid separated which was removed by filtration 
and washed with water, yield 11.24 gm. (56.2y0). One crystallization from 
95% ethanol (9 cc./gm.) raised the melting point from 134" C. to 150.5- 

I 151.5" C. Calc. for CSI-IllN603: C,  31.75; H ,  5.82; N, 37.03%. Found: C, 31.54; 
I H ,  5.87; N, 37.28%. 
I 

3~lonocarbethoxyethylenediamine (b.p. 135-137°C. (23 mm.); (ng.8 1.455; 
di4.8 1.029) was prepared in 40% yield bj. the method of ilIoore et nl. (15). 

N- (N- Cnrbethory-P-aminoethyl) -Nf-nitrogz~anidine 

T o  7.5 gm. (0.0568 mole) of monocarbethox~~ethylenediamine in 30 cc. of 
water was added gradually with stirring 2.79 gm. (0.019 mole) of methyl- 
nitrosonitroguanidine over a period of 32 min. During the addition period and 
an additional half hour of stirring, the temperature was held a t  30-35" C. 
The white solid (m.p. 165.0' C.) was removed by filtration and ~vashecl with 
water, yield 3.3-1 gm. (80.2y0). One crystallization from absolute ethanol 
(44.3 cc./gm.) raised the melting point to 165.5' C. Calc. for CcHl:3Ns04: 
C, 32.88; H ,  5.93; N, 31.96%. Founcl: C ,  33.05; H ,  6.22; N ,  32.22%. 

Five grams (0.029 mole) of 1-nitro-2-nitrin~inoi~nidazolidine were covered 
with 20 cc. of clieth~.lamine and then allowed to stand a t  room temperature 
for three days. This reaction mixture was acidified and then placed in the 
refrigerator for two days. The crystals were removed by filtration and washed 
with ether and ethanol, yield 3.05 gm. (43.1y0). Two crystallizations from 
95y0 ethanol raised the melting point from 133-135" C. with decomposition 
to 152.5" C. with decomposition. The Franchimont test using dimethylaniline 
was negative. Calc. for C7H16N604: C, 33.85; I-I, 6.45; N, 33.85%. Found: 
C, 33.86; I-I, 6.48; N ,  33.81y0. 
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N- (8-Nitraminoethyl) -N1-phenyl-N"-nitroguanidine 

N-(8-Nitraminoethy1)-Nf-phenyl-Nu-nitroguanidine (m.p. 139.5-140.5" C.) 
was prepared in 96y0 yield as previously described (10). 

Reaction of N-(0-Nitraminoethy 1) -Nf-pheny 1-Nfl-nitroguanidine with 
Hydrochloric Acid Solution 
N-(p-Nitramin~ethyl)-N'-phenyl-N~~-nitroguanidine (4.97 gm., 0.018 mole) 

was suspended in 10 cc. of concentrated hydrochloric acid solution and left 
a t  room temperature for 48 hr. After the reaction mixture was diluted with 
10 cc. of water, i t  was placed in the refrigerator for 12 hr. The crystals (m.p. 
101-102" C., resolidified a t  112" C. and then decomposed a t  160-163" C.) 
were removed by filtration and washed with water, yield 3.245 gm. (74.2%). 
Two crystallizations from methanol a t  room temperature by the addition of 
water increased the melting point to 112-113' C. with resolidification a t  
117-118" C. and decomposition a t  160-163°C. Calc. for CgHllCl N4O2: C, 44.54; 
H, 4.56; C1, 14.62; K, 23.09y0. Found: C, 44.75; H, 4.65; C1, 14.92; N, 22.80y0. 
This product possessing a double melting point was further identified as 
N-(P-chloroethy1)-N1-phenyl-N"-nitroguanidine by cyclization to the known 
1 -phenyl-2-nitriminoimidazolidine (12). N-  (6-Chloroethy1)-Nf-phenyl- Nu- 
nitroguanidine (500 rngm., 0.002 mole) was refluxed for one minute with 
117 mgm. (0.0027 mole) of potassium hydroxide in 2 cc. of 95% methanol. 
On cooling, colorless crystals (m.p. 164-168' C.) separated, yield 394 mgm. 
(92.7%). One crystallization from 95% methanol raised the melting point to  
168-168.5" C. The melting point was unchanged on admixture with an au- 
thentic sample of 1-phenyl-2-nitriminoimidazolidine (m.p. 168-169°C.). 

The mother liquor from the N-(p-chloroethy1)-Nf-phenyl-Nfl-nitroguanidine 
gave 140 mgm. of the original N-(P-nitraminoethyl)-N1-phenyl-N"-nitro- 
guanidine (m.p. 138-139" C.). The latter compound was identified by a mixed 
melting point determination with an authentic sample of N-(p-nitraminoethy1)- 
N1-phenyl-Nff-nitroguanidine (m.p. 139.5-140.5' C.). 

The original filtrate from the first crop of crystals on neutralization with 
10yo sodium hydroxide solution gave 602 mgm. (20.45y0) of crystals (m.p. 129- 
130' C.). One crystallization from ethanol raised the melting point to 138- 
139" C. (m.p. 132.5-133.5" C. by the capillary method). This compound gave 
a deep green color with dimethylaniline in the Franchimont test (3). Calc. for 
C9HloN402: C, 52.42; H ,  4.89; N,  27.17%. Found: C, 52.49; H, 4.99; N ,  27.00%. 
This compound gave a picrate (m.p. 146-147" C.) when treated in the usual 
manner, yield 80.5%. This picrate was identified as l-nitro-2-phenylamino-2- 
imidazolinium picrate by a mixed melting point determination with an 
authentic sample (10). 

Reaction of N-(p-Nitraminoethyl)-Nf-diethyl-Nff-nitroguanidine m'th 
Hydrochloric Acid Solulion 
N-(P-Nitraminoeth)il)-Nf-diethyl-Nff-nitroganidine (5.0 mgm., 0.020 mole) 

was covered with 15 cc. of concentrated hydrochloric acid solution and left a t  
room temperature for 19 hr. The clear solution was diluted with one volume 
of water and then placed in the refrigerator for several hours. During neutral- 
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McI(.iY ET AL.: REACTION OF NITRAMINES 1201 

ization of the cold solution with 10% sodium hyclroxide solution, colorless 
crystals separated, yield 2.53 gm. (53.51%). Another 534 mgm. (total yield 
66.39%) of crystalline material was obtained from the mother liquor on 
evaporation. The melting point (96-97" C.) of the crude material was not 
changed by crystallization from absolute methanol. Calc. for C7H15C1l\.T4O3: 
C,  37.76; H ,  6.74; C1, 15.94; N, 25.18%. Found: C, 38.02; H ,  6.66; C1, 16.15; 
N, 25.00%. 

A sample (377 mgm., 0.0015 mole) of this N-(P-chloroethyl)-Nr-diethyl-N"- 
nitroguanidine was converted to 1-nitro-2-diethylamino-2-imidazoline by 
refluxing for 15 min. with 10 cc. of water. The aqueous solution on addition of 
a saturated aqueous picric acid solution gave a yellow picrate, yield 337 mgm. 
(47.9%). The picrate melted a t  128.5' C. Calc. for C13H17N709: C,  37.58; 
H , 4 . 1 2 ; N ,  23.60%. F o u n d : C , 3 7 . 4 3 ; H , 4 . 0 1 ; N ,  23.20%. 

The crystalline N-(0-chloroethy1)-N'-diethyl-N"-nitroguanidine changed 
into a viscous liquid containing gas bubbles on stancling for a few weeks a t  
room temperature. A sample (207 mgm., 0.0009 mole) of this oil gave a 69.9% 
yield of the picrate melting a t  128.5' C. on treatment with an alcoholic solution 
of picric acid. This picrate did not depress the melting point of the above- 
described picrate of 1-nitro-2-diethylamino-2-imidazoline. 
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THE STRUCTURE OF MONO-0-METHYLENE- 
AND DI-0-METHYLENE-D-GLUCOSE] 

ABSTRACT 

The structure of 1,2-0-methylene-a-D-glucofuranose has been proved by pre- 
paring the 3,5,6-trimethanesulphonate and the 3,5,6-tri-p-toluenesulphonate 
derivatives of this compound from the corresponding derivatives of 1,Z-0-iso- 
propylide~le-a-D-gli~cofuranose. The results also constitute an additional proof 
for the recently established structure of the 1,2;3,5-di-0-methylene-a-D-gluco- 
furanose. 

Brownell (I) ,  who was interested in proving the structure of di-0-methylene- 
D-glucose, ohtained hy its partial hydrolysis a crystalline, non-reducing mono- 
0-methylene-D-glucose. Before his work was completed, however, Schmidt, 
Distelmaier, and Reinhard ( 5 )  established the constitution of the di-0- 
rnethylene derivative. The  present study of the structure of mono-0-methylene- 
D - ~ ~ U C O S ~  also confirmed that  for the di-0-methylene derivative deduced by 
Schmidt et al. 

The  presence of a furanose ring and the location of the methylene group in 
the 1,2-position in mono-0-methylene-D-glucose were shown by the following 
reaction sequence. Treatment of 1,2-0-isopropylidene-a-D-glucofuranose2 ( I )  
with methallesulphonyl chloride gave the trimethanesulphonate (11), which 
had previously been prepared by Helferich and Gniichtcl (2). The  isopro- 
pylidene group was replaced by a ~nethylene group giving 1,2-0-methylene-a- 
D-g luC~fu ran~~e  3,5,6-trimethanesulphonate (111), identical with the compou~ld 
obtained by esterification of mono-0-methylene-a-D-glucofuranose (IV). 
Similarly, 1 ,2-0-isopropykkne-a-D-&cofuranose was converted into 1,2-0- 
nlethylene-a-D-glucofuranose 3,5,6-tri-p-toluenesulpl~onate, also obtained di- 
rectly froin mono-0-methykne-D-glucose. 

T h e  above results also prove the structure of the di-0-methylene-D-glucose. 
Hough, Jones, and Magson (3) have shown tha t  the hydroxyl group on Ce is 
free. Since one methylene group is in the 1,2-position ancl there is a ful-anose 
ring, the secoild methylene group must be in the 3,5-position. 

Ohle and Wilclce (4) pi-eparecl the 3,5,6-tri-p-toluenesulphonate from 130- 
isopropylidene-a-D-g1~1cofuranose and from its 3-p-toluenesulphonate in 15 
and 30y0 yields, respectively. In the present study, preparation of the tri-P- 
toluenesulphonate has been found to  present no inherent difficulty, since 
direct esterification of 1,2-0-isopropl7lidene-a-D-glucofuranose gave the triester 
in a yield of 82y0 after one recrystallization from ethanol. 

EXPERIMENTAL 
1 ,2;3,5-Di-0-rnethylene-a-D-glucofuranose 

Di-0-methylene-D-glucose was obtained by deacetylation with barium 
methylate in methanol of the di-0-methylene-D-glucose 6-acetate, which was 

lJla?zt~script received March 85, 1955. 
Colltribzetion f r o ~ ~  the Division of I~zdrcstrial and Cellulose Chemistry, iWcGill University, and 

the Wood Chemistry Divisioa, Pzelp and Paper Research Instilzete of Canada, Montreal, Quebec. 
lThe    no re likely a co?zfigccration i s  assztnzed throz~ghoz~t. 
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SHYLUK ET AL.: STRUCTURE 

I 
H-C-OH 

d I 
MeS020-C-H 

I 
H-C-O- 

I 

IV III 

prepared according to the method of Hough et al. (3). The sirup was crystal- 
lized and its melting point and specific rotation were identical with those 
reported by Schmidt et al. ( 5 ) .  

~,2-O-ll~ethy~ene-a-~-g~z~cofuranose 

A solution of 1,2;3,5-di-0-methylene-a-~-glucofui-anose, 13.0 gm., in 2.0% 
aqueous hydrochloric acid, 175 ml., was lcept a t  100' C. for one hour, then 
deacidified by passage through a column of anion exchange resin (Amberlite 
IR-4B) and evaporated in vacuo to 42 ml. The  neutral solution mas extracted 
eight times with 70-ml. portions of ethyl acetate and evaporated in vacuo to a 

I sirup, 2.73 gm. Glucose was removed by fermentation of its aqueous solution 
I 

with balcer's yeast for 36 hr. a t  30' C., after which Super-Cel was added and 
I the mixture was filtered. The clear filtrate was deionized with Amberlite IR-4B 
I 

! and Amberlite IR-120 exchange resins and concentrated in  vacz~o to a sirup, 
i 1.95 gm., which partly crystallized on standing. The  crystalline material 
I 

weighed 0.24 gm. and melted a t  145-146' C. Recrystallization from 1.5 ml. 
of ethanol gave pure 1,2-0-methylene-a-D-glucofuranose, m.p. 147-148" C., 
[a]g -6.2' (c, 1.2 in water). Calc. for C ~ H ~ ~ O F , :  C, 43.8; H ,  6.30%. Found: 
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C, 43.7; H,  6.21%. The  material was non-reducing to the copper reagent of 
Shaffer and Somogyi (6). 

Crude di-0-methylene-D-glucose, 6.8 gm., was recovered by evaporation of 
the first four ethyl acetate extracts. The  other four extracts were evaporated 
i n  vacuo to  a sirup, 3.6 gm., which was dissolved in 10 ml. of water and ex- 
tracted twice with 10-ml. portions of ethyl acetate. The  glucose was removed 
by fermentation and the solution evaporated to  a sirup, which was dissolved 
in a small amount of ethanol and seeded with pure 1,2-0-methylene-a-D- 
glucofuranose, crystallization occurring slowly a t  room temperature. The  crude 
material was recrystallized from ethanol t o  yield 0.09 gm. of 1,2-0-methylene- 
a-D-glucofuranose, m.p. 147-148" C. The  total yield of the mono-o-methylene- 
D-glucose was 0.34 gm. or 5.8% of theory. 

1 ,B-0-Isopropylidene-a-D-glucofzrranose 3,5,6- Trimethaneszilphonate 

Monoacetone glucose, 4.4 gm., was dissolved in 9 ml. of pyridine with slight 
heating, after which methanesulphonyl chloride, 5.5 ml., was added and the 
mixture cooled while shaking. After 42 hr. a t  room temperature a few drops 
of water were added to  the reaction mixture followed after 15 min. by a few 
more drops. An additional amount of water, 30 ml., was added after some time, 
a t  which point the sirup crystallized while the mixture was being stirred. The  
crude product amounted to  8.0 gm., corresponding to  a yield of 90.5%. The  
material was recrystallized twice from chloroform and n-pentane a t  room 
temperature to  give 6.3 gm. of 1,2-0-isopropylidene-a-D-glucofuranose 
3,5,6-trimethanesulphonate, m.p. 162.5-163.5"C., [a]: -20.4" ( c ,  1.8 in 
pyridine). Helferich and Gnuchtel report m.p. 16.5" C.,  [a]= -24.2" in pyridine 
for this compound. 

1 ,d-0-Isopropylidene-a-D-ghcofuranose S,5,G- Tri-p-toluenesulphonate 

Monoacetone glucose, 4.4 gm., was dissolved in 10 ml. of pyridine and 16 gm. 
of p-toluenesulphonyl chloride was added gradually while cooling, after which 
the mixture was kept a t  room temperature for four days. Water was added 
dropwise with cooling and stirring; the thick sirup crystallized while being 
ground in a mortar with more water. The  crystals were collected and washed 
with water. The  crude product weighed 14.1 gm., m.p. 118-123" C. Recrystal- 
lization from ethanol a t  room temperature gave 1,2-0-isopropylidene-a-D- 
glucofuranose 3,5,6-tri-p-toluenesulphonate, 11.1 gm., in 81.6% yield, m.p. 
129--130" C., [a]: -4.3" ( c ,  1.4 in chloroform). Ohle and Wilclte (4) report 
m.p. 129" C., [a]= -5.4" in chloroform for this compound. 

Conversion of 1 ,2-0-Isopropylidene-a-D-glucofuranose S,5,6-Trimethanesulpko- 
nate into the Methylene Analogue 

Paraformaldehyde, 2.75 gm., and 1,2-0-isopropylidene-a-D-glucofuranose 
trimethanesulphonate, 2.5 gm., were dissolved in 10 ml. of glacial acetic acid 
by heating on a steam bath. Concentrated sulphuric acid, 0.75 ml., was slowly 
added and the reaction mixture kept on a steam bath for 80 min. Water, 20 
ml., was added to  the cooled reaction mixture, which was subsequently extract- 
ed twice with 20-ml. portions of chloroform. The  combined chloroform solut- 
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SH YLUK ET AL.: STRUCTURE 1205 

ions were washed with 20 ml. of water, then another 20-ml. portion of water, 
to  which solid sodium bicarbonate was added until no more reaction was evid- 
ent. After further washing with two 20-ml. portions of saturated aqueous sod- 
ium bicarbonate and three 20-ml. portions of water, the  chloroform solution 
was dried over anhydrous sodium sulphate and concentrated in  vacuo a t  50°C. 
to a partially crystallized sirup. Crystallization from chloroform and n-pentane 
gave 1,2-0-methylene-a-D-glucofuranose 3,5,G-trirnethanesulpl1o11ate, 1.4 gm. in 
60% yield, n1.p. 92.5-100' C. Two more recr~.stallizations from the same solvents 
yielded 0.8 gm. of a pure product, m.p. 104.5-105.5' C. ,  [a]g -13.4' (c, 1.4 in 
pyridine). Calc. for CloHlaOlaSa: C ,  28.3: H ,  4.24%. Found: C ,  27.8; H,  4.18%. 

Conversion of 1 ,2-O-Isopropy~idene-a-~-gbucofuranose 3,5,6-Tri-p-toluenesul- 
phonate into the iwethylene Analogue 

Paraformaldehyde, 2.75 gm., and 1,2-0-isopropylidene-a-D-glucofuranose 
3,5,6-tri-p-toluenesulphonate, 2.5 gm., were suspended in 10 ml. of glacial 
acetic acid and the mixture cooled in an ice-bath. Concentrated sulphuric acid, 
0.75 ml., was slowly aclded and the mixture was kept on a steam bath for 
80 min. T h e  product was isolated as described for the triinethanesulphonate 
and amounted to 2.1 gm. in 84% yield, m.p. 120-128' C. after one recrystal- 
lization from chloroform and n-pentane a t  room temperature. Two more 
recrystallizations from the same solvents gave 0.8 gm. of 1,2-0-methylene-a-D- 
glucofuranose 3,5,6-tri-9-toluenesulphonate, rn.p. 134.5-135' C., [a]: +9.8' 
(c, 1.2 in chloroform). Calc. for C28H.30012S3: C ,  51.4; H,  4.59%. Found: C ,  
51.3; H ,  4.47%. 

1,2-0-Methylene-a-D-glz~cofuranose 3,5,6-Trimethanesulphonate 

Methanesulphonyl chloride, 0.2 ml., was added to a solution of 0.152 gm. 
of 1,2-O-methylene-a-~-gl~cofura~~ose in 0.32 ml. of pyridine and the mixture was 
kept a t  room temperature for 40 hr. Excess mesyl chloride was decomposed by 
addition of a feiv drops of water. After the addition of 2 ml. of water, the sirup 
crystallized while being stirred ; the solid, after washing with two 2-ml. portions 
of water, amounted to 0.32 gm. Two recrystallizations from chloroform and 
n-pentane a t  room temperature gave 1,2-0-methjrlene-a-D-~cofuranose 
3,5,6-trimethanesulphonate, O.1G gm., n1.p. 106-107' C., [a]: - 12.8' (c, 1.3 
in pyridine). No depression of melting point ivas detected when this material 
was mixed with the product froin the replacement of the isopropylidene b y  a 
methylene group in 1,2-0-isoprop~rlidene-a-D-glucofuranose 3,5,6-trimethane- 
sulphonate. 

1 ,2-0-hfethylene-a-D-glucofuranose 3,5,6- Tri-p-to~zceneszc~phomte 
p-Toluenesulphonyl chloride, 0.55 grn., was sloxvly added to a solution of 

1,2-0-methylene-a-D-glucofuranose, 0.15 gin., in 0.35 nd. of pyridine. T h e  
solution was allowed to stand a t  room temperature for three days, after which 
a few drops of water were added to clecoinpose the excess tosyl chloride. T h e  
sirup was stirred with 2.5 ml. of water and the crystals forlnecl were separated 
and again tl-eatecl with 2.5 ml. of water. 'l'he crucle product, 0.50 gm., was 
recrystallizecl twice fro111 chloroform and 72-pentane to yield 0.18 gm. of 
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1,2-0-methylene-a-D-glucofuranose 3,5,6-tri-p-toluenesulphonate, m.p. 135.5- 
136' C., [a]: +lO.OO (c, 1.4 in chloroform). No depression of the melting point 
was noted when this material was mixed with the product from the replace- 
ment of the isopropylidene group by a methylene group in 1,2-0-isopro- 
pylidene-a-D-glucofuranose 3,5,6-tri-9-toluenesulphonate. 

ACKNOWLEDGMENT 

The authors wish to express their gratitude to Professor C. B. Purves, Head 
of this Division, for his kind interest in the present study. 

REFERENCES 
1. BROWNELL, H. H. Ph.D. Thesis, McGill University, Montreal, Quebec. 1953. 
2. HELFERICH, B. and GNUCHTEL, A. Ber. 71: 712. 1938. 
3. HOUGH, L., JONES, J. K. N., and MAGSON, &I. S. J.  Chern. Soc. 1525. 1952. 
4. OHLE, H. and WILCKE, H. Ber. 71: 2316. 1938. 
5. SCHMIDT. 0. T.. DISTELMAIER. A.. and REINHARD. H. Ber. 86: 7.41. 1953. 
6. SHAFFER, P.  an and SOMOGYI, 'M. ' J. Biol. Chern.'100: 695. 1933. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



REACTIONS OF ARYLSULPHONIC ESTERS 
11. THE ALKYL GROUP1 

ABSTRACT 

As part of the project outlined in Paper I of this series, we report kinetic data,  
including Hrrhenius parameters, for the solvolysis of a number of allcyl benzene- 
and toluene-sulphonates in ethanol and in water. The  allcyl groups include the 
a -  and p-methylation series: methyl, ethyl, isopropyl, ?t-propyl, isobutyl, and 
neopentyl; the straight chain series ?t-butyl and n-amyl; and a small group of 
oxygen-containing chains. The  observed rates for the a-methylation series 
parallel those for the bromides and nitrates, and for the p-methylation, those for 
the  bromides. However, i t  is evident that  current interpretations of rate dif- 
ferences observed in the straight chain and oxygenated series cannot be applied 
with corlfide~lce to  the benzenesulphonates since the changes in the Arrhenius 
parameters are larger than the observed differences in the rate. 

In connection with our survey of the behavior of alkyl arylsulphonates in 
solvolysis, we have examined the effect of changing the structure of the alkyl 
group. Since this work was undertaken, \Vinstein's laboratory has reported 
data  on many alkyl groups, mostly in acetic acid and in formic acid and from 
the point of view of rearrangements. Our work is chiefly concerned with 
nucleophilic solvents-water and alcohols-and with less complicated alkyl 
groups. 

In particular we hope to be able to characterize the system 

ROH + ArS03R1 + R-0-R' + ArS03H 

sufficiently comprehensively that our data  may be used in an attack on the 
problem of the detailed picture of solvent participation in this apparently 
very simple reaction. 

The analysis of the mechanism of displacement reactions has reached a 
point where most of the large rate-controlling effects have yielded to a semi- 
quantitative treatment. Hammett's (17) free energy relationship, log k / k o  
= pa, where a is a measure of the relative effect of substituents in rigid 
molecules, has recently been extended by Swain (33) to some nucleophilic 
displacement reactions in the aliphatic series, log k / k O  = sn, where s is a 
measure of the sensitivity of substrate to the nucleophility of the attacking 
agent. Swain also points out that this equation and that of Winstein, Grun- 
wald, and Jones (39) log k / k O  = Ym (where Y = "solvent ionizing power") 
may both be special cases of the more general case, log k / k O  = sn + s'e, 
where s' is a measure of substrate sensitivity to electrophilicity in a generalized 
termolecular displacement. Even the very difficult problem of steric effects 
seems to be approaching quantitative treatment (cf. Dostrovsky, Hughes, and 
Ingold (10) ; Newman (26) ; Brown (4) ; Taft (35), among many others). 

1Manuscript received March 2, 1955. 
Contribution from the Division of Pure Chemistry, National Research Council, Ottawa, Canada. 

Issued as N.R.C. No. 3626. 
'National Research Council Summer Research Assistant, 1952 and 1954. Present address: 

Department of Chemistry, Carleton College, Ottawa, Canada. 
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This leaves as a major ui~known variable the problem of the detailed partici- 
pation of the medium. While an  approach t o  this problem can be made by 
considering the solvent as a bulk dielectric, this can only be a first approxi- 
mation. Taf t  (34) and Evans and Hamann (13) have interpreted relative 
rates using the concept of interference with solvation by groups about the 
reaction site. Yet,  as Swain (33) comments, few precise kinetic da ta  are 
available for treating the effect of different solvents on relative rates of sub- 
strates. A further complication is tha t  most of the d a t a  available, for solubility 
reasons, are in a variety of mixed solvent systems. Also, much of the work has 
been reported a t  single temperatures because, in the words of Ingold (19, 
pp. 255-56), as "kinetic effects become smaller, the first quantity to  show 
unintelligible irregularities is the Arrhenius energy of activation". 

While we are by no means certain what lines of attack will solve the problem 
of solvent participation, we hope tha t  our consistent body of kinetic data  may  
provide information useful in this respect. \Ve are certainly going t o  exercise 
due caution about attaching any simple significance to  small differences in 
activation energy (19) ; however, we are sanguine enough t o  provide tempera- 
ture coefficients in the hope tha t  what we cannot ourselves interpret may prove 
useful t o  others. 

RESULTS AND DISCUSSION 

a-Methylation Series 

T h e  survey reported here covers a number of alkyl groups of recurring 
interest in other systems. Since this work was undertaken, two communications 
from Tommila's laboratory have appeared, dealing with some of these sys- 
tems (37, 38). Table I shows relative rates and Arrhenius parameters 
(k = pZ eWE.ltnT) for the  series of increasing a-methylation in ethanol and 
water. (We also (1 1, 37) have found t-butyl sulphonates too unstable for 
isolation.) This series shows the minimum a t  the ethyl compound to  be ex- 
pected (19, pp. 317-18) for a shift in mechanistic category from SN2 toward 
SN1. I t  is noteworthy tha t  the increased rate for the isopropyl derivative in 
both solvents is due to  a more favorable entropy term which outweighs an 
increase in activation energ17. One factor which should result in a more positive 
entropy for isopropyl is the probability tha t  the solvent is more highly ordered 
about the initial state, in which ionic contributions to  the structure are  favored. 
This increase would, however, have to  be larger than any corresponding change 
in ordering about the more nearly ionized transition state. 

I n  water the anticipated shift towards SN1 is apparent, the ethyl con~pound 
drawing up to  the methyl, and isopropyl greatly i n ~ r e a s i n g . ~  These relation- 
ships are dealt with in detail in the  previous paper in this series (28) in which 
the benzenesulphonates are comparccl with the bromides and the nitrates. 

8-Jlethylatiotz Series 

T h e  second series of wide interest is tha t  of 0-methylation. Table I1 records 

3That the solvolysis of the prinzary esters ?tzz~st be stereochenzlcally S,& is ,  hozoever, established 
by the elega~zt work of Streitwieser 012 acthe bifta1101-1-d p-Br bo1ze?2esz~lpho~zate ( J .  r l ? ~ 2 .  Clzetiz. 
Soc. 77:  1117. 1955).  
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LAUGHTON A N D  ROBERTSON: REACTIOSS O F  ARYLSULPHONIC ESTERS. I1 1209 

o u r  data i n  e t h a n o l  and water f o r  the s e r i e s  e t h y l ,  n - p r o p y l ,  i s o b u t y l ,  and 
n e o p e n t y l .  

T A B L E  I 
SOLVOLYTIC RATE CONSTANTS FOR THE REACTION OF BENZENESULPHONATES 

WITH ETHANOL AND WATER 
C a H s S 0 3 R  + R ' O H ;  R' = e t h y l ,  0.01 A$; R' = H, 0.2 gm./l.  

*The  "errors" reported for the Arrhenius energies of activation nzay be partially 
attributed to the AC, of activation for these systevzs, which i s  of the order of SO cal./?nole 
degree i n  water (29).  For example, such a C,  would be equivalent to a curvature of f 0.4 
kcal./nzole for a 25" range. K n o w n  or estimated AC,'s are capable of accounting for most 
of the snzall discrepancies between our work a d  the Arrhenius paranzeters recently re- 
ported by Tommila et al. (37, 38) .  

T A B L E  I1 
SOLVOLYTIC RATE CONSTANTS FOR THE REACTION OF ALKYL BBNZENESULPHONATES 

WITH ETHANOL AND WATER 
C6HsSO3R + R ' O H ;  It' = e t h y l ,  0.01 ilf; R' = H, 0.2-0.05 gm./ l .  

l i  ' I i  T ,  " C. k x lo5 set.-I E,I 10g1opZ 

E t  E t  80.00 7.60 21.38 9.107 
Pr 50.00 0.248 f 0.003 

80.00 4.41 f 0.05 21.45 f 0.60 8.906 
90.00 9.84 f 0.09 

~ B L I  50.00 0.0178 f 0.0005 
80.00 0.383 f 0.004 23.16 f 0.03 8.918 
90.00 0.949 + 0.011 
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In alcohol we see again the slight jump of about 1 kcal./mole in activation 
energy for the isobutyl derivative, followed by the large jump of 7 kcal./mole 
for the neopentyl compound, as noted before in the case of the bromides (10). 

Winstein (40, 41) shows that  changing the solvent from ethanol through 
acetic acid to formic acid steadily increases the rate of neopentyl tosylate, 
indicating a cationic intermediate in all three. He also presents evidence for 
some anchimeric participation by the ,B-methyls. This probable difference in 
mechanism together with the possibility that  solvent may assist the ionization 
by an attaclc on the p-carbon discourages detailed speculation about the rise 
in the entropy factor. The possible explanation for the similar increase with 
isopropyl, based on a more polar initial state, is not available for this coin- 
pound. 

The  neopentyl tosylate was prepared in order to checlc the data of Win- 
stein (40, 41) but the benzenesulphonate was used for the work in water 
because of solubility difficulties. Winstein's value for the solvolysis of neo- 
pentyl tosylate in alcohol touches our two-temperature Arrhenius plot, 
although his extrapolated value a t  75' implies a somewhat different activation 
energy. 

The relative rates for our series in water a t  60' (Me: E t :  iBu:  NeoPen: :lo: 
9.6: 2.2: 1.0) are similar to  the corresponding series for the tosylates in acetic 
acid (10: 9.1: 2.8: 1) although there is a difference in rate between the two 
series of more than three powers of ten. Since there is also a difference in the 
range of activation energies (9 kcal./mole in acetic acid and 43 kcal./mole in 
water) one must recognize that the similarity in relative rate sequences here 
results from fortuitous choice of temperatures for comparison. 

Straight-chain Series 

Because of the appearance, among the more usual monotonously decreasing 
rate series (13; 19, p. 319), of the occasional report of straight-chain anomalies 
in the butyl-pentyl region, we have also examined the series: methyl, ethyl, 
propyl, butyl, and pentyl in both ethanol and water. Data are recorded in 
Tables I11 and IV. Adsorption effects, which begin to become important a t  
very low solubilities (ca. 0.0002 M for the pentyl compound), have impeded 
an extension of the series in water. n-Hexyl benzenesulphonate in water, on 
the basis of less precise data, (judging from scatter in the Guggenheim rate 
plots) solvolyzes more slowly than n-pentyl. 

There is a minimum rate a t  propyl in water, but the differences both in rates 
and in activation parameters are very small. We have no explanation for this 
minimum which could be generalized for other cases, some of which show 
peculiar fluctuations. 

For example, the following orders of reactivity may be found in the litera- 
ture for primary amines: Me > E t  < P r  < Bu < Pen (5); Me < E t  > Pr  
< Bu < Pen (5); Me > E t  > Pr  < Bu > Pen (1, 22). Brown (5) has sug- 
gested that  a break in the series should occur for the first member for which the 
free rotation of the end of the chain is reduced or increased by changes a t  the 
reaction site in the product or transition state. This concept by itself implies 
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T A B L E  111 

SOLVOLYTIC RATE CONSTANTS FOR TIIE REACTION OF ALKYL 
BENZENESULPAONATBS I N  DRY E'lTI.ZNOL, 0.01 &f 

R T ,  " C .  k X lo5 set.-' Ea l o g ~ o p z  

Me* 
Et* 
p p *  
B u 

Pen 

*From Table I .  **Front Table I I .  ***p- Tolztenesztlphonate. 

T A B L E  IV 

Pen 

H e x  
MeO(CH2)z 

EtO(CH2)z 

EtO(CH2)o 

a vertical displacement a t  the critical chain length in an otherwise monoto- 
nously increasing or decreasing series, an effect which seems intuitively reasona- 
ble although its order of magnitude is difficult to evaluate, especially in a con- 
densed phase. However, this cannot be the whole story where the series passes 
through a minimum as i t  does in the case of Table IV, or where the curve has a 
zig-zag character (13). 
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Anomalies similar to our ourn have been reported for displacements b17 ions. 
Segaller's (31) results for the displacement of alcoholic phenoxide on alkyl 
iodides show a dip a t  pentyl. Crowell's (9) worlc on the attack of alcoholic 
thiocyanate on allcyl bromides shows a rise to octyl from a minimum a t  butyl. 
McI<ay (23) also found a minimum a t  butyl for the iodide exchange reaction, 
pentyl being slightly faster than propyl. On the other hand, the da ta  of Conant 
and Hussey (6) for iodide displacement on chlorides in acetone show upward 
displacements in a decreasing curve a t  pentyl and octyl. 

Oxygen-containing Alkyl Groups 

Because of the peculiarity reported by Rabinovitch and Schramm (27) for 
the alkaline hydrolysis in aqueous acetone of P-ethoxyethyl acetate (kz twice 
that for ethyl acetate, but EA 15.4 lccal./mole versus 11.7 for the ethyl ester), 
we examined several /3- and y-substituted derivatives in alcoh01.~ All three 
compounds, P-ethoxyethyl, y-ethoxypropyl, and P-carbethoxyethyl p-toluene- 
sulphonate were an order of magnitude less reactive than the simple allcyl 
esters. (The P-chloroethyl and P-cyanoethyl compounds also reacted very 
slowly, but the second functional group in each reacted a t  comparable rates.) 
However, the activation energies are slightly lower than others in the series, 
the drop in rate arising from the entropy factor. 

This decrease in rate corresponds to that noted for solvolysis of P-ethoxyethyl 
, chloride in aqueous dioxane versus butyl (2), and the very slow solvolysis of 
I P-ethoxyethyl iodide in water (21) as compared with ethyl iodide. In this 
I 

I latter note (21) and in an earlier paper from the same laboratory (8), the 

1 suggestion made by Hinshelwood, Laidler, and Timm (18) is used to relate the 
polar effect of substituents on the heat of activation in displacement reactions. 

I Although this relation should hold only for AHAo, not for AHAT, these authors 
base their discussion on a value of E, for methyl iodide in water, a reaction 
which has the large AC, of -67 cal./mole degree ( l5) ,  and one for ethyl iodide 
which is in doubt because of a side reaction (25). Further, they assume that 
the only changes in E, that are significant arise from polar effects of the 
substituents, although whatever changes in the ordering of solvent are re- 
sponsible for the large changes in AS' must surely make substantial concomi- 
tant contributions to EA. 

Although both electron-releasing (12, 14) and electron-withdrawing (3) 
substituents may facilitate SN2 displacements by anions, evidently those 
involving neutral molecules are hindered by electron-withdrawing groups. One 
might expect the electrophilicity of the carbon undergoing substitution to be 
more important for the weaker nucleophilics. 

EXPERIMENTAL 
Materials 

Properties of the esters are given in Table V. Methyl and ethyl benzene- 
sulphonate were purified as used by fractional freezing of Eastman Kodak 

' W e  later became aurare of the paper by Sa lmi  a d  L e i m u  (30) reporting data for the acetates 
and a number of other esters i n  pure water and aqueous dioxalze. I n  both solvents the rate of the 
Cellosolve esters i s  again roughly twice that of the ethyl esters, but activation energies calculated 

from their rates are only about 1 kcal./mole higher for the 6-ethoxyethyl esters. 
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LAUGHTON A N D  ROBEKTSOS: REACTIONS OF .\RYLSULPI-IONIC ESTERS. I1 1213 

PROI'ERTIES OF DBNZENESCLPHONIC ESTERS 
---- 

Analysis obtained Calculated 
Ester 1125 N.E. -- 

D %c %H %C %H 

Pr #-Ha 1.50'35 202.2 
BLI p-H 1.4998 215.6 
zB LI 1.4962 214.7 56.15 6.55 56.05 6.59 
Pen p-H 1.4987 229.7 
NeoPen p-Ha 1.4932 227.3 57.95 6.95 57.87 7.06 
Hex p-H 1.4945 244 
M ~ O ( C H Z ) ~  p-H 1.5072 218.7 50.12 5.16 49.99 5.59 
EtO(CH2)2 p-Ha 1.5009 231.2 52.17 6.11 52.16 6.13 
EtO(CH2)3 p-H 1.4962 243.0 53.95 6.55 54.08 6.GO 
E ~ O ( C H Z ) ~  p-Mea 1.5039 (26" C.) 246 m.p. 15-16" C. 
EtO(CHz)j p-WIe 1.4960 (27" C.) 253 55.88 7.06 55.78 7.05 
EtO:(CH2)2 p-Mea 1.5011 (28" C.) solidifying and decomposing on standing 
N C ( C H Z ) ~  p-Mea m.p. 64.0-64.5" C. 
NeoPen p-Mec m.p. 47.0-48.0" C 243 59.50 7.34 59.48 7 49 

aRef .  32. V e f .  11. <Ref. 41. 

white label material. P-Cyanoethyl and P-ethoxycarbonylethyl p-toluene- 
sulphonate were prepared according to the published methods (32). The 
remaining esters were synthesized by the Tipson method (36) using the 
appropriate alcohols. Of the alcohols, propyl, isopropyl, butyl, isobutyl, 
methoxyethyl, ethoxyethyl, P-cyanoethj-1, and P-chloroethyl were refraction- 
ated from the best available commercial products. All liquid esters were re- 
purified before each series of runs by redistillation from a molecular still, 
giving colorless products. 

y-Ethoxypropyl alcohol was prepared by reduction of refractionated East- 
man I<odak p-ethoxypropionaldehycle with either lithium aluminum hydride 
or hydrogen and Raney nickel catalyst. After fractionation under reduced 
pressure its properties correspond to those given by I<arvonen (20). The 
alkoxyalkanols were redistillecl just before use because of peroxide formation. 

Since analytical grade n-pentyl alcohol proved to be a mixture on fractiona- 
tion, both it and neopentyl alcohol were prepared by Grignarcl reactions with 
formaldehyde (7), using n-butyl bromide and t-butyl chloride respectively. 

72-Hexyl alcohol, di:0.8178, nZ,O 1.4159, was purified from Eastman Icodak 
practical grade by repeated recrj7stallization of the p-hydroxybenzoate, 
m.p. 52.0-2.g0, (from petroleum ether) followed by saponification and fraction- 
ati0n.j 

Ethanol was purified by distillation from sodium and diethyl phthalate (24). 
Conductance water was prepared by passing distilled water through an 
Amberlite NIB-1 mixed bed resin. 

Methods 

The work in alcohol as a solvent was done as described in Paper I (28). 
In water, rates were followed by conductance methods to be described in 

Paper 111 of this series. The Guggenheim methocl of treatment of data was 

5This pzrriJicutio~z was curried o u t  by Mr .  A .  Rayner of Curlelo?~ College. 
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used (16). Precis ions recorded i n  t h e  t ab les  a r e  wi th in  r u n s  fo r  t h e  worlc i n  
e t h a n o l  a n d  be tween  r u n s  f o r  t h e  w o r k  i n  w a t e r .  

F o r  t h e  morlc i n  a lcohol ,  t e m p e r a t u r e  w a s  control led t o  10.01-0.02 C." 
us ing  t e n t h  degree  t h e r m o m e t e r s  ca l ib ra ted  b y  t h e  Heat Sec t ion  of t h e  Div i s ion  
of Phys ics ,  For t h e  c o n d u c t a n c e  w o r k ,  t e m p e r a t u r e  w a s  control led to 10.001-  
0.003 C.", measured  b y  a p l a t i n u m  resis tance t h e r m o m e t e r  a n d  a L e e d s  a n d  
N o r t h r u p  G-1 M u e l l e r  br idge.  

W e  were  ini t ia l ly  d i s t u r b e d  b y  t h e  f a c t  t h a t  e t h y l  benzenesu lphona te  i n  
w a t e r  g a v e  a cons i s ten t ly  h igher  v a l u e  b y  c o n d u c t a n c e  t h a n  b y  t i t r a t i o n  
accord ing  to T o m m i l a ' s  p rocedure  (38). H o w e v e r ,  t h e r e  a p p e a r e d  to be 
apprec iab le  hydro lys i s  of t h e  e s t e r  d u r i n g  t h e  t i t r a t ion .  Accordingly,  w e  ca r r i ed  
o u t  a t i t r a t i o n  r u n  i n  an e a r l y  mode l  of a c o n t i n u o u s  t i t r a t i o n  device.  T h i s  
resu l t  confirmed t h a t  o b t a i n e d  b y  conduc tance .  E x c e p t  fo r  t h e  l eas t  soluble  
es ters ,  a d s o r p t i o n  did n o t  a p p e a r  to in te r fe re  w i t h  t h e  c o n d u c t a n c e  measure -  
m e n t s ,  s ince resu l t s  were  ind i s t ingu ishab le  fo r  t h e  v a r i e t y  of sizes a n d  s h a p e s  
of cells which  were  used i n  m a n y  of t h e  runs .  F o r  t h e  n - b u t y l  a n d  t h e  p e n t y l  

es ters ,  cells w i t h  smal l  su r face  to v o l u m e  r a t i o s  h a d  to b e  used.  
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A NEW METHOD FOR THE PREPARATION OF D-ERYTHROSE 
AND OF L-GLYCERALDEHYDE1 

ABSTRACT 

D-Glucose is degraded selectively to di-0-formyl-D-erythrose by oxidation with 
two moles of lead tetraacetate. The ester groups are easily hydrolyzed, giving 
D-erythrose in an ovcr-all yield of a t  least 80%, of theory. In like manner oxidation 
of I*-arabinose, followed by hydrolysis, affords L-glyceraldehydc. I t  is suggested 
that D-erythrose can readily associate intcrmolecularly, a property previously 
ascribed among sugars only to the trioses. 

INTRODUCTION 

Among monosaccharides the tetroses constitute probably the most poorly 
characterized group. Only one preparation of a crystalline tetrose, that of 
D-threose, has been reported (G), but subsequent investigations by Hockett (9, 
10) and Hockett et al. (11) have cast serious doubt on the identity of this 
preparation. The current importance of the tetroses is illustrated by the use of 
D-erythrose as a starting point for synthesis of 2-deoxy-D-ribose (20, 29) and 
of ribose-1-C14 (7, 18). 

At least seven methods for preparing D-erpthrose are recorded in the litera- 
ture. Five of these have been evaluated by Overend, Stacey, and Wiggins (20), 
who recommendecl the Ruti procedure (26) as modified by Hoclcett and 
Hudson (12), and two additional methods have since been reported (30, 25, 
16, 14). All of these procedures involve degradation of an appropriate sugar 
derivative-the acid, glucal, acetal, or mercaptal-which, however, is itself 
sometimes not obtained readily or in good yield. This communication now 
reports a convenient preparation of D-erythrose in high yield directly from 
D-glucose. 

When aldohexoses are treated wit11 lead tetraacetate they rapidly consume 
two moles of oxiclant, after which the reaction becomes very slow (13, 24). 
Applied to D-glucose it is found that the initial rapid stage of the reaction 
corresponds tovirtually complete conversion of the hexose to D-erythrose. With 
one mole of oxidant, D-arabinose as well as D-erpthrose is obtained (23). The 
oxidation is carried out in acetic acid solution by the aclclition of two moles of 
the powdered oxidant per mole of glucose. Removal of the divalent lead and 
distillation of the solvent affords a clear, colorless sirup, in 90 to 95y0 yield, 
which exhibits the properties of a clifoi-mate ester of D-erytllrose (24). The ester 
groups are easily hyclrolyzecl by heating in water or dilute acid, giving a pro- 
duct which has an equilibrium specific rotation of about -30' and which is 
uncontaminated by hexose or pentose sugars (paper chromatogram). The 
infrared absorption spectrum of the free sugar, using the potassium bromide 

llllanztscript received illarch 28, 1955. 
Contribzttion from the iVntional Research Coztncil of Canada, Prairie Regional Laboratory, 

Snskatoon, Saskntcl~eroan. Issued as Paper iVo. 191 on the Uses of Plant Prod~rcts and as 
N.R.C. iVo. 5628. 

Presented i n  part before the 38th Annztal Co7zference of the Cke,nical I7lstit1ile of Canada, 
Quebec City, Quebec, 1955. 
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PERLIN AND BRICE: S E W  METI-IOD 1217 

window technique (27), is identical with that  of D-erythrose prepared from 
4,G-0-ethyliclene-D-glucose (25), and gives no indication of the presence of 
other compounds. The  conlpound has been further characterized as D-el-j7throse 
by  hydrogenation to  erythritol, by oxidation with bromiile to  D-erythrono- 
y-lactone, and by preparation of the crystalline 2,5-clichloropl~eng~lhyclrazone. 

0 1 1  paper chromatograms the new preparation of D-erythrose and the sample 
prepared from ethylidene glucose behave in identical fashion but  show conl- 
plex properties. For example, each gives a single equally-fast-travelling spot 
when the solvent is ethyl acetate/acetic acid/mater (3/1/3) ( I s ) ,  but in 
butanol/ethanol/water (4/1/5) (2) much streaking from the origin almost 
to  the solvent front isobservecl. When an aqueous solution of either preparation 
is frozen, then thawed, and examined on the chromatogram with the use of 
methj.1 ethyl l;etone/water (4), a t  least two spots are found, the major compo- 
nent having an Rf of 0.22 and the other remaining close to  the origin. T h e  
proportion of slow-moving component is, however, less i f  the solution is first 
heatecl on the boiling-water bath before chromatographing. This behavior 
may be related to  gross changes in optical rotation which have been observed 
when a solution of the sugar is frozen and thawed. Thus,  a solution of D-ery- 
throse having an equilibrium specific rotation of -31°, after freezing for 18 hr. 
and thawing, had a specific rotation of about -Go, reverting to the original 
value during a period of four hours a t  room temperature. The  specific rotation 
changed to  + 2 O  when the solution was stored in the frozen state for 48 hr. 
These results suggest that  D-erythrose in solution readily enters into loose 
intermolecular association possibly with formation of a dimer or other complex. 
Such behavior has long been recognized with glyceraldeh~~de (35), but appears 
not to  have been reported for tetroses. The  observed mutarotation changes 
might therefore correspond to a polymer - monomerfuranose interconversion 
together with attainment of an a,p-anomer equilibrium for the latter. Perhaps 
this complexity in part accounts for the wide variation in specific rotations 
reported for erythrose, such as  -1-4.5' for the D-isomer and +32.7" for the 
L-isomer (33). Further, the tendency of D-er>~throse to associate or dimerize 
may explain why attempts to  crystallize the compound have been uns~~ccessful. 

Pentoses also quicl;ly consume two moles of lead tetraacetate and it 
was therefore to  be expected, by analogy with hesoses, that  the degradation 
should yield the corresponcling triose. D-Glyceralclehyde, first prepared by 
Wohl and Moinber (34), is readily obtainable through the elegant method of 
Fischer ancl Baer (5), which involves periodate or leacl tetraacetate oxiclation 
of 1,2;5,6-c~i-0-isopropylidene-~-n1annito, and, more directly, through the 
proceclure recently reported by Schopf and Wild (28) in ~vhicll D - ~ ~ U C O S ~  is 
oxidized with three moles of periodate. By contrast, L-glyceralc~el~yde is not 
as easily obtained since the methods just notecl require the corresponcling but  
rare L-sugars. Thus Baer and Fischer (2) prepare L-glyceraldel~yde from 
1,2;5,G-di-0-isopi-opylidene-~-n1a1111itol wllich is first synthesized from ~ - a r a -  
binose via tlle cyanohydrin reaction ancl reduction. With lead tetraacetate 
oxidation, howevei-, L-ar;tbinose is degraded dii-ectly to L-glyccl-aldehyde in 
high yield. As wit11 D-erythrose the product is recovered from the reaction as  
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a sirupy formate ester (24), which yields the free glyceraldehyde upon hydro- 
lysis in water or dilute acid. The compound gives an elongated spot on the 
chromatogram (ethyl acetate/acetic acid/water solvent) with a rate of travel 
slightly smaller than D-erythrose, possibly due to its existence as  a dimer. 
Traces of arabinose and erythrose were detected in some preparations. The 
butanol solvent causes much streaking of material on the chromatogram and 
several spots are discernible, but these are attributed a t  present to the various 
modifications possible for glyceraldehyde (2). I t  will be remembered that ery- 
throse also behaved atypically with this solvent. The equilibrium specific 
rotation of the compound in water, [a]:: -7O, is close to the value of +go 
reported for a freshly-prepared solution of the D-isomer (3). The relatively 
high purity of the preparation is indicated by the fact tha t  i t  gave a 73% 
yield of the L-glyceraldehyde dimedon, which agreed well with the yield of 
75% obtained by Baer and Fischer from pure L-glyceraldehyde (2). The pro- 
duct was characterized further as the crystalline 2,4-dinitrophenylhydrazone. 

Since oxidation of other aldol~exoses and aldopentoses by lead tetraacetate 
parallels the foregoing oxidations, it is seen, for example, that D-threose may 
readily be prepared directly from D-galactose and D-glyceraldehyde from 
D-xylose. A description of their preparation is included in another com- 
munication (24), which considers the mechanism of the lead tetraacetate 
oxidation of reducing sugars. 

EXPERIMENTAL 

Lead tetraacetate was prepared according to the procedure of Vogel (31). 
A commercial sample (Matheson Co., Inc.) was also used. All other chemicals 
were reagent grade. 

Spray reagents used for chromatography were triphenyltetrazolium chlor- 
ide (32), silver nitrate (21), and aniline (22). 

Solutions were concentrated in vacuo a t  35O C. 

D-Glucose (1.50 gm., 8.3 mM.) dissolved in 3 ml. of water was talten up in 
150 ml. of glacial acetic acid. Lead tetraacetate2 (7.7 gm., 17.4 mM.) was added 
over a period of three to four minutes to the rapidly stirred solution. Within 
five minutes' reaction time the lead tetraacetate had dissolved and the solution 
gave a faint potassium iodide - starch test. Oxalic acid dihydrate (1.9 gm.), 
dissolved in glacial acetic acid, was and the suspension was stirred for 
an additional 30 min. The precipitate was filtered and washed with acetic acid 
and the filtrate was concentrated to a volume of a few milliliters. Ethyl acetate 
was added and the precipitate which formed was triturated with several 
portions of ethyl acetate. The extracts were combined, filtered, and concen- 
trated to a sirup which was further purified twice by extraction with ethyl 
acetate. The product was a clear, pale yellow oil. Weight, 1.30 gm. This 

2If the compou~zd was dark it was recrystallized before zrse from acetic acid. Or, i t  was dissolved 
in glacial acetic acid and the solution was filtered and added to the glzrcose solzctioz. 

3Excess lead tetraacetate was thereby decomposed and the divalent lead precipitated. 
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PERLIN A N D  BRICE: NEW METHOD 1219 

compound, which is described in greater detail elsewhere (24), is found to 
contain two formate ester groups. 

D-Erythrose 
Di-0-formyl-D-erythrose (0.201 gm.) was dissolved in 20 ml. of 0.05 N 

hydrochloric acid (a slight turbidity was removed by filtering) and the solution 
was heated a t  50" C., the hydrolysis being followed polarimetrically: f0.55" 
(initial) -4 -0.40" (two hours, constant). The reducing power of the hydro- 
lyzate, measured by hypoiodite oxidation (S), was equivalent to 0.122 gm. 
of tetrose (91%); [a]: -32.7". Acid was removed by use of a column 
(1 cm. X 10 cm.) of Amberlite IR4B resin with some loss of reducing power. 
The calculated weight of D-erpthrose was 0.114 gm., an over-all yield from 
D-glucose of SOYo of theory. [a]: -30.0" (equilibrium) (c, 0.64). 

Erythritol 
Di-0-formyl-D-erytl~rose (1.0 gm.) was dissolved in absolute alcohol (40 ml.) 

and was hydrogenated a t  ambient temperature and pressure using reduced 
platinum oxide catalyst (1). Fifty milliliters of hydrogen was talten up, corre- 
sponding approximately to one mole per mole of erythrose, and the solution 
was then only faintly reducing to Fehling's solution. The  catalyst was filtered 
and the filtrate concentrated to a colorless sirup which quicl~ly crystallized. 
After washing with alcohol and drying the product weighed 0.25 gm. (73y0) ; 
m.p. 114-116" C. Recrystallization from alcohol raised the melting point to 

, 118" C.; the mixed melting point with an authentic specimen of erythritol 
I 
I (m.p. 118.5" C.) was 118-118.5" C. The  X-ray diffraction pattern was identical 
I 
I with that of erythritol. 
i D-Erythrono-y-lactone 
I Barium carbonate (10 gm.) was suspencled in an aqueous solution of D-ery- 
I throse (2.0 gm. in 30 ml.), and bromine (3.4 ml.) was added dropwise with 

stirring. After three hours' reaction time excess bromine was removed by 
I aeration, and there were added in succession silver carbonate to remove 

bromide, hydrogen sulphicle gas to remove excess silver, and dilute sulphuric 
acid to  precipitate excess barium. The iinal colorless solution was concentrated, 
giving a sirup which solicliiied when dried in high vacuum a t  60" C. Weight, 
1.3 gm. (65y0). After one recrystallization from alcohol, m.p. 103-104"C., 
[a]: -72.1" (c, 1, water); (m.p. 103" C., [a]D-73.3" (26)). 

D-Erythrose 2,5-Dicl~loroplzenylIzydrazone 
D-Erythrose sirup (0.44 gm.), prepared by concentrating an aliquot of the 

neutral solution described above, was taken up in 20 ml. of methanol in an 
evaporating dish. 2,5-Dichlorophenylhydrazine (0.65 gm.) was added and the 
methanol was rapidly distilled on the steam bath (procedure of Mandl and 
Neuberg (17)). The product was dissolved in ether, filtered, and the ether was 

i distilled. The  residue was dissolved in ethyl acetate, treated with charcoal, 
and an equal volume of benzene was added. Crystallization was rapid in the 

I cold. Weight, 0.68 gm. (68701, m.p. 101-105" C. Recrystallized twice from 
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ethyl acetate - benzene (1: l ) ,  m.p. 110-1 12" C., [cu]h7 - 12.5" (6, 1, methanol). 
(m.p. 110" C. (19)). Calc. for C10H12OJN2Cl2: N,  10.04%; found: N, 10.06%. 

By using an excess of the hyclrazine reagent (1.6 moles per mole) and 
distilling off three successive adclitions of methanol containing a few drops of 
acetic acid, an osazone was obtained. Melting point after recrystallization from 
ethyl acetate - benzene (1: l ) ,  219-220" C. Calc. for C16H140?N4C14: N, 
12.81%; founcl: N, 12.85y0. 

The  method for preparation of the L-glyceraldehyde forrnate ester was the 
same as for di-0-forn13.1-D-erythrose difiering only in the quantities of oxidant 
and oxalic acid used. L-Arabinose (1.5 gm.) was oxidized with 9.0 gm. of lead 
tetraacetate ancl most of the lend was removed by the addition of 2.5 gm. of 
oxalic acid dihydrate dissolved in acetic acid. The product obtained by ethyl 
acetate extraction was a clear, pale yellow oil. Weight, 1.2 gm. This compound, 
which is described in greater cletail elsewhere (24), is found to contain about 
1.5 formate ester groups. 

The  ester (0.201 gm.) was hydrolyzed to constant rotation in 10yo acetic 
acid a t  50' C. (7.5 hr.), and the acid was removed by distillation. The quantity 
of sugar estimated by hypoiodite oxidation was 0.102 gm., corresponding to 
a yield of L-glyceraldehyde from the ester of 83y0 [[cu]; -7.15" (equilibrium) 

(6, 2). 

L-Glyceraldehyde formate ester (1.02 gm.) in 100 ml. of phosphate buffer 
(containing 10 ml. of 1 11.i' monopotassiuin phosphate and 5.9 ml. of 1 N 
sodium hydroxicle) was treated with 2.0 gm. of climedon a t  room temperature. 
After 18 hr. reaction time the solution was concentrated and the crystalline 
product was recovered by filtration. Weight, 1.73 gm. (73%), 1n.p. 191-200" C. 
Two recrystallizations from 50% alcohol raised the melting point to 196.5- 
198.5" C. ;  [a]; -208" (c, 0.5, ethanol), (m.p. 198" C.,  [elD -198" (2)). Calc. 
for Cl9H2605: C ,  68.24y0; H,  7.84%; found: C,  67.97%; H ,  7.86y0. 

T o  a solution of L-glyccraldchycle (0.71 gm.) in 25 ml. of water, cooled in 
an ice-bath, was added a slightly warm solution of 2,4-clinitrophenylhyclrazine 
(1.6 g,in.) in 2 N hyclrochloric acid (90 1111.) over a period of 30 min. The i-e- 
action mixti~re mas inaintaincd a t  0' C. for an additional 30 min. X copious 
yellow precipitate which forinecl was filtered, then washed with clilutc hyclro- 
chloric acicl ancl water, and clriecl. Weight, 0.97 gin., n1.p. 120-140" C. Iie- 
crystallized three times froin 50% alcohol, n1.p. 146-1-18" (1n.p. 147-1-LSO (2)). 
Calc. lor C'9H1006N4: C ,  40.00%; I-I, 3.73%; founcl: C ,  40.09%; H,  3.83%. 

The technical assistance of i\/ll-. J. Girous is gratefully aclinowleclged. The  
authoi-s exjiress their gratituclc to  Dr. A. C. Seish for thc gift of a sample of 
D-erythrosc, to h?r. J .  Baignee lor analyses, t o  Miss A. Epp for preparation 
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MECHANISM FOR THE FORMATION OF GUANIDINE 
FROM UREA AND AMMONIUM SULPHAMATE' 

ABSTRACT 

The over-all mechanism of the formation of guanidine from urea and am- 
monium sulphamate is briefly discussed. Experimental results are presented, 
indicating that  primary formation of the ammonium salt of ureasulphonic acid 
and subsequent dissociation into cyanamide and ammonium sulphate, which 
further react t o  form guanidine in the known manner, constitute the  main steps 
in the process. 

The essential process of conversion of urea to guanidine may be described 
as the ammonolysis of urea: 

1 NH2 N H  NH 
I I 

$=O 2 ?-OH + NH. 2 

Although this equilibrium reaction has been stated to occur in liquid am- 
monia, there is no reliable evidence that an acceptable yield is obtainable. 
Blair (2) obtained a 23% yield ; Sander (6) using aluminum, aluminum chloride, 
or phosphorus pentoxide to remove the water formed reported yields of goy0. 

In considering possible dehydrating agents to remove the water formed and 
so assist the completion of the equilibrium reaction (Eq. [I.]), sulphur trioxide 
or its reaction products with ammonia are attractive (5) from the viewpoint 
of economy and availability: 

Combining equation [2] with [I] gives the following over-all equation: 

Whilst in fact urea does react with sulphamic acid to produce guanidine the 
reaction is not adequately described by the simple dehydration process indi- 
cated above (Eq. [3]), since the following facts must be explained: The fusion 
of equimolar quantities of urea and sulphamic acid yields traces of guanidine; 
substitution of ammonium sulphamate gives a pronounced increase in yield 
mainly when an excess of the former is used (5). Ammonium sulphamate does 
not in fact react readily with water (3). 

In view of these facts, there is no evidence that the reaction-sequence in- 
volves an initial dehydration of urea (Eq. [I]) with subsequent or simultaneous 
interaction of ammonium sulphamate with the water formed (Eq. [2]). 

1Manrrscript received March  2, 2955. 
Contribution f rom the  Orgalzic Section of Canad ian  Arn iamen t  Research and Development 

Establishnzent, Valcartier,  Quebec. Isszred a s  C.A.R.D.E.  Report  No .  43, Augus t  1950. 
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BOIVIN AND LOVECY: FORMATION O F  GUANIDINE 1223 

In seeking an alternative mechanism, it  is reasonable to consider the elimin- 
ation of ammonia rather than water as the primary step, particularly in view 
of the observation that ammonia is liberated a t  a temperature of 140" C. 

There are two ways in which this might occur when urea and ammonium 
sulphamate are fused together: 

[4 I NHt  NH2 
I I 

As regards equation [4], attempts to prepare a definite urea salt of sulphamic 
acid were unsuccessful. When an aqueous solution containing equimolar 
quantities of the base and acid was evaporated to dryness, and the solid 
obtained was extracted with alcohol, a solution of urea and a residue of sul- 
phamic acid were obtained. 

Attention was therefore turned to the second alternative (Eq. [5]), i.e. the 
formation of ammonium ureasulphonate. Ureasulphonic acid itself has been 
prepared by the sulphonation of urea with sulphur trioxide and is an inter- 
mediate in the formation of sulphamic acid as described by Baumgarten (I) .  
I t  has now been prepared in GOYo yield by treatment of urea with sulphuric 
acid and acetic anhydride a t  low temperature, whereby a viscous product 
separates, believed to  be the urea salt of ureasulphonic acid. By dissolving this 
material in absolute ethanol and passing in gaseous ammonia a crystalline 
compound was obtained, m.p. 168-170°C.; this was the ammonium salt of 
ureasulphonic acid, described by Linhard (4). 

By fusion of this salt alone a t  240" C. a yield of guanidine equivalent to  
43-45yo of the theoretical was obtained (estimated as the picrate). Melamine 
was also shown to be present in 22y0 yield. This result indicates that  urea- 
sulphonic acid may be involved in the conversion of urea to guanidine. Heating 
under a pressure of ammonia was tried, the ammonia being introduced as 
liquid. At a pressure of 1500 p.s.i. and 295" C., the yield of guanidine obtained 
after one and one-quarter hours was 63y0, and a t  a pressure of 200 p.s.i. and 
300" C., the yield of guanidine was only 10yo but melamine was formed in 
77% yield. 

A reaction based on the formation of cyanic acid from urea would also 
explain the mechanism : 

16 I NH2-CO-NH2 @ NHlOCN $ NH3 + HOCN, 

17 I HOCN + NH&03NH4 -+ NHSOs-NH-CO-NHz. 

The  formation of cyanic acid takes place a t  temperatures upwards of 140" C. 
and i t  seems that this active fragment reacts with sulphamic acid to  form 
ureasulphonic acid. Actually, a 57y0 yield of the latter compound has been 
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1224 CANADIAN JOURNAL OF CHEMISTRY. VOL. 33 

isolated from a melt of urea with ammonium sulphamate, carried out a t  a 
temperature not exceeding 140' C. under reduced pressure. 

Assuming the primary formation of ammonium ureasulphonate as probable, 
its subsequent conversion to guanidine is still by no means obvious. I t  is 
conceivable that a further dissociation and rearrangement is involved, particu- 
larly since a temperature in the region of 290' C. seems necessary in order to 
obtain a good yield. 

By analogy with the fusion of amides with ammonium sulphamate or the 
intermediate product, ammonium N-allrylsulphamates, which are transformed 
into high yields of nitriles (3), i t  seems that  ammonium ureasulphonate should 
produce the corresponding nitrile which is cyanamide (Eq. [8]). 

~ H S O J N H ~  

NHz NHz 

LEN + (NHdSO, -+ b N H  
I 

NHI.NHISOI 

I t  is well known that cyanamide in the presence of ammonium salt is quickly 
transformed into guanidine (Eq. [9]) or its trimer, melamine. 

EXPERIRiIENTAL 
Ammonium Ureasulplzonate 

T o  a cold solution (-20' C.) of acetic anhydride (250 ml.) and sulphuric 
acid (9575, 48 gm., 0.5 mole) was added a solid feed of finely powdered urea 
(60 gm., 1.0 mole). The  temperature of the mixture was allowed to  rise slowly 
to 15' C. with occasional stirring. Urea dissolved completely, and a t  15-18' C. 
a viscous product was formed which was decanted. This oily material was 
dissolved in absolute ethanol (500 ml.) (methanol is not suitable). The solution 
was chilled to -30°C. and saturated with gaseous ammonia. A crystalline 
compound separated out. I t  was filtered, washed thoroughly with ether, and 
dried, m.p. 167.5-168' C. with decomposition. Yield, 47 gm. (60% from sul- 
phuric acid). The  urea in excess may be recovered by evaporation of the 
filtrate. 

This ammonium ureasulphonate was hydrolyzed quantitatively with dilute 
nitric acid to  urea nitrate and sulphuric acid. By treatment of this substance 
with concentrated sulphuric acid, sulphamic acid is obtained (1). 

Guanidine from Ammonium Ureasulphonate 

(A) This ammonium salt (5.1 gm.) was heated a t  225-230' C. for one-half 
hour. The residue was dissolved in water and analyzed for guanidine and 
melamine. Guanidine: 0.8 gm. (42y0); melamine: 22y0. 

(B) The same ammonium salt (5.3 gm., 0.03 mole) and liquid ammonia 
(20 ml.) were heated in a closed vessel a t  295' C. for 75 min. a t  a pressure of 
5100 p.s.i.g. Guanidine: 63y0; melamine was absent. 
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BOIVIN AND LOVECY: FORMATION O F  G U A N I D I N E  1225 

(C) The same reaction was effected as above, but conditions were the 
following: temp.: 300' C.; heating time: 17 hr.; pressure: 200 p.s.i.; melamine: 
77y0 ; guanidine: loyo. 
Preparation of Ammonium Ureasulphonate from Urea and Ammonium 

Sulphamate 
Urea (6.0 gm., 0.1 mole) and ammonium sulphamate (11.7 gm., 0.1 mole) 

were heated a t  135-140°C. under reduced pressure (15 mm.) in order to 
eliminate the ammonia formed in the reaction. The heating was effected 
during six hours. The reaction mixture was boiled with 85y0 ethanol. On 
cooling, a crystalline compound separated out. I t  was filtered and dried, 
m.p. 165-166" C. By working up the filtrate, it was possible to isolate 9.1 gm. 
of this material (57y0). A portion of this solid was recrystallized from ethanol. 
I t  melted a t  167-168' C. A mixed melting point with an authentic sample was 
not depressed. 
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INFRARED AND RAMAN SPECTRA O F  1-CHLOROPROPYNE AND 
1-CHLOROPROPYNE-d3' 

ABSTRACT 

The infrared spectra of I-chloropropyne and I-chloropropyne-d3 have been 
investigated in the vapor state, in solution, and, in part, in the liquid over the 
spectral region 3 t o  35.u. Intensities of the infrared bands haye been measured 
from the spectra of the solutions. The Raman spectra of the compounds in the 
liquid state, together with standard intensities and depolarization ratios of the 
Raman bands, were obtained. A complete assignment, based on a normal 
coordinate calculation of the fundamentals, has been made. Coriolis coupling 
coefficients of three of the perpendicular-type fundamentals of CH3C=CC1 
were determined and those of the other two shown to be near unity. Two 
coupling coefficients for CDzC=CCI were obtained. The potential function and 
isotope effects on Raman intensity and Raman displaceme~~t of the CC1 
stretching vibration are discussed. 

INTRODUCTION 

1-Chloropropyne (methylchloroacetylene: CH3C=CCl) has been investi- 
gated previously by Cleveland and Murray ( 5 ) ,  who obtained the Raman 
spectrum of the liquid, as prepared by a Grignard reaction from methyl- 
acetylene. These Raman bands were tentatively assigned by Meister (14), 
with the aid of a ilormal coordinate treatment. Parts of the chloropropyne 
spectrum were obscured, however, by lines arising from the presence of ethyl 
bromide in considerable quantity in the sample. Morse and Leitch (15) have 
recently reported a more efficient synthesis and have provided us with a 
sample both of CH3C=CC1 and of the completely deuterated form CD3C--CCl 
(I-chloropropyne-d3). We have investigated the vibrational spectra of these 
molecules and confirm Meister's assignment of fundamentals for CH3C=CCl. 

Methylchloroacetylene belongs to the C3" symmetry point group and pos- 
sesses five normal vibrations of symmetry type A 1  and five doubly degenerate 
E-type vibrations. With the exception of vlo(e), all the fundamentals in both 
molecules have been observed. Assignments have been made for the combina- 
tion bands, although in some cases it has not been possible to choose between 
alternative assignments. Sum and difference bands involving vlo(e) have been 
used to fix approximately the frequency of this mode. 

An attempt has been made to measure the intensities of prominent bands 
in both the infrared and Raman spectra and the depolarization ratios of the 
stronger Raman bands. The Coriolis coupling coefficients were determined 
for the fundamental bands of the perpendicular type, wherever these were 
resolved. 

EXPERIMENTAL METHODS 

The infrared data were obtained with a single beam double pass Perkin- 
Elmer spectrometer (Model 112) using LiF, CaF2, NaCl, KBr, and CsBr 

'Manuscript received January 18 ,  1955. 
Co?ztribution from the Division of Pure Chemistry, Natio?lal Research Council, Ottawa, Canada. 

Issued as N.R.C. No. 3643. 
Presented at the ~ ~ n z p o s i u m  on iMolecular Structzcre, Columbus, Ohio, Jzcne 1954. 

2National Research Cozcncil Postdoctorate Research Fellow 1951-1955. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



DAVIDSON AND BERNSTEIN: INFRARED A S D  RAMAN SPECTRA 122'7 

prisms. Window materials were KBr, except for the CsBr region where win- 
dows of ICI-TI1 were used. Except for a few strong bands, which were examined 
also a t  lower pressures, vapor spectra were obtained a t  the vapor pressure of 
the liquid a t  22°C. For CH3C=CCI and CD3C=CCl these pressures were 
approximately 530 and 560 mm., re~pect ively.~ Band intensities were deter- 
mined for spectra obtained in solutioils in CS2 or CCl?. The solution spectra 
were useful also for resolving bands which overlap in the vapor spectra, and, 
together with the liquid spectra recorded a t  low frequencies, for detecting 
wealc bands. 

Raman spectra of CI-I3C--CCl were recorded by two methods. 111 the first, 
as in previous worlc (2), a double-prism photographic instrument Cf/3.5, 
dispersion 29 A/mm. a t  5000 A) was used. The second instrument was a new 
photoelectric-recording grating spectrometer (21), constructed by the White 
Development Corporation, Stamford, Connecticut. The photoelectric instru- 
ment has the advantage of speed and simplicity in the determination of 
relative intensities and depolarization ratios. The method of Edsall and 
Wilson (8) was used to  measure depolarization ratios. The Raman spectrum 
of CD3C=CCl was obtained with the photoelectric instrument only. Both 
liquids turned yellowish under mercury radiation, although the effect was 
considerably reduced when a filter consisting of a saturated aqueous solution 
of NaNOz was placed between the mercury source and the Raman tube. 
This filter also practically eliminated excitation by the Hg > 4047 line. 

RESULTS 

The infrared spectra are shown in Figs. 1 and 2 and the observed bands 
listed in Tables I and 11. The photoelectrically-recorded Raman spectra are 
reproduced in Fig. 3 and the data  given in Tables I11 and IV. 

Most of the observed infrared and Raman bands could be satisfactorily 
ascribed to CH~CGCCI or CD3C=CCl. Near 800 cm.-l, however, absorption 
occurred in solution spectra of both molecules, although it was absent in the 
vapor spectra. I t  was greatly reduced by distillation and is attributed to  traces 
of grease. 

The results of Cleveland and Murray (5) are included in Table 111. The  
band observed by them a t  184 cm.-l was not observed directly in the present 
work, probably because of its weakness and interference from grating ghosts 
in this part of the spectrum. Nor was the corresponding band in the spectrum 
of CDaC=CCI observed. 

INTENSITIES OF INFRARED BANDS 

Integrated extinction coefficients (E) for the solution bands (Tables I and 
11) were calculated from the maximum optical density (dm,,. = loglo Io/I) 
and the band width (Av~)  a t  half-maximum intensity, assuming the Lorentz 
band shape. The small correction for finite spectral slit width (s) was incorpo- 
rated in E by multiplying dm,,. .Avt/c.l by the factor K, usually not quite 7r/2, 
as tabulated by Ramsay (16). The concentration c has been expressed in moles 

"These values were derived by a n  exlrapolalion of the vapor pressure us. lenzperalure curves of 
Morse and Leilch (15).  
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FIG. 1. Infrared spectra of CH3C=C-CI. 

per liter and the cell thickness I in centimeters. The value of s was taken to 
be half the spectral slit width for single pass optics. 

DEPOLARIZATION RATIOS AND INTENSITIES O F  RAMAN BANDS 

Because of the convergence of light from the source on the Raman tube, 
the observed depolarization ratio p has been corrected to give the true value 
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FIG. 2. Infrared spectra of CD3C=C-Cl. 

p t  essentially according to the method of Rank and Kagarise (17). Values of 
p  and p t  are given in Tables 111 and IV. 

These tables include also the peak intensity (i) relative to that  of the vl(al) 
band (taken as i = 100) which includes the correction for the spectral sensi- 
tivity of the IP21 photomultiplier. The observed half-band widths (Av?) and 
spectral slit width s are also given and the standard intensity S referred to the 
458 cm.-1 band in CC14 for each band obtained from the equation (1). 
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FIG. 3. Raman spectra of liquid CH3C=C-CI and CD~CGC-C1. 
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Vapor Solutioil -- Liquid 
VV.C., c ~ . - I  S F  Band Y ,,,., an.-' Condi- Lax. A Y ~ , ~  cm7-l c* v .  Condi- Assignments 

cm.-' character tions cm.- cm.-l tions - u 
358 2 .1  351.8 A 0.193 8 . 5  4.2 35 353.2 I w(e) > 
536.8 2.1 Doublet 544 A I 0.58 28 1 .9  157 544 J ~ ( e )  +vlo(e) = 542 5 
575.3 2 . 1  Doublet 576 B 0.32 12 2.6 180 573 J Y ~ ( U I )  

721 2 .5  Doublet 713 B E 0.090 -10 4.1 - 40 718 J 2v.(e) =716;vg(e)+2vro(~) =726) 
734.2 2.6 Doublet 725 B 0.030 - 9 2.7 - 13 729 J { Y ~ ( U ~ )  -vg(e) =726 
765 2 .5  Triplet 755.6 B 0.116 10 3 . 1  55 754.8 J vs(al)+vlo(e) = 559 > z 
819 3 . 1  Single pk.? 81 1 B 0.054 13 2.6 30 810 J vt(a1) -v5(al) = 820 U 
840 3 .1  836 J ve(e) -ulo(e) = 849 td 
874.8 2 . 4  Doublet 871.5 B 0.097 14 3 . 3  65 876 J v?(e) -vs(al) = 878 m 

1029.3 c 0.155 21 3.7 157 1025.5 J v*(e) 
m 

1033.0 3 . 1  K-structure 
1083.6 3 . 8  Doublet 1080.3 C 0.63 8 .7  4.5 250 1074.5 J vr(a1) 
1257.5 3 . 4  Doublet 1252.2 C 0.046 4.2 w v7(e) -v~o(e) = 1270 

S 
E 

-1395 3 . 8  Doublet -1379 C -0.041 5 . 8  w v ~ ( a l )  z 
1453.78 2 .7  K-structure 1440.0 C 0.385 -48 6 . 7  -890 v7 (el 
2058.5 1 . 6  Doublet 2050.5 C 0.075 8 . 5  2 . 8  30 2va(e) = 2066 
2089 1 . 8  Doublet 2079 C 0.060 1.2 vn(at) -vlo(e) = 2084 

2 m 
2149 2 .0  Doublet 2141 C 0.085 17 3 . 2  69 2vr(a1) = 2168 > 

2219 C -0.030 3.5 
m 

-2222 2 . 0  Single pk.? 
-2233 2 .0  Single plc.? 223 1 C -0.030 3 . 5  

2252 2.0 Doublet 2245 C 0.14 -15 3.6 -100 > 
2267.7 2 .0  Doublet 2258 C 0.48 7.6 3.7 165 Y ? ( ~ I )  

z 
u 

2444.5 2 .2  2451 C -0.030 3 . 4  v?(a~)  +vlo(e) = 2452 
2736 C 0.065 -19 4.7 - 5 8  

w 
2749 3 . 0  Doublet Y I ( ~ I )  -vlo(e) =2755; > 

2vr(al) = 2790 
2875.5 3 . 5  Triplet? 2857.5 C 0.320 14 5 .4  207 2v7(e) = 2906 F z 
2939.2 3.7 Doublet 2924.8 C 0.837 10.3 5 .8  396 Y I ( ~ I )  UJ 

2980.0 2.9 K-structure 2967.3 C 0.225 43 6 . 1  466 v t ( 4  w m 
-3198 3.5 Broad pk. rs(e) +v~o(e) =3164; 0 

vl(a1) +v9(e) = 3297 1 

-3357 4 . 1  Broad pk. -3351 C -0.030 -21 6 . 1  - 3 0  vs(al)+vr(a~) = 3352 c 
Letters under "Conditions" identify the solvent, concentration, and cell i n  the case of solutions and the cell i n  the case of liqi~ids: 

A 8.7 M./1. i n  CS2, 0.86 mtn. K I -  T l I  cell, 
A l  same solution i n  0.60 mm. KBr  cell, 
B 1.36 M.11. i n  CSr, 0.24 mm. KBr  cell, 

C 1.36 M./l. i n  CClr, 0.24 mm. KBr cell, 
I liquid i n  0.26 KI -T l I  cell, 
J i n  0.24 mm. KBr  cell, F N 
*c is  the integrated extinclion coeficient i n  7nole-I liters cnr-2. w F 
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TABLE I1  w 
to W 

IKFRARED DATA FOR CD~CECCI to 

Vapor Solution Liquid 
vvae., C I I ~ . - ~  S ,  Band vvoc., Co~ldi- dm,x. Avt s, E vvne. ,  Condi- Assignments* 

cm.? character cm.-I tioris cm.-I cm.-I cm.-' tions 

>20  1 . 9  
Broad 2 . 3  

>35  2 . 7  
20 2 . 1  
14.5 2 . 4  

-10 2 . 0  
-24 2 . 1  

2 . 3  
4 . 1  

5 . 5  2 . 1  
Broad 2 . 4  

1 .25 Doublet 

1.50 Doublet 

1.55 Doublet 

1 . 6  
2 . 1  
1 . 6  
1 . 4  Doublet 

1 .7  K-structure 

2 . 2  Doublet 

2 . 4  Doublet 
2 . 4  Shoulder 

2 . 1  Single pk. 

5 . 7  Doublet 

1 . 7  Doublet 

1 . 8  Doublet 
1 . 9  Doublet 

2 . 1  K-structure 

2 . 1  Doublet 
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2 . 2  Doublet 2262 
2 . 3  Doublet? 2303 

1 . 9  Doublet? 2416 

2 . 9  Doublet 2785 
-2907 

2 . 5 )  May together -2939 
2 . 5  form a doublet 2963 

Doublet 3042 

Doublet 3106 
3 . 1  Broad pk. CX 
3 . 3  3255 

0.056 3 . 6  
0 . 1 6 0 - 2 4  4 . 0  42 

-0.09 4 . 0  
-0.10 Broad 4 . 4  

D 2.03 M./1. in  CClr, 1 ntm. cell, 
E 2.03M./l.in CS2,0.24mm.cell, 
F 4.06 M./l. in  CClr, 0.24 mm. cell, 
G 2.03 M./1. in  CClr, 0.24 nzm. cell, 
H 2.03 M./1. in CS2, 0.70 nzm. cell, 
I liquid in 0.25 mnt. KI-T1I cell, 
J 0.M mnt. KBr cell, 
K 0.12 nznt. KBr cell, 

*Raman valzies of vg(e) = 343 cm.-I and vg(e) = 825 cm.-l are used in evaluating combination bands. 
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TABLE 111 
RAMAN SPECTRUM OF C H J C ~ C C I  

Observed 

Photographic 
b y  

Cleveland 
Photoelectric instrument instrument and 

Assignmentsa Murray 2 
S 

2: 
Avvac., i Avh S, P P I  Avva0.r Avvae., 
cm.-I cm.-I cm.-I cm.-' 0 F 

vla(e) = 184 184 
355 63 19 10.9 0.93 0.78 0.22 f352 vg(e) = 354 3~353 

vs(e) -vs(al) = 452 439 2 
579 I1 19 10.7 0.32 0.19 0.12 577 v ~ ( a ~ )  = 578 
718 3 -28 10.6 (0.5)" 725 2vg(e) = 708 

z 
-0.06 

vs(e) -v~o(e)  = 846 842" - 926 - 0 . 8  -32 10.3 (0.9)0 -0.03 vs(al) +vde) = 932 
-1037 - 2  10.2 1030 vg(e) = 1030 

8 
1029 , 

1378 18 20.5 9 .8  0.72 0.58 0.47 1380 v3(al) = 1379 1380 Z 
1437 3.6 -28 9 . 8  -1.0 -0.85 -0.13 1444 v7(e) = 1443 1449 

-2090 - 1 -15 9 .3  -0.03 vc(al) +vs(e) = 2114 2102b 
2138 8 . 3  20 9.2 0.38 0.24 0.48 2137 2vc(a1) = 2168 21346 2 
2244 -15 -20 3.9 -1.0 -0.85 -0.66 2243 V Z ( ~ I )  + v I o ( ~ )  -vlo(e) 2235 
2257 69 18 3.9 0.44 0.30 3.99 2259 v z ( a ~ )  = 2259 2263 2 
2450 - 5 2448 vp(a1) +vl0(e) = 2443 
2740 4 25 8.7 ( 0 . 5 ) ~  0.38 2734 2v3(al) = 2758 2733 r 

0 

2862 10 19.5 8 .6  0.50 0.36 0.82 2859 2v7(e) = 2886 2864b w 
2926 100 14.4 8 .5  0.23 0.10 7.00 2926 v ~ ( a ~ )  = 2926 2926b 
2971 8 -32 8 .5  0.93 0.78 1.80 2968 v ~ ( e )  = 2970 2971 

-3117 - 6 8 .3  -3115 V I ( ~ I )  + v I o ( ~ )  = 3110 

aFzmdamental frequencies given are those regarded as "best" front the Raman data. Wherever possible, tlte nutnbers given for the cotnbination bands 
are evaluated from tlte "best" values of Raman fundamentals. vr(a,) i s  taken to be 1084 cm-I. 

'These bands observed by Cleveland and Murray correspond approximately to ethyl bromide bands and naay be affected by their presence. 
 parenthesized p's are assumed values for the purpose of estitnating S. 
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TABLE IV 
RAMAN SPECTRUM OF CDoC=CC1 u z 

C. 

974 11.7 16.8 10.3 
-1012 V.W. 

1048 2.6 Broad 

- 
2240 57 15.2 3 .8  0 . 4  to 0 . 5  0.26 to 0.36 -3.2 vi(a;) 
2302 43 22.6 9 . 0  0.45 0.31 3 .50 2v~(al)  = 2292 F 

w 
-2490 2 8.9 vl(a1) +vg(e) = 2474 

2786 2 .8  12.9 vl(a1) +vg(e) = 2780; vl(a1) + vl(a1) = 2791 5 z 
2868 3 .8  12.7 vl(a1) +vs(al) +vlo(e) = 2859 w 

-2909 2.7 -23 12.7 (0 .5 )b  -0.26 v6(e) +2vo(c) = 2915; v~(a1) +2vo(e) = 2926 v 
2 .8  12.7 ( 0 . 9 ) b  

m 
-2949 -22 -0.22 vl(a1) +vs(e) = 2956; vr(a1) +vc(c) +vlo(e) = 2957 2 
°See footnote a ,  Table III .  vlo(e) i s  taken to be I77 ~ r n - ~ .  w 

'P 
bSee footnote c ,  Table I I I .  
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Here I is the integrated intensity of the band in question, 
p is the observed depolarization ratio, 
n is the refractive index of the material, 
UA, is the spectral sensitivity of the IP21 tube a t  the wavelength cor- 

responding to Av, 
R(n) is the reflection loss, 
M is the molecular weight and d the density of the material, 
Av is the wave number of the Raman band, 
v is the wave number of the exciting radiation, 

and T is the absolute temperature. 

The subscript CC14 indicates the corresponding quantities for the reference 
substance CC14, and the subscript 458 refers to the band a t  458 cm.-I in CC14. 
In Reference (I) it  has been shown that 

where a and y are the average polarizability and anisotropy respectively and 
Q is the normal coordinate for the band whose Raman shift is Av. In obtaining 
a standard intensity from this formula the integrated intensity has been 
obtained by using the product of the peak intensity and the observed half-band 
width and then correcting for the effect of the finite slit width by means of 
the curves calculated by Bernstein and Allen (I) to give the true integrated 
intensity. In the above equation the observed intensity has been corrected 
also for convergence of the incident beam, spectral sensitivity of the detector, 
the amount of light the spectrometer sees, the amount of light incident on the 
sample tube; and then expressed as scattering intensity per molecule. The 
intensities determined in this way are probably accurate to h100jo for the 
strong isolated bands a t  343 cm.-I and 551 cm.-I in CD3C=CC1 and at 355 
cm.-1 and 579 cm.-I in CH~CGCCI. Because of overlapping in the region 
2000-2400 cm.-I the standard intensities are considerably less accurate. 

For CH3C=CCI and CD3C=CCl values of n are given by Morse and 
Leitch (15). A rough determination of the density gave 1.008 for CH3C=CCl 
a t  25°C. The molecular volume of CD3C=CCl was assumed to be the same as 
that for CH3C=CCl. 

CALCULATION O F  T H E  FREQUENCIES 

Meister (14) has calculated the fundamental frequencies of methylacetylene- 
type molecules, CH3C=C-X, from a potential energy function which includes 
all eight bond-stretching and -bending force constants and five interaction 
constants. In our treatinent, we have adopted the same potential function 
and the same symbols for the force constants and the molecular dimensions. 

Some of the E elements in the G matrix used by Meister are in error.4 
For the symmetry coordinate XI,, Rib, R2,, . . . Rsb chosen by Meister, the 
values of G14, G24, G25, and G34 are to be rqultiplied by -2. The changes in 

'These corrections were pointed out by A. V. Golton i n  correspondence with A. G. Afeister, who 
has kindly comnzzlnicated them to 71s. 
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DAVIDSON AKD B E R ~ ~ S T E I N :  INFRARED AND RAMAN SPECTRA 1237 

these elements arise from the necessity of choosing S:, and St, for all t to lie 
in the same plane through the symmetry axis as the other S:, (the Wilson S 
vectors for the atom t and the symmetry coordinate R,,) and the new values 
are readily verified. The F matrix elements and the remaining G matrix 
elements are unchanged. 

Following Meister, we have transferred most of the force constants from 
methylacetylene to methylchloroacetylene. Golton j has recalculated the force 
constants of methylacetylene, taking into account the G matrix changes 
mentioned above. The potential constants that  appear in the F matrix for 
the A l  vibration are the same as those of Meister. Of the remainder, ka,  ka ,  
and kas are not greatly altered, but the change in the value of k ,  is considerable. 
Both sets of values are listed in Table V, together with the set we have adopted 
for use in the present calculations. 

TABLE V 
FORCE CONSTANTS FOR METHYLCHLOROACETYLENE (105 DYNES/CM.) 

Meister's value Golton's value Adopted value 

4.8384 Same 
5.1296 Same 

15.799 Same 
5.3008 Same 
0.47059 Same 

Same 
Same 
Same 
Same 
Same 

-0.26186 Same same 
o o n 

I t  is worth noting that  all force constants except k H ,  k x ,  ke, and k.+e have 
been taken over from methylacetylene. The value of k ,  is that  calculated by 
Meister from the frequencies of vs(e) in all three methylhaloacetylenes investi- 
gated in the Raman effect by Cleveland and Murray (5); Meister evaluated 
k x  from the observed frequency of vz(al). We have calculated k ~  and k . + ~  by 
taking v9(e) = 353 cm.-I and vlo(e) = 184 cm.-I for CH3C=CC1. No fre- 
quencies of CD3C-CC1 were used to evaluate force constants. 

The atomic masses and molecular dimensions used in the calculation were 
the same as those employed by Meister. The calculated fundamental fre- 
quencies, shown in Table VI (second and last columns), are explicit solutions 
of the fifth power secular equations. Table VI also includes fundamental 
frequencies calculated by Meister (third column). 

ASSIGNMENTS 
Fundamentals 

With the exception of vlo(e) all fundamentals in each molecule were observed 
in either the infrared or Raman spectrum. 

The A l  fundamental bands in the infrared have the doublet structure 
6Private conzmuttication to the autltors. 
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TABLE VI 

Vvnc. V V Vvno. V 

(exp.)** (calc.) (M.)* (exp.)** (calc.) 

* A s  calculated by Meister. 
**Vapor infrared ualz~es, unless otherwise noted. 

Liquid Ranzatz ualue. 
v o  as determined by perpendicular sub-band analysis. 
Assu?tzed i n  order to calculate ke, kbe. 

characteristic of parallel-type bands of symmetric top molecules, with P-R 
peak separations approximately as  predicted by the Gerhard-Dennison 
formula (9), viz., 11.23 cm.-I for CH3C=CCI and 10.67 cm.-I for CD3C--CCl. 
The half widths of the corresponding solution bands are comparatively small 
(-8 to 12 cm.-I). Likewise, the Raman bands are comparatively sharp, 
with half widths of the order of 15 cm-'. The depolarization ratios are con- 
siderably less than 6/7, except for vS(U~) in CD3C=CCl which is not strong 
enough for accurate depolarization measurements. 

The spacing between the sub-bands of the doubly degenerate perpendicular 
fundamental depends on the strength of the Coriolis coupling between degener- 
ate modes. Sub-bands were resolved froin one another in v6(e) and v7(e) for 
both molecules and in ve(e) for CH3C=CCI. The latter fundamental was not 
observed in the vapor spectrum of CD3C--CCI, even with a path length of 
1 meter. In neither molecule was vs(e) strong enough in the vapor to stand out 
well among the water bands in the region near 350 cm.-I, despite considerable 
reduction of the water vapor content of the spectrometer by flushing dry 
nitrogen through a specially constructed housing. In the solution spectra, 
the perpendicular fundamentals were broad bands with half widths usually 
greater than 20 cm-'. The Raman bands are liltewise comparatively broad 
with the exception of v g  (e) . The depolarization ratios which could be measured 
for the E-type fundamental were found to be 6/7 within experimental error. 

I t  is worth noting that for these molecules the magnitude of the half-band 
width of the fundamentals appearing in the infrared and Raman spectra of 
the liquids and solutions provides a criterion for dividing the bands into A l  
and E types. This is true also for the bands in the infrared spectrum of liquid 
methyl iodide.= 

The observation by Cleveland Murray (5) of vlo(e) a t  184 cm.rl in the light 
molecule was approximately confirmed by the frequencies of combination 

9 s  m a y  be seen by examination of the  spectra recorded by Irving L .  iVIador and Rzrth S. Quinn 
(J .  Chem. Phys. 20: 1837. 1952). 
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DAVIDSON AND BERhTSTEIN: INFRARED AND RAMAN SPECTRA 1239 

bands in which vlo(e) appears, as  is also the calculated value 177 cm.-I for the 
frequency of this fundamental in the heavy molecule (see below). 

The value of vlo(e) in CD3C=CC1 may also be obtained from the Teller- 
Redlich product rule for the E-type fundamentals (11); viz., 

This value is in good agreement with the values calculated in Table VI and 
estimated from combination tones. In equation [2] the primed quantities 
refer to CD3C=CCl and the other symbols have their usual meanings. 

The product rule for the fundameiltals of the Al  type is 

The theoretical ratio of the frequencies is 1.946, and the observed value of 
the left-hand side is 1.930. 

COMBINATION AND DIFFERENCE BANDS 

CH~CGCCI 
! The remaining bands in the spectra of CH3C=CCl may be readily assigned, 
1 
I as indicated in Tables I and 111, on the basis of binary sums or differences. 

I Ternary combinations of the type v2(al)+nvi(e) -nvi(e), however, appear to 
account best for the series of infrared bands lying just below the C=C stretch- 
ing fundamental v2(al). Meister (14) has made the assignment [v2(a1) + 
v9(e)]-vs(e) to the band that occurs on the low frequency side of v2(a1) in the 

I 
Raman spectra of I-chloro, I-bromo, and I-iodo acetylene, with vl(al) -2v9(e) 
an alternative assignment. In I-cl~loropropyne, however, vl(al)-2vg(e) 
(=2223 cm.-l) appears to lie too low to account for any of the strong bands 
in this region. The band occurring a t  2252 cm.-I in the infrared and a t  2244 
cm.-l in the Raman spectrum is probably v2(al)+v10(e) -vlO(e). "Hot" 
transitions of the form v2(al) +nvi (e) -nv,(e) have previously been assigned 
to bands occurring on the low frequency side of the C-C stretching funda- 
mental (which corresponds to v2(a1) in methylchloroacetylei~e) in the Raman 
(12) and infrared (4) spectra of methylacetylene. 

Fermi resonance with vs(al) may account for the high intensity in the 
infrared spectrum of the band assigned as vg (e) +vlo(e) (Al+A2+E). The 
fundamental v7(e) gives rise to a very strong overtone (A1+E) in the infrared, 
whose intensity is probably enhanced by Fermi interaction with vl(al). 
Similarly, in the Raman spectrum, the 2v7 band is stronger than the v7 band. 

Since the strong band a t  2749 cm.-l appears to be stronger than the v3(al) 
fundamental, i t  is more likely to arise from vl(al)-vlo(e) rather than 2v3(al). 

A value of 184 cm.-l for vlo(e), as  mentioned above, appears satisfactory, 
although examination of the frequencies of the combination and difference 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CANADIAN JOURNAL OF CHEMISTRY. VOL. 33 

bands in which vlo(e) occurs suggests that  a higher value (190 to 195 cm.-1) 
is to be preferred, a t  least for the molecule in the vapor. 

The assignment of the infrared band a t  819 cm.-I is not completely 
satisfactory. 

CD3C--=CCl 
In spite of the presence of strong atmospheric water and solvent absorption, 

the infrared spectrum of CD3C=CCl appears to  show a t  least three bands 
below 400 cm-l. Besides vg(e), the binary combinations [v3(al) -va(e)] (E) ,  
2v10(e) (Al+E), and [vs(al) -vlo(e)] (E) may occur in this region, and 2vlo 
has the correct symmetry for resonance with vg(e). 

More than one assignmeilt is possible for many of the weaker bands of 
CD3C=CC1. Some of these involve ternary combinations in which vg(e) or 
vlo(e) occur. In general, wherever vg(e) occurs in a combination assignment 
(Table 11), an alternative assignment in which 2vlo(e) replaces v9(e) may be 
made. There appears to be only one band, that  a t  2318 cm.-I in the infrared 
spectrum of the vapor, to which may be unequivocally assigned a transition 
involving vlo(e). With due regard to anharmonicity the assignment vl(al)+ 
vl0(e) to  this band leads to a value of vlo(e) > 176 cm-l. The  infrared band a t  

I 513 cm.-'gives vlo(e) > 170 cm.-I if assigned to vg(e)+vlo(e), and vlo(e) > 171 
I 
I cm.-I if assigned to 3vl0(e). The  actual value of vlo(e) therefore appears to be 
I 

I 
close to  the calculated frequency of 177 cm-l. 

I There is good evidence for the existence of strong Fermi interaction between 

I vz(al) and the band that occurs with a Raman shift of 2302 cm.-I in the liquid 
and a t  2318 cm.-l in the infrared spectrum of the vapor. This band has been 

I 

I assigned to 2v3(al). In both the Raman and infrared spectra it  has an intensity 

I about equal to that of the vz(a1) fundamental. In the second place, the Raman 
band is strongly polarized. Thirdly, the experimental value of the frequency 
of vz(al) is lower than would have been expected while that  of 2v3(al) is higher. 

I 

If one compares, for the data of Table VI, the calculated value of 6v, the change 
in frequency of a fundamental in going from CH,C=CCl to CD3C=CCl, 
with the observed change, one finds that  6vobs. -6vc,,. has values from + I  to 
+15 cm.-I for all fundamentals, with the exception of vz(al), for which this 
quantity is -18 cm-l. I t  therefore seems likely that  Fermi interaction has 
reduced the frequency of the vz(al) fundamental by  about 20 cm.-l, while 
raising that  of 2v3(al) to about the same extent (observed value of %,(al) = 

2318 cm.-I vs. v3(al) = 1151 cm.-I). 

Band Contours 
The contours of the combinatioil bands in the infrared spectra of the vapors 

tend to resemble those of the parallel fundamentals, even when the symmetry 
class of the transition is A l + E  or, as in a few cases, solely E .  Possibly a diffused 
E component would be expected to be less pronounced than an  Al  component 
of equal intensity, and E bands with large J+ values (see Rotational Structure 
of Perpendicular Bands, below) take on the appearance of parallel bands under 
conditions of low resolution. Large C,,'s are expected for transitioils v,(al)+ 
v,(e) in which C, is itself large (3). For both molecules, C9 and Clo are near 
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unity (see below). The CH3C--CCl band a t  765 cm.-I [ v ~ ( a l ) + v ~ ~ ( e ) ]  shows 
the type of contour expected under these conditions. The sharpness (for a 
perpendicular band) of the corresponding band in the solution spectrum may 
perhaps also be attributed to a large { value. 

ROTATIONAL STRUCTURE OF T H E  PERPENDICULAR BAXDS 

The rotational structure of several of the E-type fundamentals was resolved. 
The Q-branches of the sub-bands that arise from AIC = +1, A J  = 0 transi- 
tions are given by 

[4] vyb = vO+A1(l A{)'-B1f 2[A1(1 -{) -B1]K+[(A'-B') - (A"-B")]K2 

which is identical with the expression given by Herzberg (13) except for the 
factor (1 -{)"illstead (4) of (1-2{) which shifts the band origin vo for large 1. 
T o  determine { from equation [4], dimensions of the chloropropyne molecule 
were assumed. Except for the C-Cl bond distance, the dimensions were 
taken to be the same as those obtained for 1-bromo- and 1-iodo-propyne by 
Sheridan and Gordy (19); rcx  = 1.092 A, rcCc = 1.207 A, r c - ~  = 1.459 A and 
Q: HCH = 109'8'. The value of the C-Cl distance was taken to be 1.632 A, 
the same as that in chloroacetylene as determined from the microwave spec- 
trum (20). Reciprocal moments are then A" = 5.281, B" = 0.075 cm.-I for 
CH3C=CCl and 2.661 and 0.067 cm.-l, respectively, for CD3C=CCl. 

c m-1 
FIG. 4. v6(e)  band of CH~CEC-Cl. The spectral slit width is shown. 
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In making the K assignments to the sub-bands, one is greatly assisted by 
the strong, weak, weak, strong, . . . intensity sequence imposed by the nuclear 
spin of the H (or D) atoms. The strongest peak corresponds to the transition 
in which K goes from 0 to 1. 

The sub-band frequencies observed in vs(e) of CHBC--CCl (Fig. 4) are 
given in Table VII. The PQ branch for large K's is obscured by vl(al). By least 

TABLE VII 
SUB-BAND FREQUENCIES I N  v6(e) OF C H a C ~ C C I  

vvnc., ~ m . - l  Value of K in PQIi v,.~., crn.-' Value of K in X Q K  

squares the observed peaks have been fitted to equation [4] (with an average 
deviation of zt0.13 cm.-I) to give 

[51 vYb = 2984.70 zt 9.884 K-0.0460 K2. 

Since A" >> B", (A1- B1) - (A"- B") can be set nearly equal to A'- A", 
whence A' = 5.235 cm.-I, B' = B", vo = 2979.9 cm.-I, and 3-6 = 0.042. 

The intensity distribution among the sub-bands of v7(e) of CH3C=CCI 
(Fig. 5) permits a choice of either 1419 or 1461 cm.-I for the 0-1 transition. 
That  the latter is probably the correct assignment is shown by the occurrence 
of the solution peak a t  1440 cm-I. Besides the intensity distribution, many of 
the sub-band frequencies are apparently affected by the presence of overlapping 
and perturbing bands: vs(al) a t  ca. 1395 cm.-I, (va(e)-vlo(e)) (Al+E) a t  
1258 cm.-I, at least one "hot" transition (see below), and probably a band a t  
about 1510 cm.-I (most likely (v3(al)+vlo(e)) (E). The nQK sub-bands for K 
greater than 2 appear to be perturbed, especially in the region between 1500 
and 1580 cm-I. The frequencies in Table VIII assigned to PQK and nQK 
transitions (the latter up to K = 2) may be fitted with a mean deviation of 
&0.3 cm.-I by 

[GI 
sub - 

vo - 1460.81 zt 13.901 K-0.0276 KZ. 

Thus At = 5.253 cm.-I, vo = 1453.78 cm.-I, and 3-7 = -0.337. 
vs(e) (Fig. 6) is a comparatively weak band, with most of the RQ sub-bands 

obscured by vr(a1) and some irregularity in the PQ spacings (see Table IX). 
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C m;' 
FIG. 5. v?(e )  band of CH3C=C-CI. The spectral slit width is shown. 
FIG. 6. vg(e) band of CH3C=C-C1. The spectral slit width is shown. 

TABLE VIII 
SUB-BAND FREQUENCIES IN v?(e )  OF CH3C=CC1 

~ r n o . ,  cm.? K in PQK vvno.,  cnl.-l I< i l l  R Q ~  
1290.1 12 1460.7 0 
1304.8 11 1474.7 1 
1319.0 10 1480.1 2 
1333.1 0 1505.2 3 
1347.6 8 1521.2 4 
1362.3 7 1535.0 5 
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SUB-BAND FREQUENCIES I N  vg(e) OF C M ~ C E C C I  
-- 

vvno., cm.-l K in 'QK V V ; , ~ . ,  an.-'  Kin RQK 
992.5  7 1035.0 0 

In it ,  with the rotational constants assumed the same in the ground and excited 
states, [ B  was determined from the average spacing (excluding PQ7 and PQ6) 
to be 0.40 and vo  = 1031.5 cm-l. 

In neither CH3CsCC1 nor CD3C=CCl was the structure of vg(e) or vlo(e) 
resolved. 

The  sub-bands (Table X) on the high frequency side of vb(e) in CD3C=CCl 

TABLE X 
SUB-BAND F R E Q U E ~ C I E S  I N  v6(e) OF C D 3 C = C C I  

vvno . ,  cnl.-l K i n  p Q ~  vvno. ,  cm.-l K in RQK 
2192.2 10 2237.9 0 

(Fig. 7) are obscured by vz(u1). The intensity distribution in the rest of the 
band makes it  uncertain whether RQo is 2224 or 2238 cm-l. Since the solution 
frequency (here 2229 cm.-l) is ordinarily lower than that of the vapor band 
center, RQo is probably 2238 cm-l. By least squares (average deviation 
f 0.4 cm.-l), 

with the result that  A' = 2.675 cm.-l, { G  = 0.112, and v o  = 2235.37 cm-'. 
Frequencies in the v7(e) band (Fig. 8) are shown in Table XI. Two spurious 

TABLE XI 
SUB-BAND FREQUENCIES I N  r7(e) OF C D J C ~ C C l  

vvac.,  cm.-l K in PQK 
997.8  8 

1004.8 
1012.1 

1108.0 7 
(1111 .6)*  

*Spurious to this band (see text). 
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FIG. 7. vs(e)  band of CD3C=C-CI. The spectral slit width is shown. 
FIG. 8. v7(e) band of CD3CrC-CI. The spectral slit width is shown. 

peaks appear a t  1103 and 1112 cm-l. These have been attributed (see Assign- 
ments) to  the parallel contour of a combi~latio~l band. The remaining sub- 
bands are expressed (with an average deviation of hO.16 cm.-l) by 

with A' = 2.666 cm.-l, v o  = 1050.8 cm.-I, and 5-7 = -0.406. 
Table XI1 summarizes the {'s and compares them with the values obtained 

for the corresponding vibrations in CH3C--C-H3 and in CH3C=C-Dlo. 
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As in the present case, the structure of the vs(e) and vlo(e) bands in these 
molecules was not resolved. Boyd and Longuet-Higgins (3) have shown 

TABLE XI1 

generally that the sum rule for the {'s of C,, molecules, when there are n 
equivalent atoms symmetrically disposed about the symmetry axis and only 
one degenerate symmetry class E, is 

[91 C l r  = (no. of axial atoms) -2+B/2A, 

to a first order approximation. For CH3CsCCI 

which places each of the individual { values between 0.90 and 1. The corres- 
ponding range in methylacetylene is 0.96 to 1. For CD3C=CCl, where only 
l6 and {7 have been determined: 

which is coilsistent with a value of l8 not far from 0.4 and l9 and 110 again 
near unity. The signs and magnitudes of the {'s for chloropropyne are similar 
to those observed for similar degenerate vibrations in other n~olecules.~ 

In addition to the strong features in the w(e) band of CH3C=CCl, there 
appear a large number of weak subsidiary pealts interspersed between the 
v7(e) pealis. Although the presence of water absorption and the occurrence 
of the doublet contour of v3(al) around 1400 cm.-I introduce uncertainties 
into the values of the frequencies, an attempt has been made to  fit them by 
equation [4]. Eighteen of the twenty-four subsidiary pealts listed in Table 
XI11 and shown in Fig. 5 can be fitted with success; the remainder, in the 
region of 1500 cm.-l, may arise from other "hot" bands or from the effects of 
water absorption. The v7(e) sub-bands a t  1535 cm.-' show an irregular intensity, 
and it  and other features in this region may be associated with the presence 
of a weak solution band near 1510 cm-'. The equation resulting from the 
assignment shown in Table XI I I ,  viz., 

' A  rough empirical correlation may be seen between < values and vibrational type, as shown, for 
example, by the similarity i n  <'s for corresponding vibrations i n  inetlzylacetylene and clzloro- 
methylacetylene (Table X I I ) .  For CH3CN and CH3NC, wlzere there is only one low-lying perpendi- 
cular bending mode, tlze <'s are 0.068, -0.45, 0.48, and 0.99, and 0.08, -0.33, 0.36, and 0.98 
respectively (Thompson, H. W .  and Williams, R. L. Trans. Faraduy Soc. 48: 508. 1962). In 
H3BC=0, <, = 0.13 and <3 = 0.56 (Cowan, R. D. J. Chem. Plzys. 18: 1101. 1950). 
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TABLE XI11 
SUBSIDIARY PEAKS I N  REGION OF v.i(e) OF CHjC-CCI 

(Most peaks approximate) 

Tentative K in Tentative K in 
vvao., c ~ n . - ~  PQK of hot band vvno., c~n.-l R Q ~  of hot band 

1297.7 10 1440.1 0 
1312.5 9 1453.7 1 

gives A' = 5.296 cm.-l, vo = 1430.5 cm.-l, and r = -0.34 with much less 
accuracy than before. The K assignment is uncertain, since the intensity 
alternation is not clear, and it may be that the band origin should be shifted 
by one or more peaks. The solution spectrum shows a weak shoulder located 
a t  about 1428 cm-l. Although the vo value is therefore doubtful, the value of 
r will not be greatly dependent upon the assignment. I t  is, within experimental 
limits, identical with the value of r for v7 (e ) ,  as is to  be expected for a transition 
of the type v7(e)  + n v i ( e )  - n v i ( e ) .  Our resolving power was not great enough 
to make the presence of hot bands in conjunction with other strong perpendi- 
cular fundamentals observable. 

With the exception of the "hot" bands mentioned above, no combination 
band showed sufficiently well-defined perpendicular structure to  make possible 
an estimation of r. 

DISCUSSION 

There are two aspects of the isotope effect on the vibrational spectrum of 
these molecules which require emphasis. Firstly there is a shift in frequency 
of the v5 (a l )  band of 28 cm.-I which seems too large to anticipate for a C-CI 
valence vibration so far removed from the C atom where isotopic substitution 
took place.8 Secondly, this band doubles in intensity in the Raman etiect on 
deuterium substitution and the vg(e)  band for example is enhanced in intensity 
by about a factor of 3 whereas smaller intensity changes are observed for these 
bands in the infrared spectra. I t  is readily noticed that  there is no simple 
relation between the observed intensities of corresponding Raman bands of 
CD3C=CCl and CHaC--CCl. Nor do the intensities of the corresponding 
infrared bands of CD3C=CC1 and CH3C=CC1 change in any simple manner. 
However, for isotopic substitution Crawford has developed a sum rule (7) 

8The isotopic shift of the C-C1 vibratio?~  it^ CH3CL alzd CDjCl i s  37 cm.-', cf. Ref .  ( l i ) ,  page 
315. 
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which is applicable to the sum of I / v 3  for the infrared bands and the sum of 
S / A v 2  for the Raman bands of the A l  modes. Unfortunately the measurement 
of both the infrared and Raman intensities of these modes is complicated by 
the fact that several bands overlap, by contributions from bands in Fermi 
resonance, and by uncertainty in placing the background for the Raman 
bands a t  -2925 cm-I. The experimental errors introduced by  these difficulties 
make it  impossible to test quantitatively the validity of the intensity sum 
rules for these molecules. 

The large changes in Raman intensity of corresponding bands of these 
molecules are probably due to the fact that  here the molecular polarizability 
varies in a complicated manner with the normal coordinate whereas in 1- 
chloropropane, the saturated analogue of 1-chloropropyne, the intensity 
of the C-Cl mode for example is given approximately by polarizability 
changes in the C-C1 bond. 

The  necessity of dealing with the molecular polarizability in CH3C=CCl 
rather than bond polarizabilities is further indicated by the presence of the 
abnormally short CH3-C and C-C1 bonds in this molecule showing that 
strong interactions exist between all pairs of bonds between axial atoms. 
The explanation for the short C-Cl bond in HC=C-Cl has been given (18) 

- + 
in terms of resonance with the doubly bonded form HC=C=Cl, whereas 
hyperconjugation has been involved to account for the short C-C bond in 
CHBC=CH (6). Thus a realistic potential function for this type of molecule 
should include non-negligible interaction constants between adjacent bonds. 
Meister's function (14) for 1-chloropropyne might be criticized on these 
grounds since the C=C, CCl interaction constant (I&,) is taken as zero.g 
However since the agreement between observed and calculated frequencies 
for CH3C=CCl is quite good it  must mean that the I<X, interaction has been 
taken up in the values for the other constants. In this connection it is instructive 
to inspect the sets of force constants that Meister has tested for CH3C--CBr 
(14). They are all about equally good from the point of view of closeness of 
fit between calculated and observed frequencies, yet one set differs from the 
others essentially by having a fairly large (0.65 X lo5 dynes per cm.) value 
for the C=C, CBr interaction constant. The resulting adjustment necessary 
in the other constants is only to change by about 4y0, Kc,, by about 
8y0, with minor changes in two interaction constants. 
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MESYL* DERIVATIVES OF HYDRAZINE1 

ABSTRACT 

Monomesylhydrazide, 1-acetyl,2-me~~lhydrazide,  and sym-dimesylhydrazide 
were obtained by means of the Schotten-Baumann reaction. For comparison 
with these compounds the hydrazinium dimesylate, hydrazinium monomesy- 
late, monomesylhydrazide n~esylate, and monoacetylhydrazide mesylate were 
prepared. The preparation of d i rne~~ldi imide by the action of metallic sodium on 
N,N-dichloromesyla~nide was attempted. 

INTRODUCTION 

Although numerous hydrazides of aromatic and aliphatic carboxylic acids 
have been prepared, very little is known of the hydrazides of sulphonic acids. 
The few sulphonic acid hydrazides which have been prepared were chiefly 
derivatives of aromatic sulphonic acids. I t  seemed, therefore, of interest to 
ascertain whether aliphatic sulphonic acid hydrazides could be prepared.t 
Because of the ready availability of mesyl chloride the hydrazine derivatives 
of methanesulphonic acid were investigated first. 

I t  was found that few of the reactions available for the preparation of the 
hydrazides of carboxylic acids can be used for the synthesis of the hydrazides 
of aromatic or aliphatic sulphonic acids. Curtius and Lorenzen (4) found that 
by treating hydrazine with either the anhydride or the ethyl ester of benzene- 
sulphonic acid the hydrazine disulphonate salt, and not the sym-dibenzene- 
sulphonylhydrazide, was formed. Similar results were obtained in this labora- 
tory using the corresponding aliphatic sulphonic acid derivative (mesyl 
anhydride (I)  or ethyl mesylate (I))  in attempts to prepare the sym-dimesyl- 
hydrazide. 

Raschig's (16) method for the preparation of hydrazodisulphonic acid 
(HO-SO2--NH-NH-SO2-OH) was also found to be unsuitable for the 
preparation of the sym-dimesylhydrazide when mesyl chloride was used as 
the sulphonating agent. Very small quantities of sym-dimesylhydrazide were 
obtained, however, by using the method of Diels and Paquin (8), substituting 
mesyl chloride for the chloromethyl carbonate. 

Considerably better, although still low, yields of sym-dimesylhydrazide 
were obtained by means of the Schotten-Baumann reaction under the condi- 
tions reported by Helferich et al. (10, 12) for the preparation of dimesylimide. 

'Manuscript  received iVfarclt 23, 1955. 
Contribzrtion from the Bunting and Best Department of iVfedical Research, University of Toronto, 

Toronto, Ontario. 
T h i s  paper fornzs part of a thesis sz~bnzitted Lo the Depart71zent of Clzenzistry of the University 

of Toronto, i n  partial fuljillvzent of the requirenients for the Degree of Doctor of Philosophy. 
=Holder of a Research Council of Ontario scholarship i n  1947-48. Holder of szrnznzer scltolarships 

from llre National Research Council i n  1947 and 1948. Present address: Ontario Research Founda- 
tion, Toronto, Ontario. 

*The  use of the word niesyl, which was first suggested b y  Helferich and Gnuchtel ( l l ) ,  i n  place 
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tG .  H .  ~ t e & p e l , - ~ a n :  Patent No. 531,684, ~ $ r l l  6 ,  1955, reports the preparation of aliphatic 
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C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

4/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



NEWCOMBE: DERIVATIVES 1251 

Several changes in the procedure were made in order to increase the yield, 
but were unsuccessful. 

Analysis of the material produced by the Schotten-Baumann reaction 
gave figures that agreed well with those calculated for sym-dimesylhydrazide. 
I t  was realized, however, that the reaction product might have been hydrazin- 
ium dimesylate, hydrazinium monomesylate, monomesylhydrazide mesylate, 
hydrazinium dimethanesulphinate,f or 1,l-dimesylhydrazide, since these 
materials possess similar or identical analytical figures. The possibility of the 
Schotten-Baumann product being identical with one of the first three com- 
pounds named was ruled out by comparing it with hydrazinium dimesylate, 
hydrazinium monomesylate, and monomesylhydrazide mesylate prepared by 
reliable methods (2). Since the Schotten-Baumann product did not react with 
benzaldehyde under conditions which resulted in the immediate formation of 
benzalmesylhydrazone and benzalazine from monomesylhydrazide hydro- 
chloride and hydrazinium dimesylate, respectively, it could not have been 
hydrazinium dimethanesulphinate or 1,l-dimesylhydrazide. 

In  a similar manner it was shown that the Schotten-Baumann reaction of 
acetylhydrazide with mesyl chloride yielded the 1-acetyl,2-mesylhydrazide 
and not acetylhydrazide mesylate, acetylhydrazide methanesulphinate, or 
1-acety1,l-mesylhydrazide. 

In attempting to prepare a monosubstituted hydrazide, namely the mono- 
mesylhydrazide, the methods for the preparation of the monohydrazides of 
carboxylic acids were investigated first. Following the methocl of Curtius 
and Struve (5) by heating the methane sulphonamide with hydrazine hydrate 
or anhydrous hydrazine yielded only the unchanged starting material. Heating 
the ethyl or butyl (14) mesylate with hydrazine hydrate or anhydrous hydra- 
zine following the method of Curtius and Hofmann (3) yielded in every case the 
undesired hydrazinium monomesylate. These results are in line with those 
obtained by Curtius and Lorenzen (4) in their attempts to prepare the mono- 
benzenesulphonylhydrazide. The monomesylhydrazide was readily obtained, 
and in excellent yield, by means of the Schotten-Baumann reaction. The 
monomesylhydrazide, a viscous oil, gave a solid hydrochloride ailcl on treatment 
with benzaldehyde immediately formed the benzalmesylhydrazone. 

I t  was thought that the diacyll~ydrazicles (sym-dimesylhyclrazide and 
1-acetyl,2-mesylhydrazide) might be useful starting materials in the prepara- 
tion of dimesyldiimide and acetylmesyldiimide. The preparation of these 
substances by the oxidation of the hydrazides with fuming nitric acid according 
to Diels et al. (7, 8) proved unsuccessful. The method of StollC (17) was fouild 
not to be feasible since the mercury salts of sym-dimesylhydrazide and 1- 
acetyl,2-mesylhydrazide decomposed too readily to permit their isolation. 
Attempts to prepare the diimide derivatives by oxidation of the disubstituted 
hydrazides by means of lead tetraacetate in glacial acetic acid were also 
unsuccessful. While no reaction occurred with 1-acetyl,2-mesylhydrazide a t  
either 0°, 25", or the boiling point of the solution, the sym-dimesylhydrazide 

SDa~zn  and Davies (6)  have shown that the production of sz~lphinate salts from hydrazine and 
sulphonic acid chlorides occurs rather easily. 
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reacted vigorously, even in the cold, with the evolution of a gas and complete 
decomposition of the hydrazide. The oxidation of the similar diacetylhydrazide 
(sym) with lead tetraacetate in glacial acetic acid gave a reddish colored oil 
in a yield of 33y0 which, lilte the "diacetyl diimide" of Stolli:(17) and Inhoffen, 
Pommer, and Bohlman (13), decomposed too rapidly to permit analysis. 

Finally the possibility of preparing the dimesyldiimide via the action of 
sodium metal on a N,N-dihalomesylamide was investigated. For this purpose 
the unltnown N,N-dichloromesylamide was prepared by the action of sodium 
hypochlorite on an aqueous solution of mesylamide a t  0'. The N,N-dichloro- 
mesylamide was obtained in a pure state and a high yield. While this investi- 
gation was in progress Mel'nikov, Sukhareva, and I<avenoki (15) reported 
the preparation of N,N-dichloromesylamide by the same procedure. The 
bromination of mesylamide with sodium hypobromite gave a product which 
lost bromine on washing with ether or other organic solvents. 

When a suspension of N,N-dichloromesylamide in ether or benzene was 
treated with sodium wire and the solvent removed, an orange colored mixture 
was obtained from which, however, no dimesyldiimide could be isolated. 

EXPERIMENTAL 
sym-Dimesylhydrazide 

T o  an ice-cold solution of 5.48 gm. (80 mM.) of hydrazine hydrochloride 
in 10 ml. of water, 20.9 gm. (182 mM.) of mesyl chloride and 60.5 ml. of 
4.34 N sodium hydroxide solution were added dropwise and a t  such a rate that  
the pH of the solution was in the proximity of 8.0. During the addition, which 
in general required 30 min., the temperature of the solution was kept a t  6'. 
The stirring of the mixture was continued for 15 min. after the addition was 
completed. At the end of this time hydrochloric acid was added and the solid 
was filtered off, washed with water, and dried i n  vacuo. The dimesylhydrazide 
was obtained in yields ranging from 8 to  12y0; m.p. 168.5-170' (with decom- 
position). Calc. for C2Ha04N2S2 (186.2): C, 12.8; H ,  4.25; N, 14.9; S, 34.05%. 
Found: C,  12.8; H,  4.21; N,  15.2; S,  33.80y0. 

Variations.-Using, instead of the 4.34 N sodium hydroxide, 2 N sodium 
hydroxide, 2 N potassium hydroxide, saturated barium hydroxide, or sodium 
bicarbonate solution, or adding the mesyl chloride a t  a faster rate did not 
improve the yield of the sym-dimesylhydrazide. 

Hydrazinium Dimesylate 
A solution containing 9.61 gm. (100 mM.) of methanesulphonic acid, 

dissolved in 10 ml. of water, was prepared and cooled to  0'. The solution was 
then added slowly to 2.5 gm. (50 mM.) of hydrazine hydrate. The resultant 
solution, on standing overnight a t  6', produced a crystalline precipitate, 
which was filtered off and air dried. Concentrating the mother liquor in vaczlo 
yielded more material. The  total yield of hydrazinium dimesylate was 8.31 
gm. (74y0). The material, after drying in vacuo a t  100' to  constant weight, 
melted a t  202-203'. Analyses: Calc. for C2H1206S2N2 (224.3): C, 10.71; 
H ,  5.39; N ,  12.50; S,  28.59y0. Found: C, 10.97; H ,  5.29; N, 12.48; S,  28.8970. 

The hydraziilium dimesylate was recovered unchanged by recrystallization 
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from ethanol. On recrystallization from 95% ethanol only hydrazinium 
monomesylate, melting a t  143.0-143.5', was obtained. The decomposition of 
a hydrazine di-salt to the corresponding mono-salt is not uncommon (9). 

Hydrazinium fifonomesy2ate 

T o  an ice-cold mixture of 5.0 gm. (100 mM.) of hydrazine hydrate and 22 ml. 
of ether in a flask equipped with a reflux condenser, was added slowly 9.61 gm. 
(100 mM.) of methanesulphonic acid. After the exothermic reaction ceased 
the ether was distilled off, and the white residue was recrystallized from a 
small amount of ethanol. The material thus obtained melted from 139 to 144'. 
For further purification it  was dissolved in a small volume of hot water and 
precipitated by the addition of ethanol to the point of turbidity; m.p. 
143.0-143.5'. Calc. for CHSO~SN? (128.2): C ,  9.37; H ,  6.29; N ,  21.85%. 
Found: C, 9.42; H ,  6.46; N,  21.74y0. 

Monomesylhydrazide 

A solution of 5.0 gm. (100 mM.) of hydrazine hydrate in 15 ml, of water 
was placed in a three-necked flask immersed in a salt-ice bath. T o  the solu- 
tion, 11.5 gm. (100 mM.) of mesyl chloride and 50 ml. of a 2 N sodium 
hydroxide solutio~l were added dropwise and with stirring in such a manner 
that the temperature did not rise above 8'. After the addition had been com- 
pleted the solution was concentrated in vacuo with the occasional removal 
of sodium chloride. T o  the concentrate was added 99y0 ethanol and the 
solution again was concentrated in vacuo. The residue was taken up in anhy- 
drous ether, centrifuged, and the solvent removed in vacuo. The residue, a 
clear, colorless, viscous oil weighed 10.31 gm. (93.5y0). The monomesyl- 
hydrazide is moderately soluble in alcohol or ether; but readily soluble in 
chloroform or carbon tetrachloride. Analyses: Calc. for CHeOzN?S (110.1): 
C, 10.9; H ,  5.50; K, 25.4%. Found: C, 10.7; H ,  5.25; N,  25.1%. 

Monomesylhydrazide IIydrochloride 

The mesylation of 5.0 gm. (100 mM.) of hydrazine hydrate was carried 
out as described above. T o  the reaction m i x t ~ ~ r e  was added 25 ml. of concen- 
trated hydrochloric acid, and the sym-dimesylhydrazide which was formed 
in a small amount was filtered off. The filtrate was concentrated in  vacuo. 
The white residue was recrystallized twice from boiling 99% ethanol. The 
crystals of monomesylhydrazide hydrochloride, after drying in  vacuo, weighed 
10.79 gm. (73.7y0) and rneltecl a t  132-153". Analyses: Calc. for CH70?NzSC1 
(146.6): C, 8.20; H ,  4.82; N,  19.14%. Found: C, 8.24; H, 5.20; N, 19.21%. 

Monomesylhydrazide iVIesylate 
This salt of monomesylhydrazide was best prepared by the followi~lg 

method. A solution of 1.10 gm. (10 mhI.) of monomesylhg~clrazide in 10 ml. 
of water was added to a sol~i t io~l  of 0.96 gm. (10 mR4.) of methanesulphonic 
acid in 30 ml. of water and the mixture was concentrated in vacuo. The oil was 
dissolved in 99y0 ethanol and the solution again concentrated in vaczlo. This 
operation was repeated once more. The white cr).stalline substance was 
recrystallized, after solution in a warm nlixture of 20 ml. of 9'3% ethanol and 
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2 ml. of chloroform, by the addition of anhydrous ether to the point of tur- 
bidity. The  substance (m.p. 137-138") was recrystallized once more using a 
warm mixture of chloroform: absolute ethanol (1: 1 v/v) and anhydrous 
ether. In this manner 0.24 gm. (11.7%) of the monomesylhydrazide mesylate 
was obtained; m.p. 144-145'. Analyses: Calc. for C2H1005N2S2 (206.2): 
C ,  11.63; H ,  4.88; N ,  13.59%. Found: C,  11.43; H ,  5.08; N ,  13.67%. 

Benzal Mesylhydrazone 
A solution of 1.10 gm. (10 mM.) of monomesylhydrazide in 16 ml. of water 

was added to a solution of 1.06 gm. (10 mM.) of benzaldehyde in 30 ml. of 
hot ethanol. The  mixture was heated to the boiling point and alcohol was 
added until the precipitate was dissolved. The yellow precipitate which formed 
on cooling was filtered off, redissolved in hot ethanol, and precipitated by the 
addition of water. The colorless crystals were once more recrystallized from 
warm ethanol and water. The benzal mesylhydrazone weighed 1.11 gm. 
(56%); m.p. 150-151". Analyses: Calc. for CgHlo02N2S (198.2): C, 48.5; 
H,  5.07; N ,  14.13y0. Found: C,  48.4; H ,  5.10; N ,  14.19y0. 

I-Acetyl,2-mesylhydrazide 

Acetylhydrazide was obtained by the method of Curtius and Hofmann (3) 
and mesylated in the following manner. 

T o  a cooled solution of 5.0 gm. (67.5 mM.) of acetylhydrazide in 10 ml. of 
water were added dropwise and with gentle stirring 7.75 gm. (67.5 mM.) 
of mesyl chloride and 34 ml. of 2 N sodium hydroxide a t  such a rate that the 
pH was kept below 8.0. The  temperature of the mixture was not allowed to 
rise above 8". Towards the end of the addition the 1-acetyl,2-mesylhydrazide, 
a fine white crystalline solid, precipitated. The solid was collected with suction 
on a Biichner funnel, washed with a small volume of water, and dried in 
vacuo. Yield: 2.27 gm. (22.2%); m.p. 197-199". Analyses: Calc. for C3HsO3N2S 
(152.2): C, 23.65; H ,  5.29; N,  18.40%. Found: C, 23.59; H ,  5.22; N ,  18.28%. 

Acetylhydrazide Mesylate 
T o  a solution of 0.77 gm. (6.8 mM.) of 95% methanesulphonic acid in 

30 ml. of water was added a solution of 0.50 gm. (6.8 mM.) of acetylhydrazide 
in 4 ml. of water, and the mixture was concentrated in vaczco. The sirupy 
residue was taken up in 99% ethanol and the solvent removed in vacuo. 
This process was repeated twice using anhydrous ether followed by 99% 
ethanol. The  dry material was then recrystallized from warm 99y0 ethanol 
by the addition of anhydrous ether. The acetylhydrazide mesylate was thus 
obtained in a yield of 1.06 gm. (go%), m.p. 114-116". Analyses: Calc. for 
C3H1004N2S (170.2): C ,  21.20; H ,  5.92; N, 16.47%. Found: C, 21.10; H ,  6.09; 
N, 16.35y0. 

Reactivity of Hydrazine Derivatives with Benzaldehyde 
Hydrazinium Salts 
T o  a solution of 5 mM. of hydrazinium monomesylate or hydrazinium 

dimesylate and equivalent amounts of sodium acetate in 2.2 ml. of water was 
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added 10 mM. of freshly distilled benzaldehyde. In each case, the formation 
of the well-known benzalazine took place immediately. 

Monoacylhydrazide Salts 

T o  a solution of acetylhydrazide mesylate (0.447 gm., 2.63 mM.) and 0.292 
gm. (3.56 mM.) of anhydrous sodium acetate in 5 ml. of water was added 
0.279 gm. (2.63 mM.) of benzaldehyde and the mixture was well shaken. 
The known benzalacetylhydrazone was formed. 

In a similar experiment with monomesylhydrazide hydrochloride (2.63 mM.), 
but using 80% acetic acid as solvent (10 ml.), the known benzalmesylhydra- 
zone was obtained. 

Diacylhydrazides 
Neither the I-acetyl, 2-mesylhydrazide nor the sym-dimesylhydrazide 

reacted with benzaldehyde under conditions similar to the one immediately 
above. Both hydrazides were recovered unchanged. 

N,N-Diclzloromesylamide 
T o  a solution of 0.64 gm. (16 mM.) of sodium hydroxide in 3.5 ml. of water 

cooled in ice was added 0.76 gm. (8 mM.) of mesylamide, and chlorine gas 
was passed through the solution for a period of 15 min. The white precipitate 
which formed immediately was filtered off, washed with a small amount of 
water, and dried in vacuo. The  N,N-dichloromesylamide was obtained in a 
yield of 1.09 gm. (83.2y0); m.p. 84-86'. Carbon, hydrogen, and nitrogen 
analyses were attempted but the substance exploded in the combustion tube. 
Iodometric analysis indicated a positive chlorine content of 43.1%. Theory, 
43.2%. 
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THE APPLICATION OF GAS-LIQUID PARTITION 
CHROMATOGRAPHY TO PROBLEMS IN CHEMICAL KINETICS1 

ABSTRACT 
A gas-liquid partition chromatographic method for analysis of samples of the 

order of magnitude of a micromole is described. Examples of application are 
given. 

INTRODUCTION 

The analysis of 'liquid products', produced for example in photochemical 
reactions, has in the past been attempted by mass spectrometer analysis, 
by infrared analysis, and by specific tests for various functional groups. 
The liquid products are most frequently complex mixtures and in usual 
chemical kinetic investigations appear in quantities varying from a fraction 
to several micromoles. Their analysis has great significance forelucidating 
the mechanism of the process. Owing to the small size of the samples and their 
complexity, a complete mass spectrometric analysis can rarely be carried out. 
Other methods of analysis usually lead to an incomplete picture of the reaction 
products. The present paper describes the application of gas-liquid partition 
chromatography to these and some related problems. 

Two types of gas chromatography have been considered in connection with 
the present problem: the displacement method (3, 7, 11) and the gas-liquid 
partition method (4, 5, 6). In the former, the mixture to be analyzed was 
first adsorbed on charcoal in a column, and was then displaced from the 
column by nitrogen containing a material such as bromobenzene or ethyl 
acetate. Separation occurred as a result of the difference in adsorption energies. 
In the latter method the stationary phase used was Celite 545 (kieselguhr) 
mixed with a liquid of low vapor pressure (silicones, liquid paraffin, glycerol, 
dinonyl phthalate, and others). The gases were eluted from the column with nit- 
rogen, and separation occurred as a result of the different partition coefficients 
between the gas and liquid. This method was first used for the separation 
of organic acids (5) and amines (4, 6) and the analyzer was an automatic 
burette. Later Ray (12, 13) developed a more general method using thermal 
conductivity cells as the analyzer. He analyzed samples of about 10 mgm. 
and used a 6 ft. column containing 0.45 gm. dinonyl phthalate per gram of 
celite. 

In the present work the partition method has been chosen for analysis of 
liquid products in preference to the displacement method because the same 
column can be used indefinitely and there is no contamination of the com- 
ponents with the displacing compound. There are also, in individual cases, 
the advantages of reversibility and greater selectivity. The method of Ray is 

lA[anuscript received March 11, 1956. 
Contribzltion from the Division of Applied Chert~istry, Na!iorzal Research Council, Ottawa, 

Canada. Issued as N.R.C. NO. 5644. 
2N.R.L. Postdoctorate Fellow 105k55. 
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further developed in order to make it applicable to the extremely small 
quantities of material produced in chemical kinetic studies. The details of a 
gas-liquid partition chromatographic apparatus applicable to samples of the 
order of magnitude of a micromole are given with particular emphasis on 
a discussion of the factors of importance for its construction and use. Some 
examples of application are given. In some favorable cases as little as 2 x 
moles of a gas can be detected. In general, the sensitivity is of the order of 
1 x moles and is, therefore, a t  least as good as that of a gas burette or of 
a mass spectrometer. Isolation of fractions from relatively large samples has 
been previously reported (7, 8). The possibility of the isolation of fractions 
from the extremely small samples used in the present work has been investi- 
gated and it has been found that chromatographic fractionation can be com- 
bined, with distinct advantage, with other analytical procedures. This is 
especially true in cases when the peaks overlap and some of the constituents 
cannot be isolated singly. The method has proved applicable both for quanti- 
tative analysis and for identification of components of unknown mixtures. 

SENSITIVITY OF T H E  THERMAL CONDUCTIVITY MEASUREMENTS 

The possibility of application of gas-liquid partition chromatography to the 
extremely small amounts of products encountered in kinetic studies depends 
on a high sensitivity of detection of these products in very large amounts of 
the eluent gas. Thermal conductivity measurements appear to be, a t  present, 
the most convenient means of achieving the necessary sensitivity, provided 
that  a high sensitivity can be obtained while the general "noise" level is kept 
low. A number of factors affect both the sensitivity and the stability of thermal 
conductivity measuring devices. 

In the present work two thermal conductivity cells, forming in the customary 
manner the adjacent arms of a Wheatstone bridge, were used. They were, 
however, both placed a t  the exit end of the column and separated from each 
other by a series of cold traps so that the substances eluted from the column 
affected only the first cell while pure eluent gas passed through the second 
cell. For the measurement of very small amounts of substances this arrange- 
ment was preferred to the usual one, with the "reference" cell preceding the 
column, because of the difficulty of completely eliminating fluctuations 
in the input pressure of the eluent gas. The bridge was balanced with the 
eluent gas alone in both cells. The temperature change of the platinum 
resistance wire in the conductivity cell due to the presence of an impurity 
is proportional to V2, the square of the e.m.f. across the wire. A given resistance 
change of the wire produces an off-balance signal proportional to V. The 
sensitivity, i.e., the off-balance signal arising from the presence of a fixed 
percentage of an impurity, is, therefore, proportional to V3. A very marked 
increase in sensitivity can, evidently, be achieved by increasing the e.m.f. 
across the resistance wire. However, it was found that if the wire temperature 
was increased to over 200°C., a permanent change in the zero position occurred 
a t  every peak, indicating either a physical change in the surface of the wire 
or a change of its position within the cell. The former would alter the tempera- 
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ture discontinuity (14) a t  the gas-solid interface and thus change the zero 
point. The platinum wires were actually maintained a t  about 100°C., as was 
established by observing resistance change with wattage dissipation. At the 
flow rates used, no appreciable difference in the wire temperature could be 
observed for stationary and flowing gas. 

Platinum resistance wire of in. diameter was used for the conductivity 
cells. Since the desired sensitivity was achieved, no experiments with different 
thicknesses of the wire were conducted. Thinner wires may offer some advan- 
tage in the greater response, but are more difficult to  handle and in all pro- 
bability would be more sensitive to  pressure fluctuations because of greater 
temperature discontinuity. 

The effect of an impurity on the thermal conductivity of a gas is given by 
Chapman and Cowling (1) for a special molecular model. If the impurity 
has a very high molecular weight compared to the bulk of the gas, this equation 
reduces to  

X(impure mixture) = X - n21X2(5 -4B)/2F 

where X is the thermal conductivity of the pure gas, B is a constant and, under 
these conditions, F is inversely proportional to  the molecular weight of the 
impurity. nz l  is the ratio of the number of impurity molecules to the number 
of eluent gas molecules. Thus for this ideal case, the effect of a constant 
amount of impurity is proportional to  the square of the thermal conductivity 
of the eluent gas and proportional to  the first power of the molecular weight 
of the impurity. Though the practical case will only approximate to  this 
relationship, i t  is clear that  a gas of high thermal conductivity should be used. 
For this reason, hydrogen has been chosen for the eluent gas in preference 
to nitrogen. The  use of hydrogen as eluent gas has recently been reported by 
Patton, Lewis, and Kaye (10). 

A rough comparison of the performance of hydrogen and nitrogen gas 
eluents can be made. The thermal conductivity ratio is about 7 to 1. The  
changes in thermal conductivity of the gases on addition of the same percen- 
tage of a vapor of high molecular weight differ by a t  least a factor of 7 and 
possibly by a factor as high as 72. If the wire is to  be a t  100°C. for both gases, 
the ratio of the e.m.f.'s is 7lI2. I t  follows tha t  the off-balance signal produced 
by the impurity in the nitrogen is between 73/2 and 75/2 times less than that  for 
hydrogen. The  small fluctuations in temperature between the two thermal 
conductivity cells would produce a "noise" 71J2 times greater for hydrogen 
than for nitrogen, since the voltage is that  much higher. Thus the ratios of 
signal to  noise for the two cases would differ by a factor between 7 and 7" 
in favor of hydrogen. Apart from this fundamental difference in behavior, 
to obtain the same size "peak" for both gases on the recording chart, the 
amplification has to be very much higher for nitrogen, introducing further 
electrical noise and noise due to pressure variations, malting stable working 
conditions more difficult to achieve. 

Since each molecule of an impurity present in the eluent gas call be regarded 
as making its own contribution to  the recorded peak and this contribution 
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is proportional to the time each molecule remains in the thermal conductivity 
cell, it can be expected that the area under the peaks should decrease with 
increasing rate of eluent gas flow. A marked variation in peak area with flow 
rate has been observed with the experimental arrangement used, though the 
flow rates were not known sufficiently accurately to establish a quantitative 
relationship. 

GENERAL FEATURES OF T H E  APPARATUS A N D  T H E  PROCEDURE 

The flow system is shown in Fig. 1. Hydrogen gas from a cylinder and 
reducing valves enters the apparatus a t  A a t  a pressure slightly greater than 
one atmosphere as regulated by the small buffer volume B (200 cc.) and the 

TO 
VACUUM 

LllNE 

- 
PUMP 

FIG. 1. General outlay of the apparatus. 

bubbler C containing dibutyl phthalate. Through the latter, excess gas is 
allowed to bubble a t  a constant rate. The rotameter D gives an approximate 
value for the rate of flow and a polythene diaphragm valve E can be used to 
vary the pressure applied to the column. The liquid nitrogen trap F removes 
any condensable impurities from the hydrogen. The sampling trap G can be 
evacuated by closing the vacuum stopcoclt H and opening the two-way 
capillary vacuum stopcock I to the vacuum manifold. The sample is measured 
in a gas burette and is condensed in G, care being talten to raise finally the 
level of liquid nitrogen above the condensed sample. During introduction of 
sample, the hydrogen bypasses G by means of stopcoclt J. T o  introduce the 
sample to the column, I is closed and H i s  slowly opened to disturb the pressure 
as little as possible. With G full of hydrogen a t  one atmosphere, I is opened 
to the column and J is closed. I t  is usually necessary to pass hydrogen for a 
few minutes to restore stability of the analyzer. The sample is then evaporated 
into the gas stream by replacing the liquid nitrogen with hot water. The 
present apparatus incorporates three columns for different types of separation. 
The column is selected by operation of three-way capillary vacuum stopcocks 
K ,  L,  0, and P. The sample passes through the column M which is contained 
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in a 6.5 cm. i.d. glass cylinder about 100 cm. long. A spiral of resistance wire 
placed inside the cylinder is used to heat the column to the desired temperature, 
as measured on a thermometer near the center of the cylinder. The 'dead 
space' between G and d l  is reduced as much as possible by using capillary 
tubing. After leaving M, the gas passes through about 20 cm. of 4 mm. i.d. 
thin-walled glass tubing, so that it is cooled to room temperature before 
entering the first thermal conductivity cell Q. After passing through Q, the 
sample can be removed from the hydrogen in a series of cold traps R, made of 
4 mm. i.d. thin-walled glass tubing. The volume is kept as small as possible 
by using capillary stopcocks between the traps. The various components 
passing through the first thermal conductivity cell are recorded automatically 
in the form of peaks. They call usually be trapped out in successive liquid 
nitrogen traps R on the first run. In the case of an unknown mixture which 
gives overlapping peaks, it is sometimes necessary to observe the chromato- 
graphic spectrum on the first run and then send the sample through again, 
in order to effect the most favorable fractionation. The last trap is connected 
through stopcock T to the vacuum system so that  the fractions can be succes- 
sively removed and measured. While this is done the stream of hydrogen is 
bypassed through S. After the second thermal conductivity cell U the gas 
stream enters a 15 liter flask, serving as a buffer volume, and is then pumped 
out by a vacuum oil pump. The pressure is observed on the manometer W, 
and is maintained constant by bleeding in air through the 3 mm. i.d. glass 
capillary tubing V. In some experiments the pressure was 40 mm. and in others 
70 mm. Variations in pressure between these values had little effect on the 
separations. The flow rates were determined by observing the time taken 
for a small amount of air to pass between Q and U. The volume of the tubing 
and traps between Q and U was known. The flow rates in cc. (N.T.P.) per min. 
were 

Column 1:  1.8; Column 2: 15.3; Column 3: 3.3. 

CONSTRUCTION OF T H E  THERMAL CONDUCTIVITY CELLS 

Fig. 2 shows one of the thermal conductivity cells. The gas enters the cell 
through the 4 mm. i.d. thin-walled glass tubing A .  The platinum wire FG 

FIG. 2. Thermal conductivity cell. 
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in. in diameter) is silver soldered to thick platinum crosspieces which, 
in turn, are silver soldered to tungsten rods B and C. Spot welded contacts 
used originally were found to be unsatisfactory. The tungsten leads are pro- 
tected from the thermostatting water by extension of the 15 mm. i.d. glass 
tube of which the cell is made some 10 cm. above the seal E. The wire is mount- 
ed by breaking the cell a t  I1 and sealing back on when the wire has been 
attached. The gas exit is a t  D. The two cells are embedded side by side in 
paraffin wax contained in a glass cylinder 10 cm. in diameter. The whole is 
in a two liter beaker containing water which is stirred. The paraffin wax 
extends to E and the water level is about 5 cm. above this. A layer of oil 
is spread on the surface of the water to prevent evaporation. In early experi- 
ments, the inner cylinder contained mercury instead of paraffin wax. The 
performailce was poor, becoming worse when the mercury was stirred. A gel 
was used successfully until, after a few weelts, it began to decompose and 
liquefy when it  was replaced with paraffin wax. 

The platinum wires formed two adjacent arms of a Wheatstone bridge 
network, the junction of the two wires being connected to the amplifier and 
the other ends of the wires to a 12 volt battery. A box of oil-immersed resis- 
tances formed the other arms of the bridge. In series with the battery was a 
30 ohm resistance. All the connections in the bridge network were made with 
thick copper wire. The off-balance signal was amplified with a d-c. amplifier 
(Liston-Beclter Model 14) and the output was fed to a pen recorder. Screening 
of the circuit was not necessary. The amplifier was not used on full gain and 
its "noise" level was far below that arising from temperature fluctuations 
between the two thermal conductivity cells. The resistance of the platinum 
wires was about 12 ohms a t  room temperature. 

CONSTRUCTION AND EXPERIMENTS WITH DIFFERENT TYPES OF COLUMNS 

A number of different columns were made and their performance with 
synthetic samples observed. In order to maintain the flow rates within suitable 
limits, columns of relatively small diameters were used. The dinonyl phthalate 
columns were 2% mm. i.d. glass capillary tubing, and the glycerol column was 
4 mm. i.d. glass tubing. They were made in U shape, each arm of the U being 
3 ft. They were filled by attaching small funnels to the open ends and the 
stationary phase was packed in by prolonged tapping of the curved portion 
on a solid floor. The  paclting was improved by heating the column to 100°C. 
during this operation, and seemed to result in a uniformly packed column. 
I t  was found that a certain amount of tailing was exhibited by the pealts as 
smaller and smaller samples were used. The following experiments were all 
carried out with a mixture of methyl and ethyl alcohol in order to test the 
separation and the tailing of the pealts with different column materials. 
(a) Since it has been suggested that the tailing occurs as a result of some 
adsorption on the solid (5), some columns were made containing celite which 
had been stirred in a solution of 10% diilonyl phthalate in methyl alcohol 
and acetone. The resulting solid was drained on a Biichner funnel and most 
of the alcohol and acetone was removed by drawing air through it. The resulting 
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column contained 4 gm. dinonyl phthalate to  10 gm. of celite. This treatment 
did not reduce the tailing of the peaks. (b) Varying amounts of sorbitol tri- 
stearate were added, in order to block the surface with strongly adsorbed 
polyfunctional groups. This had little effect. (c) Instead of celite some weaker 
adsorbents were tried as supporting materials. Oxidized copper spheres 
(200-325 mesh) proved unsatisfactory, as did powdered teflon. Glass spheres 
(passing 270 mesh) on the other hand proved to  be advantageous from the 
point of view of tailing and the uniformity of column packing. Larger glass 
spheres were tried but were less successful. The  glass spheres contained 
some iron oxide and attempts were made to  remove this in aqua regia followed 
by washing with distilled water. Columns made from glass spheres prepared 
in this way gave very little separation of the two alcohols. The untreated 
glass spheres gave the most satisfactory columns. They were mixed with 4y0 
dinonyl phthalate by weight in a beaker, and the resulting mixture packed 
uniformly and tightly into the glass tubing. As a result a suitable, relatively 
slow flow rate was obtained. Most of the work described below was carried 
out on columns constructed in this way. (d) I t  was found that addition of 
phosphoric acid to  the columns reduced the tailing of organic acids (5). Addi- 
tion of phosphoric acid to the dinonyl phthalate glass columns caused complete 
removal of alcohols, possibly through formation of non-volatile esters. This 
type of column might have use for some special problems, where small amounts 
of material are to  be separated from an excess of alcohol. The  three columns 
that  were finally integrated into the apparatus were : (1) 1 part dinonyl phthal- 
ate and 25 parts glass spheres passing 270 mesh; (2) 20 parts of celite and 9 
parts of dinonyl phthalate; (3) 1 part of glycerol and 100 parts glass spheres 
passing 270 mesh. Column 2 is used for the less volatile mixtures since it  gives 
a higher flow rate. Column 3 has not yet been used to  advantage since the 
separations have been successfully carried out  on the dinonyl phthalate 
columns. 

T H E  EFFECT OF TEMPERATURE ON SEPARATION 

In  a theoretical treatment of gas-liquid partition chromatography, James 
and Martin (5) have defined the retention volume of a substance as the 
product of the flow rate and the appearance time of the center of the peak. 
Both of these quantities are dependent on the pressures a t  the inlet and outlet 
of the column and if these pressures are varied, the retention volume changes. 
In the present work i t  was found more convenient to  consider the appearance 
times rather than the less direct quantities, the retention volumes. 

The results of James and Martin and later of Ray (12) showed that the 
appearance times of successive members of a homologous series are mutually 
related in a simple manner. Ray pointed out tha t  separation of a mixture is 
impaired if the temperature of the column is too high. This was confirmed in 
the present work when i t  was shown tha t  a sample of 10-"ole of a mixture 
of methanol and ethanol gave overlapping peaks a t  70°C. while a good separa- 
tion was effected a t  room temperature. I t  was found to be of advantage in a 
number of cases to carry out  separation of the more volatile components a t  
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room temperature and to start heating the column part way through the 
experiment in order to avoid excessive appearance times for the less volatile 
components. 

EXAMPLES OF APPLICATION 

Liquid products formed by reaction of oxygen atoms with ethylene, reaction 
of oxygen atoms with acetaldehyde, and decomposition of ethylene oxide in 
the presence of ethylene have been analyzed by the present method in order 
to test its applicability. The details and kinetics of these reactions are given 
elsewhere (2). The detection of impurities in an ethylene cylinder was also 
carried out, since in some chemical reactions the ethylene gave rise to abnormal 
behavior. 

Since aldehydes are important products in the reaction of oxygen atoms 
with ethylene, as well as in a large number of other reactions, experiments 
were carried out using synthetic mixtures of acetaldehyde, propionaldehyde, 
and butyraldehyde. Fig. 3a shows the separation obtained on column 1 a t  

TlME (MINUTES) 

- 
d ./ 
F- 

g 
W I 

Y 

4w 
a 

0 

FIG. 3. (a) Chromatogram of a synthetic mixture of acetaldehyde, propionaldehyde, and 
butyraldehyde. (b) Chromatogram of -80°C. fraction from the reaction of 0-atoms with 
ethylene. 

5 -  

I 
I I 
I 

J I I I 

I I 

50°C. The compounds were trapped out a t  points shown by the vertical dotted 
lines. Each component was measured before and after recovery with a gas 
burette, on a volume of 2.85 cc. Each burette reading on this quantity could 
be in error by 2%. 
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Burette reading 
(pressure in mm. Hg) 

Introduced Recovered 
Acetaldehyde 10.9 11.5 
Propionaldehyde 13.6 13.7 
Butyraldehyde 8 . 5  8 . 3  

Fig. 4 shows the variation in pealc height for acetone, with the size of the 
sample, demonstrating the linearity of the recording device, and the repro- 
ducibility of the method. 

FIG. 4. Variation of peak height with varying amounts of acetone. 

I Fig. 3 b  shows the chromatogram obtained a t  26OC. from the -80°C. 
I 
I Le Roy still (9) fraction from the oxygen atom and ethylene reaction. The 
I peaks were trapped out and mass spectrometric analysis identified the first 
8 

I as acetaldehyde, the second as propionaldehyde, and the third as largely 
I 
I 

butyraldehyde. The rest of the third pealc could have been accounted for as 
some compouild isomeric with butyraldehyde. I t  was shown that under 
identical conditions methyl ethyl lcetone separated only partially from the 
butyraldehyde. In another experiment, the third peak was split by trapping 
a t  the maximum point. The two halves had the same mass spectrum. With 
the column a t  26OC. instead of 50°C. as used on the synthetic mixture of 
aldehydes, the ratio of the appearance times of the higher aldehydes to lower 
aldehydes has increased and the separation has considerably improved. 

Fig. 5a shows the chromatogram obtained from the -80°C. fraction from 
the reaction of oxygen atoms and acetaldehyde carried out on column 1 a t  
26°C. The peaks were trapped out and identified by the mass spectrometer. 
The heater was switched on after 75 min. and the temperature of the column 
was 85°C. a t  the appearance of the third peak. The first peak is the excess 
acetaldehyde, the second peak is acetone, and the third is biacetyl. The 

I acetone was present to the extent of 3% of the acetaldehyde. I t  is doubtful 
if it could have been identified by any conventional method since although 
the parent peak of the acetone would be observed in such a mixture on the 
mass spectrometer, the rest of the spectrum would be masked. As a check a 
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TIME (MINUTES) 

TIME (MINUTES) 

TIME [MINUTES) 

FIG. 5.  (a )  Chromatogram of -80°C. fraction from the reaction of 0-atoms with acet- 
aldehyde. (b) Chromatogram of room temperature fraction. ( c )  Chromatogram of -80°C. 
fraction from the mercury sensitized decomposition of ethylene oxide in the presence of small 
amounts of ethylene. ( d )  Chromatogram of the impurities in cylinder ethylene gas. 

synthetic mixture of 30 parts of acetaldehyde and 1 part of acetone was run 
on the column and the same appearance times were observed. Fig. 5 b  shows 
the room temperature fraction from the same reaction separated on column 
2 a t  26'C. The peaks were trapped out and measured and analyzed as water 
and biacetyl. A sample of water was passed through the column and the 
position of the first peak was verified. 
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Fig. 5c shows the chromatogram of the -80°C. fraction obtained on column 
1 a t  26°C. for the decomposition of ethylene oxide in the presence of ethylene. 
The heater was switched on after 29 min. The sample was 1.5 X moles 
consisting mainly of ethylene oxide which, in such a large quantity, appeared 
to saturate the column. The two small peaks on the tail of the ethylene oxide 
peak were trapped out as shown by the vertical line. At the appearance of 
the third peak the temperature was 102°C. The sample obtained from the tail 
of the ethylene oxide peak was rechromatographed and gave three separate 
peaks. The first was ethylene oxide, the second butyraldehyde, and the third 
pentaldehyde. 

Fig. 5d shows the chromatogram obtained for the -60°C. fraction from a 
cylinder of ethylene prepared by dehydration of ethyl alcohol. Four hundred 
milliliters of impure ethylene a t  one atmosphere were condensed on a Le Roy 
still. The ethylene was removed a t  -175°C. and the -60°C. fraction yielded 
1.04 X lop5 moles of impurity. The chromatogram was started at  26°C. and 
the heater was switched on after 24 min. By trapping out according to the 
vertical lines, the impurities were identified by mass spectrometric analysis 
as (a)  COz, (b) propylene, (c) isobutane, (d) butene-2, ( e )  isopentane, (f) 
diethyl ether and pentene-2, (g) hexane, (h)  hexene (branched chain). The rest 
of the spectrum consisted of heptenes, heptanes, octenes, and octanes. No 
ethyl alcohol was detected. 

The foregoing examples illustrate the applicability of the gas-liquid parti- 
tion chromatography to the very small samples encountered, for example, 
in chemical kinetic and photochemical investigations. Good reversibility 
of the gas-liquid partition process is demonstrated by the observed quantita- 
tive recovery of the aldehydes. I t  should be mentioned a t  the same time that 
with the small samples used in the present work some compounds exhibit a 
partially irreversible adsorption. In some instances the reversibility is strongly 
temperature dependent. Thus, water and biacetyl show incomplete recoveries, 
especially a t  lower column temperatures. I t  is, therefore, necessary, when 
quantitative determinations are made, to establish the percentage recovery 
for each compound in the mixture a t  a particular column temperature. 
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NOTES 
I 

I A NOTE ON THE ALKALOIDS OF BUPHANE DZSTZCHA 

In the course of work which has been discontinued we had occasion to 
examine the alkaloidal content of some bulbs of Buphane disticha Herb. 
(Haemanthus toxicarius Herb.) and our results differ somewhat from those 
recorded by Tutin (8) and Lewin (4). The  crude alkaloids were chromato- 
graphed over activated alumina to furnish in low yield lycorine (previously 
isolated by Tutin) and a new base which does not appear to have been char- 
acterized previously. The base, m.p. 18g0, analyzed for C17H1904N, had one 
methoxyl, no N-methyl, one active hydrogen, and one readily hydrogenatable 
double bond which from infrared data must be trisubstituted. The  infrared 
spectra of the free base and its perchlorate showed that the double bond could 
not be afl to the nitrogen atom. I t  gave a positive test for a methylenedioxy 
group with Labat's reagent and the ultraviolet spectrum (A,,, 285 mp, log r 3.2) 
suggested the presence of the aromatic moiety shown in (I) since it  closely 
resembled safrole (5). The  double bond was not conjugated with the aromatic 
nucleus since the ultraviolet absorption spectrum of the dihydro-compound 

1 was identical to that of the original base. The active hydrogen was present in 
a hydroxyl group since the dihydro-base gave an 0-acetate (vco 1710 cm.-I) I 

1 rather than a N-acetyl derivative. The nature of the hydroxyl group has not 
I been determined but it is unlikely to be tertiary since it acetylated readily; 

however in an attempted chromic acid oxidation of the dihydro-compound 
I only the starting material could be isolated in 50% yield. 

If this alkaloid resembles other members of this class of known constitution, 
e.g. lycorine (2, 7),  homolycorine (3), and lycorenine (3), then the above 
results are compatible with the formula (I).  The lack of material precludes 
further study a t  this time but we have shown by direct comparison and 
infrared spectra that our new base is not identical with crinamine, m.p. 193- 
194' (6), or haemanthamine, m.p. 200° (I) ,  both of which have the formula 
C17Hle04N and contain a methylenedioxy and a methoxyl group. 

EXPERIhIENTrlL1 
I 

Dried shredded bulbs of Bupizane disticha (1500 gm.) were percolated with 
95% alcohol (48 liters). The combined extracts were concentrated to dryness 

l.411 melting points are uncorrecled and  tlae ilajrared speclra are naeasured in polassit~ttz bromid.: 
m l ~ l l s .  
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and the residue triturated with dilute hydrochloric acid. The acid solution 
after several washings with chloroform was basified and the precipitated 
alkaloids taken up in chloroform. The dried extract on concentration afforded 
the crude bases (4.3 gm.) which were chromatographed over activated alumina 
(300 nm.). Most of the material was irreversibly adsorbed but a chloroform - .  
eluate (850 rngm.) and an ethanolic eluate (250 rngm.) were obtained. 

Lycorine 
In ethanol the ethanolic eluate slowly deposited needles (75 rngm.), m.p. 

260°, which gave an undepressed melting point on admixture with an authentic 
sample of lycorine. Found: C, 66.9; H, 6.0. Calc. for C16H17O4N: C, 66.9; 
H,  5.9%. 

The Base 
The chloroform eluate in ethanol slowly gave the base in large prisms 

(350 rngm.), m.p. 18g0, unchanged on further crystallization. Found: C, 67.8; 
H,  6.4; N, 4.7; OMe, 10.6; act. H (Zerewitinow), 0.35. Calc. for C17H1904N: 
C, 67.7; H,  6.3; N, 4.7; OMe, 10.3; act. H,  0.33y0. In microhydrogenation 
4.6 mgm. took up 0.37 ml. (N.T.P.) and the theoretical for one double bond 
requires 0.35 ml. (N.T.P.). The ultraviolet absorption spectrum measured in 
95% ethanol showed a maximum 285 mp (log e 3.17) and a minimum 260 mp 
(log E 2.59) and was unaltered in acidic or alkaline solution. The base gave a 
~os i t i ve  test for a methylenedioxy group with Labat's reagent. 

Base Perchlorate 
The salt was crystallized from water, m.p. 119'. Found: C, 47.6; H ,  5.5. 

Calc. for C17H1804N.HCI04.1.5H20: C, 47.5; H,  5.5%. 

Dihydro-base 
The base was hydrogenated in acetic acid using platinum oxide as a catalyst. 

The dihydro derivative had m.p. 200°, from acetone. Found: C,  67.3; H,  7.0. 
Calc. for C17H2104N: C,  67.3; H ,  7.OY0. The ultraviolet absorption spectrum 
showed a maximum a t  285 mp (log E 3.2), and in the infrared the medium 
strength band present a t  840 cm.-I in the original base had disappeared. 

Monoacetyldihydro-base Perchlorate 
The dihydro-base (50 rngm.) was acetylated in acetic anhydride (2 ml.) 

using a drop of perchloric acid as  a catalyst. The free base after isolation 
could not be obtained crystalline and was converted into its perchlorate, which 
crystallized readily from water, m.p. 131-132". Found on a sample dried a t  
60" for 12 hr. in vacuo: C, 45.8; H,  5.8. Calc. for C19H~,0sN.HC104.3H20: 
C, 45.6; H ,  6.0%. The infrared showed v c o  a t  1710 cm-I. 

ACKNOWLEDGMENTS 

We are indebted to the National Research Council of Canada for support 
and to Dr. S. Uyeo for a sample of crinamine and Dr. Hans-G. Boit for the 
haemanthamine. We thank Mr. W. Fulmor and Staff of Lederle Laboratories 
Division of America11 Cyanamid for the determination of the infrared spectra. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
4/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1270 CANADIAN JOURNAL OF CHEMISTRY. VOL. 33 

The Buphane disticha was obtained in the Belgian Congo through the facilities 
afforded by the Institut National pour L'Etude Agronomique a t  Keyburg. 
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B. R., TSUDA, Y., TSUKAMOTO, K., UYEO, S., YAJIMA, H., and YANAIHARA. N. 1. Chern. . - 
SOC. 4622. 1954. 
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THE VIBRATIONAL SPECTRUM OF THE SULPHITE ION 
IN SODIUM SULPHITE1 

The Raman and infrared spectra of the sulphite ion in sodium sulphite have 
been reinvestigated. Hibben (3), on reviewing the work done prior to 1939, 
decided that the Raman spectrum of the sulphite ion required further exami- 
nation. More recently, Siebert (7) has obtained the Raman spectra, without 
measuring the depolarization ratios, of aqueous solutions of three sulphites 
and has assigned the four bands observed in each spectrum to th,e four funda- 
mental modes of the ion. In the infrared, Miller and Willcins (4) included 

I several sulphites in their study of the absorption spectra of solid salts, but 
I 

confined their study to the region 3-16 p. We have shown that measurement 
of the depolarization ratios of the Raman bands and an examination of the 
infrared spectrum between 3 and 33 p confirm Siebert's assignment. 

Two samples of sodium sulphite which gave identical spectra were examined. 
One was made available to  us by Professor H. G. Thode and the other was 
C.P. grade (Fischer Scientific Company). The  Raman spectrum of a saturated 
aqueous solution was obtained with a White photoelectric recording spectro- 
meter (8), and depolarization ratios were measured (1) and corrected (5). 
A Perlcin Elmer double-pass infrared spectrometer with LiF, NaCl, KBr, 
CsBr optics was used to obtain the infrared spectra of a saturated aqueous 
solution and of solid films of the sulphite. Nujol films and films obtained by 
evaporating aqueous solutions on AgCl were examined. 

The results are tabulated in Table I .  In some regions in the infrared, ab- 
sorption by water or nujol made examination difficult or impossible. 

X-Ray diffraction results (9) indicate that the sulphite ion is pyramidal 
I 

(C3,,) with the sulphur atom a t  the apex. This model should have two sym- 

'Issued as N.R.C. No. 3619. 
=National Research Cou7zcil Postdoctorate Fellow, 1953-66. 
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A Perlcin Elmer double-pass infrared spectrometer with LiF, NaCl, KBr, 
CsBr optics was used to obtain the infrared spectra of a saturated aqueous 
solution and of solid films of the sulphite. Nujol films and films obtained by 
evaporating aqueous solutions on AgCl were examined. 

The results are tabulated in Table I .  In some regions in the infrared, ab- 
sorption by water or nujol made examination difficult or impossible. 

X-Ray diffraction results (9) indicate that the sulphite ion is pyramidal 
I 
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TABLE I 

Raman, 
aqueous solution Infrared 

Assignment 
cm.-I Poba Ptrus Aqueous solution Solid 

- 1995 (vw) - 1968 (vw) 

A - - 2v2 
v2 + v4 E - - 
~1 a 967 (s) 0.64 0.47 1002 (m) 
V J  e 933 (m) 1.05 0.86 954 (s) 
2v4 A + E 896 (vw) ? - 
v2 a 620 (w) P 632 (w) 
v4 e 469 (m) 1.06 0.86 - 

- 
633 (s) 
406 (s) 

metric modes of vibration v l  and vz (a  type) and two asymmetric doubly 
degenerate modes vs and v4 ( e  type). All four modes are infrared and Raman 
active. 

The observed Raman spectrum is immediately explained in terms of the 
four expected fundamental vibrations. The strong polarized Raman band a t  
967 cm.-l is assigned to v l ,  the symmetric stretching mode, while the other 
polarized weak band a t  620 cm.-I is assigned to vz. The two depolarized bands 
of medium intensity a t  933 and 469 cm.-I are assigned to va and v4 respectively. 
The remaining very weak band a t  896 cm.-I may be 2 v4. 

The infrared spectrum of the aqueous solution shows three bands which 
must be identified as v l ,  vz, and va. v4 was not observed, the absorption of the 
water in this region being strong. The large discrepancies between the positions 
of the Raman and infrared bands must be ascribed to the strong intermolecular 
interaction, and, as is usually found in such cases, the infrared bands have 
higher frequencies (6). 

The infrared spectrum of the solid shows several bands that are satis- 
factorily explained as combinations and overtones of the four fundamental 
modes. 

Using the mean values of the Raman and infrared frequencies of the four 
modes in aqueous solution, the dimensions of the ion from X-ray data, and 
the equations derived from a four-constant potential function (2), the fol- 
lowing values of the four constants were calculated: IC1 = 5.496, K l l =  0.643, 
K 6  = 1.019, and Kal = 0.310 all in units of lo5 dynes per cm. These constants 
were used to calculate the following frequencies of the fundamentals in the 
isotopic ion S340216: v l  = 972, vz = 623, va = 937, and v4 = 457, all in cm.-l. 

We wish to thank Professor H. G. Thode for suggesting this problem. 

1. EDSALL, J. T. and WILSON, E.  B., JR. J. Chem. Phys. 6: 124. 1938. 
2. HERZBERG, G. Infrared and Raman spectra of polyatomic molecules. D. Van Nostrand 

Company, Inc., New York. 1945. p. 188. 
3. HIBBEN, J. H. Raman effect and its chemical applications. Reinhold Publishing Corpo- 

ration, New York. 1939. p. 394. 
4. MILLER, F. A. and WILKINS, C. H. Anal. Chem. 24: 1253. 1952. 
5. RANK, D. H. and KAGARISE, R. E. J. Opt. SOC. Amer. 40: 89. 1950. 
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AN OSCILLOSCOPIC POLAROGRAPH 

Polarographic half-wave potentials may be determined without the necessity 
of obtaining the whole polarographic wave by the use of several derivative 
techniques. Many of these are based on the introduction of a low-voltage 
alternating signal into the cell circuit, and observation of some change pro- 
duced in this signal by its passage through the cell. We have extended the 
designs of Miiller et al. (4) and Boeke and van Suchtelen (I)  for an oscilloscopic 
polarograph (i) by the introduction of phase-shifting components so as to 
produce elliptical Lissajous patterns, and (ii) by the incorporation of an 
electronic switch in the oscilloscope's vertical input so as to provide a reference 
signal in addition to that observed for the polarographic cell. Since the 
apparatus was built we became aware of the circuit of Rodrequez and 
Sancho (5) which incorporates the first of the above features. As this type of 
determination requires the recognition of a distorted pattern on the oscilloscope 
screen, discrimination is made much easier by the presence of a second un- 
distorted pattern a t  the same time, especially as the two images may be 
superimposed. 

The circuit is shown in Fig. 1. The cell circuit proper, in which the polarizing 
direct current flows, is made up of the polarographic cell, the source of direct 
voltage, the coupling transformer to the detecting circuit, and the resistance 
across which the alternating signal is supplied. The  source of alternating 
signal was a Heathkit Audio Oscillator, Model AO-1, which was operated to 
produce a sine wave a t  200 c.p.s. The  output of this was about 4.1 volts under 
normal load, and was fed directly to the horizontal input of the oscilloscope 
and through a resistor to the synchronizing terminal. The signal for the cell 
circuit was tapped from a 10,000-ohm linear carbon volume control across the 
oscillator output, and applied across one of a selection of small resistors in 
the cell circuit. 

Direct voltage was supplied by a Fisher Elecdropode manual polarograph 
modified in two respects. In parallel with the 100-ohm "STD" control a 
400-ohm control was added, with considerable gain in convenience in setting 
the slidewire span voltage. The main voltage divider was replaced by a 10-turn, 
200-ohm Helipot potentiometer, Model A. The iMocIel W Duodial used with 
this was marked to 1 mv., and could be read to 0.5 mv. without difficulty. 

The  alternating signal was detected by a filament transforiner operated 
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CELL 

FIG. 1. Circuit d i a ~ r a m .  
R1 10,000-ohm linear carbon 
RZ 500,000-ohm carbon 
RJ to Rs 7 to 400 ohm 

Rg $70,000-ohm 
C1 to Cd 10 pf. to  0.015 pf. 
T1 Hammond 167 B 25 (6.3: 110) 

backward, and was fed to a 6-watt amplifier built in the Department of 
Physics, University of Toronto. A 500-ohm output was used, and, a t  full gain 
with bass boost on, the gain was 700 for a 200-cycle signal. The noise level was 
0.2 mv. a t  full gain, and there was no distortion of a sine wave up to 135 v. 
output. The cell signal and a reference signal were presented to the oscilloscope 
through a DuMont Electronic Switch, Model 185. The signals were observed 
on a Heathlcit 5-in. oscilloscope, Model 0-7, operated on its 400-v. range a t  
very low vertical gain, to produce a trace as free from noise and visible tran- 
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sients as possible. Many leads were shielded, as shown, to prevent pickup of 
stray signals. 

T o  observe the summit potential phenomenon described by Delahay and 
Adams (2), a Hewlett-Packard A.C. Vacuum Tube Voltmeter was connected 
as shown, and operated on its 3-v. range. 

The characteristics of the components used led to the choice of the following 
operating conditions: (i) a high switching speed, with the pattern appearing 
as a line, (ii) relatively high gain on the amplifier before the switch, (iii) lowest 
possible gain in the switch and oscilloscope, (in) low intensity setting to 
minimize halo. 

Method of operation.-With the cell operating, the oscilloscope, electronic 
switch, and signal generator were turned on. This gave a pattern shown in 
Fig. 2a. This was adjusted by means of the "A" gain of the switch and the 

<EV2 € 1  12 'E, 12 

FIG. 2. Oscilloscopic traces. 

horizontal gain of the oscilloscope to a suitable size, the phase-shifting re- 
sistance having first been set to tilt the figure a t  about 45". Next, the amplifier 
and polarograph were turned on with the applied potential set a t  zero (Fig. 2b). 
The height of the cell signal was set by the "B" gain of the switch and the 
amplifier gain to  a somewhat lower level. While observing the screen, the 
potential was increased until a point was reached a t  which the cell figure 
became elliptical (Fig. 2c). The phase-shifting circuit was used to place the 
reference signal a t  the same angle as the cell signal, and the balance and gain 
controls of the switch were used to  superimpose the figures if desired (Fig. 2d). 
Then a short potential interval was investigated with the polarograph until 
the point of no deviation of the two ellipses was found. By using the sweep 
generator of the oscilloscope, two sine waves could be matched in the same 
way. I t  will be noted that the circuit provides for elimination of the electronic 
switch so that a single sine wave or ellipse can be projected if desired. 

Measured half-wave potentials.-The following observations were made for 
solutions for which known half-wave potentials were available for comparison. 
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Supporting E i  vs. N.C.E., volts 
Solution electrolyte Observed Literature 

0.001 M CdSO, 0.1 A[ 1 tc l  -0.661 -0.63 (3) 
0.001 iM Cu(C104)z 0.1 ill KC1 -0.029 -0.03 (3) 
0.001 M Pb(N03)z 0.1 IM KNOS -0.432 -0.46 (3) 

-0.43 (6) 

In each case the reading was checked by resetting the potential dial several 
times. For cadmium there was found to  be an  interval of 4 mv. in which no 
distortion was visible, the middle of which could easily be located to 1 mv. 
For copper and lead the region of no distortion was about 10 mv. Bubbling 
with nitrogen for a period of two hours did not change the indication obtained 
for a fresh solution of cadmium ion. 

We do not doubt that  the details of this circuit could be improved; for 
instance, the use of a double-gun oscilloscope would obviate the electronic 
switch. The principal difficulty encountered was the elimination of stray noise, 
and i t  must be stressed that adequate shielding and grounding of the circuit 
are imperative for satisfactory operation. 

We are greatly indebted to  Professor J. M. Anderson of the Department of 
Physics, University of Toronto, for the loan of equipment and for much help 
with the design of the circuit. We also gratefully acknowledge financial 
assistance from the University's Advisory Committee on Scientific Research. 
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THE FORMATION OF MOLECULAR COMPLEXES BETWEEN 
SOLID UREA AND n-OCTANE VAPOR 

The formation of molecular complexes, called adducts, between urea and 
n-paraffins has been known for some time. Schlenk (3) has given a detailed 
account of their preparation from solution, and has reported an elucidation 
of their structure on the basis of X-ray evidence. He showed that when straight 
chain hydrocarbon molecules are added to  a concentrated solution of urea, in 
a suitable solvent, crystallization of the urea occurs in such a way that each 
hydrocarbon molecule becomes imprisoned in a canal formed by a hexagonal 
arrangement of urea molecules, as contrasted with the normal closely packed 
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Supporting E i  vs. N.C.E., volts 
Solution electrolyte Observed Literature 
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tetragonal lattice of urea. The hexagonal structure has now been worked out 
in detail (4) and the whole subject of urea adducts has been reviewed else- 
where (1, 5 ) .  

Schlenk (3) has also reported the slow formation of urea adducts by the 
mere contact of finely divided tetragonal urea crystals with certain pure 
liquid n-paraffins, and has also suggested the possibility of forming such 
adducts by exposure of tetragonal urea to the vapor of the lower boiling 
n-paraffins. Redlich and co-workers (2) have reported measurements of equi- 
librium pressures for various systems consisting of adduct, solid urea, and a 
long chain molecule. These measurements imply a reversibility between the 
reactions involving adduct decomposition and formation. 

The present work was undertaken in an attempt to throw light upon the 
mechanism of this reaction between tetragonal urea and pure n-paraffin 
vapors, which is an interesting one from the standpoint of the molecular forces 
involved. The following is a report of some preliminary experimental findings, 
and an indication of some of the experimental work in progress. 

Reagent grade urea was recrystallized, dried, and screened, the "through 
60 mesh on 80 mesh" portion being used. Small samples (40 mgm.) were 
contained in a basket of 100-mesh copper gauze and suspended on a quartz 
spiral balance. The balance case was connected with the usual vacuum system 
and means were provided for the exposure of the suspended sample to n-octane 
vapor a t  its saturation vapor pressure a t  25" C. Provision was also made for 
the addition of other gases. 

On exposure of urea samples, prepared in this way, to n-octane vapor, no 
evidence of adduct formation was observed after 24 hr. I t  was found, however, 
that adduct formation toolc place rapidly in the presence of water vapor, and 
that if the adducts so formed were decomposed under vacuum, addition of 
n-octane vapor then occurred rapidly in the absence of water vapor, and that 
cycles of decomposition and absorption of hydrocarbon could be carried out. 
Adduct formation in the presence of water vapor has been confirmed by X-ray 
diffraction, the line patterns being identical with those obtained for adducts of 
several normal hydrocarbons and alcohols prepared from saturated solutions 
of urea in methanol. The nature of the products formed by the addition of 
n-octane vapor after the evacuation of the adduct and in the absence of water 
vapor has not as  yet been definitely established. 

The results of a typical experiment are shown in Fig. 1 where the weight 
increase, as obtained by readings of spiral extension, is plotted against the 
square root of the time in minutes. In this experiment, the urea sample was 
evacuated a t  mm. and 25" C. for 24 hr., in order to remove traces of water 
vapor. I t  was then exposed to n-octane vapor a t  its saturation vapor pressure 
a t  25" C. for 24 hr. No significant change in weight was observed during this 
period. Water vapor a t  a pressure of approximately 11 mm. was then admitted. 
The sample started to increase in weight immediately, and a gradual swelling 
occurred. Zero time in Fig. 1 is taken as the time of admission of water vapor. 

When the reaction appeared to be approaching completion, vacuum was 
applied and the weight of the sample decreased rapidly to its initial value. 
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JTlME (MINUTES) 

FIG. 1. Typical formation and decomposition curves for the urea-n-octane adduct. 

Pure n-octane vapor a t  its saturation pressure was then admitted, but no 
water vapor. A rapid increase in weight occurred (the second rise shown in 
Fig. I ) ,  the rate decreasing a t  a much lower uptalte of the hydrocarbon. The 
reaction was allowed to proceed for a time and the cycle of operations re- 
peated. Uptalte of 72-octane was again observed. 

If adduct formation occurs during the second and third exposures, some 
stability of the hexagonal lattice after the withdrawal of the hydrocarbon 
chain may be indicated. I t  is also possible that the removal of the hydrocarbon 
a t  very low pressure may result in the collapse of the hexagonal lattice into an 
assembly of microcrystals of tetragonal urea, and that adduct formation takes 
place more readily on this material of high surface area. I t  is also possible that 
the observed uptake of n-octane in the absence of water vapor is due to  
adsorption. Experiments are being carried out with the purpose of deciding 
among these alternatives. 

Adduct formation in the presence of water vapor was accompanied by a 
marked swelling of the sample. This is probably due to the increased volume 
of the hexagonal channel structure over the normal tetragonal crystals and 
has been reported by others (1). I t  is interesting to note that this swollen state 
persisted after the decomposition of the sample a t  low pressure. 

While extensive quantitative results are not yet available, the rate of adduct 
formation appears to have a linear dependence on water vapor pressure over 
the range from 8 to 15 mm. There appears to be a lower limit of water vapor 
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pressure (approximately 7 mm.) below which adduct formation does not occur 
for crystals of the dimensions used in these experiments. 

The reaction between urea crystals and n-octane vapor in the presence of 
water vapor was also observed by a photomicrographic technique. At water 
vapor pressures of 14 to  15 mm. the reaction was observed to proceed quite 
readily. This was shown by the loss of transparency of the urea crystal and 
the formation of a fuzzy, opaque, somewhat larger crystal. 

Photomicrographic evidence appears t o  indicate that  not all the urea 
crystals react a t  once. However, once initiation of reaction occurs on a given 
crystal, the reaction progresses rapidly through that  crystal. When water 
vapor was present to  the extent of 7 to 8 mm. no reaction occurred after 24 hr., 
indicating again the presence of a limiting water vapor pressure below which 
adduct formation does not occur. 

The  fact that  water vapor promoted the adduct formation led to  an investi- 
gation of other possible promoters. Methanol and ethanol, a t  pressures in the 
region of 10 to  15 mm., promoted the reaction after considerable time. There 
is some indication that  nitromethane and ethylenediamine behave in a similar 
manner. The  effect of other substances is being studied. 

Work is being carried out on the adsorption of water vapor on urea, the 
determination of the change in surface area on removal of hydrocarbons a t  
low pressure, and more extensive utilization is being made of X-ray techniques. 
The  results will be reported in a subsequent paper. 

1. KOBE, K. A. and DOMASK, W. G. Petroleum Refiner, No. 3: 106. 1952; No. 5: 151. 1952; 
No. 7: 125. 1952. 

2. REDLICH, O., GABLE, C. M., DUNLOP, A. K., and MILLER, R. W. J. Am. Chem. Soc. 72: 
4153. 1950. 

3. SCHLENK, W., Jr. Ann. 565: 204. 1949. 
4. SMITH, A. E. Acta Cryst. 5: 224. 1952. 
5. TRUTER, E. V. Research (London), 6: 320. 1953. 

For the study in this laboratory of the fungicidal activity of compounds 
containing the thiocarbamoyl grouping, it  became necessary to have a series 
of 1-alkyl-2-imidazolidinethiones. Except for a paper by Rich and Horsfall (10) 
in which is reported the fungitoxicity of n-octyl-, t-octyl-, and n-octadecyl- 
ethylenethiourea (for which no physical characteristics are given), no reference 
to simple 1-alkyl-2-imidazolidinethiones is to be found in the literature. 

1Contribzrtion No.  51, Science Service Laboralory, London, Onlario. 
ZSenior Chemist. 
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pressure (approximately 7 mm.) below which adduct formation does not occur 
for crystals of the dimensions used in these experiments. 

The reaction between urea crystals and n-octane vapor in the presence of 
water vapor was also observed by a photomicrographic technique. At water 
vapor pressures of 14 to  15 mm. the reaction was observed to proceed quite 
readily. This was shown by the loss of transparency of the urea crystal and 
the formation of a fuzzy, opaque, somewhat larger crystal. 

Photomicrographic evidence appears t o  indicate that  not all the urea 
crystals react a t  once. However, once initiation of reaction occurs on a given 
crystal, the reaction progresses rapidly through that  crystal. When water 
vapor was present to  the extent of 7 to 8 mm. no reaction occurred after 24 hr., 
indicating again the presence of a limiting water vapor pressure below which 
adduct formation does not occur. 

The  fact that  water vapor promoted the adduct formation led to  an investi- 
gation of other possible promoters. Methanol and ethanol, a t  pressures in the 
region of 10 to  15 mm., promoted the reaction after considerable time. There 
is some indication that  nitromethane and ethylenediamine behave in a similar 
manner. The  effect of other substances is being studied. 

Work is being carried out on the adsorption of water vapor on urea, the 
determination of the change in surface area on removal of hydrocarbons a t  
low pressure, and more extensive utilization is being made of X-ray techniques. 
The  results will be reported in a subsequent paper. 
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The reaction of equimolar amounts of ethylenediamine and carbon di- 
sulphide was shown by Hofmann (4) to yield N-(p-aminoethyl)dithiocarbamic 
acid (I, R = H). Thermal decomposition of this inner salt gave 2-imidazo- 
lidinethione (11, R = H). These reactions were later extended to various N- 
and N,N1-substituted 2-imidazolidinethiones by van Alphen (I), Baum (2), 
Donia, Shotton, Bentz, and Smith (3), Hurwitz and Auten (5), Lob (7), 
Newmann (8), Schmidt ( l l ) ,  Vaugh and Bean (12), and Zienty (13). 

Following the classical procedures, a series of 1-alkyl-2-imidazolidinethiones 
has been prepared. 

heat I I 
R N H C H z C H z N H z  + CS2 & RN-CHzCHzNH3+ 

I 
C-S- 

- R-N\ C / N H  + 

The N-alkylethylenediamines were prepared either by reaction of the re- 
quisite alkylamine with 2-bromoethylamine (9) (R = ethyl through hexyl), 
or by reaction of an alkyl halide with 98y0 ethylenediamine (6) (R= heptyl 
through dodecyl). 

The N-alkyl-2-imidazolidinethiones were prepared essentially according to 
the method given by Donia et al. (3). The reaction of the amine with carbon 
disulphide was carried out in ether to give a fine white precipitate of the 
dithiocarbamic acid inner salt. The use of acetone (3) as the reaction medium 
resulted in yellow gummy precipitates, which could however be triturated 
with ether to give more tractable material. 

A typical preparation is described, in which the alkyl group is octyl: A 
solution of 10.1 gm. (0.059 mole) of N-octylethylenediamine in 80 ml. ether 
was cooled to 10' C. in an ice-bath, and stirred vigorously while 4.72 gm. 
(0.062 mole) of carbon disulphide in 30 ml. ether was added dropwise. Stirring 
was continued for 30 min. after addition was completed. The precipitate was 
removed by filtration, washed with ether, and air-dried. The yield was 14.3 gm. 
(98%). Found: N,  11.2y0. Calc. for CIIH?~NZSZ: N, 11.3y0. 

The inner salt was heated for two hours in a wide-mouthed Erlenmeyer 
flask immersed in an oil bath a t  130°C. The  dark residue was crystallized 
from hexane to give 9.7 gm. (7770) of 1-octyl-2-imidazolidinethione. The 
material was then recrystallized from hexane to constant melting point 
(Table I). 

The yields given in Table I are calculated from the amount of material 
obtained after one crystallization of the crude imidazolidinethione. Hexane 
was the preferred solvent for recrystallization, except for the first three 
members of the series, where ether or hexane-acetone was used. 

3All nzelling poi?tls are uncorrecled a d  were oblained o n  l l ~ e  Fisher-Johns block. 
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TABLE I 
1-ALKYL-2-IMIDAZ~LID~NETHI~NES 

Analyses 

R in Yield, %, ~ . p . ,  Found Calc. 
formula I1 from I C. 

C H C H 
- 

Ethyl 72 79-80 46.1 7.56 46.2 7.69~ 
Butyl 70 78-79 53.3 8.87 53.2 8.87 
Pentyl 8 1 6S68.5 55.8 9.35 55.8 9.30 
Hexyl 90 71-72 57.9 9.57 58.1 9.68 
Heptyl 81 69-70 60.0 10.15 60.0 10.00 
Octyl 77 52-53 61.7 10.36 61.7 10.28 
Nonyl 73 56-57 63.2 10.38 63.2 10.53 
Decyl 8 1 64.5-65 65.0 10.38 64.5 10.74 
Dodecyl 74 60-61 66.9 10.91 66.8 11.10 

1. ALPHEN, J .  VAN. Rec. trav. chim. 55: 412, 669, 835. 1936; 57: 265. 1938; 58: 544. 
1939; 59: 31. 1940. 

2. BAUM, A. A. to  E. I. Du  PONT DE NEMOURS AND CO. U.S. Patent No. 2,544,746. May 13, 
~ n - 7  
1ya1. 

3. DONIA, R. A., SHOTTON, J .  A., BENTZ, L.  O., and SMITH, E.  P., Jr. J .  Org. Chem. 14: 946. 
1949. 

4. HOFMANN, A. W. Ber. 5: 240. 1872. 
5. H U R ~ I T Z ,  M. D. and AUTEN, R. W. to  ROHM AND HAAS CO. U.S. Patent No. 2,613,211. 

Oct. 7, 1952; U.S. Patent No. 2,613,212. Oct. 7, 1952. 
6. LINSKER. F. and EVANS, R. L. 1. Am. Chem. Soc. 67: 1581. 1945. 
7. LOB, G. ' Rec. trav. chim. 55: 853. 1936. 
8. NEWMANN, H. E.  Ber. 24: 2191. 1891. 
9. O'GEE, R. C. and WOODBURN, H. Wf. J .  Am. Chem. Soc. 73: 1370. 1951. 
10. RICH, S. and HORSFALL, J. G. Science, 120: 122. 1954. 
11. SCHMIDT, A. to  the GOLDSCHMIDT, A.-G. Ger. Patent No. 812,317. Aug. 27, 1951. 
12. VAUGH, R. S. and BEAN, F. R. to  EASTMAN I ~ O D A K  CO. U.S. Patent No. 2,596,742. 

May 13, 1952. 
13. ZIENTY, F. B. J. Am. Chem. Soc. 68: 1388. 1946. 
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C a n a d i a n  J o u r n a l  o f  C h e m i s t r y  
Isstred by THE NATIONAL RESEARCH COUNCIL OF CANADA 

VOLUME 33 AUGUST 1955 NUMBER S 

PYROLYSIS OF ETHYL MERCAPTAN' 

BY JEAN L. BOIVIN AND RODERICK MACDONAI~D 

ABSTRACT 

The decomposition of ethyl mercaptan to ethylene and hydrogen sulphide was 
studied a t  various temperatures, with and without a catalyst. Metal sulphides 
(copper, nickel, and cadmium) proved to be the most efficient catalysts for 
cracking ethyl mercaptan into unsaturated end products, the optimurn tempera- 
ture being 500-600" C. When no catalyst was used a 40-50% yield of ethylene 
and a nearly quantitative conversion to hydrogen sulphide was observed between 
600 and 700" C. Other products identihed in the exit gas were carbon disulphide, 
carbonyl sulphide, methane, hydrogen, ethane, thiophene, diethyl sulphide, and 
free sulphur. Identification of these products was aided by infrared and mass 
spectral analysis of the gas. -4 tentative mechanism for the reaction justifying 
the presence of the above by-products is outlined. 

INTRODUCTION 

Sabatier and Mailhe (4) report that  diethyl sulphide and hydrogen sulphide 
are formed when dry ethyl mercaptan is passed over a cadmium sulphide 
catalyst a t  330' C. and that  upon heating to 380' C. ethylene and hydrogen 
sulphide are quantitatively formed: 

330" C. 
2CI%CH?-SH - (CH,CH2)2S + H,S 

CdS 
[]-I 

380" C. 
CH3CH2-SH CdS CH?=CH2 + 1-1,s. PI 

The  conditions reported by Sabatier and Allailhe were reproduced but no 
reaction product was obtained. Hyclrogen sulphide was absent, which proved 
that even diethyl sulphide was not formed (Eq. [ I ] )  a t  this temperature. A 
study was then undertalcen to determine the optimum conditions for the 
preparation of ethylene and hydrogen sulphide from ethyl mercaptan. 

APPARATUS 

The  reaction chamber consisted of a Pyrex or silica tube 24 in. in length 
and 1 in. in diameter mounted vertically in a cylindrical furnace. The bottom 
of the tube was connected through a ground-glass joint to a two-neclced flask 
which served as  the vaporization vessel. T o  the second neck was attached a 
measuring dropping funnel for the introduction of ethyl mercaptan. The  
products of the reaction were allowed to escape through an opening a t  the 

IManuscript received April  4 ,  1955. 
Co7ltribution from the Orga?lic Sectioa of Ca7zadia7r Arnza~nent Research a d  Development 

Establish?nent, Valcartier, Quebec. Isszred as C.A.R.D.E. Report No. 115-55. 
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top of the reaction chamber and passed through an upright water-cooled 
condenser. The gaseous fraction was led from the top of the condenser to  a 
series of scrubbers (for H2S and unsaturated compounds) while condensable 
materials were retained in a flask attached to the bottom of the condenser. 
In operation the reaction tube was packed with alternate layers of glass wool 
and catalyst, or glass wool only. The inside temperature was recorded by means 
of a thermocouple. The  vaporization flask was heated by a glas-col mantle. 

GENERAL METHOD 

In operation a weighed quantity of ethyl mercaptan was added from the 
dropping funnel a t  the rate of 1 gm. per min. t o  the vaporization flask which 
was held a t  150°C. The  volatilized mercaptan entered the reaction tube (held 
a t  a constant temperature) and emerged as a mixture of gases and some 
condensable products. The  gases were bubbled first through water to remove 
free sulphur, then through 30% sodium hydroxide to remove hydrogen sul- 
phide, and finally through bromine (under water) to remove unsaturated 
material. 

When a total analysis of the reaction products was required a sample was 
taken directly from the top of the condenser. Using an Orsat apparatus, the 
sample (100 ml.) was measured a t  equalized pressure and sent through an 
absorption pipette containing 30% sodium hydroxide until the volume of 
remaining gas remained constant. The loss in volume was measured as hydro- 
gen sulphide. Unsaturated materials were removed with fuming sulphuric 
acid (20y0) or bromine. The remaining portion was passed through hot copper 
oxide several times to  determine its hydrogen content, and then the remainder 
was burned in the presence of oxygen and the volumes of carbon dioxide and 
water formed were measured. The  latter measurements enable one to  de- 
termine the amount of methane and ethane in a sample of gas when only the 
two are present. 

RESULTS 

Since cadmium sulphide was reported as a good catalyst by Sabatier, it 
was studied over a wide range of temperatures. One mole of ethyl mercaptan 
was used and samples were taken five to ten minutes after the reaction had 
begun, to ensure the absence of air. 

With this catalyst, formation of ethylene ('l'able I )  started a t  400° C. with 
a yield of only 5.TYo of the total gases coming out of the reactor. Also much 
liquid condensed, which was identified as dieth\.l sulphide with minor quanti- 
ties of ethyl mercaptan. 

A maximum yield was attained a t  GOO0 C. with 24.1y0 of ethylene in the 
gas mixture. As can be noted, the ethylene formation passed through a maxi- 
mum a t  GOO0 C. The hydrogen sulphide formation was very high a t  the s tar t  
and then decreased ste:~clilq with increasing temperatures. S~i lphur  was also 
formed in small amounts. 

Hydrogen formation increasecl with the temperature of pyrolysis. This is 
undoubtedly due to the cracking of h~.clrocarbon or hydrogen sulphide. Also 
the mixture of gas B after ethylene, hydrogen sulphide, and hydrogen have 
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BOIVIN AND MncDONALD: PYROLYSIS 1283 

TABLE I 
COMPOSITION OF EFFLUENT GASES 

Catalyst Temp., "C. CPHJ, % H2S, % H?, % B, O/o 
CdS 300 Nil Kil Nil Nil 

350 Ril Nil Nil Nil 
400 5.7 88.4 Nil 5.9 
450 10.5 75.2 8.5 5.8 
500 16.3 58.7 14.0 11.0 

NiS 

None 

400 Nil Nil I\- i 1 Nil 
450 20.2 64.8 1.0 14.0 
500 28.8 52.1 1.3 17.8 
550 27.0 51.5 1.3 20.2 

400 Ni l  Nil Nil Nil 
450 29.5 0.5 0.5 2.0 
500 30.3 0.4 0.4 10.0 
550 30.6 0.4 0.4 15.0 

450 Nil Nil Nil Nil 

B refers to gases that could not be analyzed by  the Orsat apparatzrs. 

been removed increased with the temperature. This mixture of gases when 
burned in the Orsat apparatus could not be calculated as methane and ethane. 

Following these results a search for a more eficient catalyst was made. 
Other sulphides were studied. 

With nickel sulphide catalyst (Table I )  results were similar to  cadmium 
sulphide except that  the formation of ethylene took place a t  a higher tempera- 
ture (450" C. instead of 400" C . ) .  

Other sulphides were used, namely those of cobalt, copper, and iron, and 
gave similar results to nickel sulphide with minor differences. 

Aluminosilicate behaved like sulphides, except that less hydrogen was 
formed. The yield of ethylene uras about 30Yo a t  500" C. 

Without a catalyst (Table I ) ,  ethylene was producecl a t  500°C. and the 
composition of the gas remained nearly constant from 500 to 700' C. 

IDENTIFICATION OF PRODUCTS 

The  condensate obtained from the reaction products was quite large a t  low 
reaction temperatures. This was shown by a boiling point determination to be 
diethyl sulphide with a small amount of unreacted ethyl mercaptan. 

A white colloidal material was noticed in the water scrubber after the re- 
action had proceeded for 30 min. Extraction with carbon disulphide removed 
this material. Upon evaporation sulphur was obtained. 
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(a) Infvared Spectra 

The gas coming out of the reactor was sampled in a gas cell with sodium 
chloride windows. Another sample was usually taken after hydrogen sulphide 
and ethylene were removed. 

Ethylene was easily identified by its broad and very intense band a t  
949 cm.-I and a triplet a t  1860, 1889, 1910 cm.-I (3). Other bands may be 
common to other products. 

After removal of ethylene and hydrogen sulphide, the spectrum also showed 
the presence of methane with an absorption band a t  1306 cm.-I (3) and of 
ethane a t  820 cm.-I (3). 

The mixture also contained carbon disulphide as shown by the band a t  
2183 cm.-I (3). 

Carbonyl sulphide was detected by its very intense absorption a t  2050 cm.-I, 
which in many cases has a dual nature under dilution (1). Another band which 
might be characteristic of thiophene was present a t  710 cm.-1 (2). The spectrum 
of the unscrubbed and scrubbed gases is fully explained and all bands were 
assigned t o  known gases. 

(b )  Mass Spectrometry 
In order t o  know the relative amount of product present in one of these 

mixtures of gases mass spectral analysis was used. Since the Orsat apparatus 
could give reasonable accuracy for the estimation of ethylene, hydrogen sul- 
phide, and hydrogen, the samples used for mass spectral analysis were free of 
hydrogen sulphide and ethylene. 

Results obtained when using cadmium sulphide catalyst a t  500" C. showed 
an  average composition of 41% of ethane, 8.4% of methane, and 47% of 
hydrogen, and traces of other materials such as carbon disulphide, carbonyl 
sulphide, and thiophene. Therefore the proportion of ethane in this gas mixture 
is high and that  of methane, low. The composition of this fraction of gas 
indicates cracking of ethane or ethylene. 

DISCUSSION 

The pj~rolysis of ethyl mercaptan under flow conditions is very slightly 
catalytic if a t  all. With the best catalysts used, such as sulphides of copper, 
nickel, cobalt, and cadmium, the lowest temperature a t  which ethylene is 
produced is 450" C. The yield is small, and the best temperature for the 
optimum formation of ethylene, with catalysts, is 500" C. Moreover, from 
500 to  TOO0 C. without a catalyst, the yield of ethylene is practically constant. 
I t  is considered that  temperatures of 500-600" (3. would be efficient using 
Pyrex or silica tubes packed with glass wool. 

MECHANISM 

The  basic reaction in the pyrolysis of ethyl mercaptan is analogous t o  the 
dehydration of ethyl alcohol. This dehydration reaction is reversible under 
certain conditions. Also the pyrolysis of ethyl mercaptan, which can be termed 
as a desulphurization process, is a reversible reaction: 
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BOIVIN AND TvlncDONALD: PYROLYSIS 1285 

At lower temperatures, when the hydrogen sulphide formation is high, some 
liquid is formed, which was identified as tliethyl sulphide (Eq. [l]). 

Since elemental sulphur is formed in the pyrolysis, it should come from the 
decomposition of hydrogen sulphide which is said to  s tar t  a t  400° C. Even if 
the dissociation of hydrogen sulphide is small, the equilibrium is shifted to  the 
right by removal of sulphur or hydrogen, which are both present in the reaction 
products. 

Ethane is found a t  all the temperatures studied as evidenced by the infrared 
spectra obtained. I t  is likely to be formed by the reduction of ethylene with 
the hydrogen generated from hydrogen sulphide. At  higher temperatures 
methane is produced in greater proportion and the hydrogen content of the 
gaseow products is higher indicating that another pyrolysis is taking place. 

Carbon disulphide, carbon yl sulphide, and thiophene are also formed in 
traces. The  occurrence of carbon disulphide indicates that  methane has re- 
acted with sulphur vapor (Eq. [GI). This reaction is the basis of a commerciaI 
process to  make carbon clisulphide: 

The presence of carbonyl sulphide is clue to  some oxygen in the system, pro- 
bably some oxide impurity in the catalyst, and the presence of thiophene is 
due to  the dehydrogenation of diethj~l sulphide or to the condensation of ethy- 
lene with hydrogen sulphide followed b ~ .  dehydrogenation. 
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THE PAPILIONACEOUS ALKALOIDS 
XXI. THE ALKALOIDS OF LUPINUS PILOSUS WALT. AND THE 

STRUCTURE OF TETRALUPINE1 

ABSTRACT 

The alkaloidal extract from Lupinus pilosus Walt. was found to  contain two 
alkaloids, one widely occurring one, d-lupanine, and one which had already been 
reported to  occur in this plant, i.e., d-epilupinine, but no lupinine. The alkaloid 
tetralupine has been found by direct comparison of the bases and their corre- 
sponding salts and by their infrared absorption spectra to  be identical with 
dl-epilupinine. A study of the infrared absorption spectra of lupinine and epi- 
lupinine leads to  the same conclusion as  the chemical evidence, i.e., that in the 
former the hydroxymethylene group occupies the axial position whereas in 
epilupinine this group is in the equatorial position. 

Although Lupinus pilosus has been mentioned as a source of 1-lupinine (2), 
White (11) reported d-epilupinine as the only identifiable alkaloid in the plant. 
Since there was available a crude alkaloidal extract of Lupinus pilosus Walt. 
(Lupinus villosus Willd.) prepared and given to us by Dr. James F. Couch, 
the alkaloids were reinvestigated. The crude extract consisted of a thick dark 
syrup. A quantity of the syrup was dissolved in benzene, chromatographed on 
a column of alumina, and eluted with a number of solvents taken in the order 
benzene-ether-chloroform-methanol, the proportions of each being gradually 
changed. A trace of non-alkaloidal material was eluted first. Solvents contain- 
ing benzene (407,) and ether (607,) to ether (957,) and chloroform (57,) 
eluted a colorless oil which behaved chromatographically on buffered paper 
as d-lupanine. This base formed a crystalline perchlorate, the melting point 
of which was undepressed on mixing with d-lupanine perchlorate. The identity 
of this salt was further confirmed by comparison of its Debye-Scherrer powder 
diagram with that of authentic d-lupanine perchlorate. This fraction composed 
about 15% of the crude mixture. 

Fractions eluted in the solvent range ether (60%) - chloroform (40%) to 
ether (40%) - chloroform (607,) gave crystals, m.p. 76-78", representing 35% 
of the original crude mixture. This crystalline substailce on a paper chromato- 
gram behaved like lupinine, but mixing with the latter lowered the melting 
point to 43-47". The crystalline base, after recrystallization, melted a t  7s-79O 
and had [a], +37.1° (I2), which agreed with the properties reported for d- 
epilupinine, and the melting point was uildepressed in admixture with a 
sample of the latter prepared as described by Schopf, Schmidt, and Braun (10). 
The infrared absorption spectra of the two were superimposable (Fig. 1, 
curve 1) but different from that of lupinine (Fig. 1, curve 2). 

'Afaaz~script recezvcd AprzL 15, 1955. 
Contribz~tion from the Dimsion of Pure Cl~enzislry, National Research Councll, Ottawa, Canada. 

Issued as N.R.C. No. 3649 
%Vatzonal Research Council of Canada Postdoctorate Fellow. 

NOTE ADDED I N  PROOF: After sztb?t~issiot~ of the ?vanliscript, a paper was plibl%s/~cd by W. n. 
Crow and IV. V .  Riq: (Az~stralian J. Chent. 8: 136. 1966) reporling ihe occzlrrence of d-epilup- 
inine and d-epilz~pinzne-11'-olide in Lupinus varius L.  
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THOMAS ET AL.: PAPILIONACEOUS ALKALOIDS. XXI  1291 

In order to ascertain that epilupinine did not arise on the column of alumina 
by epimerization of lupinine, some of the latter was chromatographed in the 
same way and eluted with ether containing increasing quantities (up to 10%) 
of chloroform. All the lupinine was recovered unchanged. 

The remaicing fractions from the main chromatogram yielded a dark brown 
glass which resisted all attempts a t  crystallization, and failed to give either a 

FIG. 1. Infrared absorption spectra taken in carbon disulphide solution on a Perkin-Elmer 
double beam spectrophotorneter, model 21. Curve 1, epilupinine; curve 2, lupinine. 

crystalline picrate or perchlorate. When this glass was chromatographed on 
paper, it gave a number of indeterminate streaks. A paper chromatogram of 
the original crude alkaloidal extract had shown that there were only two major 
components which are, therefore, d-lupanine and d-epilupinine. 

As previously recorded (10, 12) d-epilupinine showed a depression in melting 
point when mixed with the isomeric alkaloid tetralupine discovered by Couch3 
in 1934 (4). A sample of tetralupine was dissolved in benzene, chromatographed 
on a column of alumina, eluted, sublimed in vacuo, and recrystallized from 
petroleum ether. I t  then melted a t  83O and was optically inactive (Couch had 
reported [a],, +4.63"). I t  formed a picrolonate, a picrate, and a methiodide 
which were all crystalline. Comparison of tetralupine and its salts by melting 
point and mixed melting point with authentic samples of dl-epilupinine and its 
corresponding salts, kindly supplied by Professor G. R. Clemo, showed the 
identity of the two bases. The identity was confirmed by the infrared absorp- 
tion spectrum of tetralupine which was exactly superimposable on those of 
d-epilupinine and dl-epilupinine. I t  can, therefore, be concluded unambiguously 
that tetralupine is identical with dl-epilupinine. 

An examination of the infrared absorption spectra oE lupinine and epi- 

3Dr. James F. Couclz, about a year before his death, had most ge~terously given to the senior 
author his entire supply of tetralupine. 
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lupinine in nujol mulls shows that  both contain a broad bonded OH band a t  
ca. 3160 cm.-', but that  in carbon disulphide solution the hydroxyl band in 
the spectrum of epilupinine becomes sharp and is shifted to  3580 cm.-I, 
while in the spectrum of lupinine the hydroxyl band moves only to 3270 cm.-1 
and remains broad. 

This observation is indicative that  in lupinine the hydroxyl group is hydro- 
gen bonded, as previously inferred by Cookson (3), whereas it is not in epi- 
lupinine. I t  is also significant tha t  lupinine is eluted from an  alumina column 
before epilupinine. Consequently, lupinine must be assigned a conformation 
with the hydroxymethylene group occupying a position in which it may easily 
form a hydrogen bond to  the nitrogen atom. Such hydrogen bonding is possible 
in the axial position I ,  but  is impossible in the equatorial position 11. Hence 
formula I must be assigned to  lupinine while formula I1 must represent 
epilupinine. 

This assignment of conformations from the absorption characteristics of the 
hydroxyl group in the infrared spectra of the two bases is in agreement with 
the conformations assigned recel-ltly by Galinovsky and Nesvadba (6) to 
lupin~ne and epilupinine from the interpretation of the rearrangement readil-). 
undergone by the tosyl ester of lupinine and the stability of the tosyl ester of 
epilupini~~e. Lupinine can be degraded to 2-n-butyl-3-methylpiperidine (12) 
and by an ~~llambiguous synthesis of the isomers of this substance Leonard 
and Ryder (7) have correlated the stereochemistry of the degradation product 
with that  of lupinine. Recently, Ratuslt$, Reiser, and Sorm (9) by a study of 
the dipole moments of lupinine and epzlupinine as well as of the tivo forms of 
3-hydroxyrnethylqui~~olizidine have reached the same conclusion a s  to the 
co~lformations of the two allialolds. Consequently, all the evidence points t o  
formula I for lupinine and formula I1 for epilupinine. 

Paper chromatography has been shoam to be a useful preliminary tool to 
examine the constituents of a crude nllialoidal mixture in the lupine series. 
When using sodium phosphate - citric acicl buffers and saturated aqueous 
n-butanol as the developing agent, the R, values obtained for a group of 
lupine alkaloids show that  they can be separated easily. The  spots were detected 
with the Munier-Dragendorff reagent (8). The papers were buffered by dipping 
in a buffer solutioll of appropriate strength, blotting, and allow~ng to  dry 
completely (contrast Brindle el nl. (1)). 

EXPERIWIENTAL 
d-Lz~panine 

A quantity (1.0 gm.) of the crude alltaloidal extract was dissolved in dry 
benzene (100 ml.), the solution filterecl, and chromatographed on alumina. 
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The  column was eluted with benzene, ether, chloroform, and methanol, 98 
fractions of 60 1111. each being collected. The  initial fractions contained non- 
basic material. From fractio~ls 26-43 (60y0 ether - 40% benzene to 95y0 
ether - 5% chloroform) a colorless oil was obtained (150 mgm.) which with 
60% perchloric acid gave a perchlorate [a]: +46' (c, 1.0 in water), m.p. 
207-210°, and after two recrystallizations from methanol, m.p. 211°, either 
alone or in admixture with an authentic sample of d-lupanine perchlorate. The  
literature (5) gives [a],  f 46.8'. The  identity of the perchlorate was further 
confirmed by compariso~l of its Debye-Scherrer powder diagram with tha t  of 
authentic d-lupanine perchlorate. Each fraction had been shown by paper 
chromatography a t  pH 7 to  be the same, and to  behave in the same way a s  
d-lupanine with varying pH. 

d- Epilupinine 
Fractions 53 (GOYo ether - 40y0 chloroform) to  70 (40% ether - 60% 

chloroform) of the chro~natogram yielded a crystalline substance, 350 mgm., 
m.p. 76-78', which after two recrystallizations from petroleum ether melted 
a t  78-79' and had [a]: +37.1° (c, 1.0 in ethanol). Found: C, 71.4; H, 11.1. 
Calc. for C1oH1gON: C,  71.0; H, 11.3y0. The  melting point of this base was 
unaffected by mixture with d-epilupinine, but  depressed to 68-78' by admix- 
ture with tetralupine, and to 43-47' by admixture with lupinine. Comparison 
of the infrared absorption spectra confirmed the identity of the base with 
d-epilupinine. 

Chromatography of Lupinine 
Lupinine (390 mgm.) was dissolved in ether and chromatographed on 

alumina. I t  was eluted a t  once by the same solvent, the last traces being 
removed with ether - 10% chloroform. 

Tetralzrpine 
A quantity of tetralupine was cllromatographed on alumina and eluted 

exactly as described for d-epilupinine. The substance was sublimed in a high 
vacuum and recrystallized from petroleum ether from which it separated in 
small colorless prisms, m.p. 83', and in admixture with a n  authentic sample of 
dl-epilupinine, m.p. 82-53', [a]D 0 in ethanol. The  infrared absorption spectrum 
of tetralupine was superimposable on tha t  of dl-epzlupinine. Tetralupine formed 
a picrolonate, m.p. 231-232', undepressed by admixture with dl-epilupinine 
picrolonate (m.p. 225'). Found: C ,  55.41; H I  5.97. Calc. for C1oHISON. 
ClaH?706Ns : C, 55.41; H, G.28%. The  picrate consisted of yellow needles, 
m.p. 145.5-147', either alone or in admixture with synthetic dl-epilupinine 
picrate. Fou~ ld :  C, 48.18, 48.41; H ,  6.09, 5.46. Calc. for CloH190N. C6H307Na:  
C, 48.24; H, 5.57y0. Tetralupine also formed a methiodide, m.p. 251-253', 
either alone or in admixture with dl-epilupinine methiodide (m.p. 248'). Fouild: 
C, 42.92; H ,  7.31. Calc. for Cl1H?20NI: C ,  42.44; H ,  7.13y0. 

.2ClCNO\VLEDG4IENT 

We wish to express our thanks to  Professor G. R. Clemo, University of 
Durham, for his kindness in supplying us with authentic samples of dl- 
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epilupinine and its salts, and to Mr. R. Lauzon and Dr. R. N. Jones of these 
laboratories for taking the infrared absorption spectra. 
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THE SELECTIVE DEGRADATION OF WHEAT GLUTEN' 

BY L. \VISEBLATT,~ L. WILSON,~ AND W. B. MCCONNELL 

A method believed t o  hydrolyze peptide bonds of proteins selectively a t  the 
amino groups of serine was used t o  obtain polypeptides from wheat gluten. T h e  
procedure involved the use of strong acid and introduced appreciable amounts of 
sulphur into the  products possibly as sulphonic acid groups. Most of the serine 
appeared a t  the amino terlnini of the  peptides. The peptides displayed a strilcing 
electrophoretic homogeneity which may a t  least in part be accounted for by the  
acquired acid groups. Osmotic pressure measurements indicated an average 
molecular weight near 20,000 and terminal group estimates indicate that each 
molecule contained several N-terminal serine residues. There appeared t o  be 
strong association or chemical cross linking between peptide chains of the  
degraded gluten. 

INTRODUCTION 

In  1948 Desnuelle and Casal (8) showed that  when proteins are hydrolyzed 
in 10 N hydrochloric acid a t  30°C. the amino groups of the hydroxy amino 
acids, serine and threonine, are released much more rapidly than those of 
other amino acids. They suggested that  the increased rate of rupture of these 
bonds involved a preliminary migration of the acyl part  of the peptide bond 
from the amino group to the hydroxyl group of the hydroxy amino acid. The  
mechanism probably involves formation of an intermediate hydroxyoxazoli- 
dine structure as follows (1, 9) : 

More recently Desnuelle and Bonjour (7) observed that  a more specific 
hydrolysis a t  hyclroxy amino acids could be obtained by pretreating the 
protein with cold ;unhydrous sulphuric acid according to the methocl of Reitz, 
Ferrel, Fraenkel-Conrat, and Olcott (19). Subsequent hydrolysis in 6 N 
hydrochloric acid a t  18OC. released the amino groups of the hydrosy amino 

- - 

acids many times more rapidly than those of all other amino acids. 
Elliott (9) utilized the above observations in an innellious manner. Silk . . - 

fibroin was treated with cold concentrated sulphuric acid to  produce the N- 
peptidyl -+ O-peptidyl shift. The product was then acetylated to block the 
newly freed amino groups. Subseq~~en t  treatment with cold dilute barium 
hydroxide saponified the ester linlis yielding N-acetyl peptides. About 60% 
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of the serine and no threoiliile was N-terminal. The  absence of terminal 
threonine was not coilsidered very sigilificant because of the very low percent- 
age of tha t  amino acid in silk. In  a subsequent degradatioil of lysozyme 
Elliott (11) found tha t  nearly all the seriile and about one-third of the threonine 
was terminal. The  amino groups of serine and threoiliile accouilted for all of 
the amino nitrogen in the degradation products of lysozy~ne (11) whereas a 
small amount of non-specific hydrolysis of sill; fibroil1 occurred. 

This communicatioil is a report of results obtained when Elliott's degrada- 
tion scheme was applied to wheat gluten. The  method seemed particularly 
attractive because serious solubility problems are e~lcouiltered in almost all 
chemical investigatio~ls of native gluten. Thus denaturation occurs irreversibly 
in dilute alkali, the oilly aqueous medium which gives apparently monodisperse 
solutions, and aqueous acetic acid, sodium salicylate, and urea do not give 
molecular dispersio~ls of the protein. If gluten could be specifically degraded to  
soluble products, these difficulties would be partly overcome. Information 
from a study of degradation products might well help elucidate the constitu- 
tion of gluten. 

EXPEIZIiLIENTAL METHODS A N D  RESUL'I'S 

Sulphuric Acid Treatment of Gluten 
Ten grams of wheat gluten prepared by the method of Luserla (15) was 

suspended in 200 ml. of anhydrous sulphuric acid (sulphuric acid containing 
10yo by volume of 20y0 oleum). After 24 hr. a t  -20°C. the mixture was allowed 
to  warm slowly to  room temperature and was left to stand with occasional 
shaking for another five days. The resulting viscous brown liquid was poured 
with vigorous stirring into 2 liters of anhydrous ether a t  -35°C. The  precipi- 
ta te  was collected by centrifugation, washed three times with dry ether, and 
finally added to  GOO gm. of crushed ice on which it  formed a sticky yellow mass. 

Degradation of Glzrtelz Szrlplzate 
The suspension obtained above was adjusted to pH 5 with solid sodium ace- 

tate and treated over a period of two hours with 100 ml. of acetic anhydride. 
The temperature mas not allowed to  exceed 5°C. Sodium acetate was added as  
required to maintain pH a t  5. The reaction products were dialyzed against 
water until they reached a co~ l s t a~ l t  low aciditl- as measured by titration or 
until the washings were acetate free as indicated by the sensitive lanthanum 
nitrate spot test (7, 13). The  dial>.sis washings were discarded after they had 
been shown to  be nitrogen free. The contents of the dialysis bag were reduced 
t o  about 100 ml. in a stream of air and the gluten derivative, which settled out 
as  a spongy mass, was collected and added to  100 ml. of 0.1 N barium hydros- 
ide. After two hours a t  room temperature all material dissolved to yield a 
yellowish bro\vn solution. This was saturated with carbon dioxide and the 
precipitated barium carbo~late discarded after it had been sllow~l to  be free of 
nitrogen. The supernatant solutio~l was freeze dried to  yield about 9 gm. of 
acetyl peptide. 

In an at tempt  to remove acetyl groups 1 gm. of acetyl peptide was shaken 
with a mixture of 100 ml. of dry methanol and 1 ml. of concentrated hydro- 
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chloric acid for three days a t  5OC. (In a few later experiments a 1% solution 
of anhydrous hydrochloric acid in dry methanol was used to  reduce unspecific 
peptide bond hydrolysis.) The solid residue was filtered off, washed with 
methanol, then dissolved in water and freeze dried yielding a pale brown 
methanol insoluble peptide (hereinafter called MIP).  The filtrate was eva- 
porated a t  room temperature in vacuo, the residue taken up in water and 
freeze dried to  yield the methanol soluble peptide (MSP). Both MSP and M I P  
were readily soluble in water, yielding solutions which foamed readily and 
which gave precipitates with trichloroacetic, tannic, and metaphosphoric 
acids. 

MSP gave a strong color reaction with ninhydrin but both the original acetyl 
peptide and M I P  were ninhydrin negative. I t  appeared therefore that de- 
acetylation was incomplete and that  only MSP contained free amino groups. 
This suggestion was supported by the qualitative detection of acetyl groups in 
M I P  but  not in MSP. A modification of the method of Clark (6) was used for 
acetyl determinations but as might be expected with N-acetyl derivatives of 
comparatively long chain peptides quantitatively reliable data  could not be 
obtained. I t  was further observed tha t  M I P  did not contain amino groups 
detectable by either the formal titration or the Van Slyke nitrous acid method 
of deamination. 

Reitz et al. (19) have shown that  the preferential reaction of sulphuric acid 
with proteins is the formation of sulphuric esters with aliphatic hydroxyl 
groups of hydroxy amino acids followed by sulphonation of the aromatic ring 
of tyrosine and conversion of cystine and cysteine to  thiosulphates. Some 
sulphur determinations were, therefore, done on the degradation products by 
the method of Sundberg and Royer (21). All analyses showed that  sulphuric 
acid treated gluten contained about three times as much sulphur as the 
original gluten. For example, a preparation of acetyl peptide contained 3.5% 
sulphur whereas the gluten from which it  was derived contained 1.1% sulphur. 
This is approximately equal to  the addition of one mole of sulphur for each 
12-14 amino acid residues. This amount-would be expected to contribute in an  
appreciable way to  the properties of the peptides. 

Terminal  Group Determinations 

Sanger's method (20) of detecting N-terminal amino acids by reaction with 
1-fluoro-2,4-dinitrobenzene (DNFB) was applied to the methanol soluble 
peptides. Seventy-five milligrams MSP were dissolved in 5 ml. of water, and 
100 ml. of sodium bicarbonate and 250 mgm. of DNFB in 10 ml. of ethanol 
were added. The mixture was shaken for three hours, evaporated to dryness, 
and extracted with ether until no more of the yellow reagent could be removed. 
The residue was hydrolyzed by boiling in 6 N hydrochloric acid for eight hours 
and after evaporating to dryness in vacuo it was extracted with ether to  dissolve 
any dinitrophenyl (DNP) amino acids produced from N-terminal amino acids. 

The ether extracts were chromatographed on No. 1 Whatman filter paper 
impregnated with pH 6 phthalate buffer and were developed by both ascend- 
ing and descending flow. The following solvent systems were used: 30 : 70 
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propanol-cyclohexane; 10 : 90 ethanol - benzyl alcohol and tertiary amyl 
alcohol (2). D N P  acids for comparison were prepared as  described by Porter 
(18). Except for spots due to the reagent and to  2,4-dinitroaniline the chief 
spot on all chromatograms corresponded to  D N P  serine. The  yellow spots were 
extracted from the paper with ether and hydrolyzed in a sealed tube a t  100°C. 
for two hours with concentrated aqueous ammonia. When these hydrolyzates 
were chromatographed on paper using 75Yo aqueous phenol as  solvent they all 
gave ninhydrin positive spots with the same Rf value as  serine. 

The  above results strongly suggest tha t  serine is a major hT-terminal amino 
acid residue in degraded gluten. Quantitative estimates of N-terminal serine 
and threonine in bISP were attempted by a microdiffusion method employing 
periodate oxidation (23). No N-terminal threonine was found but  ammonia 
corresponding t o  5.7 gm. serine per 16 gm. MSP nitrogen was obtained. Since 
Wiseblatt and McConnell (23) found by the same method that  gluten contains 
5.7 gm. serine per 16 gm. gluten nitrogen, the result indicates complete libera- 
tion of serine amino groups by the Elliott degradation. The  value for terminal 
serine in degraded gluten is high compared t o  Elliott's yields of about 60% 
for silk fibroin. A11 experimentally reproducible value for N-terminal serine 
(7.7 gm. serine per 16 gm. nitrogen) was obtained with a colorimetric method 
in which formaldehyde from periodate oxidation was collected by distillation 
(4). Since carbohydrates, some of which could also have given formaldehyde, 
were shown (17) to  be present only in trace amounts no explanation for the high 
results can be offered. Although the results may not be quantitatively accept- 
able they do support the qualitative suggestion that  the degradation scheme 
used was effective in liberating much of the serine nitrogen in gluten. 

Preliminary experiments were attempted to  identify C-terminal amino acids 
present in the peptides. Because appreciable N-terminal serine appeared t o  be 
liberated the C-terminal residues may be assumed to be largely those bound to  
serine in the original gluten. Samples of both the M I P  and MSP  were refluxed 
for eight hours with equal weights of lithium aluminum hydride in 100 volumes 
of tetrahydrofuran. The products \irere hydrolyzed and the amino alcohols 
isolated by the methocls of Fromageot, Jutisz, Meyer, and Penasse (12). 
Paper chromatography of the ether extl-act of each hydrolyzate with the re- 
commended solvent systems gave mainly one ninhydrin positive spot. (Rj  
corresponded most closely to  that  of phenylalaninol.) Other spots were present 
in smaller quantities. I t  is emphasized that  the results are not sufficient to  
show that  there is one major C-terminal amino acid, but they suggest that  
there may be a relatively simple pattern of C- te rn~i~ la l  residues. More experi- 
ments are requil-ecl oil this phase of the work before def nite statements regard- 
ing the liberation of C-tel-minal amino acids can be made. 

Electrop~iorefic Properties 

The  apparatus a i d  procedure described b ) ~  liunkel and Tiselius (14) was 
used for paper electrophoresis of sollle products of the gluten degradation. 
Fig. 1 shows "io~lograms" obtained from acetyl peptides, MIP ,  and MSP  in 
acetate buffer a t  pH 4.5 and ionic strength 0.1. With each sample a single, 
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fairly well defined peak was obtained. There was no indication of a multiplicity 
of pealcs or of marlced spreading as  ordinarily obtained with a heterogeneous 
substance. Paper ionograms were made with a number of different preparations 
of the gluten degradation products and it  is significant that single pealcs were 
obtained (Fig. I). The results served to distinguish sharply between the MSP 

CATHODE l N C H  E S  ANODE 

FIG. 1. Results of filter paper electrophoresis on gluten degradation products. 
.-lcctate b ~ ~ f f e r  pH 4.5 ionic strength 0.1 

1. !\cetyl peptides 22 hr. 0.25 ma. per cm. 
2. &ISP 28 hr. 0.20 ma. per cm. 
3. hIIP 28 hr. 0.20 ma. per cm. 

and M I P  as derived from the deacetylation step and are in general accord with 
the earlier suggestioil that the latter was not deacetylated. 

A limited number of experiments were made with a moving boundary 
electrophoresis apparatus (Aminco Portable, American Instrument Co., 
Silver Springs, NIaryland). MSP and M I P  which had been lcept in 0.1 N 
NaOH a t  5°C. for 16 hr., freeze dried, talten up in the desired buffer, and fil- 
tered were used. Drawings of the patterns obtained with the treated RlISP are 
given in Fig. 2. The alltali treatment had evidently changed the electrophoretic 
properties of MSP but,  as with experiments on paper, the method failed to 
effect any separation of the material illto fractions of different mobility. On 
the coi~trary, the sample displayed a striking electrophoretic homogeneity, 
and in buffers of pH 8.6,6.0, and 4.5 it had mobilitiesof 2.08 X lo-.', 1.91 X lou4, 
and 1.31 X lo-' ~m.~/sec. /vol t ,  respectively. If acidic groups had been intro- 
duced perhaps during the sulphuric acid treatment, the movement toward 
the anode ~vould have been expected. The h4IP treated with sodium hydroxide 
as described above gave patterns of the same general character as shown in 
Fig. 2 for sodium hydroxide treated MSP. 
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The reason for the markedly different behavior of MSP before and after 
alkali treatment is not known. I t  is likely that  many of the acidic groups on 
the dissolved material were converted to methyl esters during the treatment 
with methanolic hydrochloric acid and that  before saponification a t  5'C. 
deacetylated amino groups caused migration toward the cathode (Fig. 1). I t  
would appear, therefore, that  in the saponified peptides a preponderance of 

I INCH 
I 

FIG. 2. Electrophoretic patterns of MSP obtained with Arninco Portable Electrophoresis 
Apparatus. 
A. Barbitol buffer pH 8.6 ionic strength 0.1 3130 sec. at 5.7 volts/crn. 
B. Cacodylate buffer ionic strength 0.1 5680 sec. a t  2.3 volts/crn. 
C. Acetate buffer pH pH 4.5 ionic strength 0.1 7850 sec. a t  3.2 volts/crn. 

acidic groups was effective in masking charge differences arising from different 
degrees of deacetylation of amino groups. I f ,  as is reasonable to suppose, the 
sulphur acquired by the peptides during the degradation occurs as ionizable 
acid groups, and i f ,  after treatment with sodium hydroxide the acid groups 
are free, the peptides would be expected to behave as anions. The contribution 
of the acidic groups to electrical properties of the material might well be large 
compared to  that from amino groups and may account for the observed electro- 
phoretic homogeneity. 

By contrast, gluten is known to be heterogeneous according to  physical 
chemical criteria. I t  seems unlikely, therefore, that the degradation is suffi- 
ciently systematic and the array of amino acids in gluten sufficiently regular 
to yield peptides with the degree of homogeneity suggested by the electro- 
phoretic results. Because the contribution of sulphonic acid groups to the 
electrical properties is not known it  is difficult to determine whether the 
degradation product is more or less homogeneous than gluten. 

The introduction of acid groups into the degradation products may also 
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explain results obtained in attempts to fractionate them by selective adsorp- 
tion on ion exchange resins. Samples were applied to 100 cm. columns of either 
12% or 2% cross linked Dowex 50 and eluted according to procedures described 
by Moore and Stein (16). The bulk of the peptide nitrogen was quickly 
eluted from the column in pH 3.5 buffer. No other nitrogenous material was - 
detected by nesslerization in eluates obtained with buffers of increasing pH. 

Molecular Size Estimates 

From the value of 5.7 gm. N-terminal serine per 16 gm. of MSP nitrogen 
given above it was calculated that the average molecular weight of MSP would 
be not more than 1400 (assuming single unbranched chains). Such a peptide 
would have been expected to pass freely through a dialyzing membrane. 
Experiments were therefore done to determine directly the molecular weight 
of MSP in pH 4.5 acetate buffer of ionic strength 0.1. Osmotic pressure 
measuremeilts were made according to the method of Bull (5) except that  semi- 
permeable membranes of cellophaile transfusion tubing were used instead of 
collodion bags. The average molecular weight was estimated to be 20,500. The  
value, although much larger than originally indicated by terminal amino acid 
analysis, was consistent with the physical behavior of MSP solutions upon 
dialysis. 

The osmotic pressure equilibrium tended to  drift slowly downward over a 
period of several days but the change did not represent a large increase in the 
molecular weight of the peptide. Redetermination of the terminal serine resi- 
dues on MSP dialyzed in cellophane bags showed that ,  although appreciable 
material had passed through the membrane, the weight equivalent to each 
remaining terminal residue was not more than 3000. The results could be most 
readily explaiiled by assuming that  the degradation products consisted of 
branched chain structures with an average molecular weight of about 20,000. 
The number of free serine amino groups suggested that  there are several chains 
in each molecule but the data were not considered sufficiently precise for a 
quantitative statement of the degree of branching. 

Although MSP may possess branched chains it cannot also be assumed that 
uildegraded gluten also possesses branched chains. For example, Elliott (11) 
fouild that  lysozyme, which diffuses a t  an appreciable rate through a dialysis 
membrane, became non-diffusible after treatment with sulphuric acid and 
formic - acetic anhydride. A high proportioil of the nitrogen was non-diffusible 
after alkaline hydrolysis. Elliott suggested that ,  since illdoles polymerize 
under the influence of acid, cross linl<ages may have been formed through 
tryptophan residues and supported his suggestioil with the observation that  
tryptophail could not be detected in the preparation by the Ehrlich color 
reaction. Although gluten probably contains no more than 1.5y0 tryptophail 
(22) a similar phenomenoil may occur in its degradation. 

Ultracentrifuge studies a t  250,000 gravities for a period of 80 min. a t  27'C. 
showed that the peptides were of "low" molecular weight-the "peak" had 
not completely separated from the meniscus after an hour. Also there was 
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sufficient broadening or spreading of the peak to indicate considerable hetero- 
geneity and to render attempts a t  quantitative determination useless. 

Formylation of Gluten Sulphate 
One of the objectives of this study was to derive from gluten a uniform water 

soluble product suitable for further study. Incomplete deacetylation with 
resultant division of the product into M I P  and R4SP was therefore undesirable. 

No other method for removal of blocking acetyl groups was known which 
would not also lead to fission of peptide chains. Experiments were done to  test 
an alternative procedure for protecting amino acids exposed by the N- 
peptidyl -+ O-peptidyl shift. Carbobenzoxylation seemed attractive except 
that  a relatively high sulphur content in the peptides might interfere with 
catalytic hydrogenolysis. Recourse was taken therefore to a formylation 
method suggested by Elliott (10). Boissonnas and Preitiler (3) have demon- 
strated that  this group can be removed with methanolic hydrochloric acid 
without hydrolysis of peptide chains. In this investigation it was observed that 
ninhydrin positive groups of sulphuric acid treated gluten were completely 
"formylated" by treatment a t  pH 5 with sodium formate and anhydrous 
formic acid for 12 hr. a t  room temperature. As with acetylated materials 
degradation to soluble products occurred upon saponification with 0.1 N 
Ba(OH)2. Treatment with 1.5 M hydrogen chloride in methanol a t  20°C. for 
24 hr. gave a 90-95y0 yield of a ilinhydrin positive material soluble in metha- 
nol. A comparison of the material with MSP has not been made but formyla- 
tion appears superior to acetylatioil in experiments where recovery of peptides 
with unprotected terminal amino groups is required. Work to be described in 
a later publication suggests that deamination with nitrous acid can be used to 
prevent reversal of the acyl migration from peptide nitrogen to P-hydroxy 
group. Although the terminal amino acid is destroyed the method may some- 
times be used to replace the bloclting methods. 

In the present work it  was hoped to obtain a soluble derivative suitable for 
further chemical studies on the nature of gluten. In general the results give 
promise of meeting these objectives. Water soluble products were obtained 
apparently with a high degree of specificity. These should be amenable to 
study with experimental techniques not formerly applicable to gluten itself. 
The indication, for example, of a fairly simple pattern of C-terminal amino 
acid residue suggests that  gluten may possess systematic structural features. 
This is particularly true because although gluten contains about 259.1, glu- 
tamic acid there was no evidence of appreciable amounts of C-terminal glu- 
tamic acid in the peptides. Changes may occur however which limit the use- 
fulness of the peptides for further study. A11 unknown amount of cross linking 
of peptide chains may have occurred. If this is so it is impossible to estimate 
the degree of cross linking in gluten from the amount of chain branching ob- 
served in the degraded fractions. Furthermore, introduction of sulphoilic acid 
groups may markedly alter the electrical properties of the material. The 
striking electrophoretic homogeneity of the peptides and the difficulty in 
fractionating them on a Dolvex column may have been caused by this modi- 
fication. 
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THE PHOTOLYSIS OF ACETONE IN THE LIQUID PHASE: THE 
GASEOUS PRODUCTS1 

ABSTRACT 

An investigation has been made of the photolysis of liquid acetone in the 
temperature range from 55' t o  -2.i°C. The quantum yields of all products are 
small, and decrease strongly with decreasing temperature. I t  is concluded that 
the low yields can be explained both on the basis of the  'cage effect', and by the 
deactivation of an excited molecule. At high temperatures and intensities the 
gaseous products can be accounted for on the assumption that radicals have 
escaped from the 'cage' and react analogously to  the gas-phase mechanism. 
At low temperatures ethane formation in the 'cage' may be of importance. 

INTRODUCTION 

The photolysis of acetone in the gas phase has been extensively investigated. 
The photolysis in the liquid phase was investigated by Bowen and co-workers 
(1, 2, 3). They found practically 110 gaseous products with acetone alone, 
while tertiary alcohols were produced when they worked in hydrocarbon 
solvents. Frankenburg and Noyes (4) have also investigated the photolysis 
of the liquid systems acetone-oxygen and acetone-heptane-oxygen. Their 
work with pure acetone was confined to a rough determination of quantum 
yields. 

I t  seemed of interest to investigate the photolysis of pure liquid acetone 
to obtain information about the behavior of radicals in the liquid phase, and 
to see how far the mechanism parallels that in the gas phase. 

Acetone (Merck) was dried over potassium carbonate and purified by a 
bulb-to-bulb distillation. Deutero-acetone was prepared for us by Dr. L. C. 
Leitch of these laboratories. n-Heptane was a "Phillips Pure Hydrocarbon" 
product. Special care was taken in degassing these reagents, in view of the 
sensitivity of the reaction to traces of oxygen. 

Apparatus 
The acetone was irradiated in a quartz cell of approximately 5 cm. diameter 

and 0.05 cm. thickness. The cell was provided with two outlets, one of which 
was sealed off after filling, while the other, closed by a break-seal, could be 
connected to the analytical system. Between experiments the cell was washed 
with acetone, attached to the filling system, heated in  vacuo a t  200°C. for two 
hours, and filled by distilling acetone into it. 

Irradiation was carried out in a thermostat consisting of a brass cylinder 
with double walls, the space between the walls being evacuated. The cell was 
placed in an aluminum block which was located in the thermostat in such a 

liMa?zzrscript received ilJurch 24, 1055. 
Contribz~tion from the Dioision o f  Pure Chen~istry ,  -Vatioxnl Research Council, Ottawa, Canada. 

Isstred as  N.R.C.  iVo. 3656. 
2iVational Research Cozlncll of Canada Postdoctorate Fellow, 1953-54. 
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PIECK A N D  STEACIE: PHOTOLYSIS OF ACETONE 1305 

way that the cell was as close as possible to the innermost of two quartz 
windows through which the light beam entered the thermostat. The thermo- 
s tat  was filled with ethyl alcohol purified by the method of Leighton (7). 

For experiments above room temperature the thermostat was heated 
electrically by an immersion heater. For low temperature experiments a copper 
coil was immersed in the alcohol. The  coil was connected to a large container 
of alcohol which was cooled by a small refrigeration unit and kept automatically 
a t  the desired temperature. The temperature could be maintained constant to 
within k0.5OC. 

Light Source 
For most experiments the light source was a B.T.H. high pressure mercury 

lamp (type ME/D, 250 watts) operated on 220 v. d-c. The beam was roughly 
collimated by a quartz lens. A Corning filter (9-53) cut off wave lengths 
below 2800 A. The beam thus consisted mainly of wave lengths around 
3130 A. 

For experiments with light in the neighborhood of 2537 A a Hanovia 
S500 lamp was used, together with a filter consisting of a quartz cell of 1 cm. 
thickness filled with a solution of diphenylbutadiene in ether (5). 

The light intensity was reduced in some experiments by the use of quartz 
neutral density filters. 

Analysis 
A comparison of the infrared spectrum of pure acetone and that of a sample 

of irradiated acetone did not reveal the presence of any liquid products. 
However, in view of the large amount of acetone present, it is not surprising 
that small quantities of liquid products could not be detected. At tempera- 
tures below O°C., however, a very small amount of liquid residue remained 
in the cell after acetone had been distilled off. 

After an experiment the contents of the cell were distilled into a column, 
a t  the top of which was a "cold finger" maintained a t  -78OC. The acetone 
was refluxed continuously in the column to remove dissolved gases. The 
gaseous products were then fractionated by means of two modified Ward 
stills (8). The CO-CH4 fraction was removed a t  -195OC., and the C2HB 
fraction a t  - 170°C. The  amount of CO was determined by combustion of the 
CO-CHI fraction over hot copper oxide. In a number of cases check analyses 
were made with a mass spectrometer. 

RESULTS 

( A )  Determination of the CO Quantum Yield 

An estimate of the quantum yield of CO was made by comparing the 
photolysis in the liquid phase a t  25OC. with the gas-phase photolysis a t  164OC. 
A quantum yield of unity was assumed for the latter. Values obtained were: 

X > 2800 A (mainly 3130 A) 0.9 X lop4 
X - 2537 A 2.3 X lo-'. 

The results are uncertain by a factor of about 2, and hence there is no certain 
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1306 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 33 

difference between the two wave lengths. The values are in agreement with 
the rough estimate of Frankenburg and Noyes (4). 

(B) Variation of the Rate with Intensity 
Table I gives the results of experiments a t  four different temperatures and 

a t  various light intensities. In view of the inhomogeneous nature of the light 
absorption, too much accuracy cannot be expected as far as kinetic constants 
are concerned, although the very short path length minimizes this effect. 
I t  is evident from the table that,  although there is a decided drift in some of 
the constants, all products are formed a t  a rate proportional to the light 
intensity to within a factor of 3. 

TABLE I 

Products, RCH, 
Temp., Time, Relative n~olecules/cc./sec. X 10-l3 CH x 

"C. min. light int .  Rczaa CzHs 
CO CH4 CzH, 

The last two columns give the ratios R ~ ~ ~ / R ~ ~ ~ ~  and RcH,/Rc2a6. On the 
basis of the gas-phase mechanism methane arises by 

CH3+CH3COCH3 -+ CH4+CH,COCH3 
and ethane by 

2CH3 -+ C2H6. 

This leads to the constancy of the former ratio. I t  is evident that  this is not 
so in the liquid phase. The ratio RC,,/Rc2,, remains roughly constant (to 
within a factor of about 2) over the intensity range. The ratio R ~ ~ ~ / R ~ , ~ , ,  
on the other hand, varies a t  40°C. by a factor of about 12, and a t  all tem- 
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PIECK A N D  STEACIE: PHOTOLYSIS OF ACETONE 1307 

peratures shows a steady fall with decreasing intensity. However, there are 
definite indications that  the ratio is approaching constancy a t  high intensities. 
(See Fig. 1).  

( C )  Variation of the Rate with Temperature 

Table I1 gives the results of experiments a t  temperatures from 55OC. to 
-25OC. a t  constant intensity. T o  avoid side reactions the conversion was 
always kept below 5%. 

A plot of log R ~ ~ ~ / R & ~ ~ ~  against 1 / T  (Fig. 2) gives a good straight line and 
an apparent activation energy of 8 kcal. as compared with 9.7 kcal. for the 
gas phase. In plotting the results only those a t  higher intensities were used, 

TABLE I1 

Products, 
Temp., Time, [Ad,  molecules/cc./sec. X 10-13 Rca,  

"C. min. molecules/cc. --- 1 X 10'" 
X C o  CH4 CzHs Rc,a,[Ac] 

since the ratio R ~ ~ ~ / R B ~ ~ ~  falls off rapidly with decreasing intensity. Since in 
most cases the high intensity runs still do not give a quite constant ratio, 
the results are open to  some uncertainty. In view of this the agreement with 
the gas-phase results is probably satisfactory. 

If Arrhenius plots are made of R C H 4 ,  RCO, or R C 2 H 6  reasonably good straight 
lines are obtained, from which apparent activation energies may be calculated, 
viz. 

ECH4 = 11.4 kcal. 
Eco = 6 kcal. 
ECZH6 = 7 kcal. 

j 
I These have no simple meaning but  indicate the order of magnitude of the 
1 variations in quantum yield with temperature. 
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1308 CANADIAN JOURNAL OF CHEMISTRY. VOL. 33 

Some experiments with a 1: 1 mixture of CHSCOCH3 and CD3COCD3 
are shown in Table IIIA. The results agree well with those for light acetone. 
There is, however, one puzzling feature. In the gas phase it has been found 

TABLE III!l 
RUNS WITH A MIXTURE CH3COCH3 +CD3COCD3 IN RATIO 1/1 

~ ~ ~ ~ e c u ~ e s / c c . / s e c .  X 10-l3 
'Temp., "C. CHI  + C D3H 

C D ,  CD,M CD?H? CDH3 CH4 C2HG CO CH, CD,+CH3D 
(total) 

Calc. Esp. 

*Rzrns with 6537 A. 

that there is a higher activatioil energy for the abstraction of D ,  as compared 
with H.  On this basis the ratio 

should have the values given in the second to  last column of Table IIIA. 
The actual values of the ratio are given in the last column. I t  will be seen 
that the ratio falls rapidly a t  lower temperatures, which is the reverse of the 
predicted behavior. 

The two experiments a t  2537 A give lower rates because of lower light 
intensity, but show the same trend. 

A few experiments were also made with pure CD3COCD3, and the results 
are given in Table I1 IB. 

TfIBLE I I I R  
IZLVS WITH CDjCOCD3 

, . h/Iolecules/cc./sec.X 10-l3 
[ emp.,  "C. 

CII, CzDc CO 

(D) Runs with 2537 A 
The results of a few experimeilts with A2537 A are given in Table IV, and 

plotted in Fig. 2. The results are rather scattered because of the relatively 
weaker intensity and therefore smaller amouilts of products. In general, 
however, the trend appears to be very similar. As poirlted out above, the quan- 
tum yield is not appreciably different a t  2537 A. The results for methane are 
more accurate than the others because of the larger amounts of products, 
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PIECK AND STEACIE: PHOTOLYSIS OF ACETONE 1309 

and it is possible that  the apparent activation energy is a trifle smaller. 
However, the accuracy of the results is not sufficient to justify any definite 
conclusion. There thus appears to be no direct evidence for hot radical effects. 

TABLE IV 
EXPER~MENTS WITH 2537 A 

- 

Molecules/cc./sec. X lo-'= Rca, 
Time, min. Temp., "C. f x 10'" 

CO CzHa CHI  Rc,H,[AcI 

(E) Runs with a Solvent 
A few experiments were made with water and n-hexane as  solvents. The  

results are given in Tables V and VI. Experiments with DzO showed that  the 
methane formed was entirely CH4. 

TABLE V 
EXPERIMENTS WITH ACETONE-WATER SOLUTIONS 

Temp. = 40°C. 

Molecules/cc. X Molecules/cc./sec. X 10-l3 RCH, RCH, 
X l o 8  7 X 10" 

[Acl [Hz01 CO CH4 CzHo [Ac] Rc,a,[Ac] 

*DxO used in  this run. 

TABLE VI 
EXPERIMENTS WITH ACETONE-n-HEXANE SOLUTIONS 

Temp. = 40°C. 

NIolecules/cc. X Molecules/cc./sec. X 10-l3 RCE, Rca, 
- X 1 0 8 ~ X 1 0 "  

[Ac] [Hexane] CO CH4 CZHB ['c] Rc,E,[~cI  

7.92 0 16.3 360 5.5 45.5 6.2 
7.92 0 18.2 387 5.1 49 .O 6.9 
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DISCUSSION 

There are a number of very puzzling features about the results. I t  should 
be emphasized that  in view of the high absorption, the distribution of absorbed 
intensity is very inhomogeneous. As a result the kinetic data can only be 
assumed to have semiquantitative significance. The discussion will, therefore, 
be confined to a somewhat qualitative consideratioil of the main features of 
the reaction. 

The Qua~ztum Yield 

The major difference between the present results and those of the gas-phase 
photolysis is the low quantum yields. Thus +m is about lo-$ a t  25°C. and 
about 10-%t -25°C. +c2n, is still smaller. The values of +CH,, are somewhat 
larger, falling from about 2 X lop3 a t  25°C. to 2 X 10-j a t  -25°C. Also, the 
yield of all reaction products increases very strongly with temperature. 
Thus over the range -25°C. to 55°C. +CH4 increases by a factor of about 
300. 

There are two possible explanations of the low quantum yields. In the first 
place, if the primary step in the gas phase is 

followed by the decomposition of the excited molecule, i t  is possible that + 
will be cut down largely by deactivation in the liquid phase. If this explanation 
holds deactivation must be strongly temperature dependent. I t  seems certain 
that the results are to be explained, a t  least partially, 01.1 the basis of deactiva- 
tion. There is no question that active molecules play some role in the gas- 
phase reaction, as indicated by fluorescence studies. There seem to be two 
types of excited molecule one of which has a life of about sec. Since 
there is considerable self quenching which is temperature dependent there 
seems to be not only collisional deactivation, but also an activation energy 
for the dissociation of active molecules. The low yields and the effect of 
temperature on the quantum yields can therefore be attributed a t  least to 
some extent to excited molecule deactivation. 

The other explanation of the low value of + is recombination because of 
the cage eflect, i.e. 

CHaCOCH,+hv + CH,CO+CH, 
followed by 

CH3+CH,CO + CHaCOCH3, 
the rate of [3] being greatly enhancecl by the cage effect. The increase in the 
quantum yield with temperature is then explained by the increase in the rate 
of diffusion. A similar explanation has been suggested by L,xmpe and Noyes 
(6, 9) to explain the vai-iation of the quantum yield of iodine dissociation in 
inert solvents. I t  may be mentioned that reaction [3] may also occur out of the 
cage. In view of the low quantum yielcl of ethane formation, however, this 
must be of minor importance. As mentioned above the apparent activation 
energy for methane production a t  3130 A is 11.4 kcal. Since methane is by far 
the largest product, this is approximately the temperature coefficient of the 
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PIECK A N D  STEACIE: PHOTOLYSIS OF ACETONE 1311 

quantum yield of the over-all decomposition. I t  is presumably to be related 
to the temperature coefficient of the diffusion process. 

Experiments with a 1:  1 mixture of CDJCOCDJ and CH3COCH3 and with 
pure CD3COCD3give results in general agreement with those with CH3COCH3. 

The  Dissociation of Acetyl by Energy Carry-over 
In the gas-phase photolysis it is postulated that,  depending on wave length, 

between 0.07 and 0.22 of the acetyl radicals formed dissociate spontaneously, 

CHSCO* + CH,+CO. [4 1 
If this were so in the present case bco could not be nearly as low as it is. 
This suggests either that deactivation of an excited molecule is the main cause 
of the low quantum yield, or else that in the liquid phase most hot acetyls are 
deactivated and that [4] rarely occurs. This is supported by the fact that dco 
has a considerable temperature coefficient. 

Disproportionation 

In the gas phase there is evidence that reaction [5] 

CH3+CH3CO + CHI+CH2=CO [5 1 
occurs about 1/10 to 1/100 as often as [3], and also has an activation energy 
of about zero. If this were true in the liquid phase it  would be impossible to 
obtain a very low value of &,,, unless this were due to deactivation. Also, 
reaction [5] would lead to E,,, approaching zero a t  low temperatures which is 
far from the case. I t  seems probable that in the liquid phase where the excited 
complex CH3COCH3" formed by [3] or [5] will have a very short life, dis- 
proportionation may well become negligible compared \\lit11 recombination. 
These conclusions are, however, incompatible with those of the follo\ving 
paragraphs concerning deuterium exchange. I t  is therefore possible that the 
low quantum yields are due to deactivation of an escited molecule rather than 

a Ion. to primary recombin t '  
I t  is also possible that clisproportionation may occur outside the cage 

between radicals which have been formed from different molecules. As a 
check on this a 1: 1 mixture of CH3COCIH3 ancl CD3COCDa was photolyzed. 
If the gas-phase mechanism holds almost all methane formed will arise from 
the abstraction reactions 

CH,+CHaCOCHa + CIHA+R [GI 

CHa+CD3COCDa + CH:jD+Rf [7I 

CDa+CHsCOCHa + CDaH+Rff [8 I 
CD,+CDaCOCD:j + CDq+R1". I 

In the gas phase there is little clirlerence between the rates of abstraction by 
CHJ and CDa, but there is considerable difference bet\veen the abstraction of 
a n  H- or a D-atom. The ratio (CH1+CD.3H)/(CDI+CH3D) ca11 be calculated 
from kno~vn rate constants, and will iilcrease slightly a t  low temperatures 
as shown by the calculated values in Table IIIA. Actually there is a strong 
clecrease a t  low temperatures. I t  sho:~lcl be noted that the ratio is not affected 
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1312 CANADIAN JOURNAL OF CHEMISTRY. VOL. 33 

by uncertainties in the relative ease of splitting off CD3 or CH3 from an 
active molecule. I t  depends solely on the relative ease of abstracting an H- or a 
D-atom in the subsequent abstraction reactions. 

If methane is also formed by disproportionation between CH3 or CD3 
radicals and CHBCO and CDZCO, since all the disproportionations occur 
with zero activation energy, the ratio of methanes from disproportionation 
will be unity. Hence the above ratio will tend toward unity a t  low tempera- 
tures where abstraction is negligible, and will rise rapidly with temperature 
and approach the 'calculated' values in Table IIIA. The observed behavior 
thus indicates that disproportio~lation is becoming more and more important 
a t  low temperatures. 

T h e  Abstraction Reaction 
In the gas-phase photolysis of acetone the methane and ethane formed 

are almost all accounted for by the reactions: 

CHs+CHs -+ CzHs 
from which 

~ , , ~ / ~ ~ , , , [ ~ c e t o n e ]  = ks/kio. 

0 I I 
0.25 0.5 075 1.0 

RELATIVE INTENSITY 
I 

FIG. 1. The variation of RCH, /R; ,~E,  with intensity. 
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PIECK A N D  STEACIE: PHOTOLYSIS OF ACETONE 1313 

If this relation holds in the liquid phase, R ~ ~ , / R ~ , , ,  should be independent 
of the absorbed intensity. In Fig. 1 R ~ ~ ~ / R A ~ ~ ~  has been plotted against the 
intensity for different temperatures. The  figure shows that  the ratio decreases 
sharply with illtensity in the low intensity region, although it is tending 
towards constancy a t  high intensities. The results suggest that the formation 
of ethane a t  low intensity is mainly by some reaction dependent on the first 
power of the intensity, i.e. of the radical concentration. Possible explanations 
are formation of ethane to some extent in the cage, or by a direct intramolecular 
reaction. 

The fact that R ~ ~ ~ / R & ~ ~ ~  is nearly independent of intensity a t  high inten- 
sities indicates that under these conditions most methane and ethane is 
formed by reactions [6] and [lo],  and that a t  high intensity inter-cage effects 
predominate. The photolysis of CDSCOCD3 furnishes further proof that  
some ethane is formed by inter-cage effects. In  this case the higher strength 
of C-D bonds reduces the effect of abstraction, and C z D ~  is greater than CO. 
This would be impossible if all ethane were formed in the cage. 

FIG. 2. Arrhenius plot of R c a , / R ~ , ~ ,  [Acetone] for liquid acetone. 
0 wave length approximately 3130 A. 
@ wave length approximately 2537 .P\. 

The dotted curve represents a n  extrapolation to low temperatures of results for gaseous acetone. 
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In Fig. 2 an Arrhenius plot is given of R ~ ~ , / R & , ~ ~  [Acetone] for runs with 
CH3COCH3 a t  3130 A and high intensities (i.e. in the region where the ratio is 
essentially independent of intensity). A good straight line is obtained, from 
which EG- 3E10 E6 = 8 kcal. This agrees satisfactorily with the gas-phase 
value of 9.7 kcal., since the result will be approximate because of errors due to 
diffusion effects, to inhomogeneity of absorption, and to the formation of 
methane by disproportionation of CH3 and CH3C0 at low temperatures. 
While tlie slopes of the two lines agree reasonably, the gas-phase line lies 
considerably below that for tlie liquid phase, corresponding to a difference of a 
factor of about 7 in the ratio. This has little significance, however, in view of 
the uncertain meaning of concentration in the liquid phase. 

The results obtained by photolyzing CD3COCD3 are no doubt affected to a 
much greater extent by the occurrence of reaction [5], because of the slower 
rate of abstraction of D from CD3COCD3 as compared with H from 
CH3COCH3. The results lead to an apparent activation energy about 2 kcal. 
lower than those for CH3COCH3, but this is presumably complex and has no 
simple significance. 

The data a t  2537 A are not sufficiently extensive to warrant detailed 
discussion. 

A few experiments were made with acetone-water and acetone-n-hexane 
solutions, and are given in Tables V and VI. The results indicate: 

(a) With water, no change larger than the rather considerable experimental 
error occurs in the RcH,/[Ac], or R ~ ~ , / R ~ , , ,  [Ac] ratios. I t  is evident that 
water acts essentially as an inert solvent, as far as the production of gaseous 
products is concerned, and that the reaction 

CH,+H,O -+ CH,+OH 

does not occur to an appreciable extent. This is expected in view of the high 
H-OH bond dissociation energy (ca. 118 Itcal.). Previous work (10) indicates 
that coildensable products such as formaldehyde and acetic acid are formed. 

(b) With acetone-hexane solutioiis there is a slight but significant drop in 
the ratio R ~ ~ ~ / R ~ ~ ~ ~ [ A c ] .  Since the activation energy of the reaction 

CH,+n-CcHl4 --t C H ~ + C G H , ~  [ I l l  

is less than that of 

CH3+CH3COCH3 --t CH,+CH,COCHB 1121 

by 1.6 kcal. ( l l ) ,  while the steric factors are in the ratio PI1/PI2 = 0.3, it 
would be expected that abstraction by [ I l l  xvould be faster than by [12] by a 
factor of 3.3. A considerable increase in methane would therefore be expected. 
Actually there is a decrease. However, in view of the probable formation on 
irradiation of an addition compound between acetone and n-hexane ,(4) the 
situation is complex and further discussion is unwarranted. 

I t  is apparent that many features of the results cannot be explained in 
detail. The above discussion a t  least poiiits out the general problems involved. 
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PIECK A N D  STEACIE: PHOTOLYSIS OF ACETONE 1315 

I t  is hoped that  further work on the more complex products, and on the 
reaction a t  still lower temperatures, may throw more light on the mechanism. 

'The authors are indebted to Dr. P. Ausloos for much advice and discussion. 
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SUR L'OXYDATION LENTE DE L'ETHER DI~THYLIQUE 
EN PHASE GAZEUSE1 

La reaction de ]'ether di6thyliq~1e avec I'oxygbne a 6te 6tudiee dar~s  Lln rt-  
cipient en Pyres, dans l'intervalle de temperatl~rc 160-175" C., voisin de la 
limite inferieure de flanime froide. L'oxygkne est conson11116 durant la 1)aissc 
initiale de pression suivant une reaction d'ordre zero, affect& cl'une Cnergie 
d'activation d'environ 50 Ircal./niole, durant laquelle il apparait de I'eau, des 
perosydes, des acides, e t  autres produits. La hausse de pression qui survient plus 
tard correspond B des reactio~is posterie~~res B l'oxydatiori propremcnt dite; elle 
peut avoir lieu en l'absence d'osygkne. Les taux d'oxydation tires de la vitesse 
maximum d'accroissement de la pression sont ainsi remis en question. On discute 
quelques processus s~~sceptibles d'intervenir dans chacune de ces deux phases 
de la reaction. 

INTRODUCTION 

Divers phCnomi.nes caractCristiques de  la combustion-oxydation lente, 
flamme froide, e t  explosion-peuvent &tre CtudiCs dans des conditions parti- 
culi6rement avantageuses dans l'oxydation cle l'Cther di6thylique. 11s y sont 
observables B des pressions basses de l'ordre de 10 B 100 mm. Hg e t  dans un 
intervalle de tempbratures allant de 150 B 250" C., tandis que la plupart des 
hydrocarbures ne subissent ces rkactions qu'8 des pressions e t  tempkratures 
beaucoup plus ClevCes. Plusieurs aspects de la flamme froide de l'kther ont CtC 
CtudiCs dans notre laboratoire (18) en particulier au moyen du spectron~i.tre 
de masse B Cchantillonnage continu de LCger (10, 11). Dans le but de ~nieux 
comprendre en quoi consiste le passage de l'oxydation lente B la flamme froide, 
nous avons cherchC dans le prCsent travail A obtenir de nouvelles donnCes sur 
la cinktique de l'oxydation lente de 17Cther dans l'intervalle de 160 B 175" C. 
situi: immCdiatement en dessous de la limite de flalnme froide. 

L'oxydation des Cthers sernble occuper une place intermkdiaire entre celle 
des hydrocarbures (5, 12, 15, 21) e t  celle des aldChydes (12, 13) mais est moins 
bien connue que ces dernii.res. Walsh e t  ses collaborateurs (4, 14) ont fait une 
Ctude dktaill6e des donlaines d'inflammation des Cthers, surtout de 1'Cther 
dikthylique; mais pour ce qui concerne l'oxydation lente, ces auteurs se sont 
attach& surtout B celle de I'Cther diisopropylique. Eastwood e t  Hinshel- 
wood (7) ont conlparC les oxydations lentes de cinq Cthers aliphatiques. Dans 
le cas de  l7Cther diCthylique, le plus facilement oxydable de la sCrie CtudiCe, la 
rCaction dCbute par une baisse de pression suivie d'un accroissement de  pression 
analogue A celui qui succi.de B la pCriode d'induction classique des hydro- 
carbures. En  se basant sur cette ressemblance, ces auteurs ant pris comlne 
mesure du taux d'oxydation la pente maximum de cette montke de  pression. 
Ils ont constati: que les peroxydes form6s au dkbut de la rhaction sent relative- 

lMalzz~scrit r e p  le 24 fe'vrier, 1955. 
Contribution d z ~  Dkparten~ent de Chinzie, Universite' Laval, Ql~kbec. Travail slrbve71tzo?tnk par 

u?r octroi (DRB-129) (Projet D&-50-01-09) d z ~  Conrite' de Recl~erches porir la DCjense. 
2Boz~rsier drl Conseil National de Recherches. Adresse uctz~elle: Canudialz Ar~nanze?lt Research 

ajtd Develop~ne?zL Establishntent, Valcartier, Qz~e'bec. 
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LEMAY ET OUELLET: OSYDATION 1317 

ment stables e t  survivent m&me au passage d'une flamme froide. I1 se peut 
que cette propriirte rirsulte uniquement clu fait que la flainme froicle de l'kther 
se produit A une tempkrature relativement basse, comparhe, par exemple, A 
celle du butanone (1) durant laquelle les peroxydes accumulks disparaissent 
rapiclement. 

AIETHODE EXPERI&IENTALE 

La rkaction est ktudike en systi.me statique en l'absence de vapeur de 
nlercure. La chambre B rkaction est un cylindre en Pyrex de 4.4 X 14 cm. e t  
la pression est enregistrke klectriquement. 

La figure I montre un clessin schematique cle la chambre B rkaction C e t  de 
ses principaux accessoires. Elle est enfermke dans un four en acier F chauffk 

F 

FIG. 1. Schema montrant la chambre B reaction C, le manombtre A membrane m, e t  3. 
transducer T, ainsi que le systbme G-3-2 pour ]'injection de gaz etrangers. 

electriquement e t  est entourke d'un manchon en laiton destink B uniformiser 
la tempkrature. Un thermom&tre pkni.tre dans le four e t  un couple thermo- 
electrique peut Etre dkplack sous le manchon, oh le gradient de tempkrature 
ne dkpasse pas 1" C. d'une extrkmitk B l'autre de la chambre A reaction. Un 
transformateur Sola B voltage constant e t  un Variac permettent de contrbler 
la tempkrature du four. Le robinet 1 sert B ]'introduction des r6actifs; il conduit 
d'une part au rkservoir contenant le mklange de gaz et d'autre part B un piPge 
B -80" C. suivi d'une pompe B diffusion utilisant de l'huile silicone et d'une 
pompe mCcanique. 

Les tubes qui vont de C aux premiers robinets sont chauffks B 100" C. pour 
empecher une condensation qui se produit aux stages ultkrieurs de la reaction 
et qui s'est manifest& clans plusieurs de nos exp6riences par une baisse considh- 
rable cle la pression, vers la fin cle la rkaction. 

L'injection, en plein centre de la chambre A reaction, cle petites quantitks 
closkes de gaz inhibiteurs, se fait au moyen du tube capillaire, prCckcl6 d'un 
petit volume calibre, inclus entre les robinets 2 e t  3, e t  d ' ~ ~ n  reservoir G. 

La pression est enregistr6e au cours cle la rkaction au moyen d'un manomPtre 
diffkrentiel. I,e dkplacement d'une membrane m de cluralumine de 0.07 mm. 

I d'kpaisseur, coll6e sur une capsule cle veri-e, est transmis ii un lLtransclucer" 
1 T de type Statham G1-1.5-315, aliment6 par une tension de 1.5 volt. Le signal 

de sortie est transmis A un enregistreur Brown qui trace la courbe de pression. 
1 La capsule manom6trique e t  le transducer sont enfermes dans une boite ktanche 
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1318 CANADIAN JOURNAL OF CHEMISTRY. VOL. 33 

en laiton oh rPgne la pression de rCfCrence mesurCe sur le manomPtre anCroide 
M de type Wallace & Tiernan. Dans la rCgion de 100 mm. Hg qui nous intC- 
resse, la valeur absolue de la pression est mesurCe A 0.5 mm. prPs et les vari- 
ations sont enregistr6es B 0.1 mm. prits avec une inertie de l'ordre d'une seconde. 

R6actifs 
L'Cther diCthylique est distill6 trois fois en contact avec une solution acide 

de permanganate, sCchC en prCsence de sodium, puis redistill6 en rejetant les 
premiPres e t  les derniPres fractions. On a aussi employb, avec des rCsultats 
identiques, la mCthode de Dasler (6) suivant laquelle 1'Cther est libCrC de 
peroxyde e t  d'eau par passage A travers une colonne d'alumine activ6e. Cet 
Cther est conservC sous vide dans un ballon l iC A l'appareil. Pour pr6parer un 
mClange, on en laisse Cvaporer une partie dans un ballon CvacuC, on ajoute la 
quantite d'oxygitne requise, e t  on laisse reposer pendant quelques heures. Des 
mesures au spectromPtre de masse ont rCv616 que l'oxygitne, provenant directe- 
ment d'un cylindre, contenait un peu d'azote, mais i l  a C t C  vCrifiC que ce gaz 
n'affecte pas le cours de la &action. Les robinets sont 1ubrCfii.s avec des graisses 
Apiezon T e t  L et silicone. I1 a C t C  vCrifiC par des mesures manomCtriques que 
ces graisses n'absorbent pas de quantitC apprhciable d'6ther dihthylique, 
contrairement A ce qui se produit avec les Cthers superieurs. 

Parmi les gaz inject&, le formaldbhyde est produit par chauffage de para- 
formaldbhyde, tandis que l'oxyde nitrique, le propylitne, e t  l'acide bromhy- 
drique sont de marque Mathieson; on les prClPve directement des cylindres. 

Analyses  
On dose l'oxygitne en mesurant sa pression partielle dans un analyseur 

magnCtique de Pauling, moditle Beckman D. Au moment choisi, on aspire 
dans l'analyseur CvacuC un Cchantillon (environ 10 cc.) de gaz provenant de 
la chambre A rCaction, aprPs avoir balay6 le gaz froid des canalisations en l'as- 
pirant dans un rhcipient auxiliaire. La quantitb de gaz ainsi prClevCe est telle 
qu'il faut interrompre la reaction. 

Pour doser les acides e t  les perosydes, on Cvacue la cha~nbre A rCaction au 
moment choisi et on capte dans un piPge les produits condensables A -80" C. 
On extrait ces dernicrs au lnoyen cle 20 cc. d'eau bidistillbe. IJes acicles sont 
titrCs imrnhdiatement par la soude 0.01 N en prbsence de phCnolphtalCinc. Le 
dosage des peroxydes se fait dans une atmosphPre d'azote en titrant par le 
thiosulfate, 0.01 N d'aborcl l'iode libCrC en 15 min. en prCsence d'un excPs 
d'iodure de potassium en milieu neutre et ,  ensuite, l'iode IibCrC en trois heurcs 
en milieu acide. 

fifarche et produits de la re'action 
La rCaction est mesurable dans un intervalle de te~llpCratures restreint; 

en dessous de 155" C.,  elle est trop lente, au-tlessus de 175" C., elle est trop 
rapide e t  tend A d6gCnCrer en Aamme froide. La figure 2 montre l'allure gCnCrale 
des phbnomitnes pour une rCaction produite dans des conditions moyennes. 
Les quantitbs d'acides et de peroxydes y sont reprCsentCes par les pressions 
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pour une d'bther. On observe aussi, d&s le debut, e t  jusqu'au moment oh le 
minimum de pression est atteint, un accroissement d'abondance de la masse 
18 attribuke A l'eau, e t  de la masse 43, attribuable A l'acide peracetique ou Q 
l'acide acbtique. Rien n'indique une accumulation apprkciable de peroxyde 
d'hydrog&ne. Durant la inontbe de pression, on voit croitre l'abondance de le 
masse 28 qui peut reflbter, entre autres composb, l'oxyde de carbone. Les 
rbsultats de cette etude encore en cours seront publibs plus tard. Des courbes 
tr6s diffCrentes des prkcbdentes ont Cti. observkes dans des expCriences sur 
l'oxydation A 235' C. de I'Cther dimbthylique par une &ale quantitb d'oxygene; 
la rCaction dCbute, sans pCriode d'induction, par un faible accroissement de 
pression qui se poursuit IinCairement jusqu'B un palier. 

InJlz~ence de la tempe'ratz~re el de la composition d u  me'lange 

La figure 3 fait voir quelques familles de courbes de pression totale e t  de 
pression partielle d'oxygene obtenues avec des mClanges de trois compositions 
diffCrentes, Q diverses temperatures. On voit que le coefficient de tempCrature 

MINUTES 

FIG. 3. Comparaisons de courbes de pression totale (haut) e t  de pression d'osygkne (bas) 
pour des mClanges contenant initialement 33%, SOYo, et 65% dlCther en volume. (Les courbes 
de pression totale sont obtenues par enregistrement cont~nu.) 

est positif e t  grand B toutes ces compositions, tant par les taux de descente e t  
de montbe de la pression que pour celui de la consommation d'oxygene. Dans 
les melanges contenant d'bther ou plus, la consommation d 'oxyghe  
semble &re d'ordre zero e t  est complete au moment oh la pression totale passe 
par le minimum. Les mblanges contenant, au dCpart, deux fois plus d 'oxyghe 
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LRMAY ET OUELLET: OXYDATION 1321 

que d'ether accusent deux pal-ticularites: la montke de pressioil est supprimbe 
aux basses temperatures; B temperature plus klevi.e, la consommation d'oxy- 
gPne, rapide e t  apparamment d'ordre zkro jusqu'au minimum, se poursuit 
ensuite plus lentement e t  suivant une loi du premier ordre. Cette loi est mise 
en Cvidence par la transposition & 1'i.chelle logarithmique des deux courbes 
obtenues B 168" C. et  175" C. 

Comme i l  n'est pas facile de mesurer sans ambiguite la pente initiale de  
pression, nous prenons, comme mesure de la vitesse de la premi6re ktape de la 
rCaction, soit la pente de la courbe de l'oxygi.ne, soit l'inverse du  temps T, 
(figure 2) qui s'6coule entre l'instant initial e t  celui oh le minimum de pression 
est atteint. 1.a figure 4 montre les droites d'Arrhenius obtenues par ces deux 

I/T 

FIG. 4. Courbes de 1 / T 0  I<. contre les logaritlimes de la vitesse initiale calcul4e d'aprhs 
le taux de consommation d'osygkne ( 0 2 )  et d'aprbs le temps s ,  6coulC au minimum de pression. 

mkthodes. On a pu vbrifier, dans  le cas d u  melange 2 50y0, que le coefficient 
de tempbrature obtenu par les deux methodes est le meme, ce qui permet de  
considkrer T~ comme une grandeur significative. En  prenant pour mesure de 
la vitesse de la seconde &ape de la reaction la pente maximum p,, de la montCe 
de pression, on obtient les droites d'Arrhenius de la figure 5. 

Kos donn6es permettent un calcul approximatif des energies d'activation 
apparentes. Pour la phase initiale (figure 4),  les valeurs obtenues pour 33y0, 
50%, 67%, e t  90% d'kther sont cle 44, 51,55,  e t  45 Itcal./mole respectivement. 
La valeur obtenue d'aprPs le t aus  de consommation dlosygPne B 50% dd'Cther 
est 53 Itcal./mole, en bon accord avec la valeur ci-dessus tiree de  7,. Le taux 
maximum p,, d'accroissement de pression conduit B des valeurs de 32, 25, e t  
26 Itcal./mole pour 50, 67, e t  goy0 d'ether respectivement. Ces valeurs gros- 
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1322 CANADI.AN JOURNAL OF CHEMISTRY. VOL. 33 

siPres, obtenues sur un 6troit intervalle de temperatures, peuvent nkanmoins 
servir A caracthriser le coefficient de temperature prPs de la limite de flamme 
froide. 

I/T 
FIG. 5. Courbes de l / T o  K. contre le logarithme du taux maximum p, de l'accroissement 

de pression. 

L'influence de la proportion des r6actifs sur les deux vitesses reprCsentkes 
par 1/~, e t  p, se voit dans la figure 6. On voit que ces grandeurs sont sensible- 
ment independantes de la composition tant  qu'il y a moins de 50% d'kther, 
mais qu'elles varient rapidement dans les melanges pauvres en oxygPne. On 
a aussi trouv6 que, pour un melange B 50% B 170" C., 1/~,, varie peu avec la 
pression totale entre 45 et 95 mm. Hg tandis que p, est sensiblement pro- 
portionnel B cette pression. Des experiences effectu6es dans le dessein de dC- 
gager I'influence de la pression partielle de chacun des r6actifs ont abouti B des 

FIG. 6. Variations de la vitesse iilitiale 1 / ~ , , ,  mi~i.-' e t  du t aus  n~axirnurn p,,, de I'accrois- 
sement de pression, en fonction de la con~position du melange. 

courbes prksentant des maxima semblables B ceux de p,,, dans la figure 6. 11 
semble donc que la proportion des r6actifs soit le facteur le plus important. 
Dans l'ensemble, ces r6sultats concordent avec ceux de Eastwood e t  Hinshel- 
wood (7) qui ont observe une inhibition considerable par I'oxyg&ne; en effet, 
la figure 6 montre que la reaction est toujours plus lente aux fortes proportioils 
d'oxygPne. 
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LEMAY ET OUELLET: OXYDATION 1323 

Influence de la surface et de gaz itrangers 

Un cylindre en quartz de m@mes dimensions que notre chambre A rtaction 
en Pyrex a donni. les m&mes courbes de pression e t  d'oxygene. Par contre, en 
traitant la paroi de Pyrex par une solution de chlorure de potassium, nous 
avons obtenu les courbes de la figure 7. Cet effet a dtjB 6th observe par 
L. Ouellet et C. MCnard (17), qui nous ont sugg61-6 ces expCriences. On voit 
que, dans ces conditions, l'allure de la rCaction ressemble B celle des oxydations 
d'hydrocarbures e t  de l'ether diisopropylique (4, 12, 14); une courte ptriode 
d'induction est dtcelable sur la courbe de pression et sur celle de la consom- 
mation de l'oxygene, ~na i s  il  n'y a plus de minimum de pression. 

5 15 5 15 

M l NUTES 

FIG. 7. Courbes de pression totale P e t  de pression d'osyghne Po,, pour une r6action A 168' 
C. et  50% d'6ther en volume, dans un rCcipient en Pyrex trait6 au chlorure de potassium. 

L'injection de petites quantitbs d'oxyde nitrique A diverses tpoques avant 
ou durant la rCaction inhibe dans tous les cas la consommation de l'oxygene 
e t  l'abaissement de la pression, mais n'agit pas toujours de la m&me facon sur 
l'accroissement de la pression. La vitesse est rCduite d'environ 30 fois par 0.6% 
d'oxyde nitrique, ce qui donne une indication approximative de la longueur 
des chaines. Ces effets et ceux qui rtsultent de l'addition de propylene, d'acide 
bromhydrique, et de formaldthyde seront decrits dans une autre publication. 

DISCUSSION 

La rCaction dtbute sans pCriode d'induction apprtciable, contrairement 
aux oxydations des hydrocarbures et de 17acCtaldChpde; les peroxydes form& 
n'exercent donc pas d'effet autocatalytique. On distingue deux phases assez 
nettement sCparCes dans le temps. La premiere phase correspond surtout B la 
consommation de I'oxygene et s'accompagne d'un abaissement de la pression. 
Sa forte inhibition par l'oxyde nitrique indique qu'il s'agit d'une rtaction en 
chaines longues. La seconde phase s'accompagne d'un accroissement de la 
pression; elle n'exige pas la presence d'oxygene libre. Cette seconde phase peut 
&tre acc6lCrCe, par traitement de la surface en chlorure de potassium, B tel 
point qu'elle n'est plus en retard sur la pr6cCdente; on retrouve alors la courbe 
de pression ascendante caractkristique des hydrocarbures (figure 7). La compa- 
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raison des figures 7 e t  2 montre que le taux de  la consornrnation de lJoxyg&ne 
est peu affect6 par ce changement de surface. 

Cette separation en deux phases semble constituer la principale difference 
entre l'oxydation de l'ether cliethyliclue et celle des hydrocarbures. On peut 
vraisemblablernent l'attribuer la t e m p k r a t ~ ~ r e  anormalernent basse d'oxy- 
dation de l'kther, plut6t qu'5 une diffkrence essentielle de mecanisme; les 
rkactions de la seconcle phase seraient suffisarninent lentes 5 cette ternpkrature 
pour ne pas masquer la phase initiale cl'oxyclation. Si cette hypoth&se est vraie, 
on devrait pouvoir reprocluire cette separation en oxydant un hydrocarbure 
sur une surface ernpoisonnke, ou la retrouver dans le cas cl'hydrocarbures 
oxydables B temperature relativement basse. On sait (3) que certaines olefines 
sernblent se cornporter cornme l'ether a u s  basses temperatures e t  comme les 
paraffines aux tempkratures illevkes. Dans l'ensernble, l'oxydation lente de 
l'kther sur le Pyrex et  le quartz ressemble beaucoup plus B celle de  l'acetalde- 
hyde, qui dkbute aussi par une baisse de pression e t  a lieu dans le rn&rne do- 
maine de tempkratures (13), qu'B celle des hydrocarbures (5, 12). Remarquons 
que la couturne de prendre le taux maximum p,,, de l'accroissernent de pression 
comme mesure de  la vitesse d'oxydation ne peut Ctre suivie dans le cas de 
l'kther dikthylique; les comparaisons baskes sur cette grandeur (7) rkflPtent 
plut6t les vitesses des reactions secondaires. 

Bien que les faits connus actuellernent ne permettent pas une analyse dP- 
taillke de la cinetique e t  du mkcanisme de la reaction, i l  est utile de supposer 
que les processus en jeu dans chacune des phases sont de rnCrnes types que 
ceux qui ont kt6 invoquks pour interpreter l'oxydation des hydrocarbures (2, 5, 
12, 21). Appliquant la distinction dkveloppke syst6matiquement par Niclause, 
Combe, e t  Letort (15, 16), on peut penser qu'en gros l'abaissement de pression 
reprksente la partie de la reaction attribuable 5 l'osydation proprernent dite, 
e t  que la partie de lloxyg&ne consommk dont cet abaissement ne rend pas 
cornpte est engagke dans des dCgraclations oxydantes s'effectuant sans change- 
ment de pression. Enfin, l'accroissement de pression correspondrait A des 
pyrolyses induites par I'oxygPne rksiduel ou par la decomposition de peroxydes. 
L'irnportance relativement faible des variations de pression laisse supposer 
que la degradation oxydante preclornine. L'ordre zero par rapport B l'oxygi'ne 
peut &re considere cornme Line manifestatioil de l'inhibition par un esc&s de 
ce ritactif. Ce cornporternent, bien connu chez les reactions de ce type (2, 5 ,  7), 
a kt6 attribuil (2) 5 la predominance d'un processus de rupture par recombi- 
naison de radicaux peroxycliques. 

Pour ce qui concerne la nature des produits intermediaires au cours cle la 
premii're phase, i l  fauclra renclre cornpte cle l'apparition h3tive de  l'eau et  d 'un 
peracide. 11 est peu probable que le peroxyde c l i l ~ y d r o s y ~ t l ~ ~ l i q u e ,  procluit 
connu (19) cle l'oxydation de l'kther liquide B froicl, joue Lln r81e B la temperature 
de notre reaction. Le mode cl'initiation le plus vraisernblable est l'abstraction 
d 'un hydroghe  seconclaire par lloxyg&ne et par les radicaux, en particulier les 
raclicaux peroxycliques produits au  coui-s cle la chaine. 
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LEMAY ET OUELLET: OXYDATION 1325 

Ce gros radical peut capter une molkcule dlos>,g&ne pour foriner un radical 
pel-osydique CHjCH(OO)OCeH5 e t  kventuellernent I'hyclroperoxyde corres- 
pondant; il  peut aussi se dkcomposer et donner lieu aus  rkactions suivantes: 

oh le r81e de RH sera jo~16 au dkbut par l'kther, mais de plus en plus par l'ack- 
taldbhyde, dont l'hydrog&ne est plus facile d abstraire. Dans la rnesure oh [4b] 
est possible contre la concurrence de [4a] et de [7], on obtiendrait, dans les 
premiers temps de la rkaction, le bilan 

qui correspond au rapport observk des taux de consommation de l'iither et de 
lloxyg&ne, mais ne comporte pas d'abaissement de pression. Par ailleurs, [4a] 
e t  [4b] seront vraisemblablement concurrenckes par la r6action 

C2HjOO' f RH = C2HjOOH + R'. [71 

On sait que l'hydroperoxyde d'kthyle se dkcompose sur la surface avec une 
demi-vie de l'ordre d'une minute, (9) vers 170' C., avec formation d'acktaldk- 
hvde et d'eau 

et que cette d6con1position est fortement catalysiie par le chlorure de potassium. 
Par la voie [2-3-7-81, on obtiendrait deux molkcules cl'ac6taldkhyde. Dans la 
r6gion de 160 2 175' C., ce dernier s'oxyde, 2 une vitcsse sensiblernent kgale (13) 
2 celle de l'oxyclation de l'kther, suivant: 

I1 est probable que le chlorul-e cle potassium catalyse aussi la clkcomposition 
de l'acide peracbtique. Ce dernier rkagirait aussi dans une certaiile rnesure avec 
l'ac6taldkhyde, suivant : 

Dans tous les cas envisagks, L I ~  fragment de la molkcule d'iither clonne 
immkdiatement une inol6cule cl'acktaldiihyde suivant (2). 1,'autre fragment 
peut &tre oxyclk rapideinent en ncicle perackticlue par une seule chaine [3-4b-5-61. 
Ceci donnerait le bilan [a] ne comportant aucune variation de pression. Mais 
ce second fragment peut aussi donner d'abord une seconde molkcule d'aciitaldk- 
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hyde par I'une des voies [4a] ou [3-7-81 puis de l'acide peracktiquc par [9]. Le 
faible abaissement tle pression rCfl6terait I'importance relative de la rbaction [9]. 
Enfin, la rCaction [lo] expliquerait que la quantitk d'acide dCpasse nettement 
celle clu peroxydc ct s'accroit aux tlCpens cle cette derniPre. 

A L ~  d6but de la seconde phase, s'il reste bcaucoup cl'ox).g+ne, la pression 
continue A clCcroitre A cause cle la rkaction [9] si la tempkrature est assez 
basse (figure 3) .  i\/Iais A tempkratul-c plus 6levCe ou clans un mClange pauvre 
en oxvgene, Ics rbactions cle pyrolyse cle I'acCtalclChydc (et autres produits) 
prbdorninent e t  la pression croft. Dans ces conditions, la ritaction [5 ]  cPde Ic 
pas A la clCcomposition clu raclical acbtyle, affectbe d'une 6nergie d'activation 
de l'ordre de 15 I;cal./mole (20) : 

Nous adressons nos remerciements au Comiti: de Recherches pour la Ditfense 
pour un octroi (DRB-129) et  au Conseil National de Recherches qui a accord6 
des bourses A I'un de nous (A.L.). Nous remercions aussi M. E .  G. L6ger de  
l'aide frkquente qu'il nous a pr&t&e au cours de ce travail, M. L. P. Blanchard 
qui nous a fourni les spectres de masses, ailxi que RIIM. P. Ausloos et L. Ouellet 
qui nous ont fait d'utiles suggestions. 

CH8C:O' = CIH1' + CO. 

Le raclical mCthyle pourra, en l'absence d'oxygPne, former clu mCthane par 
abstraction et  de 1'Cthane par recombinaison; en pritsence d'un peu dJoxygPne, 
il  sera surtout oxyd6 suivant l'un des schCinas proposks par Grumer (8), avec 
formation d'oxyde de carbone, cle mCthano1, e t  cl'eau. 

I1 est difficile de dire clans quelle mesure la dCcomposition d'un peroxyde 
contribue directement L l'accroisscment de la pression. I1 se peut qu'une telle 
clitcomposition gouverne la vitesse de la seconde phase, clont I'Cnergie d'acti- 
vation globale est du bon orclre cle grandeur, soit de 25 A 30 kcal./mole. 

En somme, la premiere phase correspondrait dans I'ensemble A la dCgra- 
dation en molCcules A deux atomes cle carbone, la seconde phase, A celle en 
molitcules A un atome de carbone. En  pritsence de chlorure cle potassium 
(figure 7), la d6coinposition cle I'acide peracittique et  kventuellement de I'hydro- 
peroxyde d'itth-yle serait acc6li:rCe A tel point que la seconde phas? ne serait 
plus en retard sur la premiPre. 

Ida comparaison clu taus d'oxydation lente de l'itther A ceux d'autres sub- 
stances est impossible du fait clue la pente maximum p, de la courbe d'accrois- 
sement de pression a itti: prise par plusieurs auteurs comme mesure des taux 
d'oxydation lente de diverses substances organiques. Or, dans le cas de I'itther 
et vraisemblablement dans plusieurs autres, cette grandeur n'a pas la signifi- 
cation qu'on lui avait pr6ti.e. 

REMERCIEi\lIENTS 

SUMMARY 

The reaction of diethyl ether and oxygen in a P-yrex vessel has been studied 
over the temperature range 160-175' C., below the lower limit of cool flame. 
During the initial pressure drop, ox>.gen is consumed in a zero order process 
with an activation energy of some 50 kcal./mole, giving rise to  water, peroxides, 
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acids, and other products. The pressure rise which follows is secondar!. to the 
main oxidation reaction; it does not require the presence of oxygen. Oxidation 
rates derived from maximum rates of pressure rise are therefore questionable. 
A number of processes, which may account for these two reactions stages, are 
examined. 
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POLYMERIZATION O F  2-FLUOROBUTADIENE-1,3 AND 
PROPERTIES O F  POLYMERS' 

ABSTIIACT 

Fluorobutadiene has been copolymerized with styrene in emulsion a t  5OC. The 
rate of mercaptan consumption, rate of conversion, copolymer composition, and 
the intrinsic viscosity of the copolymer have been measured. Reactivity ratios 
and regulating indices were calculated for this ter~~perature.  Copolymerization 
reactions a t  50°C. were studied in solution, and the reactivity ratios calculated. ?. 
l hese were, for the following monomers as monomer 2: styrene a t  5'C., 

r l  = 1.G1+0.2-L and r ,  = 0.16+0.08; styrene a t  50°C., r l  = 1.55+0.10 and 
7 2  = 0.50Zt0.10; acrylo~~itri le a t  50°C., rl = 0..5!)+0.10 and r? = 0.07+0.03; 
isoprene a t  50°C., rl = 2.05+0.1!3 and r:! = 0.19ZtO.10; a-methyl styrene a t  
50°C., r l  = 1.77Zt0.10 and rr = 0.38+0.11; and methyl nlethacrylate a t  50°C., 
r l  = 1.5-L+O.OS a~lcl r2 = 0.6lZtO.OS. Polyfluorob~~tacIie~~e has a cohesive energy 
density of 90-100 cal./cc., a seconcl order transition point of -62.j°C., and 
some units formed by 1,2 or 3,4 addition. 

There are few data on the polymerizatioll of 2-fluorobutadiene or on the 
physical properties of its polymers. The patent literature contains information 
on preparation of the polymers i l l  emulsion and their properties (8, 9, 10, 16, 
17, 18, 19, 24). Other papers have appeared summarizing the properties and 
preparations of the polymers (21, 33). 

Fluorobutadieile lies between butadiene and chlorobutadiene in its proper- 
ties. I t  polymerizes nearly as rapidly as chlorobutadieile, but unlike the latter 
copolymerizes with many morlonlers readily. Homopolymers have been found 
to be resistant to crystallization 011 stretching but require reinforcement for 
developmeilt of high tensile properties. Methods of syrlthesis of the monomer 
haGe been reported i r l  a number of patents (2, 11, 12, 25, 26, 27, 28, 29). 

EXPERIMENTAL RESULTS 
CoPolymerization Rates 

The rate of co~lversiorl was measured as a fuilctiorl of mononler ratio for 
copolymerizatioil with styrene a t  S0C.; the results are given in Table I.  The 
corlversioil rate is uilaffected bl. the per cent diene in the charge. The time- 
conversion relati011 is quite linear, showing a rate of coilversion co~lsiderably 
more rapid than during the polymerizatioil of but a d '  iene. 

Chain Transfer Reactions 
The intrinsic viscosities of the polymers prepared to different co~lversions, 

from various charge ratios and mercaptarl contents, were measured in benzene 
and ethylene dichloricle. The mercaptan used was a mixture of tertiary mer- 
captans of an average molecular weight 220. The data  are in Table 11. The 
disappearance of mercaptan (RSH) over the course of the polymerization was 
determined by amperometric titration. The results are i11 Table 111. 

liV!a?~z~script received Apri l  6 ,  1,955. 
C o ) ~ t r i b ~ ( t i o ? ~ f r o ~ n  Research a?rd Develop?nent Division, Poly?rzer Corporation Lirnited, Sar?lia, 

O~ztnrio, Canada. 
S t l ~ d y  co?zdz~cled z~?tder Defence Researclt Board Grartt S - 9 ,  IJroject 04-75-50-01. Presented ab 

tlze Si.vtlt Cu?~adia~z High Polymer F O ~ I I W I ,  S t .  Catlzarine.~, O~ltario,  Apri l ,  1855. 
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O R R  AND IVILLIAMS: POLYMERIZATION 

TABLE I 
CONVERSION RATES FOR STYRENE-FLUOROBUTADIONE COPOLYMERIZATION 

L;io Lliene i11 charge Hours % C o n v e r s i o n  

100 3 . 7 5  43 

ISTRINISIC VISCO3ITIES O F  FLU9R09UTADIIiVRR POLYMSRS .\ND COPOLYMERS 

% I l i e n e  i l l  M e r c a p t a ~ i  
charge parts (L C o l l v .  S o l v e l i l  171 

MERCAI'TAN DISAI'I'EARAXCE I N  STYRENE-FLUOROBUTADIENE 
COPOLYY ERIZATION 

38 

% D i e n e  % Conversion [RSHI/[RSHIU 

\ dichloride 0.50 

Polymer Compositions from Emulsion and Solz~tion Polymerizations 

Polymers from polymerizations in emulsion and solution, a t  5" and 50°C. 
respectively, were analyzed for per cent diene. 

I 

Styrene was the comonomer a t  3°C. and the comonomers a t  50°C. were 

I 
styrene, acrylonitrile, isoprene, a-methyl styrene, and methyl methacrylate. 
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The  emulsion polymers were obtained a t  varying conversions. The  polymers 
prepared in solution were as  low conversion as  possible. The  results of the 
analyses are in Table IV. 

TABLE I V  
POLYMER COMPOSITIONS FOR FLZTOROBCTADIENE (MI) COPOI.YMERS 

Weight 7' M I  in Weight % Weight 7' diene a t  
initial monomer 7' Conv. diene 0 % conv. (calc.) 

Mz = styrene 
a t  5°C. 

M Z  = styrene 
a t  50°C. 

M2 = a-methyl 
styrene 
a t  50°C. 

A42 = methyl 
methacrylate 
a t  50°C. 

M2 = isoprene 
a t  50°C. 

E f e c t  of Solvents o n  Vulcanized PolyJlzrorobutadiene 
The  tendency of this polymer to  swell in a series of solvents of varying 

cohesive energy densities was determined. The  per cent swell was determined 
by soaking a strip of the rubber in the solvent and determining the weight 
increase. The  equilibrium weight was used to  determine the amount of swelling. 
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O R R  A N D  WILLIAMS: POLYMERIZATION 1331 

Some of the cohesive energy density values were taken from publications 
(14,31). Those unavailable were calculated from the relation c.e.d. = AH,,,-RT. 
In Table V are given the results. 

TABLE V 

SWELL BEHAVIOR OF VULCANIZED POLYFLUOROBUTADIENE 

Solvent c.e.d. (Ref.) % Swell 

Toluene 80 (14) 115 
Benzene 82 (14) 110 
Methyl ethyl ketone 86 93 
Ethylene dichloride 96 219 
Carbon disulphide 97 134 
Acetone 100 (14) 110 
Pyridine 100 (31) 203 
Dioxane 100 (14) 199 
Dirnethyl formarnide 140 (31) 100 
Ni trornethane 160 (31) 183 

Second Order Transition Temperature 

This was determined by a dilatometric method as being -62.5'C. There 
was no evidence of crystallization a t  this temperature. 

Infrared Spectra of Poly$uorobutadiene 

All infrared spectroscopic work had to  be done on the solid films since the 
polymers were insoluble in carbon disulphide. No quantitative conclusions 
were possible but  qualitative results could be obtained. In Fig. 1 are curves 
for polyfluoro- and polychloro-butadiene. These are compared with the 
spectra of polybromoprene (20). Since all spectra were determined in poly- 
ethylene, no data  were obtained below 7.8 microns where polyethylene begins 
to interfere. 

WAVE NUMBERS IN CM,' 

0 ' 8  9 I0 I I  IL I 3  14 
I I I I I 1 I 

WAVE LENGTH IN MICRONS 

FIG. 1. Infrared spectra of polyfluorobutadiene (F), polychlorobutadiene (C), and poly- 
brornobutadiene (B). 
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DISCIISSION 

Emulsion Polymerizations 

Emulsion copolymerization rates are quite rapid compared to butadiene 
(3, 6) indicating either efficient utilization of initiating radicals or a high 
solubilization of monomers by soap. The independence of rate with per cent 
fluorobutadiene in the charge suggests polymerization rates similar to those of 
styrene. The low intrinsic viscosities of the polymers may be due to low 
molecular weight, a highly gelled polymer, or an improper choice of solvent. 
Since the values did not change markedly for measurements using two liquids 
of a different cohesive energy density, the choice of solvent could not have been 
responsible. There seems little possibility that the polymers were gelled since 
the intrinsic viscosity of polyfluorobutadiene prepared in the absence of 
mercaptan did not show the peak characteristic of gelation, even a t  very low 
conversion. The low intrinsic viscosities must be characteristic of low mole- 
cular weights due to chain transfer reactions. These caililot be due to mercaptan 
since the intrinsic viscosity is independent of the mercaptan content of the 
original charge. Either the fluorobutadiene itself, or some impurity difficult 
to remove, such as difluorobutene, must be responsible. The mercaptan does 
react during polymerization a t  a rate indicating the same reactivity toward 
the fluorobutadienyl radical as toward butadieilyl (6). If this reaction is first 
order with respect to mercaptan over the first part of the reaction, the regu- 
lating indices would be 1.8 and 0.6 for 78/22 and 60/40 fluorobutadiene- 
styrene charge ratios respectively. 

Structure of Polyfluorobz~tadiene 
The dominant band in the spectra near 12 microns must be due to the C-H 

on the CH=CF group. This completely obscures that portion of the spectra 
which would give a measure of the proportion of cis 1,4 addition (by analogy 
with the spectrum of Hevea). Some 1,2 or 3,4 addition is indicated by the band 
a t  10.75 microns. This is different from polychlorobutadieile which is 100% 
1,4 (20). 

Solubility of Polyflz~orobutadiene 
One method of determining the cohesive energy density (c.e.d.) of a polymer 

is to find the liquid in which the swelling of the vulca~zized polymer is a maxi- 
mum (31). From the data in Table V, the cohesive energy density of poly- 
fluorobutadiene was estimated as 90-100 cal./cc. Acetone and nitromethane 
gave anomalous results. The cohesive energy density is of the order of that for 
polyvinyl chloride and is larger than the value for polychlorobutadiene and 
75/25 butadiene-acrylonitrile copolymers. Fluorine changed the cohesive 
energy density of the polymer in the same direction but  to a greater extent 
than did chlorine. This does not correlate well with the low values obtained 
with other fluorine containing polymers (31). The structure of the polymer 
chain may affect the part that fluoriile plays in determining the cohesive energy 
density. 

Reactivity Ratios of Flz~orobutadiene i n  Copolynzerization 
The reacted monoIner data from the emulsioil polymerizations were extra- 
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polated to  zero conversion. Solution polymerizations were stopped a t  low con- 
versions and the polymer composition assumed to be identical with tha t  
formed a t  zero conversion. These values, with the corresponding charge ratio, 
were substituted in the copolymerization equation, the 71-72 lines calculated, 
and the values of 71 and 7 2  determined. The  error was estimated from the size 
of the triangle of intersection. A typical rl-r2 plot is shown in Fig. 2. In  Table 
VI are the values which were determined. 

0 0  
0 .I .2 .3 .4 .5 .6 .7 .8 -9 1.0 

r2 

FIG. 2. 7 , - r2  lines for fluorobutadiene-acrylonitrile copolymerization a t  50°C. 

TIEACTIVITY RATIOS OF  FLUOROBUTADIENE W I T H  COMONOMERS 
- 

Comonomer (M?)  T ("C.) 7 1 7 2  7 1  X 1 2  , -. ~ - 

Styrene .5 l . ( i l&0.24  O.I(i&O.O8 0.26 
Styrene 50 1 . 5 5 ~ k 0 . 1 0  0.50&0.10 0.78 
Acrylonitrile 50 0.511&0.10 0 . 0 7 i 0 . 0 3  0.04 
Isoprene 50 2 .0510 .19  0.1!)&0.10 0.39 
Alpha methyl styrene 50 1 .7710 .19  0 . 3 5 1 0 . 1 1  0.67 
Methvl methacr\llate 50 1 . 5 4 1 0 . 8  0 . 6 4 1 0 . 0 8  0.99 

The  influence of temperature on 7 2  seems much more pronounced than on r l .  
There is a strong tendency to  alternate in the copolymers, reaching a maximum 
with acrylonitrile and a minimum with methyl methacrylate. The  ratio of rl 
and 7 2  indicates a general tendency to  enter the copolymer more rapidly than 
the comonomer. 

The Q and e Values of Fluorobutadiene 
These values were calculated from the Alfrey-Price equation and are in 

Table VII .  T h e  values for fluorobutadiene were determined using styrene as 
the primary standard with Q = 1.0 and e = -0.8. Those for the other 
comonomers were determined using the fluorobutadiene as a secondary stan- 
dard. 
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TABLE VII 

Q AND e VALUES FOR FLUOROBUTADIENE AND THE COMONOMERS 

Monomer T (OC.) Q e 

Fluorobutadiene 5 1.39 +0.36 
Fluorobutadiene 50 1.32 -0.30 
Methyl methacrylate 50 0.85 -0.30 
Acrylonitrile 50 2.5 +1.5 
Isoprene 50 0.86 -1.27 
Alpha methyl styrene 50 0.98 -0.93 

Agreement with the values reported previously (1) is within experimental 
error except for the e value of methyl methacrylate which was reported as 0.4. 
The Q and e values for isoprene a t  50°C. were not previously reported but the. 
deviation from butadiene a t  this temperature is in accord with that observed 
a t  - 18°C. (22, 23). 

I t  is of interest to compare the relative effects of chlorine and fluorine sub- 
stitution on the polarity of the double bond and the resonance stabilization 
of the dienyl free radical. The reactivity ratios for chlorobutadiene have been 
reported as rl = 3.41, r2 = 0.59 for butadiene and rl = 3.65, r2 = 0.133 for 
isoprene (chlorobutadiene being monomer-1) a t  50°C. (30). Using butadiene as 
a secondary standard with Q = 1.33 and e = -0.8, then Q and e for chloro- 
butadiene are 1.5 and -0.24 respectively. I t  may be seen that the change in Q 
and e caused by the substitution of the fluorine group is in the same direction, 
but not as pronounced as it was for the chlorine. Fluorobutadienyl radical is 
less resonance stabilized and the double bond of the monomer is poorer in 
electrons than that of the chlorobutadiene. 

EXPERtbIENTAL METHODS 

The recipe was similar to one developed previously for butadiene copoly- 
merization (6) and is: 

i\iIonomers 100 parts by weight, active material 
Water 180 
Potassium fatty acid soap flakes 5 .O 
Mixed tertiary mercaptans Variable 
Cumene hydroperoxide 0.10 
Ferrous s ~ ~ l p h a t e  heptahydrate 0.11 
Potassiunr pyrophosphate 0.177 

An emulsion of ditertiary butyl hydroquillone was used as the stopping agent. 
Fluorobutadiene was prepared by the Defence Research Chemical Labora- 

tory through the courtesy of Dr. H. Sheffer. I t  was subjected to simple distil- 
lation before use. Other monomers were commercial materials which were 
fractionated, taking the center fraction. All polymerization chemicals were 
standard Commercial grade. Analytical reagents were C.P. grade. 

The mercaptan in the latex was determined by amperometric titration (13). 
Intrinsic viscosities were measured a t  30.0°C. by dissolving the latex directly 
in an 80:20 benzene-ethanol or ethylene dichloride - ethanol solution. Dilu- 
tions were made with pure benzene (or ethylene dichloride) so that intrinsic 
viscosities could be calculated (4, 7, 15). 
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The polyfluorobutadiene was synthesized a t  5OC., coagulated in brine acid, 
stabilized with BLE, compounded in the test recipe, and vulcanized. Swelling 
indices were done on the vulcanized stock. Second order transition points were 
determined on uncured samples by a dilatometric technique. Polymers were 
purified for analysis by swelling in benzene and extracting in methanol. 

A normal Parr bomb combustion using 50 mgm. polymer, 15 gm. sodium 
peroxide, and 0.5 gm. benzoic acid was used. The ignition was electrical and 
it  was found that the position of the fuse wire in respect to the top of the 
combustion mixture was critical. Potassium perchlorate was omitted from the 
combustion mixture since it was found to have a deleterious effect in the sub- 
sequent colorimetric analysis for fluoride ion. 

Fluoride was determined on aliquots of the solution containing the soluble 
combustion products by the extent of bleaching brought about by the addition 
of fluoride ions to a ferric thiocyanate solution (5,32). The amount of bleaching 
is definite and reproducible but not a linear function of fluoride ion concentra- 
tion. There is a slow but distinct decrease in the colorimeter reading with time 
and the color varies considerably with pH. The combustion mixture was 
brought to pH = 7.0 with nitric acid and further adjusted to 2.0 with hydro- 
chloric acid. The method was standardized against sodium fluoride solution 
with readings taken on a Klett-Summerson colorimeter and a Beckman D U  
ultraviolet spectrophotometer set a t  4900 A wavelength. Analysis of poly- 
fluorobutadiene indicated complete recovery and identification of organic 
fluorine. 
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STUDIES ON THE HETEROGENEITY OF CARRAGEENIN1 

BY DAVID B. SMITH,". b?. O'NEI I~L ,~  AND A. S .  P E R L I N ~ ' ~  

ABSTRACT 
, . 
I h e  carbohydrate residues in K-carrageenin are 3,G-anhydro-D-galactose and 

D-galactose which are present in nearly equal amounts. Tests following frac- 
tional precipitation of K-carrageenin indicate general chemical homogeneity but 
physical heterogeneity. K-Carrageenin is not susceptible to  oxidation \vith peri- 
odate. Fractional precipitation of A-carrageenin separates a main fraction which 
contains only D-galactose and a trace of 3,G-anhydro-D-galactose. This poly- 
saccharide is susceptible to  periodate oxidation. I t  is polydisperse on a mass 
basis. hlaterials containing glucose, xylo~e,  and L-galactose segregate into minor 
fractions of A-carrageenin and hence cannot be integral parts of the principal 
polysaccharides of carrageenin. L-Galactose has been isolated froin carrageenin 
by a simple procedure. 

Carrageenin is the polysaccharide complex which is extracted with water 
from certain red seaweeds, in particular, Chondrzis crispus and Gigartina 
stellata (26). D-Galactose con~prises about two-thirds of the organic matter. 
The principal remaining organic constituent is 3,G-anhydro-D-galactose recently 
identified by O'Neill (17, 18). The presence of small amounts of glucose, pen- 
tose, and L-galactose has been established (2, 13). Carrageenin contains also 
about 30y0 of monoesterified sulphuric acid and consequently, in neutral 
solution, exists as a salt. 

Chemical evidence (4, 13, 15) bearing on the structure of carrageenin has 
usually been interpreted on the basis of a monotypical substance though the 
possibility of greater complexity has been admitted (13). Differences in degree 
of gel formation and other properties among fractions obtained by extraction 
a t  successively higher temperatures (7, 8, 10, 20) have been taken to indicate 
different polysaccharides. However, the principal chemical difference reported 
in the earlier literature has been in cation ratios and it  has been suggested that 
the polysaccharides are otherwise essentially identical (2). 

The development of a new method of fractionation (23) based on the gela- 
tinizing effect of potassium ions on carrageenin has opened a new approach to 
the structure of this material. This fractionation, provided it  is performed on 
sufficiently dilute carrageenin solutions, permits a sharp separation into 
potassium-sensitive material which is precipitated by potassium ions and potas- 
sium-insensitive material which remains in solution (23, 24). 

This paper describes some analytical and physical characterization of sub- 
fractions of these two materials. The suggestion made previously (24) that 
the potassium-sensitive fraction (K-carrageenin) would be more chemically 
homogeneous than the potassium-insensitive material (A-carrageenin) is 
confirmed. 

l lMa?~~lscribt  received il/lav 11. 1955. 
~ o n t r i b t ~ t i o n  from the 19atatsdna~ Research Laboralories, Ottawa, Canada. Isstled as N.R.C. 

No. 3666. 
ZDivision of Applied Biology, N a t i o ~ ~ a l  Researclc Cotrlzcil, Ottawa, Canada. 
3il/lariti~ne Regional Laboratory, iVationaZ Research Cotl~icil,  I Ial i fax,  Nova Scotia. 
"Present address: Prairie Regio?zal Laboratory, National Research Cozl~lcll, Saskatoox, Saskat- 

chewalz. 
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SMITH I.3T AL.: CARR.4GEENIN 1353 

MATERIALS .4XD hIETHODS 

Preparation of Carrageenin and Its K- and A-Components 

Dried Clzondrus crispus was ground coarsely, washed briefly with cold water, 
and extracted in ly0 suspension for one hour a t  90°C. in water containing 
0.27, NaCl and O.lyO Na2C03. Insoluble material was filtered out and re- 
extracted for one hour a t  90°C. using one-third the first volume of extractant. 
The combined extracts were dialyzed against several changes of 0.2 ilC NaCl 
to  remove ions other than Ya+. The dialyzed solution was clarified by centri- 
fugation a t  2000 g. The carrageenin mas precipitated from a portion of this 
solution with three volumes ethanol and was washed and dried with 
ethanol and ether. This sample was designated CL3. 

The remaining carrageenin solution was cliluted with water to 0.24y0 solids. 
Solid KC1 was added slowly with stirring to a concentration of 0.25 M. The  
crude K-carrageenin precipitate was separated by centrifugation a t  2000 g. The  
precipitate was dialyzed first against 0.1 M NaC1 to remove potassium ions 
and then against water to remove NaC1. The K-carrageenin dissolved and was 
diluted to about 0.2%. Potassium chloride was added to  0.25 iM and the 
K-carrageenin again separated by centrifugation. Dialysis with solution of the 
K-carrageenin and its reprecipitation were repeated once more. The final 
K-carrageenin precipitate was suspended in 0.5 M NaCl, dialyzed free of potas- 
sium ions, and precipitated with three volumes of ethanol. After the precipitate 
was washed free of chloride ion with 80% ethanol followed by absolute ethanol 
and ether, it was dried over CaCl2. This sodium K-carrageenate preparation 
was designated CL3 K-1. 

The supernatants from the foregoing centrifugations (with the exception 
of the last which contained a negligible amount of polysaccharide) were com- 
bined and evaporated a t  35OC. to one-tenth the initial volume. The X-carra- 
geenin (CL3 A-1) was precipitated from this solution, and washed and dried 
in the same manner as the previous preparations. 

Fractionation of K- and A-Carrageenins 

K-Carrageenin (CL3 K-1) was fractionated by precipitation from dilute 
solution (0.2% in 0.25 M NaCl) by the graded addition of ethanol a t  20-25OC. 

a ion. The precipitate was removed after each addition of ethanol by centrifug t '  
The fractions were washed free of chloride ion and dried over CaCl? after 
absolute ethanol and ether washes. The ethanol concentration ranges used for 
fractionation and the yields obtained are shown in Table I. (Considerable loss 
of material, particularly of Fraction 2a, attended the first fractionation.) 

The fractionation of A-carrageenin (preparation C5 A-2) has been described 
before (24). Particulars and yields are reproduced, for reference, in Table I. 

Physical Measurements 
I 

Viscosity a t  25OC. and sedimentation rates were measured in the manner 

I already described (24). For extrapolation of the sedimentation results to zero 
concentration the method of Newman, Loeb, and Conrad (16) was used. 
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TABLE I 

Fractionation Fraction Ethanol concentration Yield (% of original 
No. obtained range, % sample) 

1 CL3 K-1 Fr. l a  0-30 2 
Fr. 2a 30-45 35 
Fr. 3a 45-75 16 

2 CL3 K-1 Fr. l b  0-35 4 
Fr. 26 35-45 64 
Fr. 36 45-75 25 

3 C5 A-2 Fr. 1 0-12 1 . 4  
Fr. 2 12-24 2 
Fr. 3 24-36 62 
Fr. 4 36-48 11 
Fr. 5 48-80 1 .4  

Analytical Methods 

Sulphate was determined after refluxing for 24 hr. in 0.5 N HCl followed, 
after tenfold dilution, by precipitation as BaS04. 

For chromatographic analyses, samples (1% in 0.5 N HzS04) were hydro- 
lyzed in sealed tubes for 10-15 hr. on a boiling water bath. After neutraliza- 
tion of the hydrolyzates with BaCO3 and filtration, the filtrates were examined 
by descending paper chromatography (12, 19). For quantitative chromato- 
graphic analysis, the method of Flood et al. (5) was used. Isolation of galactose 
as the crystalline a-methyl-a-phenylhydrazone was also employed for galactose 
estimation. 

L-Galactose was taken to be the galactose remaining after treatment of the 
neutral hydrolyzate with a suspension of a galactose fermenting yeast, 
Saccharomyces cerevisae, strain N.R.C. No. 824, (16 hr. culture from D-galactose 
agar) a t  37OC. for 3.5 hr. The activity of the culture was simultaneously tested 
with a lyo solution of D-galactose. After incubation, the yeast, together with 
added charcoal, was separated by centrifugation and the supernatant liquor 
examined on the chromatogram. D-Galactose was completely fermented as was 
glucose, but xylose was unaffected. 

3,6-Anhydro-D-galactose cannot be determined directly because of its 
instability duri~ig acid hydrolysis. The following procedure taltes advantage 
of its degradation under such conditions to 5-hydroxymethyl-2-furaldehyde 
which can be determined spectrophotometrically. Samples (25 mgm.) were 
weighed into tubes containing 2 ml. 0.15 N H2S04. After they were sealed, the 
tubes were placed in a bath a t  100°C. At intervals tubes were removed, their 
contents neutralized with BaC03 and filtered quantitatively into 10 ml. volu- 
metric flaslcs which were made to volume. The  optical densities a t  2850 A 
(the characteristic absorption maximum for 5-hydroxymethyl-2-furaldehyde) 
were determined on suitable dilutions. Since 5-hydroxymethyl-2-furaldehyde 
undergoes a first order decomposition under the above conditions to formic 
and levulinic acids (25), the logarithms of the optical densities were plotted 
against time and the curves extrapolated to zero time (Fig. I). From these 
extrapolated values and the molar extinction coefficient (16,500) of 5-hydroxy- 
methyl-2-furaldehyde, the initial amounts of the latter were estimated and 
recalculated as 3,6-anhydro-D-galactose. 
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I I I I I I I I I I I I 

%ex3\ / CL3 K- I  FC3b  I 

0 4 8 12 16 20 24 

TIME (HOURS) 

FIG. I.. Course of the formation and disappearance of 5-hydroxymethyl-2-furaldehyde. 

Isolation and Identification of L-Galactose 

Carrageenin (sample C5 (24), 8 gm.) was hydrolyzed in 800 ml. 0.3 N H2S04 
for four hours a t  100°C. The hydrolyzate was neutralized with BaC03,  de- 
colorized with charcoal, and incubated a t  37OC. for four hours with a suspen- 
sion of S. cerevisae cells (strain N.R.C. No. 824) from a 16 hr. culture in 
D-galactose broth. After the cells were precipitated with charcoal and the solu- 
tion concentrated, the sirup (1.3 gm.) was chromatographed on a cellulose 
column using n-butanol saturated with water as the developing solvent (11). 
Those portions of the eluate containing galactose were combined and dried 
in vacuo a t  SO°C. The residue (0.11 gm.) was extracted with water and the 
extract was incubated with yeast cells, as above. The product recovered from 
this second fermentation by extraction into alcohol readily crystallized in the 
cold. Amount obtained was 0.09 gm., m.p. 162-163°C. Two recrystallizations 
raised the melting point to 167OC. The X-ray powder diagram was identical 
with that of D-galactose, but the optical rotation was negative, [a]: -96' 
(15 mill.) + -76" (eqm.) (c 2.0, water). This product was, therefore, a-L- 
galactose. 

Oxidation with Periodate 

Samples (100 mgm.) of carrageenin fractions were dissolved in 25 ml. water 
(solution was neutral to methyl red) a t  16.G°C. and 250 mgm. sodium meta- 
periodate was added. Formic acid was estimated on aliquots removed from 
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the reaction mixture a t  intervals by titration in the presence of potassium 
iodide with thiosulphate after the addition of excess ethylene glycol. Periodate 
consumption was measured iodometrically on similar aliquots after the addi- 
tion of sodium bicarbonate, arsenite, and potassium iodide (8). 

RESULTS A N D  DISCUSSION 

Paper chromatograms of hydrolyzates of K-carrageenin showed only two 
principal components, identified as galactose and 5-hydroxymethyl-2-fural- 
dehyde. The latter has been shown to be a decon~position product of 3,6- 
anhydro-D-galactose which can be isolated from K-carrageenin as the crystaI- 
line diethylmercaptal obtained after mercaptolysis of the polysaccharide (17, 
18). A trace of xylose could also be detected. 

Chromatography of hydrolyzates of A-carrageenin revealed galactose as the 
main component, lesser amounts of glucose and xylose, and only a trace of 
5-hydroxymethyl-2-furaldehyde. Examination of the fractions of X-carra- 
geenin indicated that Fraction 3 contained predominantly galactose with a 
trace of 5-hydroxymethyl-2-furaldehyde, that Fraction 4 contained mostly 
galactose but also glucose and xylose, and that Fraction 5 also contained these 
three sugars but that galactose had become a minor constituent. Fraction 5 
gave a red color with iodine. These results suggest that xylose and glucose 
polymers are not integral components of carrageenin but represent small 
amounts of xylan and floridean starch coextracted by the isolation procedure. 
From this point of view, the trace of xylose found in K-carrageenin could 
also be ascribed to contamination. 

A small proportion of the galactose residues in carrageenin was reported by 
Johnson and Percival (13) to consist of L-galactose. I11 the present study, 
however, it became evident that the component containing L-galactose was 
separable by fractioilal precipitation from the D-galactose polymers which 
comprise the bulk of carrageenin. After fermentation with a yeast strain cap- 
able of utilizing D-galactose, a reference solution of D-galactose and a hydroly- 
zate of K-carrageenin were found to contain no galactose, a hydrolyzate of C5 
X-2 Fraction 3 showed only a trace of galactose, but hyclrolyzates of C5 A-2 
Fractions 4 and 5 gave strong tests for galactose. The "tail" fractions of 
A-carrageenin thus account for most of the L-galactose. This sugar therefore 
is not associated with the polysaccharides which make up the greater part of 
carrageenin. 

The validity of these fermentation tests was assessed by the isolation of 
L-galactose from the nonfernlented residue of a large-scale fermentation. 
Although the yield of L-galactose was low (about 27, of the sugars present in 
carrageenin), the availability of the starting material and the ease of isolation 
of the L-galactose make carrageenin a ready source of this rare sugar. May 
and WcinIand (1-1) have recently isolated L-galactose from snail galactogen 
by a similar procedure. 

After 220 hr. reaction time, there was no detectable consumption of periodate 
by K-carrageenin. This result conforms with the formulation of K-carrageenin 
as consisting of D-galactose-4-sulphate residues glycosidically linked through 
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carbon atoms 1 and 3 (2) and with the presence of 3,G-anhydro-D-galactose 
residues (17, 18). The possibility of branching (1, -4, 13) is not precluded, but 
the terminal units of such branches must be 3,6-anhydro-D-galactose since 
end units of D-galactose-4-sulphate would consume periodate a t  the 2,3-glycol 
configuration. The lack of effect of periodate on K-carrageenin is in agreement 
with the previous finding (23) that after treatment of whole carrageenin with 
sodium periodate, the K-fraction could still be precipitated by potassium 
chloride. 

In  a parallel experiment, the main fraction of A-carrageenin (C5 A-2 Fr. 3) 
consumed, per mole of sugar residue, 0.30 moles of periodate in 165 hr. and 
0.31 moles i l l  220 hr. At the same reaction times 0.12 and 0.13 moles respec- 
tively of formic acid were produced. Since, therefore, one unit in five must 
have a t  least one free diol group and one unit in eight, a free trio1 group, this, 
fraction cannot consist only of a chain of 1,3-linked D-galactose-4-sulphate 
residues. A model involving branching could account for the periodate con- 
sumption with some residues unesterified. I t  would be necessary that some of 
the latter be end groups to yield formic acid. Johnson and Percival (13) and 
Dillon and O'Colla (4) have presented evidence of branching from methylation 
studies. 

The  reaction of C5 A-2 Fraction 3 with periodate raises doubts about the 
use of this oxidant in the method whereby Dillon and O'Colla (4) "purified" 
carrageenin. These worlcers ascribed the consumption of periodate to oxidation 
of floridean starch and cellulose. Fraction 3 contained neither of these 
materials. 

The results of analyses of some of these carrageenin preparations are given 
in Table 11. Though the sum of the residues found totals only about 90% in 

I\NALYTICAL RESULTS 
- 

Total Molar ratio, 
Material Galactose, 3,6-.Anhydro-D- SOaNa, recovery, galactose 

% galactose, % % % SO3Na 

C L 3  K-1 3 8 . 1  24.0 28.2 90.3 1 .03  
C L 3  K-1 Fr. 2b 35.0 28 .1  28 .1  91 .2  0 .95  
C L 3  K-1 Fr. 3b - 25.9 28.8 - - 

C5 A-2 Fr. 3 46 .3  1 8  37 9 89.4" 0 90 

both the K-carrageenin and the principal fraction of A-carrageenin, this 
discrepancy is believed to  represent the sum of determination errors since, 
with the exception of a trace of xylose in the K-carrageenin preparation, no 
components other than those listed could be found. The content of 3,6- 
anhydro-D-galactose is much lower in the principal fraction of A-carrageenin 
than in K-carrageenin while the galactose content is higher. The slightly 
smaller amount of 3,6-anhydro-D-galactose found in unfractionated K-carra- 
geenin compared with the mean content of its two major subfractions suggests 
that  the small first fraction may be low in the anhydro sugar. Unfortunately 
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insufficient amounts of the first fraction were available for analysis. The 
amount of sulphate nearly parallels the galactose content with molar ratios 
of galactose to sulphate of about unity with K-carrageenin and about 0.9 with 
A-carrageenin. The sulphate contents recorded in Table I1 confirm those 
reported earlier (23). 

The results of viscosity and sedimentation rate measurements on carra- 
geenin preparation CL3, its K-component, and the fractions of the K-carra- 
geenin are shown in Table 111. Also included are molecular weights computed 
using a random coil model by the Mandelkern-Flory equation and using an 
ellipsoid model by the Perrin and Simha equations (24). 

'TABLE 111 

VISCOSITY, SEDlMENTATIOS, AND hlOLECULAR WEIGHT DETERMINATIONS 

Mol. wt.  X 
Material [?I, . S h  X 1013 --- -- 

dl./gm. c - 0  (Mandelkern and (Perrin and Sitnha) 
Flory) 

CL3 1 3 . 2 f  0.57 8 . 3  
CL3 K-1 1 2 . 0 f  0.78 7 . 2  
CL3 K-1 Fr. l a  7.9f 0.19 4.7 

Fr. 2a 1 1 . 4 3 ~  0.29 6 . 2  
Fr. 3a 1 0 . 8 f  1.35 7 .7  
Fr. lb 9 . 5 f  0.09 5 . 9  
Fr. 2b 1 0 . 0 f  0.30 5 .9  5 . 0  2.9 
Fr. 3b 8 . 5 f  0 .51 . 7 . 2  5 . 3  3.7 

If the fractionation of the K-carrageenin had been based solely on size, 
S ,  and 114 should have decreased as the mean alcohol concentration required 
for the precipitation of the fractions increased. However, this simple pattern, 
adhered to in the subfractionation of C5 A-2 Fraction 3 (24), was not found 
in the fractionation of K-carrageenin. Hence the differences in solubility 
responsible for the fractionation must reflect (besides size differences) cliffer- 
ences in structure, composition, or both. Since the analytical clata (Table 11) 
suggest general similarity of composition, i t  is likely that the solubility 
differences may be partly explai~lecl by structural differences (varying degrees 
and types of branching). 

CONCLUSIONS 

Previous physical investigations of carrageenin and carrageenin extracts 
obtained a t  different temperatures by viscosity, sedimentation, cliffusion, 
osmotic, and electrophoretic methods (3, 6, 7, 20, 21) have provided evidence 
that these materials are heterogeneous on a mass basis. Some of this hetero- 
geneity is due to the differences between K- and A-carrageenins. However, both 
of these components, particularly A-carrageenin (24), have been shown to be 
polydisperse. 

The differences between K- and A-carrageenin in response to potassium and 
similar ions, in sulphate content, optical rotation (23), effect on milk viscosity 
(22), shape, and size (24), have a chemical basis in the greatly differing D- 
galactose : 3,6-anhydro-D-galactose ratios. Bayley (1) has used these composi- 
tional clata in conjunction with measurements of intramolecular spacings from 
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X-ray diffraction studies to put forward a tentative explanation of the potas- 
sium sensitivity of K-carrageenin. 

Probably many of the differences in behavior between carrageenin extracts 
obtained a t  different temperatures are due to differing contents of K- and 
A-carrageenins (23). Other factors must include the average size and nature 
of the mass polydispersity of these components within the extracts, the 
chemical heterogeneity, and the cation content. 

At the present stage in the investigation of the structure of carrageenin, two 
major and several minor components can be discerned. 

1. One of these major components contains D-galactose and 3,6-anhydro-D- 
galactose residues in a ratio of approximately 1.4 : 1 together with about 25y0 
esterified sulphate. Since fractionation studies have provided evidence of both 
mass and structural polydispersity, it is not inconceivable that considerable 
variation in the relative amounts of these residues may be found if the material 
is fractionated more narrowly. The greater part (perhaps all) of this component 
is aggregated or gelled by the addition of potassium ions. Though nearly all 
the material that may be precipitated from dilute (0.1%) aqueous solutions 
by potassium chloride is precipitated a t  0.15 M, a small additional amount is 
precipitated between 0.15 M and 0.25 M (24). I t  may be that small quantities 
of this component are not readily precipitated by potassium ions and would 
consequently be left in the supernatant after centrifugation. The small amount 
of 3,6-anhydro-D-galactose found in C5 A-2 Fraction 3 (Table 11) may have 
arisen in this way. 

The extension of the original definition of K-carrageenin (23, 24) from the 
material affected by potassium ions to include all of the component consisting 
of D-galactose, considerable amounts of 3,6-anhydro-D-galactose, and esterified 
sulphate is proposed. 

2. In the second major component of carrageenin, D-galactose together with 
about 35% esterified sulphate greatly predominates over the small amount of 
3,6-anhydro-D-galactose which may be an impurity. I t  is suggested that the 
term A-carrageenin, hitherto (24) referring to all the material not precipitable 
by potassium, be restricted to this polysaccharide. 

3. Minor amounts of various polysaccharides are found in carrageenin 
preparations and may be regarded as impurities. On hydrolysis, these give 
rise to glucose (possibly from floridean starch), xylose (possibly from a xylan), 
and L-galactose. 

The similarities between the two principal types (K- and A-carrageenins) 
suggest that intergrading material may exist. However, in those samples of 
carrageenin so far tested, the sharp fractionation achieved indicates that the 
amount of such intermediate material must be small. 
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SOME NEW REACTIONS AND DERIVATIVES OF KOJIC ACID' 

ABSTRACT 

The stability of the ring structure in kojic acid toward various reagents was 
investigated. Cleavage to  an  open-chain, dienol derivative in iVsod i~~m hydroxide 
a t  25", or fragmentation of the structure, was very slow. The benzoyl group ill 
the fifth (phenolic) position of dibe~~zoylkojic acid was removed by hydroxy1- 
amine hydrochloride in pyridine so selectively that the method was of value in 
synthesizing certain new derivatibes. Although catalytic hydrogenation readily 
reduced the pyrone ring in kojic acid to undefined substances, zinc dust in 
glacial acetic acid reduced the hydroxyrnethyl group in the dibenzoate to  a 
methyl group and yielded benzoylallomaltol. The ring in dibe~lzoylkojic acid was 
apparently opened, with retention of both benzoyl ~ ~ O L I P S ,  by semicarbazide 
hydrochloride 2nd pyridine to yield two isomeric "dise~nicarbazones", 
C?~Hz?Ns07, decomp., 215" and 172-173", respectively. The higher-melting 
isomer when boiled with dilute acid gave a compoulld C21HljN3Ojr m.p. 241", 
which was apparently cyclic; the same isomer with nitrous acid yielded two 
isomeric, apparently open-chain "monosemicarbazones", C2LHleN30,, decomp., 
215" and 178-179", respectively. The structures of these five compounds were 
not determined. The following substances were thought to be new: sodium lcojate, 
a white powder, and its crystalline tetrahydrate; 5-hydroxy-2-(methoxymethy1)- 
y-pyrone, m.p. 75-76', and its crystalline aluminum salt, decomp. 270-271"; 
molecular addition compound of dibenzoyllcojic acid and benzoic acid, m.p. 
120-121"; 2-(acetoxyn~ethyl)-5-benzoxy-y-pyrone, m.p. 144"; 2-(benzoxymethy1)- 
-5-hydroxy-y-pyrone, m.p. 180-181"; and 2-(benzoxy1nethyl)-5-rnetho.uy-~- 
pyrone, 1n.p. 110-111". A more convenient synthesis was discovered for 5-benzoxy- 
2-(hydroxymethy1)-y-pyrone, and the published melting point was revised from 
136" to 1T3-144"; the melting point of 5-benzoxy-2-(triphenylmethoxyrnethy1)- 
y-pyrone was revised from 206-208" to 213-214O. 

IN'I'RODUCTION 

Iiojic acid, (5-hydroxy-2-(hydroxymethy1)-y-pyrone) (I),  is a crystalline 
substance which can be produced in good yield by the action of many molds of 
the Aspergillus family on a wide range of carbohydrates. This biological syn- 
thesis has been studied extensively because it is the simplest example of the 
conversion of a sugar to a y-pyrone. The  possibility of utilizing industrial 
carbohydrate by-products by converting them to kojic acid has also stimu- 
lated interest in the chemical properties of this compound. Barham and Smits 

1iIIanzrscript received March 29,  1955. 
Contribzrtion from the Division of Industrial and Cellz~lose Chemistry, McGill University, and 

the Wood Clz.emistry Division, Pzrlp and Paper Research Institute of Canada, Jhn trea l ,  'Qz~e. 
.Ibstracted from a Ph.D. thesis sz~bntitted by A.  B. to the University i n  September, 1954. . 

?Present address: Department of Chentistry, Royal hf i l i tary Colle~e of Canada, Kingston, 
Ontario. 
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(4) have summarizecl the earlier literature, and a new review is to appear 
elsewhere (6). 

Practically all the known derivatives of kojic acid were formed by reactions 
involving the two hydroxyl groups, by nuclear substitutions a t  position 6, 
or by the replacement of the ring oxygen atom with the nitrogen of ammonia 
or amines to give y-pyridones (6, 11, 12). A few y-pyrones other than ltojic 
acid, however, were cleaved a t  the ring oxygen atom by cold dilute aqueous 
a1l;alies to yield open-chain derivatives. With the possible exception of Haitin- 
ger and Lieben's "xantl~ochelidonic acid" ( lo) ,  the dienolic compounds 
initially produced unclerwent further changes to more stable ketonic forms 
(19). Acidification ( lo) ,  or heating with dilute acid (18), usually regenerated the 
original y-pyrone. \Villst$tter and Pummerer (20) prepared stable derivatives 
of the dienolic cleavage product of y-pyrone itself by methylation and benzoyl- 
ation in the alltaline reaction mixture. The similar open-chain form (Ia) was 
assumed as the final intermediate in the biosynthesis of kojic acid (G), but the 
only experimental evidence for its existence was the fact that kojic acid in warm 
dilute alkali resembled other a-carbonyl dienol structures in reducing Tillman's 
reagent (2,G-dichlorophenol-indophenol) (18). When the allt a 1' i was more con- 
centrated, or was heated, the pyrone ring was fragmented; thus Yabuta (22, 
23), and more recently Arnstein and Bentley (3), found that dimethylkojic 
acid was degraded to formic acid, methoxyacetic acid, and methoxyacetone by 
boiling aqueous barium hydroxide. The present research had the object of 
studying the action of bases on kojic acid under milder conditions, and of 
isolating open-chain derivatives in an unfragmented state. 

One-gram samples of kojic acid were accordingly dissolved in approximately 
1.2 N sodium hydroxide and the clear yellow solutio~ls were acidified with 
20y0 sulphuric acid after various times. Table I ,  column 4, records the amount 

TABLE I 
STAH~LITY OF KOJIC ACID I N  APPROXIhIATELV 1.2 A' 

AQGEOUS SODIUM HYDROXIDE AT 25' 

Kojic acicl recovered 

NaOH, Water, 'Time, Fract. 1, F r x t .  2, 'I'otal, Formic acid, 
mM." ml. hr. gm. gm. % mnil. 

°Per mM. of kojic acid, 1 gm. or 7.06 mM. of w l ~ ? c l ~  was xscd in all cases. 

of kojic acid which crystallized when the acidified liquor was kept a t  -3'; 
in some experiments the mother liquors were concentrated to recover a second 
fraction, and in others GOTo of the volume was distilled a t  atmospheric pressure 
in order to estimate any formic acid produced. Even after 32 hr. in an excess 
of the alkali, more than 80y0 of the kojic acid could be recovered as such, 
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and only a few per cent had been decomposed to formic acid. Kojic acid was 
therefore either nearly stable in these conditions, or its hypothetical open- 
chain enolic form (la) recyclized almost quantitatively when the solution was 
acidified. 

In  attempts to  methylate or benzoylate any enolic compound formed, 
dimethyl sulphate or benzoyl chloride was added to so lu t io~~s  of lcojic acid in 
aqueous allcali. The methylation was carried out with a molar ratio of 1:6:3.7 
for lcojic acid, potassium hydroxide, and dimethyl sulphate, respectively, but 
the only product, obtained in low yield, was a new, crystalline monomethyl 
ether of kojic acid itself. This ether imparted a deep wine color to ferric chloride 
solution and therefore contained a free phenolic hydroxyl group; methylation 
with diazomethaile gave the lcnown 5-methoxy-2-(methoxymethyl)-y-pyrone. 
Hence the new monomethyl ether was 5-hydro~y-2-(methoxymethyl)-~- 
pyrone (IV). In  the process of purification, IV reacted with the alumina in a 
chromatograph column to  give a pale yellow, crystalline derivative in which 
three moles were substituted by one atom of aluminum; that is, the derivative 
had the composition of the aluminum phenoxide. The isomeric monomethyl 
ether, 2-(hydroxymethy1)-5-methoxy-y-pyrone (VIII),  was obtained in a 
crude yield of 727, by Campbell and his co-workers (8) from lcojic acid, 
potassium hydroxide, and dimethyl sulphate in a 1 : l : l  molar ratio. Heyns 
and Vogelsang (11) prepared the dimethyl ether from the same reagents, using 
a molar ratio of 1 :8:9. 

Two methods were used for the benzoylations, differing mainly in the excess 
of sodium hydroxide present throughout the reaction. When this excess was 
considerable, the products were the known, crystalline dibenzoylkojic acid 
(5-benzoxy-2-(benzoxymethy1)-y-pyrone) (22, 23) and a new, crystalline 
addition compound, m.p. 120-121°, between equimolecular amounts of this 
dibenzoate and benzoic acid. The infrared spectrum of a benzene solution of the 
adduct was identical with that  given by an equimolecular mixtureof its compon- 

1V R2 = methyl VII I  R5 = methyl X I  R2 = t r i tyl ;  R5 = benzoyl 
V R2 = benzoyl I X  R5 = benzoyl X I 1  1Z2 = benzoyl; R5 = methyl 

VI R2 = acetyl X R5 = sodium XI11 R2 = acetyl ;  R5 = benzoyl 
VII  R2 = trityl 

ents, a Perkin-Elmer Model 21 spectrophotometer fitted with a rock salt prism 
being used for the determination. This addition compouild could be recrystal- 
lized without change from hydrocarbon solvents, but dissociated into its con- 
stituents when dissoIved in polar liquids. When the excess of alkali used in the 
benzoylation was small, the product coilsisted of the above adduct, together 
with a monobenzoyl derivative of kojic acid which melted a t  142-143O. This 
melting point was 7" higher than a value reported by Yabuta for a mono- 
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benzoate prepared from lcojic acid and benzoyl chloride in ether (22, 23), or 
from 5-benzoxy-2-(triphenylmethoxymethy1)-y-pyrone (XI) by detritylation 
(25). The latter unequivocal synthesis was repeated, the proper melting point 
of the resulting 5-benzoxy-2-(hydroxymethy1)-y-pyrone (IX) was found to be 
142-143O, and identity with the monobenzoate under discussion was proved. 

Other attempts to isolate a derivative of Ia  involved the complete evapora- 
tion of aqueous solutions of kojic acid containing one or two molecular equi- 
valents of sodium hydroxide. The  product was the new sodium kojate, which 
occurred either as a crystalline tetrahydrate or in the anhydrous condition. 
This "salt" was presumably the 5-sodio derivative (X). The tetrahydrate 
reacted with benzoyl chloride in dry benzene to give the 5-monobenzoate (IX) ; 
the yield of the latter rose to 'ig.5Yo when anhydrous sodium lcojate was used. 
These observations, together with the results of the methylations and benzoyl- 
ations, seemed to indicate the absence of an open-chain form like l a  from 
solutions of ltojic acid in dilute aqueous alkali. 

As was expected from the inert nature of the carbonyl group, no derivatives 
could be isolated when kojic acid was treated with hydroxylamine hydro- 
chloride or with semicarbazide hydrochloride. The customary procedures for 
oximation, however, produced from dibenzoylkojic acid in up to 90% yield 
a crystalline substance which proved to be a new monobenzoate and not an 
oxime. Benzoylation in dry pyridine gave back the dibenzoate, and the pres- 
ence of a free phenolic function in the monobenzoate was indicated by the wine 
color it produced with ferric chloride. Methylation with diazomethane yielded 
another new crystalline substance which was identified as 2-(benzoxymethy1)- 
5-methoxy-y-pyrone (XII) by a synthesis from VIII and benzoyl chloride. The 
monobenzoate was therefore the 2-derivative (V). 

The selective deacylation displayed by hydroxylamine in the above reaction 
was also illustrated by the smooth debenzoylation of the 5-benzoxy derivatives 
of 2-acetoxymethyl- (XIII)  and 2-(triphenylmethoxymet11yl)-y-pyro11e (XI) ,  
and of benzoylallomaltol to the corresponding 5-hydroxy derivatives (VI, VII,  
and 11). The  method should thus be useful for preparing derivatives of ltojic 
acid monosubstituted in the generally less reactive 2-position, especially when 
a substituent such as acetyl or trityl offers but little resistance to conventional 
methods of hydrolysis. Although the cleavage of esters by hydroxylaminein 
the presence of a strong base is frequently used for the preparationof sub- 
stituted hydroxamic acids (26), the method has not hitherto been employed 
for selective deacylations. lngold and Shoppee (15), however, incidentally 
observed that their oximation of 2-benzoxy-4,4,5,5-tetramethyl-2-cyclopenten- 
I-one (XIV) was accompanied by debenzoylation, although the benzoyl group 
in the analogous saturated ketone was unaffected under identical conditions. 
The results support the view that enolic and phenolic ester groups adjacent 
to a carbonyl group are cleaved with particular ease by hydroxylamine. I t  
therefore seems probable that the same method might prove useful in other 
compounds containing the same grouping; for example, in the selective de- 
acylation of flavonols a t  position 3. 

Another selective debenzoylation, this time involving the group in the 
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BEELIK A N D  PURVES: KOJIC ACID 1365 

second instead of the fifth position of dibenzoylltojic acid, was brought about 
by reduction with zinc dust in glacial acetic acid. The products included 
nearly one mole of benzoic acid and a crystalline substance which was proved to 
be the benzoate of allomaltol (11) (5-benzoxy-2-methyl-y-pyrone). This proof 
consisted of repeating Yabuta's reduction (24) of 2-(chloromethyl)-5-hydroxy- 
y-pyrone (111) to the 2-methyl derivative (11) and benzoylating the latter. 
The primary alcohol unit in dibenzoylkojic acid thus resembled that in benzyl 
ethers in its tendency to undergo reductive fission. In accord with this infer- 
ence, the dibenzoate yielded 0.6 mole of benzoic acid when hydrogenated a t  
room temperature and atmospheric pressure over a platinum catalyst. This 
hydrogenation probably involved hydrogenolysis, since hydrolysis was not 
likely in the glacial acetic acid used as a solvent. The other product of the 
hydrogenation was a sirup which was not studied in detail because numerous 
earlier catalytic hydrogenations of kojic acid, its ethers and esters, gave sirups 
of indefinite composition (6). Ingold and Shoppee (15) observed that the enolic 
benzoyl group in (XIV) was unaffected by zinc or sodium amalgam in glacial 
acetic acid, while the double bond was readily reduced (with retention of the 
benzoyl group) by hydrogenation. 

Dibenzoylkojic acid failed to form a benzoylhydrazone and a 2,4-dinitro- 
phenylhydrazone, but condensation occurred with semicarbazide hydrochloride 
in boiling ethanol-pyridine. The product consisted of two white, neutral, 
microcrystalline isomers, but the one with the lower melting point was formed 
in too small yield to be examined in detail. The molecular formula of these 
isomers, C22H22N607, corresponded to disemicarbazones of an open-chain form 
of dibenzoylkojic acid, and structures such as XV were tentatively assigned to  
them. The  higher-melting isomer was readily saponified by cold dilute alkali, 

XIV 

but the only product identified was benzoic acid in nearly quantitative yield. 
These structures were unusual, for the initial open-chain products from other 
y-pyrones and hydrazines invariably lost one additioilal molecule of water to 
give cyclic end products. Bedekar and co-worlters (5) represented these end 
products as pyridones, but Ainsworth and Jones ( I )  recently found very good 
evidence in favor of pyrazole structures. No carboxylic acid derived from a 
pyridone or pyrazole, however, could be recovered when the higher-melting 
isomer was oxidized with potassium permangallate, only benzoic and benzoyl- 
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glycolic acids being identified. When the same isomer was boiled in 10% 
hydrochloric acid, the yellow-white, microcrystalline substance which formed 
in small yield had the molecular formula C21H15N305r which corresponded to 
the loss of one semicarbazide unit and two molecules of water. Cyclization 
probably occurred in this case, but the point could not be definitely proved 
owing to lack of material. 

The higher-melting "disemicarbazone" lost one semicarbazide group on 
treatment with nitrous acid (9, 21), and two neutral, microcrystalline "mono- 
semicarbazones" resulted. The lower-melting, or "@", form was the main pro- 
duct (69%), and the "a-isomer" was isolated only when a larger quantity of 
nitrous acid was employed. Since an excess of nitrous acid did not convert the 
p- to the "a-monosemicarbazone" the two were perhaps position isomers. To  
judge from the composition of these two products, C21H19N30~, both were 
open-chain derivatives and no cyclization occurred during the treatment with 
nitrous acid. No carboxylic acids other than benzoic and benzoylglycolic could 
be isolated when the P-isomer was oxidized with aqueous potassium perman- 
ganate. An attempt to regenerate the "disemicarbazone" from the "p-mono- 
semicarbazone" by treating the latter with semicarbazide hydrochloride and 
pyridine in boiling methanol failed, the starting material being recovered 
unchanged. Hydroxylamine hydrochloride likewise had no effect. These results 
were surprising, because the presence of a carbonyl group created by the 
fission of a semicarbazone unit could reasonably have been assumed (21) ; the 
negative outcome with hydroxylamine also suggested that  neither of the two 
benzoyl groups was of the phenolic type present in dibenzoylkojic acid. At 
this point, attempts to  elucidate the structures of the "monosemicarbazones" 
had to be abandoned. 

The failure of N sodium hydroxide to open the ring of lcojic acid stood in 
sharp contrast to the apparent cleavage of the ring in the dibenzoate by semi- 
carbazide, a much weaker base. Cleavage of y-pyrone rings was presumably 
initiated by a nucleophilic reagent a t  position 6, where the drift of electrons 
toward the carbonyl group would create an electrophilic center. This might 
happen in the case of dibenzoylkojic acid, as indicated in I ,  when semicar- 
bazide was the attacking nucleophile (14). In  sodium hydroxide, kojic acid 
would be present as the kojate anion (Ib), and an important contribution to 
the resonance hybrid of this anion could be expected from the dilceto form (Ic) 
with the full negative charge located a t  position 6. This nucleophilic center 
would face the nucleophilic hydroxyl ion, and no cleavage would result. If 
this explanation was correct, the production of open-chain forms of kojic acid 
by  basic cleavage required either the use of very weak bases or the blocking 
of the hydroxyl group in position 5 by a substituent stable to alltali. 

EXPERI NIENTAL 

All melting points were corrected. All of the nitrogen analyses, and two 
carbon and hydrogen analyses marlced by an  asterisk, were by Schwarzkopf 
Microanalytical Laboratory, Woodside, N.Y., U.S.A. Reactants were always 
weighed to  the nearest 10 mgm. 
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BEELIK AND PURVES: KOJIC ACID 1367 

5-Hydroxy-2-methoxyrnethyl-y-pyrone ( I V )  and Its Aluminum "Salt" 
Dimethyl sulphate, 47 gm. (0.373 mole), was slowly added over a period of 

three hours and a t  room temperature to a stirred solution of 15 gm. (0.106 
mole) of kojic acid and 37.5 gm. (0.6 mole) of potassium hydroxide in 315 ml. 
of water. The mixture slowly warmed to 37", but was then kept below 30". 
The  alkaline liquor, having been concentrated a t  50" i n  vacuo to 250 ml., was 
extracted continuously with benzene to remove any dimethylkojic acid, but 
the yellow extract yielded only traces of an  oil. The aqueous liquor was then 
acidified to pH 2 with 50y0 sulphuric acid and was re-extracted continuously 
with benzene for 21 hr. This dark red extract was treated with activated 
carbon, concentrated to small volume, and diluted with ligroin. The red oil 
which separated solidified on chilling to a yellow-brown substance, 6.85 gm. 
melting between 55" and 66". Crystallization from ethyl acetate left 1.85 gm. 
(11.2y0), m.p. 75-76", unchanged by recrystallization from toluene-hexane. 
Found: C, 53.7,53.8; H ,  5.3, 5.2; OCH3,20.4,20.4%. Calc. for C6H6O3(OCH3): 
C,  53.9; H ,  5.1; OCH3, 19.9y0. 

The  combined mother liquors from the above crystallizations were evapor- 
ated, and a concentrated solution of the residue in benzene was applied to a 
short column of alumina. Elution with benzene, evaporation of the eluates, 
and recrystallization of the orange products from ethanol gave 0.71 gm. (4y0) 
of pale yellow crystals melting with decomposition a t  270-271". A qualitative 
test demonstrated the presence of aluminum. Found: Ash, 10.4; Al, 5.5; 
OCH3, 18.6%. Calc. for A1 [C6H403(0CH3)]3: Ash, 10.4; Al, 5.5; OCHs, 18.9%. 

A solution of 0.15 gm. of these crystals in water was adjusted to pH 2 with 
dilute sulphuric acid and evaporated cautiously to a sirup. Extraction of this 
sirup with toluene yielded 0.09 gm. (63%) of 5-hydroxy-2-(methoxymethy1)- 
y-pyrone with the proper melting point, undepressed by admixture with an  
authentic sample. 

A 0.5 gm. sample of the monomethyl ether was kept dissolved in 20 ml. of 
dry benzene containing about 0.56 gm. of diazomethane (2) for 12 hr. a t  room 
temperature. Evaporation of this solution, and crystallizatioil of the yellow 
residue from benzene-hexane, yielded 0.33 gm. (60.5y0) of white needles 
melting a t  89-90', undepressed by admixture with an authentic sample of 
dimethylkojic acid (1 I) .  

Sodium Kojate and Its Crystalline Tetrahydrate 

A solution of 3.0 gm. (21 mM.) of ltojic acid and 0.88 gm. (21 mM.) of 
sodium hydroxide in 15 ml. of water was evaporated to dryness in vacuo a t  
40". The residual solid was recrystallized twice from 5 ml. of hot water, and 
the white crystals were dried in air a t  25". Yield, 2.62 gm. or 53%. Found: 
Na, 10.3; loss of weight a t  110°, 30.3, 30.2; a t  25" over phosphorus pentoxide, 
29.7%. Calc. for C6H504Na.4H20: Na, 9.8; water, 30.5%. 

The water of crystallizatiorl was determined by drying samples either for 
about six hours a t  110" or for about 18 hr. *in vacuo over phosphorus pentoxide 
a t  25". Anhydrous sodium kojate was a white powder when prepared by the 
latter method, and a tan powder by the former. 
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A N e w  Synthesis  of 5-Benzoxy-2- (hydroxymethy1)--y-pyrone 
Crude sodium kojate was prepared from 2 gm. (14 mM.) of kojic acid as 

just described, and was rendered anhydrous by drying in vacuo over phosphorus 
pentoxide. The product was shaken in the original tightly-stoppered flask 
with 50 ml. of dry benzene and 2.5 gm. (18 mM.) of benzoyl chloride a t  room 
temperature for 26 hr. I t  was necessary to interrupt the shaking to loosen 
solid material which adhered initially to  the walls of the flask. After adding 
30 ml. of benzene, the white suspension was heated to boiling and was filtered 
while hot. The residual solid was re-extracted with hot benzene, then with 
water, and again with benzene. The combined benzene solutions, when dried 
and evaporated, deposited 2.53 gm. of white needles melting a t  143-144', 
together with a second fraction which was recrystallized from aqueous acetone 
to give 0.22 gm. with the proper melting point. Total yield, 79.5y0. A mixed 
melting point with authentic 5-benzo~y-2-(hydroxymethyl)-~-pyrone (see 
below) was not depressed. 

The authentic sample was prepared from 5-benzoxy-2-(triphenylmethoxy- 
methyl)-?-pyrone, (XI), which when recrystallized from aqueous dioxane 
melted a t  213-214', and not a t  206-208' as recorded by Yabuta and Anno 
(25). The removal of the trityl group with boiling 80y0 acetic acid, followed 
by the separation of triphenylcarbinol, left a product which was crystallized 
from benzene. Yield, 55y0, and melting point 140-141'. Further recrystalliza- 
tions from benzene raised the melting point to  142-143', the value quoted by 
Yabuta being 135-136'. 

Dibenzoylkojic Ac id  - Benzoic A c i d  Addi t ion  Compound 

( a )  Benzoylation in S o d i u m  Hydroxide 
A solution of 5 gm. (35 mM.) of kojic acid and 7.3 gm. (177 mM.) of sodium 

hydroxide was prepared in 177 ml. of water. Benzoyl chloride, 19.7 gm. 
(140 mM.), was added slowly, with stirring and a t  room temperature, during 
two and three-quarter hours, and the granular solid which separated was 
recovered. A solution of 5.8 gm. (140 mM.) of sodium hydroxide in 50 ml. of 
water was added to  the acidic filtrate, and the benzoylation was repeated with 
another 140 mM. of benzoyl chloride. After one hour more of stirring, a second 
crop of the solid was recovered from the liquor, which again had become acid. 
The two crops when combined and crystallized from dry benzene-hexane 
yielded 1.55 gm. (18yo) of a less soluble fraction which consisted of white 
crystals with the composition and melting point, 142-143', of 2-(hydroxy- 
methyl)-5-benzoxy-ypyrone (IX). A mixed melting point with an authentic 
sample was not depressed. 

The more soluble fraction was composed of 5.88 gm. (35.5y0) of matted 
white needles melting a t  117-118', raised by further recrystallizations to 
m.p. 120-121'. Mixtures of this molecular addition compound with dibenzoyl- 
kojic acid and with benzoic acid showed depressions in melting point. Found: 
C, 68.8, 69.0; H, 4.4, 4.470. Calc. for C Z O H ~ ~ O ~ . C ~ H ~ O ~ :  C, 68.6; H ,  4.2%. 

A solution of 0.50 gm. of the addition compound in 5 ml. of warm acetone 
was diluted with an equal volume of cold water; the mixture was cooled and the 
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BEELIK A N D  PURVES: KOJIC ACID 1369 

white precipitate which had immediately formed was recovered. The precipi- 
tate melted correctly for dibenzoylkojic acid a t  134-135O, a mixed melting 
point with an authentic sample was not depressed, and the yield of 0.37 gm. 
was 100yo of theory. The  clear filtrate when concentrated to half-volume 
deposited 0.12 gm. (92.5y0) of benzoic acid melting a t  117-llgO, raised to the 
proper value of 122" by recrystallization from water. A mixed melting point 
was not depressed. Dibenzoylltojic acid also crystallized from solutioils of 
the adduct in dioxane (on dilution with water), ethanol, ethyl acetate, 
absolute methanol, and pyridine. The benzoic acid was extracted selectively 
by aqueous 5y0 sodium carbonate from a solutioil of the adduct in benzene. 
On the other hand, the adduct could be recrystallized substantially without 
change from benzene, benzene-hexane, toluene, and glacial acetic acid. 

(b) Benzoylation in Pyridine 
Five grams (36 mM.) of benzoyl chloride was added in several incremeilts 

to a solution of 2 gm. (14 mM.) of kojic acid in dry pyridine. Next day the 
pyridine was evaporated in a current of dry air, with gentle heating, to leave 
a moist pulp. The product in this pulp was separated from the pyridine salts 
by extraction with hot benzene, and was recovered from the extract in several 
fractions. The  less soluble fractions yielded 3.45 gm. (70%) of pure dibenzoyl- 
ltojic acid, which was carefully identified as such. Recrystallization of the more 
soluble fractions from benzene-ligroin gave 0.66 gm. (107'0) of white matted 
needles whose melting point of 120-121" was not depressed by admixture with 
the dibenzoylkojic acid - benzoic acid addition compound. 

The product from a similar benzoylation was isolated in the customary way 
by pouring the mixture into chilled 5y0 aqueous sulphuric acid. A 98.5y0 
yield of pure dibenzoylkojic acid was obtained. 

2- (Benzoxymethy1)-5-hydroxy-y-pyrone ( V )  
A solution of 0.30 gm. (0.86 mM.) of dibenzoylkojic acid and 0.12 gm. 

(1.7 mM.) of hydroxylamine hydrochloride in 4 ml. of pyridine was kept for 
12 hr. a t  room temperature, then diluted with 20 ml. of cold water. After the 
suspensioil had been kept cold for a few hours, the white precipitate was 
recovered. Yield, 0.19 gm. (goy0) ; m.p. 179-180°, increased to 180-181" by 
recrystallization from ethanol. Found: C, 63.5, 63.6; H,  4.1, 4.2; COC6H5, 
41.7, 41.0y0. Calc. for C6H504(COC6H5): C,  63.4; H ,  4.1; COCsH5, 42.7y0. 

The same product was obtained in 83y0 yield by boiling dibenzoylkojic acid 
with three equivalents each of hydroxylamine hydrochloride and pyridine in 

ethanol for 30 min.; also by replacing the pyridine with sodium acetate 
and using 80y0 ethanol. In the latter case the pure product crystallized in 
74y0 yield when the solution cooled. Three equivalents of either sodium acetate 
or hydroxylamiile hydrochloride alone had no appreciable effect on dibenzoyl- 
k ojic .' acid in boiling ethanol. 

A 15y0 excess of benzoyl chloride was slowly added to an ice-cold solution 
of the above monobenzoate in dry pyridine. An 89y0 yield of dibenzoylkojic 
acid was recovered, melting a t  135", after crystallization from aqueous ace- 
tone. A mixed melting point was undepressed. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
4/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1370 CANADIAN JOURNAL OF CHEMISTRY. VOL. 33 

One gram (4.1 mNI.) of finely powdered 2- (benzoxymethy1)-5-hydroxy-y- 
pyrone was added to 18 ml. of benzene containing about 0.5 gm. of diazo- 
methane (2). Practically all of the solid dissolved within six hours, and the 
product was isolated by concentrating and cooling the solution. The  yield was 
0.52 gm. (@yo) of near-white crystals melting a t  109-110"; the use of absorbent 
charcoal in ethanol, and recrystallization from benzene-ligroin, gave a snow- 
white product melting a t  110-111'. Found: C, 64.7, 64.9; H ,  4.6, 4.8; 0CH3,  
12.0, 12.1%. Calc. for C13H,04(0CH,): C, 64.6; H ,  4.6; OCH,, 11.9%. 

The same product was obtained when 2-(hydroxymethy1)-5-methoxy-y- 
pyrone (VIII),  prepared according to Campbell and co-workers (£9, was esteri- 
fied with benzoyl chloride in dry pyridine. A mixture of the two samples showed 
no depression in melting point. 

6- (Acetoxymethyl) -5-benzoxy-y-pyrone ( X I I I )  
A solution of 2.8 gm. (11 mM.) of 5-benzoxy-2-(hydroxymethy1)-y-pyrone 

(IX) in 24 ml. of dry pyridine was chilled, mixed with 4.1 gm. (40 mM.) of 
acetic anhydride, and kept overnight a t  room temperature. Precipitation of 
the solution into 200 ml. of cold water yielded 3.06 gm. (%yo) of crystals 
melting a t  143-144'. Recrystallizations from benzene and from aqueous acetone 
left the melting point of the white plates a t  144", and a mixed melting point 
with the starting material was depressed to 120-127'. Found: C,  62.8, 62.5; 
H, 4.3, 4.5%. Calc. for Cl6Hl206: C, 62.5; H ,  4.2%. 

A solution of 0.96 gm. (3.3 mM.) of XI11 and 0.46 gm. (6.6 mM.) of hydroxyl- 
amine hydrochloride in 13 ml. of pyridine was kept a t  room temperature for 
12 hr. before being diluted with six volumes of cold water. After being extracted 
with benzene, the aqueous liquor was evaporated to  dryness i n  vacuo a t  50' 
and the solid, yellow residue was extracted with boiling benzene. The combined 
benzene extracts yielded a total of 0.47 gm. (77%) of white needles melting a t  
134-135', plus a second fraction (6%) of slightly less pure material. 2-(Ace- 
toxymethy1)-5-hydroxy-y-pyrone (VI), whose published melting point was 
133.5' (12) and 137' (17), gave a wine color with aqueous ferric chloride. 
,When acetylated in the presence of sodium acetate (13), the substance yielded 
5-acetoxy-2-(acetoxymethy1)-y-pyrone which was carefully identified by com- 
parison with an authentic sample. 

Debenzoylation of 5-Benzoyl-2- (triphenylmethoxymethy1)-y-pyrone (XI )  
The debenzoylation was accomplished as just described, except that  an 

S.4 molar equivalent of hydroxylamine hydrochloride was used. After recrys- 
tallizations from benzene-ligroin, dioxane-water, and carbon tetrachloride - 
isopropyl ether, 66Ojo of pure 5-hydroxy-2-(triphenylmethoxymethy1)-y- 
pyrone (VII) remained, melting a t  180-182' (25). 

Benzoylallomaltol from Dibenzoylkojic Acid 

Thirty grams of technical grade zinc dust was added to a hot solution of 
5 gm. (14.3 mM.) of dibenzoylkojic acid in 125 ml. of glacial acetic acid; the 
mixture was vigorously stirred on the steam bath, and eight drops of concen- 
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trated sulphuric acid were added during five minutes. Stirring was stopped 
after one hour, the hot mixture filtered, the residual zinc rinsed with hot 
glacial acetic acid, and the combined liquors were evaporated completely i n  
vacuo. The residual brown oil was treated with an excess of solid sodium 
carbonate, the resulting mixture was extracted with boiling benzene, and the 
benzene extract was washed with dilute aqueous sodium carbonate and with 
water. Pure benzoic acid, 1.31 gm. (75y0),  was recovered from the benzene- 
insoluble solid residue and the sodium carbonate washings. The golden brown 
benzene solution was completely evaporated and the residual tan solid was 
recrystallized twice from isopropyl ether, using a small amount of decolorizing 
charcoal. The yield was 1.48 gm. (45y0) of benzoylallomaltol as  off-white, flat 
needles melting a t  125-126'. An analytical sample, recrystallized from the same 
solvent, melted a t  126-127', undepressed when mixed with an authentic sample 
(24).  Found: C, 67.9*, 67.8; H,  4.8*, 4.8y0. Calc. for C13H1004: C, 67.8; H ,  
4.4%. 

A solution of 2.4 gm. (10 mM.) of benzoylallomaltol and 0.95 gm. (14 mM.) 
of hydroxylamine hydrochloride in 25 ml. of pyridine was kept a t  room tem- 
perature for 11 hr., and was then evaporated i n  vacuo. After being dried over 
solid potassium hydroxide in a vacuum desiccator, the residual brown oil was 
extracted several times with boiling benzene. The combined benzene extracts 
yielded a total of 1.05 gm. of crude allomaltol as white crystals melting a t  
143-149"; recrystallization from a mixture of isopropyl ether and ethyl acetate 
left 0.93 gm. (71%) melting a t  150-151'. This substance was soluble in water 
and gave a wine color with ferric chloride. Benzoylation with benzoyl chloride 
in dry pyridine gave back benzoylallomaltol. An authentic sample of allomaltol 
prepared by Yabuta's method (24) also melted a t  150-151°, not a t  166' as 
reported, and a mixed melting point was undepressed. The present value 
confirmed that recently given by Loolcer and Okamoto (16).  

Dibenzoylkojic Acid iiDisemicarbazone" 

(a)  A mixture of 14 gm. (40 mM.) of dibenzoylkojic acid, 14 gm. (125 mM.) 
of semicarbazide hydrochloride, 14 ml. (174 mM.) of pyridine, 40 ml. of water, 
and 350 ml. of ethanol was boiled under reflux for 50 min. and then kept a t  
room temperature for six days. The crop of yellow-white crystals deposited 
from the clear solution was extracted in succession with hot ethyl acetate, 
water, and dioxane, and the residual microcrystalline white solid, 6.04 gm., 
melted a t  212' with decomposition. A second crop, recovered from the original 
mother liquor 15 days later, increased the yield to 7.96 gin. or to 41.5%. This 
"disemicarbazone" was sparingly soluble in glacial acetic acid but insoluble 
in all other liquids tried. The sample for analysis was dissolved in much glacial 
acetic acid by warming to not more than 70' and was reprecipitated by adding 
five volumes of cold water. The melting point was then 215' with decomposi- 
tion. Found: C,  54.8, 54.8; H, 4.7, 4.8; N,  16.9%. Calc. for C??HzzN607: C, 
54.8; H ,  4.6; N, 17.4%. 

(b) The above condensation was repeated with 5 gm. of dibenzoylkojic acid, 
3.2 gm. of semicarbazide hydrochloride, 5 ml. of pyridine, 10 ml. of water, and 
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60 ml. of ethanol, the molar ratio of the first three substances being about 
1:2:4 instead of about 1:3:4. The yellow solutioil deposited a yellow-white 
solid decomposing a t  179-181" when concentrated on the steam-bath, and a 
soft solid separated when the mother liquor was diluted with water and chilled. 
Extraction of the latter fraction with boiling ethyl acetate removed 0.33 gm. 
of a solid, m.p. 183-184", which was combined with the previous fraction of 
similar melting point. These fractions were purified by extraction with hot 
ethyl acetate and water to  yield 1.65 gm. (24%) of the "disemicarbazone" 
noted in (a) and melting a t  213O. 

On cooling overnight, the red ethyl acetate extract deposited 0.61 gm. of 
white crystals melting a t  121" with decomposition. Recrystallizations from 
ethyl acetate and from ethanol-methanol left 0.4 gm. (6%) of this isomeric 
"disemicarbazone" and raised the melting point to 172-172.5" with decom- 
position. Found: C, 54.6, 54.5; H ,  5.0, 4.9; N,  16.6y0. Calc. for C22H22N607: 
C, 54.8; H,  4.6; N,  17.4%. 
Experiments with the Higher Melting "P-'sernicarbazone" 

(a) Action of Dilute Alkali 

Two grams of the above i'disemicarbazo~le" dissolved almost completely 
when stirred a t  room temperature for 30 min. with 20 ml. of 10% potassium 
hydroxide. The clear filtrate contained no substances that could be extracted 
by ether or chloroform. When acidified with hydrochloric acid, the filtrate 
deposited 0.95 gm. (%yo) of benzoic acid with the correct melting point and 
mixed melting point. 

(b) Action of Dilute Acid 
A suspension of 1.5 gm. of the "disernicarbazone" in 25 ml. of lOyo hydro- 

chloric acid was boiled under reflux for three and one-half hours. The sticky 
brown residue was separated from the acidic filtrate (which yiclded 0.31 gm., 
or 41y0, of benzoic acid) and was crystallized from methanol-ethanol-benzene, 
from dioxane-water, and from acetone. The pure product, 0.11 gm. or 970, 
was a white, microcrystalline solid melting a t  244". Found: C,  64.3, 64.5; 
H, 4.1, 4.2; N, 10.8yo; mol. wt. (Rast), 423. Calc. for C Z I H ~ ~ N ~ O ~ :  C, 64.8; 
H, 3.9; N, 10.8yo; mol. wt. 389. 

(c) Oxidation with Potassium Permanganate 

A mixture of 5.61 gm. (11.6 mM.) of the "disemicarbazone", 10 gm. (63 
mM.) of potassium permanganate, 4 ml. (70 mM.) of glacial acetic acid, and 
370 ml. of water was kept a t  90" for 30 min. After removing the manganese 
dioxide, the weakly acid filtrate was concentrated to 250 ml. in vaczro, was 
adjusted to pH 2, and was continuously extracted with benzene. The residue 
from the extract, when fractionally crystallized from benzene-hexane, yielded 
0.38 gm. (27y0) of pure benzoic acid, and 0.24 gm. (11.5%) of benzoylglycolic 
acid melting correctly (7) a t  111-112". Found for the latter: C,  60.0; H ,  4.8y0*; 
neut. equiv., 179.7. Calc. for C9H804: C, 60.0; H ,  4.4y0; neut. equiv., 180. 

Dibenzoylkojic Acid "a-Monosemicarbazone" 
A suspension of 3.05 gm. (6.33 mM.) of the "disemicarbazone" in 70 ml. 
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of glacial acetic acid was stirred a t  room temperature, while a concentrated 
aqueous solution of 10.8 gm. (157 mM.) of sodium nitrite was added very slowly 
during six hours. Stirring was discontinued one hour later, and next day the 
yellow-green solution was filtered from 0.3 gm. of the starting material. 
Dilution of the filtrate with an equal volume of cold water precipitated 2.03 
gm. of a white solid melting a t  173-174". This solid contained several com- 
ponents, but only one could be isolated in a pure form by recrystallizing the 
mixture from benzene-methanol (1 vol. : 4 vol.). The product, 0.24 gm. (9%), 
was a white microcrystalline powder melting with decomposition a t  212-213", 
increased to 215" by recrystallizations from acetone-methanol. A mixed melting 
point determination with the original "disemicarbazone" (m.p. also 215") was 
markedly depressed. Found: C,  59.6, 59.0; H ,  4.7, 4.6; N. 10.1%. Calc. for 
CZlHlgN307: C,  59.3; H ,  4.5; N,  9.9%. 

Dibenzoylkojic A c i d  "p-iV~onosemicarbazone" 
The preparation for the a-isomer was repeated with 7.2 gm. (104 mR11.) of 

sodium nitrite instead of 10.8 gm., and with 60 ml. instead of 70 ml. of glacial 
acetic acid. The filtered liquor on dilution with 240 ml. of cold water deposited 
2.41 gm. of a white solid decomposing a t  166-170". This product was extracted 
with 120 ml. of boiling methanol to remove a small amount of unchanged 
"disemicarbazone". The filtered extract, when diluted with 500 ml. of water, 
deposited 1.82 gm. (69%) of a white, microcrystalline solid whose decomposi- 
tion point a t  178-179" was not altered by recrystallization from benzene- 
methanol-ligroin. Found: C,  59.3, 59.2; H ,  5.1, 4.0; N, 9.8y0. Calc. for 
C21H19N307: C, 59.3; H ,  4.5; N ,  9.9y0. A sample was recovered unchanged 
after its suspension in glacial acetic acid had been treated with an excess of 
aqueous sodium nitrite a t  room temperature. 

Another sample, 0.60 gm. (1.4 mM.), was heated on the steam bath with 
1.1 gm. (7 mM.) of potassium permanganate and 40 ml. of water for one and 
three-quarter hours. The reaction mixture, when worked up as already 
described for the oxidation of the i'disemicarbazone", yielded 0.05 gm. (19.5%) 
of benzoylglycolic acid melting a t  106-110". Recrystallization raised the melt- 
ing point to 111-112°, undepressed by admixture with the previous sample. 
The other product of the oxidation was benzoic acid, which was recrystallized 
until pure. 
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LONDON - VAN DER WAALS ATTRACTIVE FORCES BETWEEN 
GLASS SURFACES1 

BY P. G. H o w E , ~ . ~  D, P. BENTON,:! AND I. E. PUDDINGTON 

ABSTRACT 

The attractive force between a pyrex glass bead and plate has been measured 
using a sensitive pendulum-type apparatus. The force required for separation 
of the bead from the plate has been shown to be strongly time dependent, a 
phenomenon which appears not to  have been reported previously for adhesions 
in gaseous media. The observed results have been shown to  be consistent with 
the theoretical London - van der Waals interaction. The estimated value of the 
London force constant is compared with that  obtained by other workers. 

INTRODUCTION 

Many workers have shown the existence of attractive forces between solid 
surfaces. Tomlirlson (11) demonstrated the adhesion between quartz fibers 
and between equal glass spheres. Bradley (1) confirmed this adhesion between 
quartz spheres and improved the method to measure the adhesion between 
sodium pyroborate spheres and quartz spheres of unequal size. He  also 
established experimentally the theoretical dependence of adhesion on the 
ratio of the bead diameters. McFarlane and Tabor (9) attempted to measure 
the interaction between a suspended glass bead and a glass plate by meins of 
a pendulum-type apparatus. With this apparatus adhesions as low as 1 0 - 2  
could theoretically be measured but in clean dry air no adhesion was observed. 
Courtney-Pratt (3) found considerable adhesion when freshly cleaved mica 
sheets were placed in contact. Spaarnay and Overbeek (10) found the existence 
of long range attractive forces between highly polished parallel glass plates 
and that  the calculated force co~lstant was of the expected magnitude. Derja- 
guin (-3;) has also shown the existence of adhesion between various glasses 
but disagrees with the magnitude of those obtained by Spaarnay and Overbeek. 
In this paper the existence of time-dependent attractive forces between glass 
surfaces has been demonstrated. These have been attributed to London - van 
der Waals attractive forces and have been shown to be consistent with theo- 

a Ions. retical consider t '  

11\!fanz~scripl received ~Warclz 24, 1055. 
Contribzrtion frons the Divis ion of App l i ed  Cl~enl is try ,  Na t io~sa l  Research Coz~nci l ,  Ottawa, 

Ca~zada .  I S S Z L E ~  as  N.R.C.  No .  5660.  
2N.R.L. Postdoctorate Fellozv, 1053-55, iVatio?sal Research Council,  Ottawa, Ca?tada. 
3Present address: A?iserica?s-AIarietta Co?i tpal~y,  Adhesives a?td Resill  Diaisio7s, Seattle 4 ,  

Hfashi?tgton, U .S .A .  
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Measurements have been made of the adhesion between pyrex glass surfaces 
using various pendulum-type apparatuses, both in vaczbo and in small pressures 
of nitrogen. In the main these apparatuses have consisted of a glass bead, 
about 1 mm. diameter, formed on the end of a very fine pyrex fiber which was 
suspended by sealing into a 25 min. pyrex tube. Contact surfaces were var- 
iously a flame-polished glass plate, a convex surface drawn in from the wall 
of the container tube and approximately equivalent to a sphere of radius 25 
mm., or the concave inner wall of the glass tube itself, preheated to the melting 
point of the glass. Both bead and contact surfaces were formed just prior to 
assembly and evacuation of the apparatus. The apparatus was then degassed 
a t  about 350°C. and mounted on an electrically driven slow-motion rotor arm. 
When not continuously attached to the vacuum line, the apparatus mas sealed 
off or closed with a vacuum stopcock. Some tubes were coated externally 
with electrically conducting silver paint and effectively earthed. 

The measurement of adhesion was carried out as follows. The bead was 
allowed to make contact with the plate for a certain time and then the deflec- 
tion, a ,  of the bead suspension from the vertical a t  the break point was meas- 
ured. As the fiber suspensions used were practically weightless compared with 
the weight of the bead, calculation of the adhesion was made assuming a rigid 
pivoted assembly, using the equation 

[lI F = mg. sin a 

where m is the weight of the bead. 
The results obtained show that adhesion exists but that the interaction is 

strongly time dependent. Very large instantaneous adhesions were found 
with the freshly degassed apparatus. The time of contact required for maximum 
adhesion increased, while the maximum adhesion itself fell, as the initial 
hard vacuum decayed in the closed system to ca. mm. The adhesion then 
fell off more slowly over a period of days until some reproducible lower maxi- 
mum was obtained. 

Fig. 1 shows the typical slow build-up of the adhesion which was consistently 
encountered. The decay of adhesion after separation of the bead from the plate 
was very rapid, as is also shown in Fig. 1. Rleasurement of this decay of 
adhesion was carried out as follolvs. After a required separation time a quick 
measurement of adhesion was made within the minimum time necessary to  
bring the bead up to the plate and rotate to find the angle of break. The  
contact time required for this operation was about 10 sec. and the residual 
adhesion in the decay curve is due to this short contact time. This is also shown 
in Fig. 2, which is essentially a detail from Fig. 1. Fig. 2 further shows the 
reproducibility of the adhesion build-up in successive determinations. 

DISCUSSION 

1. The time dependency is possibly determined by the viscous flow of the 
gaseous or adsorbed medium from the gap between the approaching bead and 
plate, since with the freshly degassed surfaces the adhesion is very large and 
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DECAY 

FIG.1 I 

I I I I 
CONTACT SEPARATION CONTACT 

CONTACT TIME IN HOURS 

BUILD-UP DECAY 

FIG. 2 T l M E  IN SECONDS 

SEPARATION TIME IN SECONDS 

BUILD-UP 

FIG. 1. Adhesion build-up and decay for 0 7 mm. diameter bead and convex surface in 
decayed vacuum. 

FIG. 2. Adhesion build-up and decay for 0.7 mm. diameter bead and convex surface in 
decayed vacuum. Residual adhesion of decay curve is due t o  short contact times required for 
force measurement. 

I I I I 

4 - 

3 
\ 

I I 
5 0  100 

instantaneous. If the movement over molecular distances of the bead towards 
the plate is responsible for the increase in adhesion with time, the time depen- 
dency of the decay may be explained by the reorientation of the molecules 
:~dsorbed on the surface. The initial rapid fall off in the maximum adhesion 
may be caused by this adsorption on the glass surface. The  subsequent gradual 
fall off in the maximum adhesion might be attributed, in part,  to the shock 
abrasion of the surfaces by repeated impact of the bead. Fig. 3 shows the 
decrease in the maximum adhesion over a period of several days in an appara- 
tus containing 1 mm. of dry nitrogen. NO very large adhesions were observed 
in atmospheres of nitrogen. The time required for the maximum adhesion 
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was very similar to that observed in a decayed vacuum although much greater 
than that required in freshly evacuated systems. This is coilsistent with the 
observed fall of the large maximum adhesions observed with freshly degassed 
and evacuated systems. The lower adhesions in atmospheres of nitrogen and 
the time dependence of the adhesion build-up might explain why McFarlane 
and Tabor (9) found no adhesion between glass surfaces in air. I t  is interesting 
to note that the adhesion kinetics reported in this paper are similar to those 
found by Derjaguin (4) for the interaction between quartz fibers in aqueous 
solution.   he significance of this pheilomenon in relation to the pro pert;^^ 
of suspensions is discussed elsewhere (7). 

AVO 

I I I t l  
I 2 3 112 HRS. 

CONTACT TIME IN HOURS 

FIG. 3. Adhesion in 1 mm. nitrogen; 0.5 mm. diameter bead and convex surface. 

In the course of the various experiments over a period of one year it was 
noted that the behavior of the bead was considerably affected by the induction 
of electrostatic charges. However, these decayed fairly rapidly and the con- 
sistent reproducibility of the adhesion and the adhesion kinetics points to the 
existence of attractive forces inherent in the system rather than spurious 
electrostatic charges. I t  seems unlil~ely that  the mere 'contact' of the bead 
with the plate should induce electrostatic charge build-up. Also, the order of 
magnitude of the adhesion was found to  be consistently the same in all experi- 
ments and with the various apparatuses used. In connection with this point 
it is interesting to refer to  the behavior of glass spheres in ailhydrous toluene 
(8). Agitation of the glass spheres in toluene apparently induces electrostatic 
charges which cause the beads to adhere to one another. Quite vigorous or 
prolonged agitation of the beads is required to produce agglomeration a t  room 
temperatures and the agglomerate collapses fairly rapidly in this temperature 
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region. Agitation of the beads alone, in vacuo, did not give any agglomeration, 
showing that the motion of the beads due to the supporting medium is impor- 
tant.  In itself, this suggests that the contact of a bead with a plate is not 
sufficient to cause the build-up of an electrostatic attractive force. Furthermore, 
no indication of any increase in interparticle adhesion with time was obtained 
in the case of the uncharged sediments of glass spheres in various anhydrous 
liquids and with the glass beads in vacuo. If the observed time-dependent 
adhesion with the bead and the plate were electrostatic in origin, such an  
increase, of considerable magnitude, might be expected. 

When the bead was brought into contact with the plate, it was allowed to 
rest under a small positive force. The  application of larger positive forces 
did not seem to affect the observed adhesions. However, this was difficult to 
ascertain owing to the experimeiltal difficulty of bringing the bead to  the 
same position on the contact surface, since very small tangential forces would 
cause the bead to move in an arc, dictated by the fiber suspension, on the 
contact surface. Derjaguin (4) also observed the small dependence of the 
adhesion on the applied pressure in aqueous media. 

McFarlane and Tabor (9) have shown that the elastic forces in the solid 
are important and that as the applied force is removed, contact poiilts causing 
adhesion can break one by one. The  measured adhesion is then the same as  
that without any applied load. In the above experiments it did not appear 
that elastic recovery prevented the measurement of adhesion. This is not 
surprising for two reasons; in the first place it  is doubtful, except in the case of 
rigorously outgassed and freshly evacuated systems, whether the surfaces 
of the bead and plate in the above experiments ever were in true contact 
(continuous lattice formation) and secondly, elastic recovery a t  contact 
points implies an interaction between two irregular surfaces whereas in this 
case contact between the opposing lattices would be virtually a t  a single 
'point' of molecular dimensions, if i t  occurred a t  all. I t  will be show11 that the 
observed adhesion is consistent with the theoretical interactioil expected for 
the close approach of the bead and the contact surface. 

2. For the London - van der Waals force of interaction between a sphere 
and a plate Hamaker (5) obtains 

where F is the force in dynes, A = a2p2X, X is the Londoi~ constant, D is the 
diameter of the sphere in cm., d is the shortest distance of separation between 
the sphere and the plate in cm., and p is the number of atoms per cm3. 

This expressioil is not greatly affected by the curvature of the contact 
surface (the 'plate') as long as the radius of curvature of the plate is large 
compared with that of the bead. In the above experiments the curvature 
ratio was about 50 and ally correction is of negligible importance, Fig. 4 
shows the variation of F with d for a 1 mm. diameter bead, calculated from 
equation [ 2 ] .  For a mean distance of close approach of 3-10 A,  which may be 
considered a reasonable range to assume for the approach between fused glass 
surfaces, i t  is seen that the attractive force would be in the vicinity of 10-100 
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dynes, taking the value of the A constant as lo-" to lo-'? erg. This is consis- 
tent with the observation that the force of adhesion between freshly formed 
and rigorously degassed surfaces was well beyond the upper limit of force 
measurement of the apparatus which was about 1 dyne. The maximum 
adhesion measured with surfaces aged after evacuation and in atmospheres 
of nitrogen was generally of the order 0.1-0.2 dyne for beads of 1 mm. diameter. 
Taking the theoretical value of 10-l2 for the force constant A ,  this correspoilds 

5 10 15 2 0  i5 
SEPARATION IN ANGSTROMS 

FIG. 4. Calculated interaction for 1 mm. diameter bead and plate. 

to a distance of separation of 20-29 A. This is a reasonable order for the 
effective separatioil in the presence of adsorbed foreign molecules in view of 
the separation considered in vacuo, and the fact that two solid surfaces are 
involved. 

Table I shows the calculated variation in d ,  the closest distance of approach 
for perfect surfaces using the observed m a x i m z ~ m  residual forces of interaction. 
Using these values the selection of a value for the force constant A ,  ~irhich is 
consistent with the experimental evidence, will be considered. These residual 
forces were a t  least 10-100-fold less than the forces observed with freshly 
prepared and degassed systems i n  vacuo. This implies that the loll-er values 
of A ,  viz. 10-l3 and 10-'5 can probably be elimiilated since a 10-100-fold 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

4/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



HOWE ET AL.: ATTRACTIVE FORCES 

TABLE I 
CALCULATED SEPARATIOS BETWEET 1 nTM. DIAMETER 
BEAD AXD PLATE FOR SELECTED VALUES OF THE A 

CONSTAXT 

Separation d (A) 
A constant - -- 

(ergs) F = 0.1 dyne F = 0.2 dyne 

10-lo 290 200 
10-l1 9 1 65 
10-l2 29 20 
10-l3 9 
10-14 

7 
3 2 

increase in the adhesion from the residual value would lead to a very u~lliltely 
value for the distance of closest approach, i.e., to within less than the diameter 
of an  adsorbed gas molecule. Also, although fused glass surfaces are among 
the smoothest types of solid surfaces that call be obtained, surface undulations 
and discontinuities will possibly be of the order of 10-20 A and this will tend 
to reduce the interaction. Calculated values of d will therefore tend to be too 
high, which favors the elimiilation of the lower values of the force constant. 

For the residual adhesion it  appears that the bead and the plate may be 
separated by adsorption products which prevent their approaching to within 
an atomic distance. I t  is unliltely that this adsorbed layer of gas could extend 
to over 50 A from the surface of the solid, i.e., 10 or more molecular diameters. 
In view of this it  is suggested that  the values of 10-lo and lo-" for A are too 
high. Adsorption studies in general indicate that  after a few monolayers, 
adsorption energies are weak for physically adsorbed gases and approach 
normal bull; gaseous interactions. The  observed results are therefore consistent 
with the adsorption of gaseous material and, with due allowance made for 
surface irregularities, the most favorable value of the A constant is about 
10-12, which agrees very well with the theoretical value. 

3. The magnitude of the London - van der Waals interaction will depend 
on the value of the London constant, A ,  which is included in the constant A .  
The direct experimental verification of the value of A is esceptionally difficult 
and the experimental results of different workers are conflicting. Table I1 
shows the estimated values of A from the experimental data of other worlters. 
These vary from about 10-lo to 10-14, scattering about the theoretical estimate 
(2, 12) of 10-I2 erg. For close approach between the surfaces a value of about 
10-l2 is general but Spaarnay and Overbeelt (10) and Derjaguin (4), for wider 
distances of separation, give values which differ very considerably from one 
another. Unfortunately, the extreme sensitivity of the attraction to small 
changes of separation a t  close approach does not allow for a precise estimation 
of the force constant owing to the illdetermiilancy of the actual distance 
of separation, quite apart from other factors involved. 

Derjaguin has suggested that  the results of Spaarnay and Overbeelt are too 
high owing to the inadequate removal of electrostatic mosaics from the glass 
surfaces. I f  this were the case i t  would seem surprising that  the presence of 
water vapor or the coating of the glass plates with an evaporated silver layer 
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TABLE I1  

Author Gaseous Material Minirnum A constant (ergs) 
medium separation (A) ( X 

Bradley Vacuum Borate spheres Close approach 
(3) 4.7* 

Vacuurn Quartz spheres Close approach 
(3) 2.2* 

Courtney-Pratt (3) Air Cleaved rnica Close approach 0.1-lot 
(5-25) 

Spaarnay and Air Glass plates 1 Close approach 0.01-22 
Overbeek (200) 

Glass plates 2 Close approach 0.015-15 
(200) 

Glass plates 1 2500 1.1-30 
Glass plates 2 5000 60-230 
Quartz plates 3000 11-30 
Silvered quartz 8000 39-78 

Derjaguin (4) Air Quartz sphere 1000 0.05 
and plate 

Present authors Vacuum and Pyrex glass Close approach 0.1-lot 
nitrogen bead and plate 

Theoretical (2, 12) Vacuurn 1 

*After  Hamaker (6) .  
tEst imates  only. Calculated by present authors. 

did not affect the measured interaction. I t  appears that the important question 
of the electrical neutrality of the surface, either on a molecular or on a macro 
scale, has not yet been settled. If a charge mosaic were capable of stable 
existence on such surfaces then it might be expected that such a phenomenon 
might also be a dominant factor in many types of suspensoidal systems. 
For glass type solids, the major part of the London interaction has been 
attributed to the highly polarizable oxygen atoms. In view of this, it is perhaps 
surprising that freshly sheared dispersions of paraffin wax in methailol coagu- 
late spontaneously on standing. Vold (13) has offered an  explanatioil of the 
interparticle adhesion in soap greases based on the polarizability of the oxygen 
atoms in the predominantly hydrocarbon fiber matrix. I t  is interesting to 
note, however, that comparable interparticle attraction apparently exists in 
polyethylene greases, in which the solid particles are totally hydrocarbon in 
composition and are embedded in a hydrocarbon liquid. This might suggest 
that such attractions are predominantly electrostatic in nature rather than 
London-type interactions. Alternatively, the application of the London 
additivity theorem to the interaction between solids might be inadequate, as  
suggested by Spaarnay and Overbeek, and much higher interactions than 
calculated from the London theory might be possible. Apart from the possibility 
of charged surface mosaics, the existence of induced like charges on two 
interacting glass-type surfaces might also be possible and thus account for the 
reduced interactions observed by Derjaguin. However, the present authors 
obtained reproducible adhesions in systems where there was no intro- 
duction of ionizing contaminants. The reproducibility of the observed adhe- 
sions suggests that the attractive force is an inherent property of the system 
and not due to electrostatic forces. The observed adhesion kinetics support 
this inference and are, in themselves, extremely important in the understanding 
and evaluation of colloidal and other aggregative phenomena. 
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T H E  N6ESOMORPHIC BEHAVIOR O F  ANHYDROUS SOAPS 
PART I. LIGHT TRANSMISSION BY ALKALI METAL STEARATES1 

ABSTRACT 

The anhydrous salts of the long chain fatty acids are known to pass through a 
number of \\,ell-dehned mesomorphic forms between the true crystalline solid 
and the isotropic liquid. The nature of some of these mesomorphic forms has been 
investigated by a study of their optical properties, electrical conductivity, 
density, and viscosity. 111 this paper, results obtained by an optical method are 
presented for phase transition temperatures of the alkali metal stearates and a 
number of s o d i ~ ~ ~ n  stearates having substituents in the hydrocarbon chain. 

INTRODUCTION 

The extensive and varied studies that have been made, in the past two or 
three decades, of the mesomorphic forms of salts of the long chain fatty acids 
have included a number of optical methods. The majority of the optical work 
has involved the use of hot stage microscopes; many photographs have beell 
made of the different mesomorphic forms, particularly with the use of polarized 
light (10). The "hot wire" technique, used by Vold ('i), has beell very useful 
in the determination of phase trailsitioil temperatures. Relations between 
the trailsitions in different soaps have beell investigated by Vold by a syste- 
matic microscopic study of the mesomorphic forms of the sodium salts of the 
n-fatty acids coiltailling an even number of carbon atoms from C6 to CZ2 
(9) and also those of the series of alkali metal palmitates (11 ) .  

The optical methods have depended, in general, on the visual observation 
of change in appearance, usually by transmitted light, produced by the 
transition from one ~nesomorphic form to another. The experimental technique 
to be described here consists essentially of followiilg the changes in intensity 
of light transmitted through the material under investigation, as a function of 
temperature, by means of a sensitive photometer. Besides confirming transi- 
tions which are observable to the eye without difficulty, this technique has 
enabled many less well defined changes from one mesomorphic form to another 
to be followed easily and speedily without camera work and without un- 
certainties caused by eye fatigue. 

In  this paper are given results obtained by the application of the light 
transmission technique to a study of the phase transitions in the alkali metal 
stearates and in a number of sodium stearates having substituents in the 
hydrocarbon chain. The density, viscosity, and electrical conductivity of these 
soaps have also been investigated in some detail and the results will be pre- 
sented in subsequent papers in this series. 

EXPERIMENTAL 
Apparatus 

The apparatus is shown diagrammatically in Fig. 1. The cell ( A )  consisted - - 

of a 3 in. length of precision molded Pyrex tubing, rectangular in cross-section, 
l~T~a%z~scr ib t  received March 2.4. 1955. 
~ontr ibu t lon  fronl the ~ i v i s i o n - o f  Applied Chemistry, National Research Council, Ottawa, 

Canada. Issued as  N.R.C. No.  3673. 
2National Research Council Postdoctorate Fellow, 1953-55. 
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BEXTOX ET AL.: MESOMORPHIC B E H ~ V I O R  OF ANI-IYDROUS SO-XPS. I 3 385 

supplied by H. S. Martin Sr Co. I t  was sealed a t  the lower end and fitted with a 
standard ground glass joint, for connection to the vacuum line, a t  the 
upper end. The internal dimensions of the cell were 10 mm. X2 mm. The cell 
fitted into a dural bloclc furnace (F) which was bored so that light entering 
the tube (B) passed through the 2 mm. dimension of the cell. The bloclc was 

I I 

I I 

FIG. 1. Arrangement of apparatus (diagrammatic). 

also bored to receive a thermocouple or thermometer a t  T and a mercury 
regulator a t  R. I t  was heated electrically by a Chrome1 winding and heavily 
lagged with asbestos. Temperature control was better than ~ 0 . 5 " C .  Light 
from an incandesce~lt lamp (L) passed via a system of converging lenses 
through the tube (B) and was received by a phototube (P), mounted in the 

I 

1 casing (C). The 12 volt lamp was usually run a t  9 or 10 volts, this voltage 
I being supplied from the mains, stabilized by a Sorenson regulator, and reduced 
I 

by a Variac. 
The maximum in the relative energy distribution curve for the lamp was 

in the ~vavelength region 7000-10,000 A and the phototube selected was an 
RCA No. 917, giving maximum response in the region 7000-9000 A. The 
phototube was operated in conjunction with a two-stage d-c. amplifier, this 
being a modification of a circuit appearing in Phototubes Form PT20R1 
by RCA. The plate current of the second-stage amplification, a function of the 
light intensity and wavelength, was metered. A 1 ma. graphic meter was used, 
suitably shunted to give a recordable range of 0-20 ma. in the photoelectric 
current. 

Preparation of Materials 
The stearic acid used was the Eastman Kodalc White Label material 

(m.p. 69-70°C.). 12-Hydroxystearic acid (m.p. 75OC.) was supplied by the 
Baker Castor Oil Co. 10-Methylstearic acid (tuberculostearic acid) (m.p. 
26°C.) and 9-lceto-10-methylstearic acid (m.p. 25OC.) were prepared by the 
method of Schmidt and Shirley (4). Phenylstearic acid was prepared from 
oleic acid by Friedel-Crafts reaction with benzene in presence of aluminum 
trichloride. This material was undoubtedly a mixture of the 9- and 10-phenyl- 
stearic acids. 

The alkali metal salts (soaps) were prepared by titration of a hot solution of 
I the acid in ethyl alcohol with an alcoholic solution of the appropriate alkali 

metal hydroxide, using phenolphthalein as indicator. The resultant gel (Na, 
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Rb, Cs stearates; Na 9-CO-10-Me stearate) or precipitate (Li, K stearates; 
Na 12-OH stearate; Na  10-Me stearate; Na phenyl stearate) was dried in an 
air oven a t  10Z°C. In each case the soap was then fused under vacuum to 
remove last traces of water and alcohol. The opinion has been expressed, by 
Ralston (3) and Lawrence (I) ,  that this treatment is insufficiently drastic 
to remove last traces of water associated with soaps. However, it has been 
shown ( 5 )  that the dilatometric behavior of sodium stearate prepared in the 
above maililer is identical to that of sodium stearate prepared from sodium 
and stearic acid under anhydrous conditions. I t  would therefore seem most 
likely that fusion of the soap under vacuum will render it  anhydrous. 

Ex@erimenful Procedure 
The soap was crushed and placed in the cell, which was then evacuated, 

and the temperature raised above the "final meltiilg point" of the soap- 
this term being used to signify the temperature a t  which the soap becomes 
optically transparent. Nitrogen a t  a pressure of one atmosphere was then 
admitted to the cell. In the absence of this positive gas pressure slight degassing 
of the glass cell took place a t  higher temperatures and gas bubbles rising 
through the soap affected the measurement of the transmitted light intensity. 
This effect could be considerably reduced by prior degassing of the cell but 
was more coilveniently eliminated by the presence of the nitrogen. 

The temperature was then lowered in stages of about 5°C. and in each case 
time was allowed for the system to come to equilibrium, the criterion taken 
being a steady rezding of the graphic meter for a t  least 15 min. Each sub- 
stance investigated \\-as run twice on a cooling curve and also checked 011 a 
heating curve. The equilibrium photoelectric current readings, being a measure 
of the intensity of light transmitted through the soap, were plotted as a func- 
tion of temperature. 

RESULTS AND DISCUSSION 

The intensity of light transmitted through the 2 mm. thickness of soap 
decreased as cooling proceeded. A series of marlted discontinuities occurred 
in the curve obtained by plotting the photoelectric current as a function of 
temperature. The results obtained are shown in Figs. 2 and 3. In these figures 
the degree of translucency of the soap, as measured by the photoelectric 
current, has been expressed as a percentage of the transparency of the liquid 
above the final melting point, i.e., 

photoelectric current a t  T°C. X 100 
% transmission a t  T°C. = 

photoelectric current above final melting point. 

While it  is not presumed that the absolute values of the photoelectric current 
can have much significance in this experimental arrangement, the above 
function provides a convenient means of comparing the discoiltinuities in the 
change of translucency with temperature, for the different soaps. The tem- 
peratures a t  which these discontinuities appear have been found to  be very 
accurately reproducible (virtually within 1°C.), both on cooling and on heating. 
The actual values of the photoelectric curr-nt were fairly reproducible on 
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150 200 250 300 350 

TEMPERATURE O C .  

FIG. 2. Light transmission of alltali metal stearates as a function of temperature. 

cooling curves but rather lower and less reproclucible on heating curves, 
particularly a t  the lower temperatures. The reason for this is not perfectly 
clear but,  in view of the excelle~lt agreement betw(.cn temperatures of clis- 
continuities obtained on cooling and on heating, it would appear that  super- 
cooling is not responsible. One possible explanation may be that,  on cooling 
from one phase to another where an appreciable density change is involved, 
microscopic cracliing or vacuole formation may occur in the soap which will 
increase the light scattering and decrease the light transmission. On reheating 
it is to  be expected that a hysteresis will exist in the closing of these craclis, 
leading to lower transmissions a t  ally given temperature than those on cooling. 
Further, i t  is to  be expected that  the effect will be most marliecl in the lower 
temperature, more crystalline phases. 

I t  should be mentioned here that one example of supercooling was observed 
in the case of lithium stearate. No results could be obtained for this soap below 
the temperature a t  which it melted to an optically clear liquid. The melting 
point was reproducible a t  229°C. on heating. However, freezing occurred a t  
temperatures between 229°C. and 21g°C., depending on the rate of cooling. 
Below 229°C. the photoelectric current was irreproducible and no equilibrium 
was observed, even after two days had been allowed a t  each temperature. 

A rather different phenomenon occurs in the case of potassium stearate 
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TEMPERATURE 'C. 

FIG.  3. Light transmission o f  some substituted sodium stearates as a function o f  tempera- 
ture. 

in the region of final melting. Between 345°C. and 353°C. two phases appear 
to  be present, in stable equilibrium, and discrete lumps are visible to the naked 
eye. Above 353°C. the soap is optically clear and a maximum photoelectric 
current is obtained. Below 345°C. the homogeneous neat phase gives repro- 
ducible photoelectric current readings. Between these two temperatures, 
however, the reading depends on the position of the discrete lumps with 
respect to  the optical path. For this reason, the final melting of potassiun~ 
stearate is represented in two stages in Fig. 2. 

A 'large non-equilibrium decrease in the intensity of transmitted light 
sometimes took place while a change was in progress. This was most probably 
caused by increased light scattering in the material while two phases were 
present. 

A summary of the data obtained is given in Table I1 and comparison of 
the data  for sodium stearate with those of Vold (8) and of Stross and Abrams 
(6) is given in Table I .  I t  should be meiltiolled here that transition tempera- 
tures indicated by the optical method may not necessarily be true thermo- 
dynamic transition temperatures, since a change in translucency may be 
due to causes other than a phase transition. This may explain the discontinuity 
in the curve for sodium stearate a t  188"C., which though doubtless a mani- 
festation of the trailsformatioil from the superwaxy to the subneat phase is, 
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TABLE I 
TR.\SSITIOX TEMPICRATCRES FOR S O D I U ~ I  STEARATE 
- 

Tcmpera t~~re  
Transition 

Vold (8) Vold (8) Stross and This 
Abrams (6) work 

TABLE I1 

SUMMARY OF OPTICAL TR:\KSITIOS TENPERATCRBS 

Soap Final ~ii .p. ,  "C. 

Li stearate 
Na stearate 
I< stearate 
Rh stearate 
C; stearate 35 1 
Na 12-OH stearate 226 
Xa 9-(lo-)phenyl stearate 250 
Na 10-Me stearate ca. 3501 
Na 9-CO-10-Me stearate 21G 

*Tet~zpuatzrre  at which soap becomes opaqzre. 
til&i?zor t rans i t~ons .  

nevertheless, 10-15' lower than the previously reported temperatures of this 
transition. However, in geileral and where comparable, the agreement between 
the present data  and transition temperatures determined by observation of 
other properties is very close. 

I t  is apparent from Figs. 2 and 3 that the present transition data  may be 
divided into two types, i.e. those transitioils where an abrupt change occurs 
in the intensity of the transmitted light and those manifested by a change of 
slope in the light transmission- temperature curves. I t  is believed that 
the temperatures a t  which these latter minor changes occur are very much 
more accurately determined by the present technique than by the usual 
microscopic methods. 

The final melting points of the alltali metal stearates are see11 to rise from 
lithium to rubidium and then fall slightly in the case of cesium. This parallels 
the behavior of the palmitates (11). For sodium stearate in the neat phase 
the light transmission is nearly constailt throughout the range of existence 
but shows a very large decrease a t  the transition neat to subneat a t  258'C. 
In  potassium, rubidium, and cesium stearates it decreases steadily as the neat 
phase is cooled and shows a very much smaller abrupt decrease a t  the tran- 
sition neat to subneat. A small, but very definite and reproducible change is 
indicated within the neat phase, a t  310-31?1°C., in the case of potassium 
stearate. Below the neat-subneat transition, the behavior of potassium, 
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rubidium, and cesium stearates is less closely similar. Between this transition 
and l6s0C., where all three soaps become opaque, potassium stearate shows a 
transition a t  242"C., rubidium stearate a t  222"C., and cesium stearate none a t  
all. A corresponding variation in sodium stearate,within the subneat phase, is 
found a t  220°C., confirming the observatioil of Powell and Puddington (2) 
from viscosity determinations. 

Below 165°C. only sodium stearate retains any degree of translucence and 
shows a minor transition a t  this temperature. The soap finally becomes 
abruptly opaque a t  132"C., the accepted transition from the waxy to the 
subwaxy phase. 

Turning to a consideration of the results obtained for the sodium salts of 
the substituted stearic acids, it is found that,  with the exception of sodium 
10-methyl stearate, a very much greater decrease in intensity of light trans- 
mitted through these soaps takes place a t  the melting point. A very large 
decrease does, in fact, occur in the sodium 10-methyl stearate a t  261°C. but 
this temperature is not the final melting point. Optically clear liquid does not 
exist below about 340-350°C. I t  has not been found possible to fix a definite 
temperature; the photoelectric current starts to decrease slowly a t  approxi- 
mately 350°C. Between 350°C. and 261°C. this soap definitely possesses 
considerable rigidity and will not, for example, flow under its o~vll weight. 
The introduction of the methyl group into sodium stearate thus considerably 
strengthens the structure. The introduction of the phenyl group weakens it, 
(sodium phenyl stearate m.p. 250°C.). The methyl group has approximately the 
same dimensions as the cross-sectional area of the hydrocarbon chain and its 
presence might conceivably allow these chains to interlock instead of standing 
end to end, as is considered the case in the unsubstituted stearates. Such 
interlocking would not only increase the interaction between chains but would 
also increase the interaction betxveen polar carboxylic end groups, in successive 
polar planes, since these would be brought closer together. The very much 
larger phenyl group xvould be more likely to affect the lateral chain spacings 
to such a degree that the result may be a reduction of chain interaction and 
probably even of polar interaction if  similar over-all packing is exhibited. 

The  introduction of the carbonyl group in the 9-CO-10-Me stearate lowers 
the melting point to 216°C. and the 12-OH stearate melts a t  226°C. This 
effect caused by the introduction of a second distal polar group in the molecule 
is consistent with the behavior of compounds such as  octadecane dicarbosy- 
lates, although the strength and position of the second polar groups in the 
above compound is insufficient to eliminate the mesomorphic properties. 

I t  is interesting to note that small discontinuities of the same type as that 
shown by sodium stearate are apparent a t  220°C. in the 12-OH stearate and 
the phenyl stearate. Furthermore the 12-OH stearate shows an abrupt de- 
crease in transmitted light a t  192°C. to be compared with that in sodium 
stearate a t  188°C. 

Vold (11) has pointed out that ,  with the exception of lithium soaps, the 
temperature of formation of neat soap is essentially constant, being very 
nearly independent both of the nature of the cation, in the series of palmitates, 
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and of the length of the hydrocarbon chain. This is also seen to be true for the 
stearates. Vold concludes that  the forces of interaction between the chains 
are therefore all importailt and it is especially interesting in this connection 
to coilsider the results obtained here for the substituted stearates. 

In the neat phase of the unsubstituted soaps some type of micellar structure 
would seem to be involved. This micellar structure may still be possible in the 
case of the sodium methyl stearate, accounting for the trailsition a t  261°C., 
but the large phenyl group is lilcely not to allow its formation, by virtue of 
both entropic and polar interactions. Also it is difficult to imagine a stable 
micellar structure in the cases where a secoild distal polar group is present in 
the hydrocarboil chain. The subneat-neat transition is that a t  which the 
soaps become appreciably electrically coilducting and a study of this property, 
i ~ z  progress a t  the moment, seems likely to give useful information regarding 
the structure of soaps in the high temperature phases. The  results of this work 
will be given in a later paper in this series. 

ACKNO\VLEDGMENTS 

\We are indebted to Mr. J .  I<. Waterman for photometer coilstructio~l and 
to Dr. A. M.  Eastham for preparation of the substituted stearic acids. 

REFERENCES 

1. LAWRENCE, A. S. C. Trans. Faraday Soc. 34: 660. 1938. 
2. POWELL, B. D. arid PUDDINGTON, I. E. Can. J .  Chem. 31: 828. 1953. 
3. RALSTON, H. \Y. Fatty acids and their derivatives. John Wiley & Sons, Inc., New York. 

1948. p. 889. 
4. SCHMIDT, G. A. and SHIRLEY, D. A. J .  Am. Chem. Soc. 71: 3804. 1049. 
5. STAINSBY, G., FARKAND, R., and PUDDIKGTON, I. E. Can. J .  Chem. 29: 838.: 1951. 
6. STROSS, F. H. and ADRAMS, S. T. J .  Am. Chem. Soc. 73: 2825. 1951. 
7. VOLD, M. J .  J. .%m. Che~n.  Soc. 63: 160. 1041. 
8. VOLD, R. D. J .  Am. Chem. Soc. 63: 2015. 1941. 
9. \'OLD, R. D., MACOMBER, M., and VOLD, M. J .  J .  Am. Chem. Soc. G3:Il68.:[10-11. 

10. VOLD, R. D. and \'OLD, M. J .  J .  Am. Chem. Soc. G1: 808. 1939. 
11. VOLD, R. D. and VOLD, M. J .  J. Phys. Chem. 49: 32. 1945. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

4/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



T H E  ACTION O F  P Y R I D I N E  ON DULCITOL HEXANITRATE1 

ABSTRACT 

A pyridine solution of dulcitol hexanitrate evolved gas and becamc highly 
colored when warmed to  50°C.; dilution with water caused the precipitation of 
67y0 of the theoretical amount of a dulcitol pentanitratc. The product was 
characterized a s  D,L-galactitol-1,2,4,5,6-pentanitrate by methylation to a mono- 
methyl dulcitol pentanitrate, denitration of the latter, and periodate oxidation 
of the monomethyl dulcitol obtained. The hesitol derivatives were all obtained 
in a pure crystalline form. The signiticnnce of the data now available on the 
selective partial denitration by pyridine of hesitol hexanitrates is briefly 
discussed. 

INTRODUCTION 

In a previous research (5) it was shown tha t  excess pyridine a t  35°C. 
selectively removed the third (or equivalent fourth) nitrate group from 
D-mannit01 hexailitrate t o  give ~-mannitol-1,2,3,5,6-pentanitrate in 73% 
yield. This reaction was first described in 1903 by \Vigner (14) who also 
reported a good yield of a mannitol pentanitrate from the action of alcoholic 
pyridine on mannitol hexanitrate. Wigner also nitrated dulcitol (I)  to  obtain a 
hexanitrate melting a t  "about 95"" (3 ,4 ,  13) and found tha t  alcoholic pyridine 
had almost 110 effect on this product even a t  the boiling point. Warming a 
solution of the dulcitol hexanitrate in pure pyridine, however, caused a 
reaction accompanied by evolution of a gas, and,  on pouring the reaction mix- 
ture into water, Wigner obtained a crystalline product which "sintered a t  71" 
and melted a t  about 75"" after three recrystallizations from aqueous alcohol. 
Analysis iiidicated this product to  be a dulcitol pentanitrate. 

In  the present research Wigner's results were confirmed and the dulcitol 
pentanitrate was characterized as  the racemic D- and L-galactitol-1,2,4,5,G- 
pentanitrate (111) by a series of reactions parallel to  tha t  previously described 
(5) for the characterizatioii of ~-mannitol-1,2,3,5,6-pentanitrate. 

Dulcitol hexanitrate (D- or L-galactitol-1,2,3,4,5,6-hexanitrate) (11) was 
prepared in 92% yield by direct nitration of dulcitol (galactitol) (I) with 
nitric-sulphuric acid mixture, and the pure, crystalline, optically inactive 
compoulld melted a t  98-99°C. and had the correct nitrate nitrogen content. 
Hydrogellolysis of a sample of the hexanitrate produced dulcitol quantitativelj. 
( 5 ,  6). The  hexanitrate dissolved readily in pure pyridine a t  30°C. to  give an  
initially colorless solution which became orange-colored in five minutes. 
No gas evolution xilas observed until the solutioil was warmed t o  50°C., 
whereupon an exothermic reaction commenced, brown fumes were observed 
in the open vessel, and fine, colorless, needle-like crystals appeared on the 
inner ~valls of the  flask above the solution. The  vigorous reaction subsided 
within a few minutes and after 24 hr. the dark-red solutioll was poured into 

lll!fa?rzrscripl received &fay 30, 1955. 
Co?ztribzrtiolr fro177 (he Departnzent of Chenzislry, Utliversity of Britislr Colzri,zbia, Va?zcozrver. 

B.C. T h i s  paper co?~slilztles part of a fhesis sz~bmi/ted by G.  G. McKeow?r i n  partial fzr/jillrize?zt of 
the reqrrirerne?zts of the degree of Master of Scierrce ir1 Cketrristry, Septelizber 1952. 
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water which caused the separation of crystallille dulcitol pentanitrate (111) 
in 63-'72% yield. The pure pentanitrate melted a t  83-86', was optically 
inactive, and did not reduce Fehling's solution (13). Hydrogellolysis again 
gave a nearly quantitative yield of dulcitol thus proving that the pyridine 
caused no structural or configurational changes in the hexitol slteleton. The 
pentanitrate was stable to the further action of pyricline under conditions 
which caused the partial denitration of the hexanitrate. 

CHlOH CHlOKOl CH2ONOz CHzONOr 
I 

H-c-OH H-&-oNo2 
I 

H-J-OXO? OzNO-C-H 
I I I 

HO-C-H H N O ~  OLNO-C-H C-H~~ HO-C-H 
I -+ I - I + 

HO-C-H HzSO, OzNO-C-H 0,KO-C-H 
I 

H-C-ONO? 
I 

H-C-OH 
I I 

H-C-OSOz O?NO-C-H 

I 
CH 30-C-H 

I 
H 2 H-C-OCHZ ----+ + I 6 0 -  2 
Pd-C 

I 
H-C-OH - 

I I 
H-C-OH HO-C-H 

HCHO + 
CHO 

I 
CH3O-C-H 

I 
CHO + 

HCOOH + 
HCHO 

Hz, Pd-C 
I1 or 111 -b I (quantitative) 111 + CjIHjN -h 94% recovery 

Methylation of the pentanitrate gave a 67Yo yield of a new methyl dulcitol 
pentanitrate (IV), m.p. 99-100°C., with correct methoxyl and nitrogen 
analyses and this compound was also stable to p)~ridine a t  room temperature. 
Catalytic hydrogenolysis of the methylated pentanitrate yielded a crystalline 
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mo~lomethyl dulcitol (V) melting a t  149-150'. A sample of (V) was renitrated 
with mixed acids a t  - 10°C. to  give a 75% yield of the original methyl dulcitol 
pentanitrate (IV). 

A literature search revealed no previous report of monomethyl derivatives 
of dulcitol and, apart from an independent synthesis, periodate oxidation 

I appeared to be the most reliable means of locating the position of the methyl 
I 

group. Taking account of the meso configuration of dulcitol our monomethyl 
hexitol was one of three possible compounds: a racemate of (1) D- and L-1-0- 
methyl galactitol, (2) D- ancl L-2-0-methyl galactitol, or (3) D- and L-3-0-methyl 
galactitol. The theoretical behavior of these compounds toward periodate 
oxidation is summarized in Table I .  

TABLE I 
THEORETICAL PRODUCTS OF THE PERIODATE OXIDATlON OF HEXITOL MONO3TETHYL ETHERS 

Oxidation p r o d ~ ~ c t s  (moles) 
Position of Periodate - 

0 C H 3  rrroup const~med (moles) HCHO HCOOH Other 

Case 1 1 or 6" 4 1 3 CHO 
I 

I Case 2 2 or 5* 3 1 2 CH2OH 

H-A-ocH3 
I 

CHO 

Case 3 3 or 4* 3 2 1 YHO 

I 

CHO 

"Pairs  of strzlctziral isonters alt1101lgI~ cncl~ conzpozind Izas a ziniqzle co?~jigzrralion. Of the ~ n ( ~ n ? ~ i t o l  
a l ~ d  iditol deriaatives only o?Le co))2pozl~~d of llie D-configziration attd one of the L-co~tjigzirulion can 
exist ,in each case. For dzllcitol and all~itol derioakhes the pair i x  each case i s  racenzic. 

Oxidation of the monomethyl dulcitol with aqueous sodium periodate a t  
room temperature shoxved a consumption of 4.9 moles of oxidant with the 
productioll of 2.1 moles of formic acid and 2.0 moles of formaldehyde per mole 
of methyl ether. Dulcitol under the same conditions gave the ~learly theoretical 
values of consumption of oxidant (4.95 moles), formic acid (3.68 moles), and 
formaldehyde (1.98 moles). Compariso~l of the results for the monomethyl dulci- 
to1 with Table I showed Case 1 to be ruled out and that either Case 2 or Case 3 
could have given these values if an additional oxidation requiring 2 moles of oxi- 
dant occurred with the co~lcornita~lt formation of an extra mole of formaldehyde 
or of formic acid respectively. The rate of the periodate oxidation was therefore 
studied to determine the possibility of "overoxidation" a t  room temperature. 
The rates of oxidant consumption, and aldehyde and acid production a t  23'C. 
for the mollomethyl dulcitol (Fig. 1, Curves A, B, and C) indicated a rapid 

I 
initial consumption of 3 moles of oxidant producing 2 moles of formaldehyde 
and approximately 1 mole of formic acid. The results a t  this stage conformed to 

I Case 3. An hour later the aldehyde value was the same but the amount of 
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McKEOWN A N D  HAYWARD: ACTION OF PYRIDINE 1395 

formic acid had increased t o  2 moles and tha t  of oxidant consumed to  5. 
A rate reaction run a t  O°C. (Fig. 1, Curve D) in order to  slow or halt the 
overoxidation clearly showed the rapid initial formatioil of 1 mole of formic I 

I 

acid followed by a slower secondary oxidatioil in which further quantities of 

FIG. 1. Periodate oxidation of 3-0-methyl-D,L-galactitol. 
A :  Periodate consumption a t  23OC. 
B: Formaldehyde production a t  23'C. 
C: Formic acid production a t  23OC. 
D: Formic acid production a t  O°C. 

acid were produced to  the final total of 2.0 moles of acid a t  11 hr. These da ta  
indicated Case 3 t o  be involved and that  the dialdehyde formed (Table I) 
in the first stages of the oxidation was oxidized further t o  produce a mole of 
formic or other acid. A similar reaction of the dialdehyde of malonic acid 

CHO CHO HCOOH 
1 101- I 'Or ZOOCH; 

CH30-C-H -b CH30-C-OH -b 
I I I 

(VII) was reported by Huebner, Ames, and Bubl (7) in which 3 moles of 
formic acid was produced with oxidant consumption of 3 moles. The methyl 

CHO CHO HCOOH 
I 10.4- I 1 0 -  + 1 0 -  

H-C-H -p H-C-OH CHO Ib 3 HCOOH 

A H 0  A H 0  c H o  I 
VII 

ester of glyoxylic acid (VI) presumably formed in Case 3 could be expected 
t o  be comparatively stable to  further oxidation. The unique correlation of the 
periodate oxidation data was for the monomethyl dulcitol to  be the racemate, 
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3-0-methyl-D- and L-galactitol (V), and hence the structures and configura- 
tions of the compouncls (111) and (IV) ~vhich preceded it were also established. 

The reactions of mannitol and dulcitol hexanitrates with pyridine were 
analogous and co~isistecl in the replacement of a nitric acid ester group by 
hydrogen a t  the 3 (or equivalent 4) position in about 70% of the hexanitrate 
molecules. No inversion of configuration occurred a t  the asymmetric center 
attached to  the nitrate group and it may therefore be assumed that the 
0-N bond was cleaved through some type of nucleophilic attacli of pyridine 
on the nitrate nitrogen (1, 2). 

The selectivity of the reaction for one particular nitrate group among six 
in each molecule is intriguing. T o  test the hypothesis that this group must 
occupy a unique spatial environment we plan to  treat the nitrates of other 
polyols with pyridine. Urbanslti and ICwiatko~irska (12) reported partial 
denitration of sorbitol hexanitrate when it was heated with alcoholic pyridine; 
however, the viscous product was not characterized. 

EXPERIRIIENTAL 
Materials and Methods 

Since dulcitol hexanitrate and its partially nitrated derivatives are explosives 
(11), the scale of the preparations was restricted to 5 gm. or less and all evapora- 
tions were under reduced pressure with bath temperatures not exceeding 50°C. 

Pure dulcitol (galactitol (I)) (m.p. 187-188", optically inactive) (8) when 
nitrated with fuming nitric and concentrated sulphuric acids a t  -1O0C., as 
described by Bechamp (3) and Patterson and Todd (9), gave a 92y0 yield of 
the crystalline dulcitol hexanitrate (11). After recrystallization from aqueous 
ethanol the colorless, needle-like crystals of hexanitrate were optically inactive 
and melted a t  98-99°C. (corr.). The melting point was not altered by further 
recrystallizations. Previous worlcers (3, 13, 14) reported a melting point of 
95°C. Found: lu' (nitrometer), 18.4, 18.8%. Calc. for C ~ H E ( N O ~ ) ~ :  N, 18.6%. 
Hydrogenolysis of 0.683 gm. of the hexanitrate over palladized charcoal a t  
20-30 p.s.i. and room temperature as previously described (5, 6) yielded 
0.289 gm. of crude product. Recrystallization from aqueous ethanol gave 
thick, colorless crystals melting a t  185-187°C. A mixed melting point with 
authentic dulcitol showed no depression. 

The analytical procedures for nitrate nitrogen, methoxyl, and periodate 
oxidation products were previously described (5, 6, 10). 

Action of Pyridine on  Dubcitol Hexanilrate 
A 500 ml. Erlenml~er flask containing 3.11 gm. of pure dry dulcitol hexa- 

nitrate was immersed in a water-bath a t  30°C. The hexanitrate dissolved 
immediately on addition of 25 ml. of pyridine (B.D.H. analytical reagent 
grade) to form a clear, colorless solution which became orange-colored within 
five minutes. No further change was observed until the water-bath was heated 
to 50°C. when the solution rapidly evolved small bubbles of gas and fine, 
colorless crystal-needles appeared on the neck of the flask. After the first 
vigorous reaction had subsided, the now dark-red solution was allowed t o  
stand a t  room temperature for 24 hr. and was then poured with stirring into 
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300 ml. of water. The colorless sirup which separated crystallized readily and 
was recovered on a glass filter, washed thoroughly with water, and dried to 
constant weight in vacuo; yield 1.51 gm. (657o). Yields obtained in similar 
clenitrations were 63, 65, 69, and 72Y0. Recrystallization of the product from 
aqueous ethanol, ether - petroleum ether, or carbon tetrachloride yielded 
colorless needles of pure dulcitol pentailitrate (~,L-galactitol-1,2,4,~,6-penta- 
nitrate) (111); m.p. 55-8G°C., optically inactive, soluble in alcohol, ether, 
benzene, and chloroform, insoluble in water and petroleum ether. The penta- 
nitrate did not reduce Fehling's solution (13, 14). Found: N (nitrometer), 
16.9, 17.0%. Calc. for CsHs(0H) (NO3)s: N ,  17.2%. 

A sample of the dulcitol pentanitrate (0.63 gm.) when treated with pyridine 
(4.0 ml.) under the conditions which caused denitration of the hexanitrate 
produced no gas, although the solutioil became dark-red in color. Unchanged 
pentanitrate, 0.59 gm. (%yo), was recovered when the solution was worked up 
as described above. A 0.240 gm. sample of dulcitol pentanitrate yielded 0.110 
gm. (100%) of crude dulcitol when hydrogenolyzed as described for the hexa- 
nitrate. The pure product melted a t  185-188OC. and caused no depression in 
the melting point of pure dulcitol. 

Methyl Dulcitol Pentanitrate (3-0-il/letlzyl-D,L-galactitol-l ,2,4,5,G-pentanitrate) 
( I  V )  
Dulcitol pentanitrate, 0.730 gm., was dissolvecl in 11 ml. of methyl iodide 

and 4 ml. of methanol and treated with 5 gm. of Drierite and 5 gm. of freshly- 
prepared silver oxide. After being refluxed for nine hours the m i x t ~ ~ r e  was 
filterecl alld the solids washed with dry acetone. Evaporatioix of the filtrate 
and washings and recrystallization of the colorless solid residue from aqueous 
ethanol yielded 0.508 gm. (67%) of monomethyl dulcitol pentanitrate (3-0- 
methyl-D,L-galactitol-1,2,4,5,6-pentantrate) (IV); m.p. 99-100°C., soluble 
in alcohol, ether, acetone, and dioxane, insoluble in water. Found: X, 16.6, 
16.5%; 0CH3,  7.34, 7.37%. Calc. for C6H,(OCH3)(NO3),: N,  16.6%; 0 C H 3 ,  
7.37%. A sample of the methylated dulcitol pentanitrate was recovered 
unchanged in 89% yield from a pyridilxe solution after two days a t  room 
temperature. 

A4onornethyl Dulcitol (3-0-iwethyl-D,L-galactitol) ( 17) 
Monomethyl dulcitol pentanitrate, 1.42 gm., dissolved in 30 ml. dioxane 

diluted with 45 ml. ethanol and 5 ml. of water was hydrogenated a t  room 
temperature over 1 gm. of palladized charcoal a t  45 p.s.i. After one hour the 
pressure became constant and the solution was free of nitrate by the diphenyl- 
amine test. The catalyst was filtered off, and evaporation of the solution left 
a colorless crystalline product. Recrystallization from boiling absolute alcohol 
gave 0.552 gm. (83y0) of thick, colorless crystals; m.p. 149-150°C. Recrystalli- 
zation from isoamyl alcohol or from water yielded the same product. Found: 
0 C H 3 ,  16.1, 16.0%. Calc. for C ~ H B ( O C H ~ ) ( O H ) ~ :  0 C H 3 ,  15.8%. The mono- 
methyl dulcitol did not react with Fehling's solution or bromine water. 

Nitration of a sample of the monomethyl dulcitol with sulphuric-nitric 
acid mixture gave a 75% yield of the original 3-O-methyl-~,L-~alactitol- 
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1,2,4,5,6-pentanitrate, identified by a mixed melting point and methoxyl 

analysis. Fouild: OCH,, 7.39, 7.20y0. 
I 
I Periodate Oxidation of -Vfonomethyl Dulcitol (3-0-Methyl-~,~-gahct i tol )  ( V )  

Forty to  fifty milligram samples of the monomethyl dulcitol were oxidized with 
aqueous sodium periodate solution by procedures previously described (6) which 
revealed the amouilt of perioclate coilsumed and the amouilts of formic acid 
and formaldehyde formed. At  room temperature the amounts of formic acid 
obtained per mole of methyl dulcitol were 1.20, 1.30, 1.38, 1.51, 1.91, 2.06, 
and 2.11 moles after 1.5, 3, 5, 10, 38, 130, and 900 min. respectively. At 960 
min. 4.93 moles of periodate had been consumed and a t  1020 min. the formal- 
dehyde production was found to  be 1.98 moles. In two other runs under the 
same conditions the consumptioil of 2.76, 2.83, 3.86, 4.43, and 4.77 moles of 
periodate at 2, 5, 20, 40, and 55 min. was observed while the molar production 
of formaldehyde amounted to  1.61, 1.81, 2.02, 1.92, and 1.98 after 1, 2, 5, 30, 
and "1020 min. Oxidation of pure dulcitol under the same conditioils formed 
3.53, 3.63, and 3.68 moles of formic acid after 5, 15, and 25 hr. At  25 hr. 
the periodate consumption was found to  be 4.95 moles and formaldehyde 
production 1.98 moles. 

An oxidatioil of methyl dulcitol coilducted in an ice bath revealed formic 
acid production as 0.91, 1.04, 1.12, 1.20, 1.27, 1.40, 1.70, 2.06, and 2.11 moles 

I after 2, 5, 10, 20, 45, 90, 300, 660, and 1440 min. 
I 

The da ta  for the oxidation of the moilomethyl dulcitol are plotted in Fig. 1 ;  
theoretical values for the different structural isomers are listed in Table I. 

I 
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COEXISTENCE PHENOMENA IN THE CRITICAL REGION 
111. COMPRESSIBILITY OF ETHYLENE AND XENON FROM 

LIGHT SCATTERING1 

BY F. E. MURRAY~ AND S. G. MASON 

ABSTRACT 

Turbidity measurements in the region immediately above the critical tem- 
perature are used t o  calculate values of ( a p l a u ) ~ .  These results show that  
( a p l a v ) ~  is a continuously variable function of the density to  within 0.02"C. 
above the critical temperature. The experiments indicate that  there esists no 
region above T, throughout which (ap/av)T = 0 in ethylene or xenon. 

INTRODUCTION 

I11 1938 Mayer and Harrison (9 ,  10) concluded from a statistical treatment 
of a real gas that  the phase transition a t  the critical point did not occur in 
the manner proposed by Andrews (1,  2) .  Their prediction of a "derby hat" 
region between two characteristic temperatures has stimulated a great deal 
of experimental work. 

Maass (6)  has summarized the evidence for the existence of anomalous 
behavior. Zimm (19), from a series of light-scattering measurements, con- 
cluded that  the region predicted by McMillan and Mayer (8)  did not exist in the 
case of a binary liquid system. From a theoretical viewpoint, Z i m ~ n  (20) has 
discussed the probability of a single critical temperature. Weinberger and 
Schneider (16, 17) and Habgood and Schneider (4) found no evidence of a 
"derby hat" region in xenon. Other results observed in unstirred systems are of 
questionable value in settling this question, as  it is doubtful if equilibrium 
can be attained without mechanical mixing. The  experimental work described 
here was undertaken t o  obtain information regarding the validity of con- 
clusions by Mayer and Harrison. 

T o  account for the turbidity in the critical region of a pure gas, Smolu- 
chowski (15) and Einstein (3)  derived an  equation from the theory of density 
fluctuations which may be written 

Here I0 is the intensity of the radiation scattered a t  angle 0 from the incident 
beam, Io' is the incident intensity, and X the wavelength of the incident 
light beam. A is a constant for a particular gas and a fixed distance of observa- 
tion, T is the absolute temperature, p is the density, and p and u are the pressure 
and specific volume of the fluid. 

When the angular dependence of I0 is given by the factor (l+cos?0), the 
turbidity T is related t o  the transversely scattered light by  the equation 

[21 T = b Isoo/Io', 
lil[anziscript received Alay 9, 1955. 
Cofztribulion from the Chenzistry Department, ilifcGil1 Ufciversity, Alontreal, Quebec. 

"older of a Fellowship from the iVationa1 Reseclrch CounciL of Ca?zada. Presefzt address: 
Chenzistry Department, University of Manitoba, Wilzfzipeg, lllafzitoba. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

4/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
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where b is a constant. Equations [I.] and [2] may be combined t o  yield: 

Equation [3] predicts tha t  Ie becomes infinite when (ap/av), = 0,  i.e. a t  
the  classical critical point. This result is obtained because the derivation 
predicts infinite density fluctuations a t  the  critical point. Physically, it is of 
course impossible for Ie t o  be infinite. In a modified treatment of the  problem 
by Ornstein and Zerniclie (12, 13), the density fluctuations a t  the critical 
point are infinite, but Is is kept finite owing t o  optical interference between 
wavelets scattered from different volume elements in the fluid. 

In a more detailed analysis, which neglects optical' interference, Rocard 
(14) derived the equation 

where c is a constant for any particular gas and light source. 
In the development of Eq. [4], both the density fluctuations and the value 

of 10 are kept finite when (ap/au), becomes zero. Klein and Tisza (5) have 
shown tha t  both Eq.  [3] and Eq. [4] as  well as  t ha t  of Ornstein and Zerniclie 
follow from their work. 

A t  constant A and over a small temperature range, Eq. [4] may be rearranged 
to  the form 

where K is virtually constant. 
From Eq. [5] i t  follows tha t  

If Ii  and c are known, (ap/au), may be calculated using Eq. [6]. In any 
case, (ap/av), is a linear function of ~ ~ 7 - l  over the temperature range in 
which K may be coilsidered constant. Equation [(j] indicates tha t  if (ap/av), 
becomes zero, p37-l = KC, i.e. p37-l should be constant within the "derby 
hat" region predicted by Mayer and Harrison (9, 10). 

In  this investigation, the turbidity T was calculated from measurements of 
transmitted light using the relation (for 1 cm. light path in the fluid) 

where I' is the  intensity of the  transmitted beam. 
A polychromatic light source was used t o  give high intensity illumination 

which could be measured with a 929 photocell. Since the total intensity of 
such a beam may be written as the sum of intensities a t  various wavelengths 
in the incident light, then the total intensity is 
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MURRAY AND MASOS: COEXISTESCE PHENOMENA. III 1401 

where the sum is talcen over all wavelengths in the spectrum of the incident 
beam. Io'(A) is the incident intensity over a small wavelength interval. For 
the scattered intensity in a single wavelength interval, Rocard's equation 
predicts that  

For the total intensity scattered from the polychromatic beam a t  angle 6, 

When both sides of [7] are divided by  CIo'(A), the intensity of transversely 
scattered light becomes 

I"" " ' p 3  C I~Y.?)[ - =  
10 XIo 0 )  - (ap/av),+c I 

Combining equations [2] and [8] yields 

For any stable light source, where the distribution of Io'(A) remains constant 
throughout the spectrum of the beam, CI0'(A)/A4 is constant and equation 
[9] may be written 

[ lo]  = D T P ~ / ( -  (ap/av),+c) 

or in a form similar t o  Eq. [ G I ,  

Equation [ll] is the form applicable t o  the following experimental results. 
T, is defined as the highest temperature (OC.) a t  which visible droplets 

form on slow cooling of the fluid; AT = (T-T,) and may be positive or 
negative. The mean density p equals total mass of gas divided by volume of 
bomb. 

EXPERIMENTAL 
A pparatz~s 

Except for modifications made t o  obtain trailsmission measurements, the 
apparatus was the same as that  previously described (11). These modifications 
included the addition of a 929 photocell t o  the optical measuring assembly of 
Fig. 2 in Reference (11) t o  measure the intensity of the transmitted light. 
Except for a small round opening (about t in. diameter) upon which the 
incident beam was aligned, the glass envelope of the photocell was painted 
black. The entire optical assembly could be moved t o  any desired level along 
the glass bomb. 

The fluid sample was contained in a long (about 35 cm.) glass bomb (11). 
The bomb used in these experiments was sealed off a t  a point approximately 
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FIG. 1. Variation of T - I  with AT = T - T ,  a t  the density of maximum turbidity of xenon. 
The circles are measured values and the triangles values calculated from (ifp/do),i, values of 
Habgood and Schneider (4) using the Rocard equation. 

AT ('C.) 

FIG. 2. Variation of T - I  with AT a t  the  density of maximum turbidity in ethylene. 
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MURRAY A N D  MASON: COEXISTESCE PHESOMEK.4. 111 1403 

10 cm. from the extreme top. This sealed-off portion was filled with methanol 
and was used a t  one fixed point to  check and maintain a constant i~lcident 
light intensity. The light source and 929 photocell combination had extremely 
good stability. 

Procedures 
The ethylene sample was Phillips research grade and contained 99.9 mole 

per cent ethylene before fractionation in the glass filling apparatus. The  xenon 
was obtained from Linde Air Products and showed only the xenon spectrum 
when analyzed in a mass spectrometer. The xenon and ethylene samples were 
purified and distilled into the glass bomb in the manner previously described 
(11). 

All transmission measurements were obtained immediately after vigorous 
stirring of the fluid and a t  one level near the center of the bomb. In this way, 

FIG. 3. Variation of transmittance with density along isothermals above T ,  (upper curves) 
and liquid-vapor coexistence curve (lower curve) of xenon. 
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no appreciable time was allowed for establishment of a vertical density 
gradient and the density a t  the point of observation was virtually equal to  the 
mean density. Under these conditions, the mean density p was used in the 
calculatioils from equation [ l l ] .  

Poiilts on the coexisteilce curves (lower parts of Figs. 3 and 5 )  were obtained 
by observing the first formation of visible droplets when the quiescent system 
was slowly cooled from above T ,  as previously described (1 1, 18). The observed 
temperatures a t  any value of the average density were reproducible within 
f0.002"C. on a Beckmann thermometer. 

RESULTS 

Variation of Turbidity with Temperature 

Xenon 
Fig. 1 shows the variation of T-I with A T  in xenon. All measurements were 

talcen a t  the density of maximum turbidity ( p  = 1.100 gm./cc.) and after the 
fluid had been efficiently stirred. 

Using the equation 

values of T-I were calculated from the ( d ~ / d ~ ) , ~ ,  data of Habgood and 
Schneider (4). K' and c in Eq. [12] were chosen to  give best correspondence 
between these calculated values and those obtained from our transmission 
measurements. 

FIG. 4. Variation of - ( d p l d v ) ~  with density in xenon on isotherms immediately above T,. 
Temperatures shown are values of A T .  
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P g13/cm3 
FIG. 5 .  Variation of transmittance with density along isother~nals above T ,  (~lpper  curves) 

and liquid-vapor coexistence curve (lo\ver curve) of ethylene. 

Having, in this manner, established the values of K' and c for xenon, 
Eq. [12] was used to  obtain (a f i /dv ) .  from trailsmissioil measurements a t  other 
densities. 

Ethylene 
Fig. 2 shows values of 7-I as a function of A T  in ethylene. The curve ob- 

tained is almost identical with that obtained for xenon. The available PVT 
data on ethylene (7) are not sufficiently accurate for comparison of calculated 
and experimental values of 7-I; coilsequently K' and c cannot be evaluated in 
this case. 

Transmittance Isothermals 

Figs. 3 and 5 show variation of transmittance with density i11 the systems 
xeilon and ethylene and, in the lower portions, coexisteilce curves for these two 
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systems. The value of T ,  observed for ethylene was 9.26% 0.02"C. and that  for 
xenon 16.63% 0.02"C. The flat apexes on the coexistence curves have been 
attributed to  gravity gradients by Weinberger and Schneider (17) and i\iIason 
et al. (11, 18). 

The transmittance data  are well fitted by continuous curves which shoirr no 
indication of a discontinuity in r. 

Calculated (aplav), Isotherms 

Fig. 4 shows values of (aplav) calculated from Eq. [12] a t  various densities 
in xenon. 

Since K' and c of Eq. [ I l l  could not be obtained for ethylene, r-lp3 is shown 
as a function of density in Fig. 6. 

FIG. 6. Variation of p3r- I  with density in ethylene on isotherms immediately above T,. 
Te~nperatures shown are values of AT.  

CONCLUSIONS 

The results of these experiments indicate that  (aplav), is a continuous 
function of the density and not equal to zero within 0.02"C. above T ,  in 
ethylene and to within 0.03"C. above T ,  in xenon. 

Our results for xelloil confirm the conclusion of Habgood and Schneider 
(4) based on PVT measurements. They are in disagreement with the conclu- 
sions of McIntosh, Dacey, and Maass (7) which were based on rather insensitive 
PVT da ta  obtained for ethylene. 

I t  appears tha t  the "derby hat" region predicted by Mayer and Harrison 
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( 9 ,  10)  does not exist for the two systems studied. Other experiments, which 
are discussed in the following paper, indicate, however, that  co~lsiderable 
molecular clustering may occur above T,. This extensive inolecular clusterillg 
is predicted by Mayer and Harrison ( 9 ,  1 0 )  a t  low values of ( d p / d v ) ,  and 
follo~irs more rigorously from their theory than does the "derby hat" re,' "1011. 
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COEXISTENCE PHENOMENA IN THE CRITICAL REGION 
IV. TIME-DEPENDENT BEHAVIOR IN VERTICAL DISTRIBUTION OF THE 

CRITICAL OPALESCENCE IN ETHYLENE AND XENONf 

A B S T R A C T  

T h e  variation with height o f  t he  transmittance in the  critical region 
at various heights in long columns o f  xenon and ethylene continued t o  change 
for several hours after stirring. Thischange with t ime is attributed t o  gravitation- 
al settling o f  large lnolec~~lar clusters. Other experiments also indicate that  a 
region in which extensive molecular clustering occurs is necessary for an adequate 
description o f  phase transitions in the  critical region. 

INTRODUCTION 

In  a previous paper (4), it was shown that vertical gradients in the intensity 
of scattered light occurred in the system ethane in the region of the critical 
temperature. These gradients in turbidity were destroyed by stirring and 
re-formed only after a considerable time lag. In the experiments to be de- 
scribed, these time lags were the subject of extensive study in the systems 
xenon and ethylene. 

Mayer and Harrison (2, 3) considered a gas to be made up of a mixture oE 
single molecules and molecular clusters formed by molecular attraction. 
The rate of change of pressure with volume for any gas is given, according 
to their work, by the relation 

In this equation, I is the number of molecules in any cluster and the summation 
is talcen over all values of I; bl is the cluster integral for clusters of I molecules 
each; V  is the average volume per molecule; and Z is defined by the relation 

When I in Eq. [I] is small, ( d ~ / d V ) ~  remains large, but when the large mole- 
cular clusters begin to form, I becomes large and ( d p / d  V ) ,  becomes small as 
in the region of the critical point. 

According to fluctuation theory, density deviations in small volume cells 
of a fluid give rise to critical opalescence. A large positive deviation in density 
results if the number of molecules in a volume cell is much greater than the 
average number in that volume. Such a deviation must bring the molecules 
close enough together to render important the i~ltermolecular forces between 
them. In this way, a large positive deviation in density corresponds, from a 
physical viewpoint, to a mathematical cluster of the theory of Mayer and 
Harrison. 

fManuscript received M a y  8 ,  1855. 
Contribution front the Chemistry Department, McGill U~ziversity, illontrenl, Quebec. 

*Holder o f  u Fellowshib front tlze National Researclt Coz~ncil o f  Canada. Present address: 
Chemistry ~ e p a r t m e n t ,  ~ L i i e r s i t ~  of illanitoba, Winnipeg,  fifam'toba. 
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MUIIRAY ;1ND MASON: COESISTENCF PIIEKOhlEXA. IV 1409 

Since there is no essential conflict between fluctuation and cluster theory 
one can obtain a11 expression for the turbidity in a "cluster" gas using an: 
equation derived by fluctuation treatment. For the turbidity T of a gas, in 
terms of (ap/a Tf) ., Rocard (6) derived ail equation which we have (5) expressed 
in the form 

where B and c are constailts for given fluid and optical arrangements, T is the 
absolute temperature, and p and v are respectively the density and specific 
volume of the gas. Combining Eqs. [:I.] ancl [2] for a cluster gas yields 

Eq. [3] indicates that the high turbidity in the region above T ,  is caused by 
the formation of ilumerous large molecular clusters. 

The following symbols are used to denote experimental quantities: 
T,  = the highest temperature a t  which visible aggregates form when the 

fluid is cooled slowly, 
AT = (T-T,) ,  

I1/Iol = the optical transmittance of the fluid, 
(t-to) = time elapsed since cessation of stirring, 

p = mean density, i.e. total mass/total volume, 
pm = mean density a t  which maximum turbidity was observed, 
x = distance measured downward from the top of the fluid column. 

ESPERI MENTAL 

The apparatus and procedures were identical to those described in previous 
papers (4, 5 ) .  The xenon and ethylene systems were the same as those already 
described (5). 

RESULTS 

Transmittance Gradients in Xenon 
Figs, 1, 2, and 3 show typical vertical gradients of tra~lsmittance in xenon. 

Results in Fig. 1 were observed a t  an average density less than F , ~ .  Results in 
Fig. 2 were obtained a t  average densities very near to y,?, such that the trans- 
mittance was a minimum near the center of the fluid column. Fig. 3 shows 
gradients in transmittance a t  a density greater than p,. 

T o  obtain these results, the fluid was well stirred and after cessation of 
stirring, measurements were recorded when the transmittance a t  various 
levels in the bomb remained virtually coilstant with time. Similar results 
were obtained with ethylene. 

Time Lags after Stirring 
When the fluid was stirred, the transmittance gradients such as shown in 

Figs. 1, 2, and 3 were destroyed. These gradients re-formed gradually during a 
period of a t  least one hour. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1-413 CAS.4DIAN JOURXAL OF CHEMISTRY. VOL. 33 

I I I 

X crn. X cm.  

FIG. 1. Change in transmittance with distance (x) from top of vertical tube of xenon a t  
various val~les of A T  and a t  a mean density of 1.055gm./cc., i.e. a t  D < En, P,,, = 1.110 gm./cc. 

FIG. 2. Transmittance-height curves in xenon a t  P = D ,  = 1.110 gm./cc. 

X c m .  

FIG. 3. Transmittance-height curves in xenon a t  = 1.188 grn./cc., i.e. 3 > D,,,. 

Fig. 4 shows the change of transmittance with time after stirring in xenon. 
These diagrams typify results obtained from numerous observations. Similar 
behavior was observed in ethylene but the times to equilibrium were greater. 

The upper diagram in Fig. 4 shows change of transmittance with time a t  a 
number of levels in the bomb, a t  A T  = 0.048OC. and an average density less 
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than p,,,. The lower part of Fig. 4 shows results obtained a t  density greater 
than p,,. These results illustrate the slow readjustment of the turbidity xvhich 
appears visually to be due to a gravitational settling process. 

Time Lags after a Tzrrbidity Perturbation 
When stirring in a fluid above T ,  is stopped, rearrangement of material 

within the bomb takes place to establish the density gradients due to gravita- 
tional compression, which have been shown to exist (I ,  4, 7, 8). The possibility 
of an extensive time lag in turbidity, not associated with redistribution of 
material, was investigated. 

- n 

0 - - - - O  3.5 cm. 

FIG. 4. Change in transmittance with time after cessation of stirring in xenon a t  p = 1.055 
gm./cc., i.e. p < Dm (upper diagram) and a t  j5 = 1.188 gm./cc., i.e. j5 > P,,, (lower diagram). 
Measureme~~ts  made a t  various vertical heights indicated. 

Xenon was allowed to attain vertical equilibrium, after stirring a t  p = 1.100 
gm./cc. and AT = 0.048OC. The system was 'then rapidly compressed by 
means of the injector (4, 8) by a volume change of about 0.1%. This rapid 
compression caused a sharp increase in transmittance as shown in the lower 
part of Fig. 5. The transmittance was allowed to return to its precompression 
value and the system was rapidly expanded back to its original volume. 
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The rapid expansion caused a sharp decrease in transmittance. During the 
compressio~l and expansion, the transmission was recorded continuously 
(at x = 15.5 cm.) on a Brush recording oscillograph. 

Fig. 5 (lower part) shows a typical result of one of these experiments. 
The total pert~~rbat ion by compression and expansion required slightly less 
than 1.5 min. In less than two minutes after the fluid was returned to its 
original volume, the turbidity had returned to its precompression value. 

The upper portion of Fig. 5 shows the gradients observed a t  8 = 0 min. 
(before the volume perturbation) and a t  e = 10 min. (after the volume 

0 8 = o min. 
0.6 - 

0 8 =lo min. 

- 0 
0.5 - 

H 

L' 
0.4 - 

I I I I 
0 10 20 

X cm. 

I I I I 
5 6 7 8 

8 min. 

FIG. 5. The transmittance gradient in xenon immediately before (open circles) and after 
(solid circles) a rapid compression and expansion of xenon is shown in the upper curve. The 
lower curve shows the change in transmittance with time a t  .l; = 15.5 cm., p = p,,, = 1.100 
gm./cc., and A T  = 0.048°C. 

perturbation). The total disturbance had no effect on the vertical transmit- 
tance gradient as shown by the coincidence of the open and closed circles. 

From these results, it appears that the transmitta~lce undergoes no protracted 
time lags when the vertical distribution of turbidity is not changing. Accord- 
ingly, the time lags after stirring must be associated with the slow redistribu- 
tion of material in the gravitational field. 

Miscellaneous Efects of Stirring 
When a two phase system a t  p = p,, is heated through T ,  without stirring, 

the me~liscus separating the two phases gradually becomes flat, but a visible 
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boundary persists over a positive interval of A T .  A number of experiments 
were performed to  show the result of stirring xenoil after lleatiilg from below 
T ,  without stirring. These experiments illustrate the iilcreasiilg stability of a 
dispersioil of the two phases as one approaches T ,  from belolv. Above T,, 
the two apparent phases are completely dispersible, by stirring, to a stable 
turbid fluid. 

In the first of these experiments, xenoil was heated, without stirring, from 

- 3 0  -10 0 I0 SO 100 

FIG. 6 t - to min. 

- 120 -6 0 0 6 0 120 180 

FIG.7 t - to min. 

FIG. 6 .  Change in transmission readings before and after stirring xenon a t  jj = jjn, = 1.100 
gm./cc. and A T  = 0.027"C. 

FIG. 7. Change of transmittance before and after stirring xenon a t j j  = p,  and A T  = 0.04SoC. 
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AT = -2°C. and thermostatted a t  AT = -0.670°C. No measurable change 
of transmission with time occurred a t  AT = -0.670°C. and stirring was 
begun. Stirring caused complete mutual dispersioil of the liquid and gas in 
the bomb. \Yhen stirring u7as stopped, the dispersioil broke rapidly and the 
meniscus re-formed. There u7as no difference between trailsmissioil values 
observed before and after stirring. 

As T ,  was approached, the behavior of the dispersed system gradually 
changed. Fig. 6 shows the effect of stirring xenon, after heating without 
stirring from AT = -2°C. to AT = -0.027"C. Transmission readings, taken 
near the meniscus and near the top of the bomb, are shown as a function of 
(t-to). When stirring was stopped, visible liquid droplets settled rapidly out 
of the gas phase to form a meniscus. This visible sedimentation was in progress 
during the observations a t  (t -to) = 1 and 4 min. At values of (t -to) greater 
than five minutes, no discrete aggregates xirere visible above or below the 
meniscus and the opalescence which remained appeared visually to be identical 
in nature to that observed above T,. At (t-to) = 121 min. a vertical gr a d'  lent 
in transmission persisted throughout the fluid column. 

In the experiment illustrated by Fig. 7, the xenon was heated from AT = 

-2°C. through T,, to AT = 0.048"C. The fluid was thermostatted a t  this 
point. Before stirring, a clearly defined boundary persisted a t  the level 
x = 20 cm. During this time, the turbidity throughout the fluid column 
increased enormously. When stirring was stopped, the turbidity changed 
slowly throughout the bomb to reach ail equilibrium distribution after about 
90 min. The observed behavior resembled that which is seen when two liquid 
layers are dispersed by stirring to form a stable emulsion. 

COKCLUSIONS 

The experimental results discussed in this paper call be accounted for in 
terms of extensive molecular clustering in the region of T ,  as was predicted by 
Mayer and Harrison (2, 3).  The failure to observe any region within which 
(ap/a V ) ,  remains zero ( 5 )  is not a serious contradiction of the more general 
cluster theory, but indicates that h4ayer and Harrison (2, 3) may have made 
an erroneous assumption. This possibility is pointed out by Zimm (9) who 
contends that  only one characteristic temperature is required to describe the 
phase change. In general, cluster theory, with the singular point modification 
of Zimm (9), seems best to describe the critical region. 
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TEMPERATURE COEFFICIENTS I N  HYDROCARBON OXIDATION1 

ABSTRACT 

The osidation of gaseous butane has been investigated in the range 260°C. t o  
540°C. with reaction vessels differing greatly in surface t o  volume ratio. In- 
creased surface area retards the reaction. The rate-temperature relation shows a 
maximum and a minimum. At low temperatures the rate is very sensitive to  
temperature, the apparent activation energy being greater than 100 Iccal. The 
abnormal temperature coefficients are shown t o  arise in part from the differing 
response to  tenlperature of the branching reactions and the initiation reactions, 
and in part from the occurrence of competing reactions. 

The unusual effect of temperature on the rates of oxidation reactions has 
been pointed out by many investigators. Bodenstein (7) found that the oxida- 
tion of gaseous nitric oxide is slightly retarded by increased temperature. A 
similar but more pronounced effect, over a limited temperature range, was 
discovered by Pease in the oxidation of propane (18). Here the rate of reaction 
was found to pass through a maximum a t  330°C. and then to decline, passing 
through a minimum a t  380°C. The results of Pease were confirmed by Newitt 
and Thornes (16) and by NIulcahy (14). Anomalous temperature coefficients 
in oxidation reactions have been reported by others, for example by Beatty 
and Edgar with heptane ( G ) ,  by Chamberlain and Walsh with diisopropyl 
ether (8), and by Bardwell and Hinshelwood with butanone (3, 4). The inter- 
vention of cool flames in hydrocarbon oxidation a t  certain temperatures and 
their disappearance a t  higher temperatures are related phenomena (3, 18). 

When experiments are done a t  temperatures well below that a t  which a 
maximum occurs in the rate-temperature relation, it is frequently found that 
temperature now has an unusually large effect. The length of the i~lduction 
period is particularly sensitive to changes of temperature. Aivazov and Neu- 
mann (1) reported that with pentane the apparent activation energy is in 
excess of 100 lical. Abnormally high temperature coefficients have also been 
reported by Prettre (19) and by Mulcahy (14) with other hydrocarbons. 

The oxidation of gaseous butane exhibits temperature effects similar to  
those cited for other fuels. In this paper these relations will be analyzed from 
the vie\vpoint of the theory of branching chains. 

EXPERIRiIENTAL 

Apparatus 
The reaction vessel was supported vertically in a furnace and was connected 

to a manometer and an appropriate vacuum system. Close control of tempera- 
ture was achieved by use of a "Merc-to-merc" thermoregulator and a Sunvic 
relay. The reactant gases were admitted separately to  the vessel and the course 
of combustioll was followed by pressure measurements. 

Two reaction vessels were used, one with a low surface to volume ratio, the 

l~lIa?zzlscript received M a y  17,  1955. 
Contriblilio?z from tlrc Departnzc?zt of Clze,izistry, U?ziv~rxily of Saska(ckercmn, Snskatoon, 

Saskatcl~eua7z. Tlzis work was supported by a gru?zl fro?iz the i\Tulional Research Cozincil of Carlada 
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other with a high ratio. Both vessels were made of clear silica and were cylin- 
drical in shape, G cm. in external diameter and 9 cm. in length. The  first vessel 
was empty; the second was packed with 25 silica tubes each of 0.G cin. inside 
diameter. The  surface to volume ratio of the packed vessel was therefore more 
than 10 times that  of the empty vessel. 

RESULTS 

AnalTysis of Pressure-Time Curves 

The  autocatalytic character of the reaction between oxygen and gaseous 
hydrocarbons necessitates the use of some arbitrary criterion of reaction rate. 
Two such criteria have found extensive use in previous kinetic investigations 
(2, 9, 15): 

(a) the maximum rate, p,,,, i.e. the slope of the pressure-time curve a t  its 
inflection point, 

(b) the reciprocal induction period, 110, the induction period being the 
length of time between the entrance of the reactants to  the vessel and the 
attainment of some defined rate, often the maximum rate. 

Theoretical treatments of hydrocarbon oxidation, for example that  of 
Semenov (21), have ascribed the autocatalytic nature of the reaction to a slow 
multiplication of reaction centers by chain branching of a degenerate type. 
I n  a reaction where chain branching occurs the number of chain centers x 
illcreases with time according to  the equation 

B' is the rate of production of chain centers independent of the branching 
process, for example by direct interaction of fuel and oxygen. A is the branching 
factor. Insofar as  i t  is permissible to consider A and B' constant in the early 
part  of the reaction, equation [I] may be integrated to  yield: 

Thus  chain centers multiply in an approximately exponential fashion, and 
reaction rate increases accordingly. If it is assumed that  the observed rate of 
pressure increase dp/dt is a valid measure of reaction rate, the increase in 
pressure, Ap, will be proportional to  S xdt, i.e. proportional to :  

(B'/Az) (eAt - At - I ) .  

Combining the proportionality constant and B' to  give a new term B ,  we ob- 
tain 

When At is considerably greater than unity the exponential term dominates 
and a plot of log Ap against time should be linear. 

The  oxidation of butane provides abundant confirmation of this prediction. 
Plots of log Ap against time show excellent linearity during the first third or so 
of the reaction; i.e. before the coilsumptioi~ of reactants becomes excessive. 
This is true both with the empty vessel and with the packed vessel, and with 
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wide vai-iatioils of vessel temperature and reactant concentration. The pre- 
cision with which the pressure-time data conform to the predicted exponential 
relation compares favorably with that observed in studies of the oxidation of 
other gaseous fuels (4, 21). For calculation it is collveilient to neglect all but 
the expolleiltial term in Eq. [3], i.e. to take 

A is thus the slope of the linear portion of the plot of the natural logarithm of 
the pressure increase against time of reaction. B is calculated from the inter- 
cept and slope of this plot, and has the units of mm./min? B will henceforth 
be called the initiation factor, whereas A will be called the branching factor. 
The units of A are min-l. 

The use of Eq. [4] rather than the more exact Eq. [3] for estimating A and B 
introduces an approximation, the magnitude of which is exemplified by the 
following data for an experiment with the empty vessel a t  270°C. using 
100 mm. each of butane and oxygen. Here Ap increased from 5.8 mm. a t  8 min. 
to 20.1 mm. a t  10 min. Calculated values of A and B are given in Table I. 
The errors introduced by use of the approximate but much more convenient 
Eq. [4] are not serious for present purposes, since discrepancies are always in 
the same direction and are small compared with the alteration of A and B 
with temperature (see below). 

TABLE I 
C~LCULATIOW OF A AXD B FROM PRESSURE-TIME DATA 

By Eq. [3] 0.622 0.0156 
By Ecl. [4] 0.608 0.0172 

Effect of Temperatzve on il[aximz~m Rate and Reciprocal Induction Period 
The general effect of temperature on oxidation rate with butane may be 

seen in Figs. 1-3, in which the logarithms of the usual criteria of reaction rate, 
p,,, and 1/6, are plotted against the reciprocal of the absolute temperature. 
Fig. 1 shows that with the empty vessel, the reciprocal induction period, 1/6, 
passes through a maximum a t  about 350°C. and a minimum a t  about 430°C. 
The corresponding results for the maximum rate p,,, are shown in Fig. 2. The 
curves resemble those in Fig. 1 in that the minima again occur a t  about 430°C. 
However, with the pressures used slow combustion gives way to cool flames 
over a coilsiderable range of temperature and the curves for p,,, are therefore 
not continuous. 

When the paclced vessel was used instead of the empty vessel, the reaction 
was considerably slower and cool flames appeared only in exceptional circum- 
stances. Measurements of p,,, and l / B  in the range 314OC. to 540°C. yielded 
the results shown in Fig. 3, which are qualitatively similar to those obtained 
using the empty vessel and lower pressures. The results also illustrate the two 
uilusual temperature effects with which we are here principally concerned: 
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TEMPERATURE (OC) 

520 480 440 400 360 320 280 
1 

FIG. I. Effect of temperature on the reciprocal induction period with equiniolecular mix- 
tures of butane and oxygen and all empty vessel 6 cm. in diameter. Total reactant pressure is 
shown. 

T E M P E R A T U R E  ("C) 
500 450 400 350 300 25 0 

I 

FIG. 2. Effect of temperature on the n~asimum rate of osiclatio~l of butane with equimolecu- 
lar mixtures of butane and oxygen and an empty vessel G c n ~ .  in diameter. Total reactant 
pressure is sho11.11. 
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SHU AND BARDWELL: HYDROCARBON OXIDATION 

TEMPERATURE ("C) 
500 450 400 

FIG. 3. Effect of temperature on the maximum rate of oxidation and on the reciprocal 
induction period using a packed vessel and equimolecular mixtures of butane and oxy, nen a t  a 
total pressure of 200 mm. 

( a )  The decline of reaction rate with rising temperature, which here occurs 
between 395°C. and 430°C. We shall henceforth refer to this negative effect of 
temperature as the anomalous temperature coefficient. 

(b) The  great sensitivity of the i~lductioil period to changes of temperature 
in the low temperature region. For example the data  plotted in Fig. 3 show tha t  
on lowering the temperature from 324°C. to 314"C., the induction period 
increases from 50 sec. to 500 sec. 
The Initiation Factor and the Branching Factor at Low Temperatzves 

Since the abnormal temperature coefficients noted above must arise from 
unusual sensitivity to temperature of the initiation factor, B, or of the branchiilg 
factor, A ,  or of both, i t  is of interest to explore the effect of temperature on 
each of these factors. The exceptioilally large temperature coefficieilt a t  low 
temperatures will be considered first. 

When the pressure-time curves were ailalyzed by the method described 
above it  was found that  the initiation factor B was much more temperature- 
dependent than the brailching factor A .  For example, the results plotted in 
Fig. 3 in the temperature range 314°C. to 345°C. yield an apparent activation 
energy of 31 kcal. for A but a value of over 120 kcal. for B .  In fact, the tem- 
perature coefficient of B becomes essentially infinite a t  about 314°C. with the 
pressure used. 

The above relatioilships were investigated further in a series of experiments 
using 200 mm. each of butane and oxygen, again with the packed vessel. 
Convenient rates were obtained in the temperature range 260°C. to  305°C. 
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The results are s h o ~ ~ ~ n  in Fig. 4 and the calculated activatioil energies given in 
Table 11. Of the four quantities plotted it is see11 that the iilitiatioil factor B 
is by far the most sensitive to  temperature, the values iilcreasiilg by a factor 
of about loL3 for a temperature increase of 45°C. Co~lsiderable sensitivity to  
temperature is also show11 by 1/B, particularly in the range 260°C. to  270°C. 
In this 10-degree interval, 1/B increases by a factor of about five whereas p,,,, 

and A are approximately doubled. On the other hand B increases by a factor 

T E M P E R A T U R E  (OC] 
300 290 280 270 260 

I I I 

"01, I I I g\l*,B 1 - 
12.0 

1.73 1.76 1.79 1.82 1.85 1.88 1.91 

I O O O /  T  ( ' A )  
FIG. 4. Effect of temperature on maxi~uum rate (p,,,,,), reciprocal induction period (100/8), 

branching factor (A) ,  and initiation factor (B) using a packed vessel and equimolec~~lar mix- 
tures of butane and oxygen a t  a total pressure of 400 mm. 

of about 30 million. I t  may be concluded therefore that  the large depeildeilce 
of 110 on temperature in this range is derived froin the iilitiatioil factor rather 
than from the branching factor. 

Experiments with the empty vessel gave results that  coilfirmed the above 
coi~clusions for the packed vessel. For example, nleasurements in the tempera- 
ture range 273°C. to 294°C. with 100 mm. each of butane and oxygen showed 
that the apparent activatioil eilergy of B was about 100 ltcal. whereas that  OF 
A was about 68 ltcal. 

TABLE I1  
APPARENT ACTIVATION EKERGIES OF THE MAXIMUM RATE, RECIPROCAL 

INDUCTION PERIOD, BRANCHING FACTOR, AND IYITIATION FACTOR 

Butane pressure: 200 mm.; oxygen pressure: 200 rnm. 

Activation energy (Iccal.) 
Temperature - 
range ("C.) Pmns  1 /e A B 
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Limiting Pressure for Finite Induction Periods 

T h e  large variatioil of iilductioil period with teinperature appears to be 
related to the existeilce of pressure limits in hydrocarbon oxidation. Here we 
shall not be concerned with the pressure limits delineating the regions of occur- 
rence of slow combustion, cool flames, ignition, etc., bu t  oilly with the low- 
pressure limit which marks the transition from finite to infinite inductioil 
periods. T h e  existence of such a limit has been clearly demonstrated b y  RIIal- 
herbe and Walsh (13) who showed that  a plot a t  constant temperature of 
induction period against pressure yielded an asymptote of a definite positive 
pressure. Below this pressure the induction period was of infinite duration. 
Using a vessel with an effective diameter intermediate between those employed 
in the present investigation, Malherbe and Walsh showed tha t  the low-pressure 
limit increased with decreasing temperature (13). 

Our measurements have in general confirmed the above conclusions and have 
shown, furthermore, tha t  the low-pressure limit increases with increasing 
surface to volume ratio (see Fig. 5 ) .  The  low-pressure limit, PC, is readily 

\ PACKED 

0'0-0-0- 
0-0-0- 

0- I>*- 
' 250 

I I I I I 
300 350 400 450 500 

TEMPERATURE ("C) 

FIG. 5. Elfect of temperature on the low-pressure liti~it. PC is the total pressure of an equi- 
~nolecular misture of butane and osygen a t  which the inductioil period becomes infinite. 

determined bl- extrapolation of a plot of 110 against pressure. Experiments 
with pressures slightly below this limit show tha t  no perceptible reaction occurs 
even after many hours. Reaction can, however, be induced by the addition of a 
small amount of acetaldehyde (11) and it is of interest tha t  the values of A 
and p,,,, then determined agree well with those obtained without acetaldehyde 
just above the pressure limit. Additions of acetaldehyde to  reaction mixtures 
just above the lo~v-pressure limit greatly increase B bu t  have only a small 
effect on A .  From these results it may be corlcluded tha t  although favorable 
co~lditioils for chain branching may still exist below the low-pressure limit the  
induction period is infinite because the effective rate of iilitiation is zero. 
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Th.e Anomalous Temperature Coeficient 
Attempts were made to analyze the sharp decline of reactioil rate a t  about 

400°C. by assessi~lg the temperature coefficients of the branching factor and 
initiation factor. The empty vessel proved to be unsuitable for this purpose 
since the reaction rate was very high in the temperature range of interest (see 
Fig. 2). Even with the paclted vessel where reaction was somewhat slower it 
was difficult to determine precise values of A and B over a considerable tem- 
perature range with ally chosen constant pressure of reactants. The trends 
observed however are illustrated by the results given in Table 111, which allow 

TABLE I11 
EFFECT OF TEMPERATURE ON pmss, 1/8, A ,  AND B I N  THE REGION OF THE 

AXOMALOUS TEbll'ERATURE COEFFICIENT 

Butane pressure: 70 mm.; osygen pressure: 70 mm. 

Temperature Pmnx 1 /e A B 
("c.1 (mnl./n~ir~.) (set.-') ( i n . )  (mm./min.?) 

comparison of the behavior a t  368OC. with that a t  382OC. The latter tempera- 
ture is approximately that for minimum reaction rate with the pressure em- 
ployed. I t  is seen that here the sharp decline in p,,, and l / B  is accompanied by 
substantial decreases in both A and B. 

DISCUSSION 
Temperature Coeficients 

Although the experin~ents reported above have been conf ned to the oxida- 
tion of butane, comparison with other investigations shows that a wide range 
of temperature coefficient is a common property of the gas-phase oxidation 
of hydrocarbons (10, 12). Search for the origin of this behavior is considerably 
assisted by the exponential form of the pressure-time curve in butane oxida- 
tion, and by the opportunity thereby provided of estimating separately the 
branching rate and the initiation rate. I t  has been shown above that  these two 
rates can differ greatly in their temperature dependence. 

The large temperature coefficient of the induction period a t  low temperatures 
(Figs. 3 and 4) is apparently associated with the low-pressure limit (Fig. 5). 
Since this limit moves toward higher pressures as the temperature is lowered, 
it follows that when a series of experiments is done with constant pressures a t  
successively lower temperatures the induction period will become infinite a t  
(and below) some definite temperature. Comparison of Fig. 3 with Fig. 5 
shows that it is just above this temperature that the induction period is most 
temperature-sensitive. 

The Origin of the Low-pressure Limit 

Malherbe and Walsh (13) have suggested that the low-pressure limit in 
hydrocarbon oxidatioil is similar in origin to that observed in the hydrogen- 
oxygen reaction, and represents the pressure above which the branching 
factor becomes positive and below which it is negative. Our results do not 
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support this explanation. Fig. 4 shows that  the rapid lengthening of the induc- 
tion period as  the limit is approached, here by  a decrease of temperature, 
is due to the approach t o  zero of the initiation factor B. I t  is also apparent 
from Fig. 4 and Table I1 tha t  in this range the branching factor A is neither 
very small nor very temperature-sensitive. I t  seems very unliliely therefore 
tha t  the branching factor would drop abruptly to  zero when the temperature is 
lolverecl a few degrees more. The  suggestion of Malherbe and Walsh also 
encounters difficulties in explaining the observed effect of adding small amounts 
of acetaldehyde along with the fuel and oxygen. As already noted, these 
additions to  mixtures above the low-pressure limit greatly increase the ini- 
tiation factor but  have only a slight effect on the branching factor. The  
addition of acetaldehyde t o  mixtures just below the limit, i.e. where the 
induction period would normally be infinite, induces reaction which then 
displays a branching factor of substantial magnitude, and comparable to  tha t  
observed just above the limit. These effects are not consistent with a vanishing 
of A a t  the limit bu t  are quite in harmony with a vanishing of B. 

The Anomaloz~s Temperature Cogficient 
I t  has been shown above tha t  when the temperature approaches 400°C. 

the oxidatioll rate, as  judged by either p,,,, or 1/0,  passes through a marrim~in~ 
and then declines. This behavior, as  well as the resurgence of reaction a t  still 
higher temperatures, is similar t o  that  reported in investigations of the com- 
bustion process with other paraffin hydrocarbons (18, 20).  The customary 
i~lterpretatioli is tha t  a t  high temperatures the mechanism involves formalde- 
hyde and relatively simple atoms and radicals, but  tha t  a t  lower temperatures 
complex molecules such as peroxides and higher aldehydes play an important 
part (11, 17). The  decline of reaction rate with rising temperature a t  about 
400°C. is talcen as a sign of the decreasing importance of these compounds as 
combustion i~ltermediates. Although the reactions responsible for this effect 
have not \.et been firmly established, two reasonable possibilities exist: 

( a )  the conlbustion intermediate is wasted through its participation in 
reactions leading to  inactive products (9, 20) ,  

(b) the combustion intermediate is produced in smaller amounts because of 
pyrol!-tic destructioll of one of its precursors in the chain sequence (22). 

I t  has been sholvn in Table 111 tha t  both the branching factor and the 
initiation factor are sharply reduced by a small rise of temperature in the 
region of the anomalous temperature coefficient. The  decline of the initiation 
factor contributes to  the le~lgthening of the induction period, but the decrease 
of the branching factor is more important since it affects both the inductio~l 
period and the maximum rate, p,,, (5). 

Explanation by Competing Reactions 
There remains the need for an explanation of the vanishing of the initiation 

factor and the branching factor a t  particular temperatures. For simplicity we 
may assume that  a relatively stable combustion intermediate is formed which 
undergoes two modes of decomposition, one leading to  its regeneration in 
increased quantity, the other leading to  comparatively inert products. I t  may 
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be shown (5, 21) that  when two such competing reactions occur the branching 
factor A is the difiere~lce of two terms, e.g. Al -  A2. Each of these terms pre- 
sumably increases with rising temperature, the rates of increase being deter- 
mined by the respective activatio~i energies El and E?. Now if E 2  > El, tlle 
variation of log (A1-A2) with 1 / T  will be as  sketched in Fig. Gja). At a 
sufficiently low temperature the apparent activation energy of the branching 
factor approaches that  of Al, but-as  the temperature is increased AI-Az 
passes through a maximum and then falls off sharply. In  this way the ano- 

FIG. 6. Schematic diagrams explaining abnormal temperature coefficients. 
Diagram (a), on left, A = A I  - A?; activation energy of Al less than that of A?. 
Diagram (b),  on right, B = B I - B z ;  activation energy of BI greater than that of B?. 

malous temperature coefficient a t  about 400°C. is accounted for, although the 
predicted vanishing of A is obscured by the intervention of the high-tempera- 
ture mechanism of osidation. 

The  extreme temperature-sensitivity of the initiation factor, B ,  a t  lower 
temperatures is explicable in a generally similar way. We may consider the 
measured initiation factor as  being the difference of two terms, e.g. B1-B2, 
where B? represents inhibiting influences. If the activation ellergy of B1 is 
greater than that  of B2 the variation of log (B1-B2) with 1 /T  will be a s  
slietched in Fig. G(b). The  very large apparent activation energy of B (Table 
11) and the existence of a temperature below which the induction period is 
infinite (Fig. 5) are consistent with this diagram. 
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SYNTHESES OF A SERIES OF 15-KETOGLYCOLS AND 
15-KETO FATTY ACIDS FROM USTILIC ACID' 

ABSTRACT 

Reaction of the methyl ester of ustilic acid A (15,16-dihydroxypalmitic acid) 
with a methyl Grignard, oxidation of the glycol grouping, bromination, and 
hydrogenolysis produced 15-methylhesadecanoic acid. A serics of 15-keto acids 
resulted from reaction of the amide of ustilic acid -4 with the appropriate Grig- 
nard reagent followed by oxidation of the glycol grouping. Infrared absorption 
characteristics of these compounds are described. 

Ustilagic acid has been produced by fermentation using a culture of Ustilago 
zeae (2). Ustilic acid A (15,lG-clihyc1rox)~palmitic acid) ancl ustilic acid B 
(2,15,16-trihydroxypalmitic acid) are produced by hyclrolysis of ustilagic 
acid (4). These acids are easily separated from the remainder of the hyclrol\-sis 
proclucts and from one another and are potentially available in large quantities. 

The  ustilic acids possess a carbosyl group a t  one end of the molecule ancl 
an easily oxidizable glycol grouping a t  the other encl and as such sl~ould 
constitute valuable starting materials for the synthesis of various new and 
naturally occurring long chain con~pouncls. The  present investigation deals 
with the synthesis of 15-n~ethylhe?tadecanoic acid ancl a series of 15-lceto acids. 

A number of methyl branched fatty acids which are prinlaril>, concerned 
with the wool fats have been synthesized by a number of worlcers (1, 3, 7 ,  8, 9). 
These syntheses have involved thc preparation of appropriate iragments 
followed by chemical coupling or anodic syntheses. Weitlianlp (9) prcpared 
15-n~etl~yll~exadccanoic acicl from a lower homologue and Stcnhagcn et  al. 
synthesizecl the same acicl ( I ) .  Vstilic acicl ~1 is a convenient starting material 
for the s\.nthcsis of this acid bl- thc following series of reactions: 

CHZOH CH?OH 
I I 
CHOH CBOH COOH COOH COOH 
I I I I 

(CH?)13 (CH?) I~  (CH?)13 (CH?Il3 
I I I 

LOOCHI CHI-C-OH CHI-C-OH CHI-C-Br CHI-C-H 
I I I I 
CH3 CHI CH3 CHI 

I I I I11 I v v 

h3Iethyl ustilatc -A (I)  was converted in alillost theoretical yield into the 
tertiar!. alcohol 11, m.p. 55.3-3G.0° C., by using a large excess of n1eth)l- 
magnesium bromiclc. Reaction of methyl isopropylidcne ustilate ,A with the 
Grignard reagent follo~ved I>), rcmoval of the isopropylidene grouping with 

'~ l! funz~script  received ilJay 24 ,  195::. 
Coi~trlbzitlo?~ from the N(ztiona1 Research Cozlncil of Canada, Prairie Regional Laboratory, 

Saskr!too?z, Sask(~tchezrm?r. I s w e d  as  Paper No .  197 on the Uses of Plant Products a?zd as N.R.C. 
No. 3696. 

2iVutio7ial Research Coz~ncil of Cuftada Postdoctorate Fellow 1852. 
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methanolic hydrochloric acid gave a very poor yielcl of 11. Oxidation of I1 with 
chromic oxide in acetic acid a t  low temperature gave 15-methyl-15-hydroxy- 
hexadecanoic acicl 111, m.p. 70.5-71.5' C., which yielded p-bromophenacyl 
derivative, m.p. 80.6-81.0" C. This oxidation was also carried out using lead 
tetraacetate and oxygen as described below. The hydroxy acid I11 was treated 
with hydrogen bromide in acetic acid to give the tertiary bromo derivative IV, 
m.p. 45-46' C., which, on treatment with hydrogen and Raney nicltel in 
ethanolic sodium hydroxide, gave 15-methylhexadecanoic acid V, m.p. 60.7- 
61.3" C. (reported m.p. 59.3-59.9" C. (1) and 60.2" C. (9)). 

The synthesis of a series of 15-keto acids was carried out by the series of 
reactions given below. T o  favor the formation of the ltetoglycol rather than 
the tertiary alcohol derivative, the amide of ustilic acid A was used as a starting 
material in the Grignard reaction. The reaction of amides with Grignard 
reagents has been investigated by Whitmore et al. (10, 11). T o  increase solu- 
bility the isopropylidene derivative (VII) was used. Reaction of the latter 
with 1.1 moles of methylmagnesium bromide gave a poor yield of the ketone 
(VIII) (R = CH3), m.p. 40.0-41.0" C., semicarbazone m.p. 123.5-124.0" C., 
but the yield was increased by the use of 100% excess of the Grignard reagent. 
A small amount of the tertiary alcohol formed was separated on alumina. The  
corresponding ethyl, propyl, and butyl homologues (VIII) were also prepared 
by using the appropriate Grignard reagents. These had melting points, re- 
spectively, of 37" C. (R = C&), 43" C. (R = C3H7), and 48.5" C. (R = C4H9). 
Removal of the isopropylidene group afforded the free ltetoglycols ( I S )  ~ i~h ich  
are described in Table I. Purification of the latter compounds was greatly 
facilitated by a treatment with warm alcoholic alltali before crystallization 
from benzene. 

TABLE I 

~ ~ E L T I N G  POINTS AND ELhYENT.ZL I N d L Y S I S  O F  ICETOGLYCOLS .\KD ICETO .1CIDS 

Found Calculated 
Compound Formula M.p., -- 

" C. C (Yo) H (%) C ( C - / b )  I3 ((/D) 

, -- .- - 
15-1<etd11exadeca110ic acid;' CicH3003 82.3 70.86 11.10 71.07 11.18 
15-Iietohcptadecanoic acid CiiHzOa 85.7-86.1 51.73 11.44 71.78 11.34 
15-Iietooctadecanoic acid C18H3.103 83.4 72.44 11.51 72.43 11.48 
15-I<ctononadcca11oic acid CigHa6Oa 85.7 73.38 11.59 73.03 11.61 

*Senzicnrhnrojze, n1.p. 13R.fio C. (C, 63.57; H, 10.22; AT, 1B.8270. Cnlc. for C~iFI3303N3: 
C, 62.35; fI, 10.16; iV, 1B.83C/&.) 

These lcctoglycols ( I S )  were converted to 15-lceto fatty acids (S) by sin~ul- 
taneous oxidation with lead tetraacetate and oxygen a t  50" C .  according t o  
the method of hIendel and Coops (6). The oxidation products were purified 
by clistillation and crystallization from alcohol. The melting points of thesc 
four, hithe1 to unprepared, lceto fatt). acids are given in Table I .  
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CH,O\ 
I C(CH,)? 
CHO / 

CH2OH 
I 
CHOH 
I 

(CH2)ia 
I 
CO-R 

I X 

COOH 
I 

(CH2)13 
I 
CO-R 

X 

I 
(CHn)u 

I 
CO-R 

VIII 

Infrarecl absorption determinations \yere made on all the compounds with 
a Perltin-Elmer Model 21 instrument equippecl with a sodium chloride prism, 
and the crystalline samples \\rere mouilted in I<Br. T h e  15-methyl-15-hydroxy- 
hexadecanoic acid showed OH absorption bands a t  3440 and 1152 an.-', 
and also several poorly resolved bands between 1300 and 1300 tin-' which 
might be caused by the (CH&C- group. T h e  15-methylhexadecanoic acicl 
showed two clearly resolved bancls a t  1385 and 1365 cm.-I ~vhich are character- 
istic for branched methyl groups. These bands were absent in the spectrum of 
pure hexadecanoic acid. T h e  1,2-dihydroxy-15-keto compounds sho\ved the 
expected hydroxyl band between 3400 and 3200 c~n.-l a i d  also two absorption 
bands a t  1100 and 1082 cn1.-' which could be assignecl to  a secondary and a 
primary hyclroxyl group respectively. They also showecl the lcetoilic carbonyl 
absorption between 1710 ailcl 1705 cm.-l. T h e  corresponding 15-keto acids 
showecl absorptions in the 1700 cn1.-' and the 900-700 cm.-I regions character- 
istic for carboxylic acicls. Resolutions of the carboxyl C=O and ketone C=O 
were achieved in the 1.720-1700 cm.-I region for 15-lcetol~exadecanoic and 
15-ltetoheptadecanoic acids but not for 15-1:etooctadecanoic and 15-1:eto- 
nonadecanoic acids. T h e  C=O absorption bancl in the latter was much wicler 
than for the corresponding 15-lceto-1,2-dihydroxy-nonadecane ancl -eicosane. 

EXPERIMEK'TAL 

NOTE: All melting points are correctecl and determinations have been made 
in each case in the usual manner ancl also on a heating stage microscope. 

Separation of the Ustilic Acids 
A ustilic acid mixture (158 gm.), preparecl by hyclrolysis of ustilagic acid (4), 

was shaken for four hours with 1 liter of dry acetone containing 1% sulphuric 
acicl. A small amount of inorganic material remained insoluble and the solution 
\vas filtered into a separator): funnel containing 3 liters of ice-cold water. 
T h e  solution was extractecl with 1.6 liters of petroleum ether (b.p. GO-SO0 C.) 
and the mother liquor was extracted with a further 1 liter. T h e  combinecl 
petroleum ether extracts were washecl three times with water. A cold solution 
of 60 grn. of potassium hydroxicle in 420 ml. of water was then adcled ancl after 
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one minute's shaliing, -150 ml. of 40% aqueous ethanol was aclcletl ancl the 
aqueous layer run off. The petroleum ether extract was then washecl urith 
,500 1111. of 3% aqueous potassium hydroxide and three times with 30% aqueous 
ethanol. The f v e  aqueous ethanol washings were combined and diluted mith 
1 liter of water and re-extracted with 400 ml. petroleum ether, the extract 
being aclded to the main bulk of petroleum ether solution. The aqueous extract 
was aciclified with sulphuric acid and extracted with chloroform to yield 
163 gm. of crude isopropplidene ustilic acid A which was recrystallized from 
acetone to  m.p. 64-65'C. The petroleum extracts gave 12 gnl. of diisopro- 
pylidene ustilate B, m.p. 42-43' C., reported m.p. 42.5-43' C. (5). 

The proportions of the ustilic acids in the mixture have been found to vary 
slightly and the present mixture represents the highest proportion of ustilic 
acid A which has been found. The amount may fall to  about 70y0 of the 
mixture of acicls. 

ilRethy1 Isopropyl idene Ustilate A 
Isopropylidene ustilate A (154 gm.) was estel-ified mith cliazon~ethane in 

dry ether to  yield 160 gm. of the crude product as outlined in the procedure of 
Lelnieux (5). Two crystallizations from acetone a t  4' C. gave the pure methj.1 
ester, m.p. 46.3-46.7" C., reported m.p. 46-47' C. (5). 

Methyl  Ustilate A 
Isopropylidene ustilic acid A (20 gm.) was boiled under reflux with 4% 

methanolic HCI for two hours as outlined by Lemieux (5). The solution was 
poured into water and extracted with cl~loroform to give 16.2 gm. of crude 
methyl ~lstilate A, which after three crystallizations from ethanol had 
n1.p 85.2-86.1' C., reported m.p. 85.5-86.0' C. (5). 

1,2,16-Trilzydroxy-IG-metlzylheptadecane 

Methyl ustilate A (10 gm.) in 200 ml. of dry ether mas added during one 
hour, with rapid stirring, to 23.5 gnl. of methylmagnesium ioclicle in 300 ml. of 
ether, the mixture being allowed to reflux continuously during the addition. 
The semisolid reaction mixture was boiled under reflux for 10 hr. and was then 
decomposed with water and acetic acid. The crude tertiary alcohol, 10.1 gm., 
m.p. 54.0-55.0' C., was extracted with chloroform. The 1,2,16-trihydroxy- 
16-methylheptadecane purified by one crystallization from acetone had a 
m.p. 55.5-56.0' C. Calc. for C18H3803: C,  71.50; H ,  12.60%. Found: C ,  71.33; 
H ,  12.50%. 

15-llydroxy-15-metl~yll~exadecanoic A c i d  
The above tertiary alcohol (5.0 gm.) was dissolved in 140 ml. of acetic acid 

containing 7.0 gm. of chromic oxide and the solution allowed to stand for 
12 hr. a t  3' C., when it  was diluted with ice-cold water (1 liter) and extracted 
with benzene. The benzene solution was mashed with water ~ ~ n t i l  neutral and 
the benzene evaporated. The crude hydroxj. acid was then talcen up in 100 ml. 
of ether and the ether washed twice mith 5y0 aqueous po tass i~~m hydrouide, 
and twice with mater. The combinecl xvashings were acidified with su lph~~r i c  
acid and extracted with ether to  yield 2.63 gm. of 15-hydroxy-15-metllyl- 
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hexadecanoic acid, which was purified by three crystallizations from acetone 
and crystallized as colorless needles, m.p. 70.5-71.5'C. Calc. for CliH3403: 
C,  72.10; H,  ll.95y0. Founcl: C ,  72.45y0; H ,  12.06y0. 

15-Bromo-16-methylhexadecanoic Acid  
The hydroxy acid (1.39 gm.) was clissolvecl in 10 ml. of a 50% solution of 

hydrobromic acid in acetic acid and left for 14 hr. a t  22' C. The solution was 
then diluted with 100 ml. of ice-cold water and the product estractecl with 
benzene. Yielcl, 1.71 gm.; m.p. 45.0-46.5' C. Calc. for C17Hts0yBr: Br, 22.6%. 
Founcl: Br, 22.5y0. 

15-ibIethylhexadeca?zoiG Acid  

The 15-bromo-15-n~ethylhexaclecanoic acid (1.65 gm.) was dissolved in 
25 ml. of ethanol, and 50 ml. of ethanol containing 5 1111. of 4 N sodium 
hydroxide adcled, together with a small amount of Ranel7 nicliel. The nlixture 
was shake11 with hydrogen under a pressure of 25 p.s.i. for 14 hr. a t  25' C. 
The solution was filtered, pourecl into dilute sulphuric acicl, and the product 
extracted with ether. Unexpectedly this material contained a large proportion 
of unsaturated material (iodine value 40) and it was therefore h>.drogenated, 
in a similar medium to that previously used, but a t  a temperature of 80' C. 
and a pressure of 800 p.s.i. of hydrogen, for four hours. The product was 
saturated (iodine value O), and was purified by distillation followed b>- three 
crystallizations from ethanol. The pure 15-methylhexadecanoic acid had 
m.p. 60.7-61.3' C. (reported m.p. 59.3-5'3.9' C. ( I )  and 60.2" C. (9)). Calc. 
for C17I-I~~O2: C,  75.56; I-I, 12.59%. Found: C, 75.45; 13, 12.727,. The p-broino- 
phenacyl derivative had a m.p. 83.1-83.6' C. Calc. for C35He903Br: C, 64.23; 
H .  8.41; Br, 17.1y0. Found: C,  63.61; H, 8.64; Br, 17.4y0. 

Isopropylidene Ustilamide A 
Methyl isopropylidene ustilate A (70 gm.), together with 1500 gm. of a 

25y0 ((wt.) solution of ammonia in inethanol (prepared and kept below 0' C.), 
was heated to 180' C. in a sealed bomb for six and one-half hours. The product 
was poured into 3000 nil. of ice-cold water and the precipitated amide filtered 
off and washed with 1000 inl. of cold water. This material was dried ancl then 
boiled with 500 ml. of ether, and the slurry cooled to 5' C. when it was filtered. 
The precipitate was washed with 300 ml. of cold ether. Thirteen grams of 
unchanged methyl isopropylidene ustilate A were recovered from the ethereal 
filtrate and 55 gm. of crucle amide were obtained, which crystallized from 
methanol as colorless plates, m.p. 99.7-100.3" C. Calc. for ClgH3;0~1: C,  69.67; 
H ,  11.30; N, 4.15%. Found: C, 69.62; H ,  11.32; N ,  4.17%. 

Reaction of Isopropylidene listilnmide A wi th  Grignard Reage?zts 

A solution of methylmagnesium bromicle was prepared by slow addition of 
236 gm. of a 17y0 solution of methyl bromide in clry ether (preparecl bj. passing 
methyl bromicle gas into clry ether a t  0' C.) to 10.0 gm. of magnesium in 
300 ml. ether. The Grignard reagent mas allowecl to  settle, clecantecl, and its 
strength cletermined by titration. 
X solution of methylmagnesium bromide in 440 ml. ether containing 47.5 gm. 
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(I.!) times theoretical) of the I-eagent was aclclecl to a solution of 33.9 gm. of 
isopropyliclene ustilamicle A,  dissolved in 1500 ml. of a mixture of eclual 
volumes of clr); benzene ancl dry ether, with stirring, the solution being allowed 
to  reflus cluring the aclclition. The solution was heated under reflux for a 
further eight hours, and the procluct was isolated in the usual manner. I t  was 
then clissolvecl in 50 1111. of ether ancl a small amount of unchangecl anlicle was 
filterecl off. The  crude ltetone (32.79 gm.) xvas clissolved in a small amount of 
benzene, transferred t o  an alumina column (14 cm. X 5 cm.), ancl eluted with 
benzene. 'l'he material in the first 150 ml. of eluate (0.3 gm.) was cliscarded 
and the pure ltetone (25.0 gm.) was isolated from the next 8000 1111. of eluate. 
The  isopropyliclene ether of 1,2-clihyclroxy-16-lrntoheptadecane had m.p. 40.0- 
40.5" C. Calc. for C20H3s03: C ,  74.12; H ,  11.74y0. Found : C,  73.0; H, 1 l.85y0. 
I ts  semicarbazone had m.p. 123.5-124.0" C. Calc. for C21H.i103N3: C,  65.75; 
H ,  10.77; N,  10.96%. 1;ound: C,  65.70; H ,  10.71; N,  l l .OO"/b .  Three homologous 
ketones were prepared in a similar manner by using ethyl-, propyl-, ancl butyl- 
magnesium bromide GI-ignarcl reagents. These were purified by recrystal- 
lization and the melting points were respectively 37.0" C.  (R = C?HS), 43.0" C. 
(R = C3H7), and 48.5" C. (R = C4H9). 

1 ,2-Dihydroxy-16-ketoIzeptadecane 

The  1,2-isopropylidene ether of 16-ltetoheptaclecane (8.0 gm.) was clissolved 
in 70 ml. of chloroform and the solution cooled to  5" C. Thirty nlilliliters of a 
20y0 (wt.) solution of hydrochloric acid in 85% aqueous methanol was added 
and the solution allowed to stand a t  20" C.  for two hours. Water (100 ml.) 
was aclcled and the product (m.p. 72-76" C.) extracted with chloroform. I t  
was then clissolved in 50 ml. of 3% alcoholic potassiu~n hydroxicle solution 
and kept a t  30' C. for 20 min. The  solution was poured into 300 ml. of cold 
water and the meth\-l ltetoglycol, 5.5 gm., 1n.p. 78-61" C., was filterecl off and 
recrystallized three times from benzene, the pure procluct having n1.p. 83.0- 
83.7" C. The  products from the reaction of the ethyl, prop1.1, and but! l GI-ig- 
nards \Irere treated in a similar manner to prepare the three other ho11lologues 
whose constants are given in Table I. 

15-I<etohesadecanoic A c i d  

Lead tetraacetate (300 mgm.) was dissolved in 25 ml. of dry benzene in a 
50 1111. three-neclted flask fitted ~v i t h  a stirrer, clropping funnel, and a con- 
denser through which a glass tube passed and projected below the surface of 
the solution in the flask. 1,2-Dihydroxy-16-ketoheptadecane (500 mgm.) 
dissolvecl in 10 ml. of benzene (solution was maintaineel by the use of an 
infrared lamp) was added over a period of six hours from a dropping funnel. 
During aclclition the reaction mixture was stirred ancl maintained a t  a tempera- 
ture of 50" C. and a stream of dried oxygen saturated with benzene was passed 
through the solution. At intervals of 45 min. 450 mgm. of lead tetraacetate 
was aclclecl to the solution. After the addition of ketoglycol was complete, the 
mixture was maintained a t  50" C. with stirring for a further one and one-half 
hours, when 100 mgm. of ethylene glycol was added. After a further 10 min. 
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the warm solution was filtered and 10 ml. 30% acetic acid and then 100 ml. of 
water was added to  the filtrate and the product extracted with benzene. 

The bcnzerle layer was washed once with water and the washings discarded. 
The  lceto acid was then extracted from the benzene layer by one washing with 
50 ml. of 10% aqueous potassium hyclroxicle solution ancl two washes with 
water, clisregarding emulsions formed owing t o  the rather low solubility of the 
potassium salt. The  combined aqueous washings were acidified with sulphuric 
acid and extracted with benzene to  ~ i e l d  310 mgm. of the crude l<etohexa- 
clecanoic acid. This was purified by conversion t o  its methyl ester, which was 
distilled and then reconverted to the free acid, which was crystallized four 
times from 95% methanol. 

The  ethyl, propyl, and butyl keto acids (Table I) were prepared similarly 
except that  it was found unnecessary to  convert to  the methyl ester for the 
distillation of the crude product. The  yield was found to decrease slightly as  
the molecular weight of the product increased. 
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THE REACTION OF 2-ALKYLTETRAHYDROIPYRANS WITH 
ANILINE OVER ACTIVATED ALUMINA' 

ABSTRACT 

Thc  vapor-phase reaction over activated alumina of 2-ethyltetrahydropyran 
with aniline gave I-phenyI-2-ethylpiperidirle, I-phenyl-2-prop~~lpyrrolidine, 
N-phenyl-4-heptenylamine, and K-phenyl-5-heptenplamine. 2-i~lethyltetra- 
hydropyran with aniline gave I-phenyl-2-methylpipcridine, 1-phenyl-2-ethyl- 
pyrrol~cline, N-phenyl-4-hesenylamine, and N-phe~lyl-5-hescnylaminc. T h e  
structures of the  cyclic anlines were conlirnied by independent syntheses. The 
unsaturated secondary a~nines  were reduced t o  known N-alkylanilines and de- 
graded by ozonolysis. H rnechanisnl has been proposcd to  account for the forma- 
tion of these products. 

INTRODUCTION 

In an earlier communication the results of an investigation of the reaction 
of tetrahydropyran with primary aromatic amines were reported (1). N-Aryl- 
piperidines were formed in almost theoretical yields with aniline, m-toluidine, 
and p-toluidine, while a lower yield ((35%) was obtained when o-toluidine was 
used as  the amine component. The  investigation has now been extended t o  
the reaction of aniline with 2-ethyltetrahydropyran (I) and 2-methyltetra- 
hj-dropyran (11). In contrast to the results obtained with the parent ether, 
the 2-alkyl homologues produced a mixture of amine products suggestive of 
a carbonium ion mechanism. 

Reaction of 2-Ethyltetrahydropyran (I) with Aniline 

Careful fractional distillation of the product formed by passing aniline 
and the cyclic ether, in a molar ratio of 2: 1,  over activated alumina a t  300" C. 
gave three distinct fractions. These mere identified as  1-phenyl-%ethyl- 
piperidine (111), 1-phenyl-2-propylpyrrolidine (IV), and a mixture (V) of 
N-phenyl-4-heptenylamine and N-phenyl-5-heptenylamine. The  composition 
of the reaction product, the elemental analysis da ta ,  the boiling point and 
refractive index of each fraction, and the melting points of picrates prepared 
from the two cyclic amines are given in Table I .  

TABLE I 
PRODUCTS OF THE REACTION OF 2-ETHYLTETRAHYDROPYRAN WITH ANlLINE 

~na ly se s*  
No. Compound Mole b.p., O C. ,a20 - Picrate 

Yoa at  8 mm. Carbon Hydrogen Nitrogen m.p., O C .  

I11 I-Phenj.1-2-ethylpiperidine 17 126-127 1.5502 82.67 10.36 7.10 178.2-178.8 

N-Plienyi-4-heptenyldne 
V and 57 145-146 1.5364 82.85 10.09 7.09 

N-Phenyl-5-heptenylamine 

" T h e  prodzrct con?position figures are a n  average of three rzifas, the deviation of wh ich  d ~ d  ?sot 
e ~ c e e d  one per cent. 

lCa lc~~ la ted  for C13HlelV, the rtrolecz~lnr fornzzila of all four cot~zpozi?sds: C ,  86.40; H ,  10.11; i\', 
,- 

'A%?zzrscrzpt recehed Jzine 15 ,  1956 .  
Con t r~bu t ion  f rom the Depr~rtnsent of Clzetitistry, ~VIcilIaster Univers i ty ,  Hamr l to?~ ,  Ontario. 

?Present address: Ontario  Paper  Co?tzpa?zy, Thorold ,  Ontario. 
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The  identit). of the cj-clic amines was established through inclepenclent 
sj-ntheses involving reaction of dibromoheptanes with aniline. The  reaction 
sequence ancl composition of products are shon-n in the follo\ving reaction 
scheme : 

m IP 

PRODUCT COMPOSITION 

FROM I 70 % 30 % 
FROM PI 17 % 83 % 

Treatment of 2-ethyltetrahydropyran ( I )  with hydrogen bromide con- 
verted i t  into dibromoheptanes, which on reaction with aniline gave a 
procluct 70% of which was shown to  be identical with the lowest-boiling 
component (111) of the product of the catalytic reaction. Tlie renlaining 30% 
was iclentical \\lit11 IV, tlie component of intermediate boiling point. On the 
other hand, conversion of 2-propyltetrahydrofuran (VI) to  dibi-omoheptanes 
followed by reaction with aniline gave a product consisting of 17% I11 and 
83y0 IV. In each sequence, ether + clibromide + amine, the major product 
was considered to  be that  resulting from direct substitution of oxygen by 
nitrogen without rearrangement, that  is, the substituted pipei-idine from 
2-ethyltetrahydropj~ran ancl tlie pj.rrolidine from 2-propyltetrahj~drofuran. 
This conclusion is basecl on the reasoning tha t  if the major procluct of one 
sequence was tha t  formed through a rearrangement, then this same compound 
would also have been the major product of the other sequence, since in this 
case i t  woulcl have been formed directly without requiring a proton shift. Such 
clearly was not the case; the major product of one synthesis was the minor 
product of the other."" On the basis of these results, the lowest-boiling aniine 
product of tlie catalytic reaction is considered t o  be 1-plienyl-2-ethylpiperidine; 
the component of intermediate boiling point, 1-phenyl-2-propylpyrrolidine. 

The  highest-boiling component (V) gave solid benzenesulphonan~icle deriva- 
tives, but  these could not be recr>-stallized to  constant melting point. Hydro- 
genation over Raney nickel converted V to K-heptj'laniline. Ozonolysis of the 
benzoate of V produced volatile aldehydes identified as acetaldehyde and 
propionalclehycle by means of their 2,4-dinitrophen!-lhydrazones, which were 
separated chromatographic all^. The  third component of the reaction of 
2-ethjrltetrahydropyran with aniline, therefore, consisted of a mixture of 
S-phenjrl-4-heptenjllnrnine ancl N-phenj~l-5-heptenylamine. A separation of 
these unsatui-ated secondary alnines was not attempted. 

" T h e  snlnll nnzount of rearra?i.ge~ne?rt occurring at the seco7idary carbolt i l l .  lltese syntheses i s  
considered nzore l ikely  to occur in the renctio?~ of the cyclic etlters w i t h  hydrogen bronzide rullzer 
thzn  i7t tlze subseqz~e?tt renctio7z of the dibrornide prodzrct w i t h  nni l ine .  
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Fractional clistillation of the product formed b!. the reaction oC 2-methyl- 
tetral~yclropyran with aniline gave three distinct fractions identihed as 1- 
pheny1-2-111eth>'Ipipe1-icli11e (VI I ) ,  l-11hen~~l-2-etl~~~lp~~rrolidi11e (1'11 I ) ,  and 
a mixture ( IX) of S-p11enl.l-4-IlexenSilaniline and N-phen~~l-5-11exen~~Iai1iline. 
The  colnposition of the product, the elemental anal>.sis data ,  the boiling point 
and refractive indes of each fraction, and the melting points of the picrates 
are shown in Table 11. 

TABLE I1  
PRODUCTS OF THE REACTION O F  2-METHYLTETRAHYDROPYR~N WITH A N I L I S E  

~ n a l y s e s l  
No. Compound Mole b.p.. O C. I I . ' ~  Picrate 

%" at 8 mm.  Carbon FIydr<~gen Xitmgen I I I . ~ . .  C. 
- - -- 

VII I-Phenyl-2-methylpiperidine 42 113-114 1.5528 81.72 9.72 8.00 106.8-167.2 

VIlI  l-Pl1enyl-2-etl~ylp).rrolidine 27 125.5-120.5 1.5590 81.83 9.61 7.89 120.6-121.2 

N-Phenyl-4-heuenylamine 
IX and 31 131.5-132.5 1.5412 81.90 9.62 7.92 

N-Phenyl-5-hexenylarnine 

*Based o n  n sivgle r u n .  
bCnlcl~laled for C1~H17!V,  the molecl~l.zr f o r m ! ~ l a  for all  .fozir contpoz~nds: C, 86.23; H,  9.78; 

N. '7.99. 

T h e  identity of the two tertiary anlines (VII and VIII)  was established bj, 
an indepeildent synthesis. 2-Methyltetrahydropyran was converted to  
dibron~ohexane, which on t rea tn~ent  with aniline gave a product 8770 of 
\vIlich was identical with VII.  T h e  remaining 13% was identical with VIII .  
This result is entirely analogous to  that  obtainecl in the corresponding s) nthesis 
of 1-phenyl-2-ethy Ipiperidine (I I I) and 1-phen>.I-2-propylpyrrolidine (11') , 
discussed in the preceding section. Furthermore, there is a similar relationship 
in boiling points, refractive indices, and picrate melting points of the isomeric 
tertiary amines in the two cases. (See Tables I and 11.) 

T h e  highest-boiling component ( IX)  of the catal>-tic reaction was converted 
into S- l~es~ , lan i l ine  on reduction over Raney niclcel. Ozonolysis of the acetate 
of I X  gave the volatile aldehydes, formaldehyde and acetaldehyde. I t  is 
therefore concludecl that IX mas a mixture ot the two unsaturated secondary 
amines, N-pl1enl\~l-4-hexenylan1ine and S-phenyl-5-11esen)-lamine. 

Renct io~z ~Vlechmzism Considerations 

The reaction of aniline with tetrah~.drop\-ran, which involves the displace- 
ment of oxygen a t  two primary carbon centers, gives allnost theoretical ).ields 
of 1-phenylpiperidine. In contrast, the correspoilding reaction of 2-allil-ltetra- 
11~-dropyran, in tvhich one of the two carbons joined to 0x3-gen is secondary, 
gives a mixture of products suggestive of a process proceeding through an 
intermediate carboniun~ ion. T h e  follon-ing mechanism is proposed: 
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The alumina, acting as a Lewis acid, accepts a pair of electrons from osygen, 
thus weakening the two carbon-oxygen bonds of the ether molecule (13).* 
Bimolecular attacli of aniline a t  the primary carbon is followed by proton 
transfer from nitrogen to oxygen and then by unimolecular dissociation of the 
osygen - secondary carbon bond. The resulting 'carbonium ion' may (a )  inter- 
act with nitrogen to form the substituted piperidine, (b) rearrange to give a 
new 'carbonium ion', which on ring closure yields the pyrrolidine, or (c) lose 
a proton from a carbon atom adjacent to the center of electron cleficiency and 
produce an unsaturated secondary amine. 

I t  is possible that the initial cleavage occurs a t  the secondary rather than 
a t  the primary carbon. However, the fact that the 2-alliyltetrahydropyrans 
appear to be somewhat less reactive than tetrahydropyran itself would suggest 
that the bimolecular displacement a t  primary carboil is more facile, and 
therefore is the initial cleavage step. I t  is worthy of note in this connection 
that reaction of hyclrogen ioclide with n-butyl sec-butyl ether has been shown 
to give n-butyl iodide and sec-butyl alcohol (7). Ether fission in this reaction 
ulould appear to involve bimolecular attack of iodide ion a t  the primary carbon 
atom. 

Reference to the composition data  given in Tables I and I1 shows that there 
is a very much greater tendency for unsaturated secondary ainine formation 
in the reaction of 2-etl~yltetrahydropyran. I t  is suggested that hyperconju- 
gation is one factor respoilsible for this. Of the two unsaturated amines 
formed in each of the two systems, one possesses the partial structure 
-CH2CH=CHCH3. The second unsaturated amine founcl in the product 
from 2-methyltetrahydropyran has the partial structure -CH2CH=CH2, and 

*.illtl~o~~glz this  i s  z~?zdoz~btedly apt ooersinzpli'catio?t of the catalytic frrnctiox ( I d ) ,  i t  seems 
r e  rso)table to assunze tlzat i t  i s  i n  this  capacity that alzlnzi?za performs i t s  key role ,ia delzydration 
reactions. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
4/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



RICHARDS AXD BOURSS: 2-hLIiYLTETRhHYDR0PYR.Ah~S 1 43 7 

in the product from 2-ethyltetrahyclropyran, -CH:?CH=CIICH2CH3. Since 
hyperconjugative stabilization is greater in the latter, the reactioil of the  
'carbonium ion' giving this product should compete more effectively with the 
ring closure forming the substituted pipericline. Analogous effects of hyper- 
conjugation in cletermining product proportions have been observed in the 
solvolysis of alkyl bromides (3) and of sulphonium salts ( 5 ) .  

Steric effects (2) also may pla). a role in cletern~ining product proportions in 
the two cj.clic ether - aniline reactions. Iiing closure a t  the carbonium ion 

+ 
center, -CH2CH2CHCH3, giving the substituted piperidine from 2-methyltet- 
rahydropyran should have a somewhat higher entropy of activation, and there- 

fore greater reaction rate, than closure a t  the center, -CH?CH~CHCH?CH~, 
required to  produce a piperidine fro111 the 2-ethyl homologue. On the 
other hand, the two reactions giving the substituted pyrrolidines involve the  

+ + 
two ions of partial structures -CH2CHCH2CH3 and -CH2CHCH2CH2CH3. 
These would be expected to  show smaller differences in rate, since the increase 
in steric requirements resulting from the substitution of n-propyl for ethyl a t  
the seat of displacement is not as  great as  tha t  resulting from substitution of 
ethyl for methyl. This relationship between the steric requirements of n-allcyl 
groups has been demonstrated in bimolecular substitution reactions ( G ) ,  and 
i t  might be expected to show up in processes involving interaction of a bulky 
nucleophilic reagent with carbonium ion centers. 

If now it is assumed that  the interconversion of the isomeric carbonium ions 
is rapid compared to  their conversion to stable proclucts, then these steric 
considerations lead to  the prediction that  more substituted piperidine and less 
unsaturated amines should be forined from 2-methyltetrahydrop),ran than 
from the 2-ethyl homologue. Reference to Tables I ancl I1 shoxvs this to  be 
the case. 

A further factor which ~vould tend to  favor piperidine formation a t  the 
expense of the pyrrolidine from the 2-methyl ether is the somewhat greater 
stability and, i f  equilibrium between the isomeric carbonium ions is approached, 

+ + 
greater concentration of -CH2CH2CHCH3 comparecl to -CH?CHCH2CH3, 
since in the former an extra C-H bond is available for hyperconjugation. 
The  fact tha t  the pyrrolidine is favored in the reaction of the  2-ethyl compound 
might be talten to mean a greater inherent stability of the five-membered 
heterocyclic system. 

E X P E R I R ? E N T A L * t  
Catalysis Procedure 

The catalysis procedure has been described in detail in an  earlier coin- 
munication (1). The cyclic ethers and aniline, mixed in a molar ratio 1: 2, were 
vaporized in a preheater and the vapors passed through 200 ml. of pre- 
treated (1) Alcoa Activated Alumina (Grade F-1, 4-8 mesh) a t  300" C. The  

*Al l  melting points are corrected; boiling points are zlncorrected. 
t T h e  nzicroa?zalyses were performed at the Research Laboratorzes, Do?izinio?r Rubber Conlpa?zy, 

Gzlelplz, O~rtario, by  M r .  Ralph Mills. 
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feecl rate \\-as 60 ml. of misccl liquicl reactants per hour. .i run consisted of 
100 1nl. of inixecl reactants, folloi\~ing a prerun of 40 1111. during which tempera- 
ture and feecl rate were given final adjustment. 

The  organic product was separated from a water phase, clriecl over soclium 
hydroxide, and very carefully fractionated in a 30-plate inodilied Poclbielniali 
colunln (8). A small amount of low-boiling alkaclienes and ~1111-eacted cj-clic 
ether was removed a t  atmospheric pressure, while escess aniline and the amine 
reaction proclucts were distilled a t  8 mm. pressure. Composition of alnine 
products, properties, ancl elemental analysis clata are given in Tables I and 11. 
Coinbined yields of the amine products, based on cyclic ether chargecl, were 
GOYG from 2-ethyltetrahj-dropyl-an and 767, from 2-methyltetrahyclropj.ran. 

2-Ethyl-  a n d  2-Methyl-tetrahydropyran 
The  cyclic ethers were prepared from dihydropyran by the method of 

Paul (9) and purified by fractional clistillation. 2-Eth~.ltetrah!-cli-opj-ran, 
b.p. 126.8-127.1" C., n g  1.4262, was obtained in 63.4% yield, and 2-n1ethj.l- 
tetrahydi-opyran, b.p. 101.5-101.8" C., ng 1.4180, in 76% 1)-ield. 

Synthesis  of 1-Phenyl-2-ethylpiperidine (111) f r o m  2-Ethyke t~a l jydropyra?~  ( I )  
via 1,5-Dibromoheptane 
2-Ethyltetrahydropyran, 30.0 gm., was added slowly to  a cold misture of 

340 gm. of 48% hyclrobromic acid and 18 ml. of concentrated sulphui-ic acid. 
'Follo\ving a three-hour refluxing period, the reaction mixture mas steam 
distilled, and the organic phase of the distillate extracted with ether, mashed 
with soclium carbonate solution, and dried over calciunl chloride. Fractionation 
gave 44.4 gm. (66.3%) dibromide, b.p. 112-116" C. (12 mm.), 11; 1.5010- 
1.5023. On the basis of the composition of the product formed in the subse- 
q~ieilt  reaction with aniline, this product is consiclerecl to  consist of 70% 
1 ,S-dibromoheptane ancl 30% 1 ,-4-dibromoheptane. 

A solution of 38.3 gin. (0.13 mole) of the dibro~llide ancl 62.2 gm. (0.68 mole) 
of aniline was ivarmecl on a steam bath until it had iorinecl into a brown calie. 
The  reaction mixture was dissolved in hydrochloric dcicl ancl the free ainines 
liberated by aclclition of sodium h~droxicle solution. The organic phase was 
extractecl with ether ancl dried over sodium hyclroxicle. Careful fractionation 
gave 12.5 gin. (-147;) of l-phen)-l-2-eth).Ipiperidine (111), b.p. 123.3-126.0" C. 
(8 mm.),  n g  1.5305, picrate 1n.p. 177.6-178.2" C., and 5.3 gm. (19%) of 
l-phenj.l-2-prop~~l1q rrolicline ( IV) ,  b.p. 132-136" C .  (8 mm.),  11; 1.3334, 
picrate 1n.p. 135.6-136.1" C. X mixture of the picrate oi I11 ~v i th  the picrate 
formed from the lowest-boiling fraction of the product of the 3-eth\.ltet~-a- 
hydrop)rran-aniline reaction showed no clepression in melting point. Similai-I!-, 
the melting point of the picrate of I V  \vas not tlepressccl in adinisture with t!ie 
picrate of the intermediate fraction of the catal!-sis product. 

Synthesis  of 1-Phenyl-2-propylpyrrolidine ( IV)  f r o m  2-Propyltetrahydro- 
f u r a n  ( VI) nia 1 ,/ t-Dibromol~eptane 
Thirt!,-six grams (0.315 mole) of 2-propyltetrahydrofuran, b.13. 130-133" C., 

?;: 1.4213, prepared b), the method of Paul (10, 11) from furfural in an over-all 
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Synthesis  of I-Phenyl-2-metlzylpiperidine ( VII) f rom 2-hfethyltetrahydro- 
pyran  (11) via 1,5-Dibromohexane 

2-Methyltetrahydropyran, 18.0 gm. (0.18 mole), was dissolved in glacial 
acetic acid and treated with anhydrous hydrogen bromide a t  120" C., fol- 
lowing the procedure previously described for the reaction of hydrogen bromide 
with 2-propyltetrahydrofuran. Fractionation of the product gave 35.7 g n ~ .  
(82%) dibromide, b.p. 100.0-102.3" C. (12 mm.), 722 1.5077. The coinposition 
of the product formed in the subsequent reaction with aniline inclicated that 
the dibromide consisted of 87y0 1,5-dibromohexane and 13% l,4-dibroino- 
hexane. 

The conversion of the dibronlide to cyclic ainines by reaction with aniline 
was carried out following the procedure previously described. From 34.5 gm. 
of the dibromide was obtained 16.9 gm. (80%) of 1-phenyl-2-methylpiperi- 
dine (VII), b.p. 110.8-113.0" C. (8 mm.), nA3 1.5560, picrate m.13. 167.4- 
168.4" C., and 2.4 gm. (12%) of 1-phenyl-2-ethylpyrrolicline (VIII ) ,  b.p. 117.5- 
118.5" C. (8 inm.), n: 1.5631, picrate m.p. 118-119" C. melting points 
were not depressed when these picrates were mixed with picrates from corre- 
sponding fractions obtained from the reaction of 2-methyltetrahydrop~rran 
with aniline. 

Reduction of h f i x e d  N-Phe~zy lhexeny lamines  ( I X )  to N- I lexy lan i l ine  

A sample of the mixed amines dissolved in ethanol was reduced a t  room 
temperature and 43 p s i .  pressure over Raney niclrel. Distillation gave a 
product, b.p. 163-165" C. (30 mm.), n: 1.5230, m-nitrobenzenesulphonamide 
m.p. 79.6-80.2" C., and p-toluenesulphonarnide m.p. 67-68" C. The melting 
points of these sulphonamides agree closely with literature values for the 
corresponding derivatives of N-hexylaniline (4). The p-bromobenzenesul- 
phonamide melted a t  96.2-97.2" C. 

Ozo~zolysis of N-Acetyl-N-phenylhexenylamines 

A solution of 4.5 gm. (0.026 mole) of mixed amines (IX) dissolved in 10.6 ml. 
(0.10 mole) of acetic anhydride and 70.8 ml. of piperidine was refluxed for 
one and one-half hours. Dilute sulphuric acid was added and the organic 
phase extracted with ether, dried, and distillecl to give 4.75 gm. (85y0) of 
liquid product, b.p. 115-120" C. (0.5 mm.), n: 1.5223. 

A stream of ozone (5%) was passed into a solution of 2 gm. of N-acetyl-N- 
phenylhexenylamines in 50 ml. of purified glacial acetic acid until ozonization 
was complete. The ozonide was decon~posed by hydrogenolysis over palladium 
on calciuin carbonate. Following removal of the catalyst, nitrogen was passed 
through the solution while its temperature was gradually raised. The aldehyde 
first swept from the solution was converted into p-nitrophenylhydrazone and 
2,4-dinitrophenylhydrazone derivatives, the melting points of which corre- 
sponded to derivatives of acetaldehyde. Mixed melting point determinations 
showed no depression. The sweep gas passing through the solution a t  the 
higher temperatures was led into ethanol cooled in dry-ice, dimedone added, 
and the resulting derivative recrystallized from ethanol. Its melting point 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
4/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.
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corresponcled to that of the dimedone of formaldehyde, and a mixed melting 
point determination with authentic compound gave no depression. 
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2,3-DIMYDROBENZO( f )-1,4-OXATMIEPIN AND DERIVATIVES' 

ABSTRACT 

A method has been developed for the synthesis of a new heterocyclic system 
111. When 2-B-chloroethosybenzyl chloride (XI) was heated with thiourea in 
alcohol solution, S-(2-p-chloroethoxybenzyl)isothiuroni~~m chloride (XII) was 
formed which on cleavage with aqueous alkali in high dilution yielded 2,3- 
dihydrobenzoCf)-1,4-oxathiepin (111). Derivatives of I11 with substituents such 
as  methyl, t-butyl, chlorine, and nitro in the 7 and 9 positions were prepared in 
high yields from the corresponding substituted 2-p-chloroethoxybenzyl chlorides. 
The presence of substituents in the position ortho to  the chloroethosy group of 
XI1 had no retarding effect on the cyclization to  XIV. 

During the synthesis of aralkyl mercaptans required as intermediates in a 
synthetic insecticide research program, a new heterocyclic system, 111, was 
discovered. The inme for this new system is derived from oxepin (I) and 1,4- 
oxathiepin (I I). The fusion of a benzene ring in the f position of 1 ,*-oxathiepin 
(11), followed by saturation of the 2,3-double bond, results in the new system, 
(111), for which the name 2,3-dihydrobenzo( f)-1,4-oxathiepin is appropriate. 

The thiourea method for the preparation of alkyl (12) and aralkyl (8) 
mercaptans (VII) comprises heating the alkyl or aralkyl halide (IV) with 
thiourea (V) in alcohol solution followed by alkaline cleavage of the resulting 
isothiuronium chloride (VI). Sodium chloride, water, and cyanoguanidine 
(VIII) are formed along with the mercaptan (VII). I t  is well known (1,9) that 
mercaptans react with alkyl halides (IX) in the presence of aqueous or alco- 
holic alkali to form sulphides (X). 

During the preparation of various benzyl mercaptans from the corresponding 
benzyl chlorides by the thiourea method, interest was aroused in regard to the 
behavior of 2-p-chloroethosybenzyl chlorides (XI) in this reaction. Since 
phenyl 2-chloroethyl ether does not react with thiourea (V) under these con- 
ditions, the first product of the reaction between X I  and V should be the 
S-(2-p-chloroethoxybenzyl)isothiuronium chloride (XII) .  This on treatment 
with alkali should yield the mercaptan XI I I ,  which could theoretically under- 
go two reactions under these conditions. An intramolecular reaction would 
result in the I,*-oxathiepin (XIV), while an intermolecular reaction would 
lead to the polymer (XV). Actually when an aqueous-alcoholic solution of 
S-(2-p-chloroethoxybenzyl)isothiuronium chloride (XII)  was treated with 
excess sodium hydroxide in a small volume of hot water, the main product of 

'Manuscript  received M a y  24, 1955. 
Contribzction from the Dominion Rz~bber Company Limited Research Laboratories,. GzceIpR, 

Ontario. 
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KULKA: 2,3-DIHYDROBEKZO(f)-1,4-0SS4TI-IIEFIN 1443 

ethanol 2NaOI-I 
212C1 + 2CS(NH,)? --k 2RSC=KH \ 

NH 
1 1  

2RSH + HcNCNHCN + 2NaCI + 2H20 

VI I V I I I  

RSH + R'CI 
NaOH + RSR' + NaCl + HrO 

VI I I X X 

COOH 

NOTE: The formula for compound X I X  should read 
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the reaction was the benzene-insoluble polymer (XV). On the other hand when 
I the aqueous-alcoholic solution of XI1  was added dropwise to excess sodium 

I hydroxide in a large volume of hot water, a benzene-soluble compouild was 
obtained in high yield. This compound possessed a boiling point slightly lower 
than the corresponding 2-P-chloroethoxybenzyl chloride (XI) ,  it was free of 
chlorine and contained a neutral sulphur which oxidized easily to the sulphone. 
On the basis of these properties together with analytic figures and molecular 
weight it must be presumed to be the iiltramolecular reaction product XIV. 

The thiourea method has been successfully applied to the synthesis of several 
2,3-dihydrobenzo( f)-1,4-oxathiepins (XIV) substituted in the benzene ring 
(Table 11). These were oxidized to the corresponding sulphones (Table 111). 
The method appears to have wide scope which is governed only by the avail- 
ability of the benzyl chlorides (XI) .  Difficulties were expected in the prepara- 
tion of nitroderivatives of XIV in view of the facts that S-(3-nitro-4-methoxy- 
benzy1)isothiuronium chloride on treatment with aqueous alkali yields only 
resinous materials and no mercaptan and that 9-nitrobenzyl mercaptan is 
sensitive to hot alkali ( I) .  However XI1 (X  = N02) was easily converted to 
XIV ( X  = NO.?) (Table 11). A number of 3-substituted-5-alkyl-2-$-chloro- 
ethoxybenzyl chlorides (XI ,  X = 3-C1, 3-I\TO2, and 3-t-butyl) were also easily 

I converted to the l,4-oxathiepins (XIV, X = 9-C1, 9-NO.2, and 9-f-butyl) via 

i the corresponding isothiuronium chlorides (XII)  showing that 3-substituents 

I in XI1 have 110 retarding effect on the cyclization to XIV. This is in direct 
contrast to  the behavior of 2-phenoxyphenylacetic acids (XVI) where sub- 

I stituents in the ortho position (R) sterically hinder the cyclization to the 
dibenzoxepinones (XVI I)  (6). 

1 The 4-substituted-2-P-chloroethoxybei~zyl chlorides (XIX) required in this 
investigation were prepared by chloroethylatioi~ of the phenols with ethylene 

! dichloride according to the method of Harris and Stewart (4) follo~ved by 

i chloromethylation of the resulting 2-chloroethyl phenyl ethers (XVIII).  A 
few failures were experienced when 9-nitrophenol, 2,4-di-t-butylphenol (11), 
and 2-hydroxy-5-methylacetophenone (10) reacted poorly or not a t  all with 
ethylene dichloride and when 2,4,5-trichlorophenyl 2-chloroethyl ether failed 
to chloromethylate. The introductioil by usual methods of such groups as 
chlorine, nitro, and t-butyl into the 4-substituted-phenyl 2-chloroethyl ethers 
(XVIII) either before or after chloromethylation yielded aclditional 2 4 -  
chloroethoxybenzyl chlorides (XX) required in this investigation. o-p-Chloro- 
ethoxybenzyl chloride (XXIII)  was prepared from salicylaldehyde by chloro- 
ethylation and reduction (crossed Cannizzaro) of the resulting aldehyde (XXI) 
to the benzyl alcohol (XXII)  followed by thionyl chloride treatment. This 
compound (XXIII)  proved to be extremely unstable and had to  be used 
immediately without purification in the preparation of the isothiuronium salt. 

EXPERIRiIENTAL 

2-13-Chloroethoxybe?zzaldehyde (XXI )  
A reaction mixture of o-hydroxybenzaldehyde (100 gm.), ethylene dichloride 

(100 ml.), and potassium hydroxide (50 gm.) in water (100 inl.) was heated 
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under reflux for five days. The organic layer was separated, diluted with 
ethylene dichloride, washed with aqueous sodium hydroxide and with water, 
and the solvent removed. The  residue was distilled, the fraction boiling a t  
163-164" (12 mm.) being collected ; yield, 61 gm. or 40%. The distillate crys- 
tallized from benzene as white prisms melting a t  38-39'. Anal. Calc. for 
C9H902C1: C, 58.53; H,  4.88. Found: C, 58.34; H ,  4.71. 

2-0-Chloroetho.vybenzy1 Alcohol (XXI I )  

T o  a stirred solution of 2-P-chloroethoxybenzaldehyde (20 gm.), ethanol 
(100 ml.), and 40% formaldehyde (40 ml.) was added dropwise soy0 aqueous 
potassium hydroxide (50 ml.), the temperature being kept a t  35-40' by cooling. 
The  reaction mixture was stirred a t  40' for two hours and then about half the 
ethanol was removed in  vacuo. The residue was extracted with ether, the ether 
solution was washed with aqueous sodium bisulphite, and the solvent was 
removed. The residue distilled a t  b.p. (12 mm.) = 166-167' as a colorless 
liquid, n g  = 1.550, yield, 17 gm. or 85y0. Anal. Calc. for C9H1102C1: C, 57.90; 
H. 5.89. Found: C, 67.34, 57.60; H, 5.76, 5.90. 

2-p-Chloroethoxybenzyl Chloride (XXI I I )  
T o  a solution of 2-fl-chloroethoxybenzyl alcohol (12 gm.) in dry benzene 

(50 ml.) was added portionwise thioilyl chloride (10 gm.), the temperature 
being kept below 35' by cooling. The reaction mixture was allowed to stand a t  
room temperature for five hours during which time hydrogen chloride and 
sulphur dioxide were evolved. About two-thirds of the benzene was removed 
in vacuo without heat application and the purple solution was used directly in 
the formation of the isothiuronium salt (see below). The 2-P-chloroethoxy- 
benzyl chloride is extremely unstable and polymerizes on standing or on 
warming. 

2-P-Chloroethoxy-5-methylbenzyl Chloride (XIX,  X = CH3) 

A reaction mixture of p-tolyl 2-chloroethyl ether (100 gm.) (4), ethylene 
dichloride (150 ml.), concentrated hydrochloric acid (300 ml.), water (15 ml.), 
and paraformaldehyde (22 gm.) was stirred and heated a t  55-60' for 24 hr. 
The organic layer was separated, washed with water, with aqueous sodium 
bicarbonate, and with water. The solvent was removed and the residue was 
distilled, yielding a colorless liquid (111 gm. or 88%) boiling a t  158-160' (12 
mm.) and melting a t  25-27O. Anal. Calc. for ClDH120C12: C, 54.80; H ,  5.48. 
Found: C, 54.77, 54.59; H,  5.70, 5.33. 

' 

2-P-Chloroethoxy-5-t-butylbenzyl Chloride (XIX,  X = C(CTI,) 3) 

This was prepared in 50% yield as  above from p-t-butylphenyl2-chloroethyl 
ether (2). The colorless liquid boiled a t  170-173" (12 mm.), n g  = 1.533. Anal. 
Calc. for C13H180C1z: C, 59.80; H, 6.90. Found: C, 59.43, 59.48; H ,  6.53, 6.60. 

2-~-Chloroetlzoxy-3,5-dic1zIorobenzy2 Chloride (XX, X = Y = Cl) 

The preparation of this compound required considerably more drastic 
conditions than those used for the preparation of 2-0-chloroethoxy-5-chloro- 
benzyl chloride (7). 
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A suspensioil of paraformaldehyde (25 gm.), zinc chloride (150 gm.), and 
acetic acid (400 ml.) was saturated with hydrogen chloride. T o  the resulting 
solution was added 2,4-dichlorophenyl 2-chloroethyl ether (100 gm.) (2) and 
the solution was heated a t  90-95' for four days. About half of the acetic acid 
was distilled off in vacuo from the reaction mixture, and the residue was treated 
with dilute hydrochloric acid and estracted with benzene. The benzene solu- 
tion was washed with water, with aqueous sodium bicarbonate, and with water 
and the solvent was removed. The residue was fractionally distilled, yielding 
fraction 1 (52 gm.) boiling a t  150-175' (12 mm.) and fraction 2 (18 gm.) 
boiling a t  175-185' (12 mm.). Fraction 2 could not be purified further so the 
crude material was used in the preparation of the isothiuronium salt (see below). 

2-P-Chloroethoxy-5-nitrobenzyl Chloride (XIX, X = NOz) 
This was prepared in 35y0 yield of crude material by the chloromethylation 

of p-nitrophenyl 2-chloroethyl ether (5) employing a method similar to that 
above except that 30 gm. of zinc chloride was used instead of 150 gm. The 
yellow liquid boiled a t  170-175' (1 mm.). In view of the fact that this contained 
a small amount of difficultly separable p-nitrophenyl 2-chloroethyl ether, the 
crude material was used directly in the preparation of the isothiuronium salt 
where purification was easier. 

2-Clzloro-4-t-butylphenyl 2-Chloroethyl Ether 
Into a solution of P-t-butylphenyl 2-chloroethyl ether (71 gm.) (2), sodium 

acetate (35 gm.), and acetic acid (200 ml.), chlorine gas was passed until 
24 gm. were absorbed, the temperature being maintained a t  35-40' by cooling. 
After it had been left a t  room temperature for 15 min., the reaction mixture 
was poured into water and extracted with benzene. The benzene extract was 
washed with water and the solvent was removed. The residue was distilled 
and the fraction boiling a t  160-163' (12 mm.) collected. The yield ofithe 
colorless distillate was 56 gm. or 75%, n: = 1.532. Anal. Calc. for Cl2H160C12: 
C, 58.30; H ,  6.48. Fouild: C, 58.72, 58.21; H ,  6.60, 6.46. 

2-P-Chloroethoxy-3-clzloro-5-t-butylbenzyl Chloride (XX, X = C(CH3) 3, Y = Cl) 
Into a suspension of paraformaldehyde (10 gm.), zinc chloride (30 gm.), 

and acetic acid (250 ml.), hydrogen chloride was passed until saturated.'tTo 
this was added 2-chloro-4-t-butylphenyl 2-chloroethyl ether (44 gm.) and1the 
resulting solution was heated a t  80-90' for three days. About half of the acetic 
acid was distilled off in  vacuo and the residue was treated with dilute hydro- 
chloric acid and extracted with benzene. The benzene extract was washed 
with water, with aqueous sodium bicarbonate, and with water. The  solvent 
was removed and the residue was distilled, yielding 32 gm. (60y0) of a colorless 
liquid, n: = 1.539, boiling a t  180-185O (13 mm.). Anal. Calc. for C13H170C13: 
C, 52.80; H ,  5.75. Found: C, 53.31, 53.17; H ,  5.88, 5.61. 

2-P-Chloroethoxy-3-nitro-5-t-butylbenzyl Chloride (XX, X = C(CH3) 3, Y = NO2) 
T o  a solution of 2-p-chloroethoxy-5-t-butylbenzyl chloride (12 gm.) (XIX) 

in acetic acid (25 ml.) and acetic anhydride (10 ml.) was added dropwise fuming 
nitric acid (4 ml.) with stirring, the temperature being kept a t  25-30' by 
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cooling. After it was allowed to stand a t  room temperature for two hours, the 
reaction mixture was poured into water and the precipitated oil was extracted 
with benzene. The  benzene extract was washed with water and the solvent 
removed. The residue on crystallization from methanol yielded 9.8 gm. (70%) 
of white prisms melting a t  77-78'. Anal. Calc. for C13H17N03C12: C, 50.98; 
H,  5.55. Found: C, 50.93; H ,  5.55. 

2-t-Butyl-4-methylpheny 1 2- Chloroethyl Ether 

T o  a solutioil of fi-tolyl 2-chloroethyl ether (150 gm.) (4) in t-butyl chloride 
(400 ml.) was added aluminum chloride (3 gm.) in three 1-gm. portions with 
cooling and swirling until dissolved. Then the reaction mixture was heated 
under gentle reflux for three hours. Because of the continuous evolution of 
hydrogen chloride the iilterilal temperature reinailled a t  35-40' for the first 
two hours and rose gradually to  50' during the last hour of the reaction. The  
dark red solution was washed with cold dilute hydrochloric acid, with water, 
with aqueous sodium bicarbonate, and with water. After the excess t-butyl 
chloride was distilled off, the residue was fractionally distilled, the fraction 
(106 gm.) boiling a t  140-160" (13 mm.) being collected. This partially solidified 
on cooling and rubbing with a little methanol and was crystallized from 
methanol. The white prisms melted a t  35-37' and weighed 58 gm. (30y0). 
Anal. Calc. for C13H190Cl: C ,  68.87; H ,  8.39. Found : C, 68.94, 69.26; H ,  8.16, 
8.37. 

2-P-Chloroethoxy-3-t-butyl-5-methylbenzyl Chloride ( X X , X  = CH3, Y= C(CH3) 3) 

A suspension of 2-t-butyl-4-methylphenyl 2-chloroethyl ether (30 gm.), 
paraformaldehyde (6 gm.), and acetic acid (150 ml.) was saturated with hydro- 
gen chloride and then heated a t  78-80' for 18 hr. WIost of the acetic acid was 
removed i n  vacuo, and the residue was treated with water and extracted with 
benzene. The benzene solutioil was washed with water, with aqueous sodium 
bicarbonate, and with water and the solvent was removed. The residue was 
distilled and the fraction boiling a t  172-177' (13 mm.) collected. The  yield 
of the colorless liquid was 20 gm. or GO%, n g  = 1.534. Anal. Calc. for 
C14H2oOCl2: C, 61.09; H ,  7.25. Found: C, 61.48; H ,  7.38. 

2,4,5-Trichlorofihenyl2-Chloroethyl Ether 
This was prepared in 72y0 yield from 2,4,5-trichlorophenol and ethylene 

dichloride according t o  the method of Harris and Stewart (4). The  white 
needles melted a t  52-53'. Anal. Calc. for C8H60C14: C, 36.92; H ,  2.31. Found: 
C, 37.37; H ,  2.47. 

2-Acetyl-4-methylphenyl 2-Chloroethyl Ether 
This was prepared in 10yo yield from 2-hydroxy-5-methylacetophenone 

(10) and ethylene dichloride (4). The white prisms melted a t  61-62'. Anal. 
Calc. for CllH1302C1: C, 62.14; H ,  6.12. Found: C, 62.72; H ,  6.24. 

Preparation of S-Benzylisothiuronium Chlorides ( X I I )  (Table I )  

T o  a solution of the 2-p-chloroethoxybei~zyl chloride (20 gm.) in ethanol 
(50 ml.) was added about 20y0 excess thiourea and the reaction mixture was 
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heated under reflux for three hours. The  ethanol was removed in vacuo from 
the solution and the residual sirup was treated with hot water (20 ml.) (about 
twice as much water was required by the nitro derivatives of XII). The 
resulting s o l u t i o i l  was then extracted with benzene in order to remove any 
impurities, which were present o i l l y  when crude 2-p-chloroethoxybenzyl 
chloride was used, and the aqueous solution was allowed to cool. The  S-(2-p- 
chloroethoxybe~~zyl)isothiuronium chloride precipitated and could be crystal- 
lized from water or alcohol. Although S-benzylisothiuronium chloride is known 
to exhibit dimorphism (3), this was not observed with those chlorides listed in 
Table I. 

TABLE I 

THE PREPARATION OF S-(2-p-CHLORO~THOSY~ENZYL)ISOTHIURONIUY CHLORIDES 
(XII) FROM THE CORRESPONDING DENZYL CHLORIDES (XI) 

Analyses 

Calc. Found 
XI1 M.p., Yield, 

substituent(s) Formula "C. 5% c H C H 

Unsubstituted ClaHl JV?OCI?S (Not purified) 
5-Chloro- ClaEI,aN?OCIjS 169-170 75 38.04 4 .03  37.92 3.87 
3.5-Dichloro- CtIIH,,N.OCl,S (Not ~urified) 

3-t-~~1tyl-5-niethyl- C ~ H , ~ N ? O C I ? S  Sirup (Not purified) 

"Calc. iV, 17.4. Fot~nd: N, 17.0. Tlze analyses of this compound i ~ ~ d i c a t e  that i t  possesses two 
molect~les of thioz~rea instead of one. 

P r e p a r a t i o ? ~  of the 2,s-Dihydrobenzo( f)-I&-oxathiepins (XIV) (Table 11) 
The S-(2-p-chloroethoxybei~zyl)isothiuroi~ium chloride (30 gm.) (XII) was 

dissolved in ethanol (50 ml.) and water (100 ml.) and the solution was then 

TABLE I1 

THE PREP.?RdTION OF THE 2,3-DIHYDROBENZO(~)-1,4-OXATHIEPINS (XIV) 
FROM THE CORRESPONDING S-(2-p-CHLOROETHOXYBENZYL)ISOTHIUR~NIUM 

CHLORIDES (XI I) 

Analyses 

S I V  Formula M.p., B.p. Yield, Calc. Found 
substituents "C. (13 mm.) 70 

C H C H 

Unsubstituted CeHloOS 35-36 130 47O 65.06 6 .03  65.21 5.90 
7-Chloro- C I I ~ ~ O C I S '  70-71 160-162 80  53.84 4 .49  54.15 4.35 
7.9-Dichloro- C9HdXI?S 114-115 ca. 180 10' 45.95 3 . 4 0  45.80 3 . 4 7  
7-Methyl- CIOHI?OS 45-46 146-1-17 90 66.66 6.67 66.67 6 . 5 5  
7-l-Butyl- C~aHls0S 53-54 170 94 70.26 8.11 70.09 8 . 0 1  
7-Nitro- ceH.1N0aS 124-125 84 51.18 4.27 51.44 4 .33  
7-1-Butyl-9-chloro- CIIHI;OCIS 185-190 80  60.81 6 .03  61.14 6.77 
7-l-Butyl-9-nitro- C~~I- I I ;NO~S 81-82 86 58.43 6 .37  58.45 6.22 
7-Methyl-g-1-butyl- CIIHIOOS 61-62 175-180 53a 71.19 8 . 4 7  71.40 8 .53  

aThese yields are based on the 2-p-chloroethoxybeneyl chlorides and not on the correspond in^ 
isothiuroniu?n salts as  i n  the other cases. 

bA4olecz~lar z~gright: calc.. 200.5; foz~nd,  197 (Rus t ) .  
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KULRA: 2.3-DIHYDROBENZO(/)-1,4-OXATHIEPIS 1449 

added dropwise over one-half hour to a stirred solution of sodium hydroxide 
(20 gm.) in water ( I  1.) heated on the steam bath. T h e  stirring and heating was 
contiiiued for another hour and the precipitated oil was then extracted with 
benzene. T h e  benzene solutioil was washed with water and the solvent was 
removed. T h e  residue was distilled and the almost odorless distillate crystal- 
lized from methanol. T h e  results are shown il l  Table 11. 

Preparation of 2,3-Dilzydrobenzo( f)-1,d-oxathiepin-/t,.+-dioxides (Table 111) 
T o  a solution of the 2,3-dihydrobenzo( f )-1,-4-oxathiepin (XIV) ( I  gm.) in 

acetic acid (5 ml.) was added 30% hydrogen peroxide (3 ml.). The reaction 

THE PREPARATION OF 2,3-DIHYDROBENZO(~)-l,4-OSATHIEPIN-4,4-DIOXIDES BY THE 
OXIDkTION O F  XIV 

rlnalyses 
2,3-Dihydrobenzo(f)-1,4- 

oxathiepin-4,4-dioxide Formula K p . ,  Cnlc. Found 
substituent(s) "C. 

C H C H 

Unsubstituted C Q H I ~ O B  165-166 54.53 5.05 54.62 4.79 
'?_-Chloro- CsHs03CIS 194-195 46.45 3.87 46.56 4.00 
1,0-Dichloro- C,H,O,CI?S 209-210 40.45 3.00 40.42 2.96 
7-Methvl- CIQHI?O~S 175-176 56.60 5.66 56.77 5.64 

was exothermic and the temperature rose to  about 80". T h e  solution was 
heated on the steam bath for one hour and then diluted with hot water and the 
sulphone allowed to  crystallize. T h e  white prisms were ailalytically pure and 
the yield was quantitative. 
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NOTES 

THE CRYSTAL STRUCTURE OF THE ALIPHATIC DIBASIC ACID CaH40~.2H201 

The aliphatic dibasic acid C4H406.2Hz0 has variously been described as 
having either the cis- or the trans- configuration. Chemical evidence against 
or in favor of either of these configurations has been presented by Hartree 
(2). In a previous communication, however, the present author (I) was able 
to show conclusively from X-ray diffraction data that  the molecule in the 
crystalline state must have the trans-configuration since it crystallized in 
the monoclinic system, class 2/m, space group P21/c with two molecules in the 
unit cell of dimensions 

Thus the molecules were, tentatively, confirmed as molecules of dihydroxy- 
fumaric acid and not dihydroxymaleic acid. The present note describes the 
results of a Fourier analysis of the X-ray diffraction data obtained from the 
crystals of dihydroxyfumaric acid dihydrate. 

Reflections in the {Okl) and the {h01} zones were obtained from Weissenberg 
photographs using Cu unfiltered radiation, and the intensities were estimated 
visually. Patterson projections were calculated for both these zones. The 
{hOl) projection showed clearly the n~olecules to be lying in a plane perpendi- 
cular to  the a axis which was the best axis for clear resolution of the atoms. 
The  first Fourier map showed the rough orientation of the molecule as well 
as the position of the water molecule and this was refined in successive stages; 
the last Fourier map obtained is show11 in Fig. 1 below. The figure shows the 
molecule as projected on a plane perpendicular to  the a axis. Only one molecule 
is outlined together with parts of the neighboring molecules. All the atoms in 
this projection are clearly resolved. The structure has been confirmed by the 
{hOl} projection in which, however, there is serious overlap-only two atoms 
out of the six in the asymmetric unit are clearly resolved in this projection. 

There is no hydrogen bonding in the COOH groups of the adjacent mole- 
cules which form an extensive chain running roughly parallel to the [102] 
axis, and as in oxalic acid dihydrate, the crystal structure is held together 
mainly by the water molecules. No pronounced departure from a completely 
planar molecule is expected. The crystal structure is being refined using 
three-dimensional data, and full details of the intramolecular and intermole- 
cular distances will be published later. 

The author wishes to  thank Dr. W. H. Barnes for providing all facilities for 
this research in his laboratory. 

'Isszled as N.R.C. No. 3668. 
2National Research Laboratories Postdoctorale Fellow. 
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GUPTA: CRYSTAL STRUCTURE 1451 

FIG. 1. Electron density projected on a plane perpendicular to  the [loo] axis. Contours 
drawn a t  arbitrary but equal levels of electron density. 

1. GUPTA, M. P. J. Am. Chem. Soc. 75: 6312. 1953. 
2. HARTREE, E. F. J. Am. Chem. Soc. 75: 6244. 1953, 
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THE ESTIMATION OF 8-HYDROXY AMINO ACIDS BY A 
MICRODIFFUSION METHOD' 

The pel-ioclic acid oxidation of /3-11ydroxy amino acids proceecls according 
to the following formula: 

R-CHOH-CHNH2-COOH -+ R-CHO + CHO-COOH + NH3. 

The reaction is rapid and quantitative and is used in analytical methods for 
determining serine and threonine (3, 5). I t  has also been used to estimate 
hydroxylysine, which occurs in a few proteins (6). Threonine yields acetalde- 
hyde while serine and hydroxylysine give formaldehyde. Shinn and Nicolet (3) 
estimated threonine by aspirating the acetaldehyde into an excess of bisulphite, 
and Winniclr (7) subsequently modified this to a microdiffusion method. 
Van Slylie, Hiller, and MacFadyen (6) have described a method for de- 
termining ammonia liberated by periodate oxidation (periodate ammonia) 
by aspirating it into boric acid ancl titrating in the usual way. 

This communication describes a modified method for determining "periodate 
ammonia" which utilizes Conway Microdiffusion units (2). 

T o  employ the method with protein hydrolyzates the following reagents 
are required : 

1. Paraperiodic acid 0.5 M (114 gm. H5106 per liter). 
2. Glycine solution (5% in N NaOH). 
3. Potassium metaborate 5 N (410 gm. I<B02 per liter). 
4. Boric acicl 2% containing 0.1% of bromcresol green - methyl red 2:  1. 
One and one-half milliliters of boric acid solution are pipetted into the center 

well of a KO. 1 Con\ilay unit. One milliliter of sample solution, contclining 
about 10 microequivalents of p-hydroxy amino acicls, is added to  the outer 
chamber. Immediate11 before the cell is sealed the following are aclclecl to the 
sample: 0.5 1111. periodic acid, 0.5 rill. gll-cine solution, 1.5 ml. potassium 
metaborate. After a t  least five hours a t  room temperature the contents of the 
center well are titrated with standarcl hyclrocl~loric acid and the ammonia 
aclsorbed is calculated. A control experiment with periodic acicl omitted must 
be included to obtain a value for "preformed ammonia". Total ammonia less 
preformed anlmonia is equal to periodate ammonia. Samples (10 micro- 
equivalents) of serine and threonine were analyzed as above. On individual de- 
terminations the percentage recoveries of the theoretical yield of ammonia 
were: serine-99.7, 100.4, 99.7, 100.1; threonine-99.5, 99.5, 100.3, 99.8. No 
interference from other cornmon amino acicls was found. 

The  total p-hydroxy amino acicls in a protein hydrolyzate can be estimated 
in terms of periodate ammonia using the method outlined. If threonine is 
then estimated b-) Winnick's method (7) and "threonine ammonia" is sub- 
tracted from perioclate ammonia, the difference should be a measure of serine 
content. IHydroxyl-)sine glucosamine and ethanolamine give ammonia upon 
periodate osidation and if present they would interfere with the estimation of 
serine. 

lIsszted as N.R.C. 11'0. 3602. 
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WISEBLATT AND MCCONNELL: 8-HYDROXY AMINO ACIDS 1453 

Selected proteins were hydrolyzed for 20 hr. in refluxing 6 N hydrochloric 
acid. The  hydrolyzates were freed from excess acid by repeated vacuum evapo- 
ration and dilution, made to suitable volumes, and 1-ml. aliquots were talcen 
for "periodate am~nonia" and threonine analyses. Aliquots were analyzed for 
total nitrogen by the micro-I<jeldahl method. Results are given in Table I. 

TABLE I 
SERINE AND THREONINE CONTENT OF PROTEIN 

( I n  gm. per 16.0 gm. total nitrogen) 
-- -- 

'Threoninc Serine 
-- 

This Previously This Previously 
illvestigation reported* investigation reportedLF 

Edestin 3.6 3.3 3.3 5.7 5.4 5.4 

Casein 4.9 4.0 4.8 6.0 5.9 7.5 
4.9 4.6 6.0 6.8 

Gluten 2.7 2.7 2.3 5.7 4.7f 
P 

* T a k e n  frotn a conzpilatto?z by  Block and  Bollz7zg ( 1 ) .  
tHydrolyzates of ovalbzrnz~n are known to contain glucosatnzne. 
$Reported b y  Pence et al.  (4) .  

Triplicate determinations of periodatc ammonia agreed to within Iess than 
two per cent; this is slightly better than the agreement reported by Winniclc (7) 
for the threonine estimations. 

1. BLOCK, R. J .  and DOLLING, D. 'The anliilo acid conlposition of proteins and foods. 2nd ed. 
Charles C. Thomas, Publisher, Springfield, Ill. 1951. 

2. C O N W ~ Y ,  E. J .  illicrodiffusio~l analysis and volumetric error. Revised ed. Crosby, 
Locl;wood & Son, London. 1947. 

3. NICOLET, B. H. and SHINY, L. D. J .  Biol. Chem. 139: 687. 1041. 
4. PENCE, J .  \V., MECHAM, D. I<., ELDER, A. H., LEWIS, J .  C., SYELL, N. S., and OLCOTT, H. S. 

Cereal Chem. 27: 335. 1950. 
5. REES, hl. IV. Biochem. J .  40: 632. 1946. 
6. VAN SLYICE, D. D., HILLER, A., and MACFADYEN, D. A. J. Biol. Chem. 141: 681. 1941. 
7. WINNICK, T. J. Biol. Chem. 142: 4G1. 1942. 

A NEW TYPE OF OSMOMETER FOR AQUEOUS SOLUTIONS 

INTRODUCTION 

Most osmometers for determining molecular weights of macromolecules have 
metaI plate membrane supports and solvent-filled manometers. These units . - 

are not convenient for use in aqueous solutions, because the high surface - 
tension causes air bubbIes to be trapped a t  the metal surfaces and also leads 
to large capillarity errors in the manometer. 

'Holder of the Anglo-Paper Research Fellowship a n d  of a Stzrde?~tship f rom the Natdonal Re-  
searclz Cozr?~cil of Canada. Present address: Industr ial  Cellzrlose Research Ltd.,  Hawkesbury,  
Ontario. 
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Selected proteins were hydrolyzed for 20 hr. in refluxing 6 N hydrochloric 
acid. The  hydrolyzates were freed from excess acid by repeated vacuum evapo- 
ration and dilution, made to suitable volumes, and 1-ml. aliquots were talcen 
for "periodate am~nonia" and threonine analyses. Aliquots were analyzed for 
total nitrogen by the micro-I<jeldahl method. Results are given in Table I. 

TABLE I 
SERINE AND THREONINE CONTENT OF PROTEIN 

( I n  gm. per 16.0 gm. total nitrogen) 
-- -- 

'Threoninc Serine 
-- 

This Previously This Previously 
illvestigation reported* investigation reportedLF 

Edestin 3.6 3.3 3.3 5.7 5.4 5.4 

Casein 4.9 4.0 4.8 6.0 5.9 7.5 
4.9 4.6 6.0 6.8 

Gluten 2.7 2.7 2.3 5.7 4.7f 
P 

* T a k e n  frotn a conzpilatto?z by  Block and  Bollz7zg ( 1 ) .  
tHydrolyzates of ovalbzrnz~n are known to contain glucosatnzne. 
$Reported b y  Pence et al.  (4) .  

Triplicate determinations of periodatc ammonia agreed to within Iess than 
two per cent; this is slightly better than the agreement reported by Winniclc (7) 
for the threonine estimations. 
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A NEW TYPE OF OSMOMETER FOR AQUEOUS SOLUTIONS 

INTRODUCTION 

Most osmometers for determining molecular weights of macromolecules have 
metaI plate membrane supports and solvent-filled manometers. These units . - 

are not convenient for use in aqueous solutions, because the high surface - 
tension causes air bubbIes to be trapped a t  the metal surfaces and also leads 
to large capillarity errors in the manometer. 

'Holder of the Anglo-Paper Research Fellowship a n d  of a Stzrde?~tship f rom the Natdonal Re-  
searclz Cozr?~cil of Canada. Present address: Industr ial  Cellzrlose Research Ltd.,  Hawkesbury,  
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1454 CANADIAN JOURXAL OF CHEMISTRY. VOL. 33 

The units described in this paper are inexpensive to construct, simple to 
operate, and have the follo\ving advantages: 

( I )  R/Ieasurements can be carried out reasonably fast, even with lonr 
porosity membranes, by making use of large membrane areas. 

(2) In membranes as big as 200 sq. cm., membrane ballooning is eliminated. 
(3) The n~enlbrane area per cc. half cell volume is 10 sq. cm., which com- 

pares favorably with other designs (2). 
(4) The unit is transparent. 
(5) Solutions can be changecl readily without taking the unit apart. 
The osmometer consists essentially of a cell and a luanometer attachment. 

Two lucite dislis and two rubber rings constitute the main bod>- of the cell 
(Fig. I ) .  The membrane is clamped between two stainless steel screens and is 

@ - BRASS RING @ - I N L E T  HOLE 
@ - L U C I T E  
@ - GLASS RODS 
@ - RUBBER RlNG 
@ , STAINLESS STEEL SCREEN 
@ - DENTAL DAM GASKET 
@ - MEMBRANE 

S E C T I O N  A - A  

FIG. 1. Details of osmolneter cell (esploded view). 

supported by a layer of glass rods, closely packed parallel to one another 
in both cell compartments. The unit is sealed by means of the two rubber 
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GARDON A N D  MASON: NEW TYPE OF OSMOMETER 1455 

rings mentioned above, which are compressed to the same thicliness as the 
glass rods when the unit is assembled. 

The osmotic pressure is measured in a capillary manometer which is con- 
nected to the solvent chamber. A syringe such as that from a glass syringe 
pipette acts as a levelling device. 

All parts are individually clamped to a metal rod which forms the backbone 
of the unit. 

COKSTRUCTION OF T H E  CELL 

The stainless steel screens are placed between the rubber rings and the 
membrane. T o  avoid leakage through the screen meshes and to protect the 
membrane, two dental dam gaskets are placed between the screens and the 
membrane and the rubber rings are lubricated with silicone grease where they 
are in contact with the screens. As an additional precaution, Pyseal cement can 
be applied on the outside. If, for any reason, the use of silicone grease is to  be 
avoided, four dental dam gaskets are used on each side of the screens, and 
P\aeal cement applied on the outside of the cell. 

The components of three typical cells having active membrane areas of 
approximately 200, 60, and 20 sq. cm. are described in Table I. Standard 

TABLE I 
DIMENSIONS OF OSMOMETER CELL COMPONENTS 

Active men~brane area, sq. cm. 200 60 20 
2 brass rings 

Inside diameter, cm. 18 11.5 6.5 
Outside diameter, cm. 25.5 15 11.5 
Number of holes for screws 8 6 4 

2 lucite disks 
Thickness, 1 cm. 
Diameter, cni. 20.5 12.5 7.5 

2 rubber rings 
Thickness, 3.1&0.1 nim. 
Inside diameter, cm. 15 10 5 
Outside diameter. cm. 20.5 12.5 7.5 

2 or 4 dental dam gaskets 
Inside diameter, cm. 
Outside diameter, cm. 

2 stainless steel screens 
125 mesh 
Diameter. cm. 

RiIembrane 
Full diameter 17.5 11.5 6.5 

--- 

pyrex rods with 3 mm. diameter are used as membrane supports. When these 
rods are initially packed into the cell, a 3 mm. clearance is left between them 
and the rubber rings to allow for expansion of the latter when the cell is 
tightened. The  rods are vertical when the cell is in use. 

There are two alternative methods of stabilizing the membrane and the 
stainless steel screen reinforcers. 

(1) They can be supported by two didis of 12-mesh stainless steel screen 
instead of the glass rods. The diameters of these dislis for the cells described 
in Table I are 14.5, 9.5, and 4.5 cm. The  rubber rings for this design are cut 
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1456 CANADIAN JOURNAL OF CHEMISTRY. VOL. 33 

from sheets to 1 mm. thicli, corresponding to the thicliness of the 12-mesh 
screens. 

(2) Disks of 5 mm. diameter, cut out of the same rubber sheet as used to 
prepare the body of the cell, can also be used as stabilizers. These dislis are 
placed in pairs opposite to each other on both sides of the membrane, using 
two to three such pairs per 10 sq. cm. membrane area. This method does not 
provide as firm a membrane support as the two others and should be used only 
for small cells. 

The cell is clamped to the metal rod backbone through two short metal rods 
pressed into drilled holes in one of the brass rings. 

When the largest cell is assembled, there is a tendency for the lucite and 
consequently for the membrane to balloon, since the pressure is applied only 
a t  the edges of the lucite dislis. This can be overcome by providing additional 
compression a t  the center of the dislts by means of a suitable clamp which is 
independent of the brass rings. 

The  lucite dislis are simply and tightly connected with the stopcoclis and 
the glass parts leading to  the manometer attachment by tygon tubing without 
any cement. This tubing, of 1.5 mm. wall thicliness and 10 mm. outside 
diameter, is placed into 8 mm. bore holes in the lucite. To  introduce the 
tubing into the smaller hole, a piece of end is cut off conically along the length 
and using the tongue thus formed, the tubing is pulled into the hole. The 
tongue is finally cut away. 

The lucite dislts are equipped with the connectors before the cell is assembled, 
and for this purpose, each lucite disk has two holes near the opposite ends of 
its vertical diameter. 

THE MANOAIETER 

The design of the glass parts assembled with the cell is shown in Fig. 2 and, 
as can be seen, the cells can be changed without taking the manometer unit 
apart. The different glass parts are connectecl by spherical ground-glass joints 
of 12 mm. sphere diameter. These joints are lubricated with silicone grease 
and clamped together. The glass parts can also be connected by tygon tubing. 
All connecting capillaries have 1 mm. bore. T o  ensure a constant capillary 
rise effect, the measuring capillary (E) should be of uniform bore; i t  was found 
that the most satisfactory bore diameter was 0.3f0.003 mm. The  tubes (A) 
and (B) are 1 cm. in diameter and are cut from the same piece of tubing. The 
syringe is lubricated with silicone grease and its plunger is firmly wired to a 
levelling screw. The  toluene-water interface is in the 1.5 cm. diameter bulb 
below the measuring capillary. The ground-glass joint (D) is lubricated with 
toluene-insoluble lubricant (e.g. Fisher's Nonaq Grease) and waterproofed by 
coating the outside with Pyseal cement. All stopcoclis have 1 mm. bore. 

OPERATION 

The  measuring capillary is attached to  the unit after the other parts have 
been filled with water. The  bulb (D) is then filled with toluene, the capillary 
is sealed in, the stopcock (C) is opened, and toluene is allowed to rise into the 
dry capillar!,. 
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GARDON AND MASON: NEW TYPE O F  OSMOMETER 1457 

The  unit is filled with solution from a pipette which is connected to the 
stopcock (H) by rubber tubing. T o  change solutions, the solution chamber is 
emptied and rinsed several times with the new solution. If necessary the water 
in the solvent chamber can be changed without disturbing the toluene-water 
interface, through stopcocks (G) and (F). 

The  measurements are carried out slightly above room temperature in a 
water thermostat controlled to O.OO1° C. Temperature equilibrium is estab- 
lished in the cell within 0.5 to  1.5 hr. 

FIG. 2. Assembled osmometer unit showing details of the manometer system. 

The  readings are made on a scale with 0.5 mm. subdivisions behind the 
measuring capillary and are estimated to 0.01 cm. T o  avoid parallax, the scale 
is viewed through a cathetometer. The  levels in tubes (A) and (B) are 
brought within 0.1 mm. of one another and the meniscus height in the 
measuring capillary is recorded. Stopcock (C) is then closed and the osmotic 
equilibrium is established by the half-sum method suggested by Fuoss and 
Rilead (1). The  difference between the original capillary meniscus reading 
and the one corresponding to the equilibrium is equal to  the osmotic pressure 
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in centimeters toluene. No correction is necessary, since the density difference 
between water and the solution is negligible. 

I t  is desirable to avoid excessive dilution of the solution by osmotic difiusion 
of solvent while the temperature equilibrium is being established. The meas- 
uring technique described above can be used only when the osillotic pressure 
of the solution is small, in our experience less than 3 cm. toluene. In the case 
of the larger osmotic pressures, it is preferable to adjust a level difference 
roughly correspondii~g to the expected osmotic pressure in tubes (A) and (B) 
when the instrument is being filled. Thus the driving pressure acting on the 
solvent is lcept small until the actual measurement can be started. When 
temperature equilibrium is reached, stopcoclc ( C )  is closed and the osmotic 
equilibrium is establishecl by the half-sum method. If the levels in tubes (A) 
and (B) are ZL and n respectively, and the meniscus levels in the capillary with 
stopcoclc ( C )  open and a t  equilibrium are w and z respectively, the osmotic 
pressure in gm./sq. cm. is given by 

where d is the density. 
The reproducibility of the capillary rise along the length of a 0.3 mm. bore 

capillary is A0.02 cm., if the precision of the bore is within 1%. If necessary, 
the accuracy can be improved by using larger capillaries; this however, can 
only be done a t  the expense of a longer time to osn~otic equilibrium. 

In addition, the accuracy of the measurements depends on the so-called 
"zero pressure", i.e. the linite apparent osmotic pressure existing wlleil solu- 
tions of identical composition are placed on both sides of the membrane. In 
some instances, the solute may be adsorbed on the membrane thus leading to 
considerable difference in zero pressure before and after the measurement. 

The speed of the measurements clepends mainly upon the ratio of the 
capillary cross-section to membrane area. Using the small cell with 300 P T  
cellophane and the large cell with denitrated nitrocellulose and a capillary of 
0.3 mm. bore, equilibrium osmotic pressures can be established to ~ 0 . 0 2  cm. 
by the half-sum method within four hours after the temperature equilibrium 
is reached. This compares favorably with other designs of osmometer. 

These units have been used for molecular ~veight determinations of fraction- 
ated samples of sodium ligninsulphonate; the results will be presented in a later 
communication. 

1. Fuoss, I<. hI. and MEAD, D. J .  J .  Phys. Chem. 47: 59. 1043. 
2. WAGNER, R. H. Technique of organic chemistry. Vol. I .  Pt .  I. Edited by A. Ck'eiss- 

berger. Interscience Publishers, Inc., New Yorlc. 1040. pp. 518-540. 
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VOLUME 33 OCTOBER 1955 NUMBER 10 

CARBOHYDRATE THIOETHERS 

ABSTRACT 

1-Deoxy-1-thioethyl-D-fructose was synthesized by two distinctly different 
methods. Less than the usual hindrance of the  toluenesulphonyloxy group on the 
C-1 position in 2,3-4,5-diisopropylidene-l-0-~-toluenesulphonyl-~-fructose was 
found to occur in the presence of sodium ethanethiolate. 

A previous (1) publication described the synthesis of a thioalkyl aldose, 
namely, 6-deoxy-6-thioethyl-D-galactose. Extension of this investigation into 
the ketose series resulted in the synthesis of 1-deoxy-1-thioethyl-D-fructose 
(111) by two distinctly different methods. 

The first method employed 2,3-4,5-diisopropylidene-1-0-p-toluenesulphonyl- 
D-fructose (I). A solution of the latter substance in anhydrous N,N-dimethyl- 
formamide on treatment with freshly prepared sodium ethanethiolate yielded 
2,3-4,5-diisopropylidene-l-deoxy-l-thioethyl-~-fructose (11), but only after 
heating a t  100" for 30 hr. This latter reaction was exceedingly slow when 
compared with the reaction of sodium ethanethiolate and 1,2-3,4-diisopro- 
pJ~lidene-G-O-p-toluenesulphonyl-~-galactose (I). The  latter reaction was com- 
plete in two hours. The  sluggishness of the ltetose reaction is reminiscent of 
the nonreaction of the same fructose derivative with sodium iodide in ace- 
tone (4). 

The second method of synthesis of I11 made use of so-called "glutose". 
This substance is essentially a mixture of fructose anhydrides (6, 7). Treat- 
ment of the amorphous "glutose" mixture with an excess of sodium ethane- 
thiolate in anhydrous methanol yielded a small quantity of a substance that  
proved to be identical to that obtained from I. 

EXPERIMENTAL 

2,3-/t,5-Diisopropylidene-~-fructose (3) 
This substance was prepared according to  the method of Glen, i\/Iyers, 

and Grant (3) with slight modification. X yield of 347 gm. (89%) was obtained 
from 270 gm. fructose. The melting point 96-97" and [CI]:" -32.6" (HzO: c, 
1.013) agreed with the constants reported in the literature (2) for 2,3-4,5- 
diisopropylidene-D-fructose. 

'Manuscript received M a y  I S ,  1955. 
Contribution from the Division of Organic Chemistry, Research Institzrte, Montreal General 

Hospital, Montreal, Que. 
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2,3-~,5-Diisopropy~idene-l-0-~-to~z~enesu~plzo~zy~-~-fructose ( I )  (5) 
2,3-4,5-Diisopropylidene-D-fructose (179 gm.) was tosylated with 9-toluene- 

sulphonyl chloride (135 gm.) in anhydrous pyridine. The  reaction mixture was 
treated in the usual manner and the crude air-dried product was recr)~stallized 
from methanol yielding 192 gm. (66%). A second recrystallization from 
aqueous ethanol gave m.p. 81-82' and [a]:" -27.2" (ethanol: c, 2.693). The  
literature (5) reports m.p. 83" and [a]D -27.1" (ethanol). 

2,3-~,5-Diisopropylidene-l-deoxy-l-tlzioethyl-~-fructose (11) 
2,3-4,5-Diisopropylidene-l-O-p-toluenesuphony-~-fructose ( I )  (97.5 gm.) 

and freshly prepared sodium ethanethiolate (35 gm.) were dissolved in hot 
N,N-dimethylformamide (275 cc.). The  mixture was heated on the steam bath 
for 30 hr. and then added to cold water (3000 cc.). An oil separated and the 
mixture was extracted twice with ether. The  ethereal solution was dried over 

anhydrous sodium sulphate, filtered, and concentrated in vaczco. The  residual 
sirup was then heated a t  100" for six hours a t  10 mm. pressure to  remove an)- 
N,N-dimethylformamide. The  main product was distilled a t  96-100" and 
0.04 mm. and the yield was 54.4 gm. (76%). A portion of the nearly colorless 
distillate was fractionally distilled through a 20 cm. Widmer column and 
practically all distilled a t  107" and 0.07 mm. The  constants were: 17r 1.4823 
and [a]:'" -58.4" (chloroform: c ,  9.4212). Anal.: Calc. for CI4Hz4SO5: C,  54.27; 
H ,  7 .89;S,  10.52. Found: C,  54.02; H ,  7.93; S ,  10.44. 

2,3-4,5-Diisopropylidene-l-deoxy-l-thioethy-~-fructose (20 gm.) was added 
t o  1 N sulphuric acid (1000 cc.). The  mixture was stirred for 18 hr. a t  50°, 
then cooled to  room temperature and carefully neutralized with barium hy- 
droxide - barium carbonate. The  solution was not allowed to become alltaline 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

4/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



BAKER: CARBOI-IYDRATE TI-IIOETI-IERS 1461 

a t  any time. The barium sulphate and carbonate mixture was removed by 
filtration, the filter washed several times with hot water, and the combined 
filtrates and washings concentrated to a thick sirup invacuo a t  40". The  sirup, 
after it had been kept for three days in an evacuated desiccator over calcium 
chloride, crystallized. The  hard mass was dissolved in a small volume of hot 
acetone and filtered. Slow cooling of the filtrate caused crystallization. The  
nearly pure product, having a melting point of 86-88", was recrystallized once 
more from anhydrous acetone - ether mixture when the melting point was. 
raised to  87.5-88.5" and it showed [a]? -71.3" -+ -62.8" (24 hr.) (water: 
c, 3.1548). Anal.: Calc. for C8H16SO5: C,  42.85; H ,  7.14; S, 14.29. Found: 
C,  42.66; H ,  7.31; S, 14.3. 

D-Glucose Phenylosazone from 1 -Deoxy-1-thioethyl- fructose 

1-Deoxy-1-thioethyl-D-fructose (2 gm.) was dissolved in water (20 cc.). 
Acetic acid (5 cc.) and redistilled phenylhydrazine (4 cc.) were added and the 
clear solution heated a t  80" for 30 min. Ethanethiol was evolved and precipi- 
tation occurred. The  reaction mixture was cooled to  20°, filtered, and the filter 
washed with cold water. The  yield of air-dried material was 2.3 gm. (71y0). 
A sample was recrystallized twice from hot dilute methanol and it melted a t  
205-207". A mixed melting point determination with authentic D-glucose 
phenylosazone was 204-207". 

1-Deoxy-1-thioethyl-D-fructose from "Glutose" (6, 7 )  
Ethanethiol (40 cc.) was added to cold 0.7 N sodium methylate solution 

(500 cc.). "Glutose" (6, 7) (21 gm.) was added and the brown solution heated 
under reflux on the steam bath for two hours. T h e  reaction mixture was cooled 
t o  loo, neutralized carefully in the fume cabinet with 3 N hydrochloric acid, 
and then concentrated in  vacuo a t  30". Final traces of water were removed by 
ethanol-benzene azeotropic distillation. The  dry sirup was extracted with 
boiling anhydrous acetone and the filtrate was concentrated i n  vacuo to  a thick 
sirup. The  latter sirup was again extracted with hot acetone and the filtered 
solution was decolorized with activated charcoal. The yellow filtrate obtained 
was concentrated to  approximately 50 cc., seeded with several crystals of 
1-deoxy-1-thioetllj.1-D-fructose (111), and allowed to  stand stoppered a t  room 
temperature for about three weeks. During this time crystallization occurred. 
T h e  crystals were removed by filtration and the filter was washed with cold (0") 
acetone. The  crude product was twice recrystallized from acetone-ether and 
after drying i t  melted a t  87-88.5". The  mixed melting point with l-deoxy-l- 
thioethyl-D-fructose, obtained previously, was 86-88'. The  yield was 0.36 gm. 

Tetraacetyl-1 -deoxy-1 -thioethyl-D-fructose 

1-Deoxy-1-thioethyl-D-fructose (5 gm.) was dissolved in anhydrous pyridine 
(25 cc.). The  solution was cooled to -20" and acetic anhydride (25 cc.) was 
added. The  reaction mixture was kept a t  -20" for one hour, allowed to  stand 
a t  22" for 22 hr., and finally added to  cold water. The  separated sirupy product 
did not crystallize and the aqueous mixture was extracted four times with 
ether (100 cc.). The  combined ethereal solutions were washed with cold 2y0 
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hydrochloric acid, water, and saturated potassium bicarbonate and then dried 
over anhydrous sodium sulphate. The ethereal solution, after filtration, was 
concentrated to dryness by slow evaporation in a desiccator and the sirupy 
mass solidified, in a yield of 5.9 gm. (68%). I t  was recrystallized twice from 
anhydrous ether and it melted a t  133-134O and [a]gO -47.6" (chloroform: 
c, 1.8492). Anal. : Calc. for C ~ G H ~ ~ S O ~ :  C,  48.98; H ,  6.12; S, 8.19; CH3CO,43.9. 
Found: C, 48.60; H ,  6.41; S,  8.2; CH3C0, 43.74. 

1-Deoxy-1-thioethyl-D-fructose (5 gm.) was dissolved in anhydrous pyridine 
(50 cc.). The mixture was cooled to -20' and benzoyl chloride (13 gm.) was 
added in one portion. The mixture was allowed to stand at  -20' for two hours, 
then overnight a t  22O. The reaction product was isolated as above and the 
resulting sirup was crystallized from methanol. The separated crystalline 
mass was recrystallized from hot methanol and the nearly pure product, 
8.1 gm. (5773, after an additional recrystallization from a large volume of 
ether - petroleum ether (1: 1) melted a t  103-104' and [a]:' +61.g0 (chloro- 
form: c, 2.2844). Anal.: Calc. for C ~ G H ~ ~ S O ~ :  C, 67.5; H ,  5.0; S,  5.0; CsHbCO, 
65.62. Found: C,  67.34; H, 5.1; S, 4.96; C G H ~ C O ,  65.6. 
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THE TERMINAL AMINO ACIDS OF WHEAT GLIADIN1 

BY L. K. RAMACHANDRAN~ AND W. B. MCCONNELL 

ABSTRACT 

Wheat gliadin has been found by two different methods to  contain three 
N-terminal histidine residues for each molecular weight of 27,000. Trace amounts 
of N-terminal aspartic acid, glutamic acid, alanine, valine, and serine were also 
detected in the  preparation used. Hydrolysis in boiling hydrochloric acid partially 
destroyed the di-2,4-dinitrophenyl derivative of histidine. Losses of from 5% t o  
25% occurred depending upon the time and conditions of hydrolysis. Carboxy- 
peptidase did not release free amino acids from wheat gliadin but qualitative 
evidence for the occurrence of C-terminal glutamic acid and C-terminal "leucine" 
was obtained. 

I t  has been reported by Koros' (9) that wheat gliadin contains three free 
amino groups and that  these belong to the three N-terminal histidine residues, 
Although doubt exists that  gliadin is composed of a homogeneous and unique 
molecular species the observations of KoroS would point to the existence of a t  
least one characteristic feature in gliadin. Because details of KoroS's work were 
unavailable independent experiments were done to determine the nature of 
the N-, and also of the C-, terminal amino acids of gliadin. Since the completion 
of the present work KoroS's results have been questioned (6) and i t  was re- 
ported that  Sanger's method revealed one N-terminal tyrosine residue in 
gliadin from Triticum durum, and two N-terminal residues, one each of 
glutamic acid and tyrosine, in gliadin from Triticum vulgare; no N-terminal 
histidine was detected. Results recorded in the present communication support 
the earlier report (9) that  histidine is the major N-terminal amino acid in 
gliadin. In addition, evidence presented indicates tha t  glutamic acid and 
"leucine" occupy the C-terminal positions. 

EXPERIMENTAL 

Gliadin was prepared by the method of Blish and Sandstedt (4). The  sample 
contained 17.64y0 nitrogen on a moisture and ash-free basis. The ninhydrin 
colorimetric procedure (8) and the Van Slyke nitrous acid method (11 min. 
reaction) indicated 3.18 and 3.32 free amino groups, respectively, for an  
assumed molecular weight of 27,000. 

IdentiJication of N-Terminal Groufis Using 2,d-Dinitrofluorobenzene 
DNP-gliadin was prepared using the reaction conditions described b y  

Porter (14). Two grams of the protein and 2 gm. NaHC03 were suspended in 
20 ml. water, 40 ml. of a 10% (w/v) solution of D N F B  in ethanol were added, 
and the mixture was shaken for two hours a t  room temperature. The  reaction 
mixture was exhaustively dialyzed against distilled water and the precipitated 
protein collected, washed, and dried (yield 2.0 gm.). I t  was calculated from 

'h fanz~script  received June  10 ,  1955. 
Contribuiion front the National Research Council of Canada, Prairie Regional Laboratory, 

Saskatoon, Saskatcl~ewan. Issued as Paper No. 198 on the Uses of Plant  Products and as 1V.R.C. 
No.  3706. 

2National Research Cozincil of Canada Postdoctorate Fellow, 1953-55. 
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the amide nitrogen content (14) tha t  119.9 mgm. of DNP-gliadin corresponded 
to  100 mgm. of the original gliadin. Samples of DNP-gliadin (100 mgm.) were 
hydrolyzed in 10 ml. of boiling 5.7 N hydrochloric acid for four hours or for 
24 hr. Another sample was hydrolyzed in 12 N acid in a sealed tube a t  105' C. 
for 24 hr. (14). The  DKP-amino acids in the hydrolyzates were fractionated 
into ether-soluble and acicl-soluble materials and the fractions were chromato- 
graphed by each of three previously used methods (2, 3, 13). 

DNP-histidine was the only amino acid derivative found in the acicl-soluble 
fraction. Trace amounts of DNP-aspartic acid, glutamic acicl, alanine, valine, 
and serine were detected in the ether-soluble material and, although gliadin 
contains a t  least two residues of lysine per molecule, no 6-DNP-lysine was 
found. The  identity of the DNP-histidine was established by hydrolyzing it 
with concentrated ammonia (12) in a sealed tube and chromatographing the 
resulting amino acid on paper. 

The  yields of various 2,4-dinitrophenyl derivatives obtained from the 
treated gliadin are recorded in Table I. The  calculations for the histidine are 

TABLE I 
YIELD 01; DNP-DERIVATIVES FROM ACID HYDROLYZATES OF DNP-GLIADIN 

Yield: moles/27,000 gm. 
Derivative 

4 hr. 24 hr. 
hydrolysis hydrolysis 

Di-DX1'-histidine (N-terminal histidine) 3.1 2.9 
Other DNP-amino acids* 0.17 0.11 
D i ~ ~ i t r o p h e ~ ~ o l ,  dinitroaniline etc. t  1.3 1.0 

"Calczllated as DlVP-aspartic acid. 
tCalcz~lated as dinitrophenol. 

based on optical density measurements a t  360 inF and reference t o  the cali- 
bration curve for cli-DNP-histidine. The  DNP-amino acids found in traces 
are calculated as  DNP-aspartic acicl. Values for histicline are corrected for 
hydrolytic losses by increasing thein by 25% (see below). I t  was also fouild 
tha t  only 71% of the expected histidine derivative could be estimated in a 
dinitrophen-~7lation of histidine done under the same coilditions as employed 
with gliadin. T o  compensate for this low recovery in dinitrophenylation the 
yields of cli-DNP-histidine were also inultiplied by the factor 1.41. Because 
of the large corrections the results in Table I are only approximate. Chromato- 
graphy on a silicic acicl column was iised to separate trace amounts of DNP-  
amino acids from the relatively large arnounts of dintrophenol and dinitro- 
aniline fouilcl in the ether-soluble fraction (11). No corrections have been 
applied for hj-drolytic losses of the latter materials. 

Eflect of Ac id  ?Iydrolysis on Di -DNP-his t id ine  
Di-DXP-histicline, nrith the reported physical constants (15), was prepared 

according to the method of Porter. Twenty-five milligrams was hydrolyzed 
with 20 ml. of 5.7 N HCI. The  hydrolyzates were extracted with ether to  re- 
move artifacts like dinitroaniline and dinitrophenol, and the di-DNP-histidine 
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remaining in the acid phase was determined by spectrophotometry. For time 
intervals of 3.3, 6.5, and 24.0 hr. the destruction observed was 0.0, 5.0, and 
12.0y0 respectively. When the same weight of the pure derivative was hydro- 
lyzed in the presence of 40 mgm. gliadin the destruction observed was 25.0y0 
for 24 hr. The latter figure has been used to correct for hydrolytic losses. 

Application of tlze E d m a n  iWetlzod (7) to N-Terminal  Residue Identification 

One gram gliadin was dissolved in 4 ml. Soy0 ppyridine, the 111-1 was adjusted 
to 8.6 with 0.1 N alkali, and 0.2 1111. of pl~en~~lisotl~iocyanate was added with 
vigorous stirring. The temperature was maintained a t  40" C., and allcali was 
added as required to lceep the pH a t  8.6. When consumption of allcali ceasecl, 
the reaction mixture was extracted twice with benzene and the protein precipi- 
tated wit11 acetone. The dry phenylthiocarbamyl protein was then suspended 
in 9 ml. of anyhydrous nitromethane containing 4% HC1 by weight. After an 
hour of agitation, the material was filtered and washed with a few milliliters 
of the solvent. The combined filtrates were evaporated in vacuo to remove all 
traces of solvents and HC1. The residue was dissolved in EtOH. Absorption 
a t  270 mp indicated a content of 3.2 RII. of phenylthiohydantoin per 27,000 gm. 
of the protein. Paper chromatography of the material (10) showed that PTH-  
histidine was the major component. Its identity was confirmed by barium 
hydroxide hydrolysis to the free amino acid. Stepwise degradation of the 
residual protein was carried out but during the second and third treatmentsan 
abnormally high yield of phenylthiohydantoin (of the order of five moles) 
was obtained. No detailed identification of the material was attempted, but 
paper chromatography of barium hydroxide hydrolyzates indicated the 
presence of several ninhydrin positive spots. 

C-Terminal  Residues of Gliadin 
Action of carboxypeptidase on g1iadin.-One-half gram of gliadin was sus- 

pended in 20 ml. water, the pH was adjusted to 7.7 with 0.2 N NaOH, and 
the mixture 117as incubated with 0.2 ml. of carboxypeptidase suspension 
(12.6 mgm./n~l. Armour). In another experiment the same weight of protein 
was suspended in 20 ml. of 1% (w/v) sodium bicarbonate. No liberation of 
amino N could be detected by the Van Slylce method during a seven-hour 
period, and no free amino acids could be detected in the reaction mixture by 
paper chromatography. I t  was therefore concluded that the C-terminal amino 
acid residues in gliadin, if any, were not susceptible to hydrolysis by carboxy- 
peptidase under the conditions used. 

Application of the method of Schlack and ICz~mpf ( I )  to g1iadin.-One gram 
of the protein was mixed with 0.3 gm. of pulverized anhydrous ammonium 
thiocyanate in 77 ml. of an AcOH: Ac20 (9: 1) mixture, and the reaction 
mixture was stirred a t  45" C. for four hours. At the end of this period 30 ml. 
of HCl was added dropwise with stirring ancl the inaterial heated on a steam 
bath for one hour. The product was dried in vacuo, the residue dissolved in 
60 ml. of 0.25 111 phosphate (pH 6.5) ancl extracted five times with equal 
volumes of ethyl acetate. The combined extracts were washed once with an 
equal volume of water and dried, and the residue was hydrolyzed with 2.5 ml. 
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of 1.25 N Ba(OH)2 a t  140" C. in a sealed tube. The hydrolyzate was neutral- 
ized with carbon dioxide and heated for 10 min. on a steam bath to destroy 
carbamic acids. Aliquots of the suspension were examined by paper chromato- 
graphy (BuOH-AcOH-H20, 4: 1: 5). The only amino acids detected were 
glutamic acid and "leucine". The amounts of these amino acids were estimated 
by ninhydrin colorimetry using a standard curve for the two amino acids 
obtained under the same conditions. One-half mole of glutamic acid and 
0.45 mole of "leucine" were found for each 27,000 gm. gliadin. No corrections 
were applied. 

Application of the lithium borohydride reduction method of Chibnall (5) 
indicated the presence of glutamic acid and "leucine" in C-terminal positions. 
Appreciable traces of other amino acids were also detected. Using a nine-fold 
excess of diazomethane for esterification of the protein and a 13-fold excess of 
LiBI-14 for the reduction in tetrahydrofuran, the total yield of a-amino alcohols 
was 0.654 mole per 27,000 gm. protein. 

DISCUSSION 

The present work supports the observations of KoroS (9) that gliadin of 
molecular weight 27,000 contains three free amino groups and that these 
belong to histidine. From this result, it was expected that three C-terminal 
amino acids could be detected. I t  was surprising, therefore, that  carboxy- 
peptidase did not liberate any free amino acids from the protein; particularly 
in view of the finding that leucine and glutamic acid were detected as C- 
terminal residues by the chemical method (I). Recoveries by the latter method 
are known to be very poor, and since only about 0.5 mole of C-terminal leucine 
and glutamic acid was found the data were not adequate for evaluation 
of the amounts of C-terminal leucine and C-terminal glutamic acid in 
gliadin. I t  is to be noted that Baptist and Bull ( I )  could not identify 
glutamic acid in glutathione or recover glutamic acid from glutamine by the 
Schlack and Kumpf method. The present identification of the C-terminal 
acids would therefore be tentative. 
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THE PREPARATION OF GUANIDINE FROM UREA, AMMONIUM 
CHLORIDE, ALUMINUM SULPHATE, AND AMMONIA 

UNDER PRESSURE' 

ABSTRACT 

Guanidine has been synthesized by heating under ammonia pressure an  
intimate mixture of finely powdered urea, ammonium chloride, and aluminum 
sulphate. Good yields of guanidine as the  hydrochloride salt have been obtained 
over a wide range of conditions. The  mechanism of this synthesis is briefly 
discussed. 

INTRODUCTION 

If urea is heated under ammonia pressure, i t  is much more stable a t  high 
temperature because of the stabilizing effect of ammonia (I). The preparation 
of guanidine about to be described makes use of aluminum sulphate t o  assist 
the removal of water from the reaction. This starting material can be produced 
cheaply from bauxite, clay, and similar materials containing aluminum. 

DESCRIPTION O F  METHOD 

By heating urea, ammonium chloride, and aluminum sulphate together 
under ammonia pressure a t  300' C. for some time, yields of guanidine as high 
as 70% have been obtained. The reaction product was boiled with ammoniacal 
water in order to precipitate aluminum hydroxide (Diagram 1). The clear 
filtrate, which contained guanidine hydrochloride, ammonium sulphate, and 
unreacted urea and ammonium chloride, was evaporated to dryness. The 
residue was treated with liquid ammonia and the mixture filtered free from 
ammonium sulphate. By evaporation of the liquid ammonia solution, a 
residue was left containing guanidine hydrochloride together with unreacted 
urea and ammonium chloride. This crude guanidine hydrochloride was trans- 
formed into guanidine nitrate by treating its saturated aqueous solution with 
a quantity of ammonium nitrate equivalent to its guanidine content. After 
guanidine nitrate was removed the filtrate was evaporated to dryness and the 
residue heated to  250' C. This material was nearly pure ammonium chloride, 
suitable for use in a subsequent cycle. 

The aluminum hydroxide and ammonium sulphate, individually isolated 
from the reaction products as indicated above, were heated together a t  350' C. 
to regenerate aluminum sulphate (5) according to the following equation: 

The ammonia evolved during heating can be dried and returned to the 
reactor. 

E F F E C T  O F  TEMPERATURE 

In order to explore the effect of the temperature of heating, mixtures con- 
sisting of equimolar quantities of urea and ammonium chloride and various 

'Manuscript received June 2, 1955. 
Contribution from the Organic Section of Canadian Armament Research and Development 

Establishment, Valcartier, Quebec. Issued as C.A.R.D.E. Report No. 50/51, 1951. 
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NIll 
I 

C=O + Reactor 4 NH3 + 
I 

NH? / f  

I NHnCl 

I Water extraction Heating / 

C 
Evaporation and 
liq. NH3 extractiol~ 

I 
(NHn)zSOr 

C 
Filtration 

I 
C=NH 

C 
NHdCl solution 

Evaporate 

Diagram 1 

amounts of aluminum sulphate were heated together under ammonia pressure. 
Table I shows the con~positions of the mixtures and the conditions of the 
reaction. At high temperature, melamine is produced a t  the expense of guan- 
idine. The  yields of guanidine increase ~ i ~ i t h  temperature up to  a maximum 
value, beyond which the formation of melamine becomes iilcreasingly signifi- 
cant. The  low yields sho~irn here are ascribed to  the fact that  the iilgredieilts 
were coarse and not thoroughly mixed. However, the table shows tha t  in- 
creasing yields of guanidine were obtained with increasing amounts of alumi- 
num sulphate. 
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BOIVIN: PREPARATION O F  GUANIDINE 

TABLE I 

EFFECT OF TEMPERATURE 

Urea: 0.10 mole; NH4CI: 0.10 mole; time: 30 min.; 
pressure: 1000 p.s.i.g. 

Yield from urea, 
AI?(SOd)a, Temp., " C. 

mole Guanidine Melamine 

4 Nil 
10 Nil 
17 Nil 
36 10 
4 1 28 

14 Nil 
32 Nil 
45 Nil 

225 Traces Nil 
250 26 Nil 
275 40 Nil 
300 55 Nil 

EFFECT OF CONCENTRATION OF UREA 

By varying the molar quantities of urea added to  a constant mixture of 
ammonium chloride and aluminum sulphate, a s  can be seen in Table 11, the  
optimum yield was attained from equimolar amounts of urea and ammonium 
chloride. When urea was added in escess of this value, melamine was formed 
together with cyanuric acid. 

TABLE I1  
EFFECT OF COXCENTRATION 01: UREA 

NH.lC1: 0.10 mole; A1?(SOl)s: 0.05 mole; 
temp.: 300" C.; time: 30 min.; pressure: 

1000 p.s.i.g. 

Yield from urea, % 
Urea, - 
mole Guanidine Melamine 

EFFECT OF CONCENTRATION OF AWIh~IONIUR~I CHLORIDE 

I t  has been found (Table 111) that  increasing q~iantit ies of ammonium 
chloride give increasiilg yields of guanicline, melamine being absent under 
these conditions. There is a great increase in yield as  ammonium chloride 
increases from 0.05 mole to  the stoichiometric amount of 0.10 mole. T h e  better 
yields obtained here are attributed to thorough mixing of solid ingredients 
before reaction tool; place. 
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TABLE I11 
EFFECT OF AMMONIUM CHLORIDE 

Urea: 0.10 mole; A1z(S04)3: 0.033 mole; 
temp.: 300' C.; time: 30 min.; 

pressure: 1000 p.s.i.g. 

NH4C1, Guanidine 
mole yield from urea, % 

EFFECT OF T I M E  OF HEATING 

This reaction is dependent on the period of heating (Table IV). I t  is more 
complete when the reaction time is longer. The yields increase with time and 
also with temperature. 

TABLE IV 
Urea: 0.10 mole; NHICI: 0.10 mole; Al~(S04)a: 

0.033 mole; pressure: 1000 p.s.i.g. 

Temp., Time, Guanidine 
" C. min. yield from urea, % 
275 30 58 

60 62 
90 64 

120 68 

300 30 68 
45 70 
60 72 
90 79 

EFFECT OF PRESSURE 

The pressure factor is quite important in this reaction. There is evidence 
(Table V) that  the yields are better a t  higher pressure. At  atmospheric pressure, 
neither guanidine nor melamine was produced. At  high pressure, yields were 
improved very significantly. 

TABLE V 
EFFECT OF PRESSURE 

Urea: 0.10 mole; NHrC1: 0.10 mole; Alz(SOr)3: 
0.033 mole; temp.: 300" C.; time: 30 min. 

Pressure, Guanidine 
p.s.1.g. yield from urea, % 

MECHANISM O F  T H E  REACTION 

Although the mechanism of this reaction, involving four starting materials, 
is not fully understood, some suggestions may be offered as to the possible 
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BOIVIN: PREPARATION OF GUANIDINE 1471 

intermediate compounds. In the absence of ammonium chloride, the heating 
of urea with aluminum sulphate and ammonia failed to give guanidine under 
the same conditions. Likewise, urea, ammonium chloride, and ammonia gave 
low yields of guanidine under these conditions of temperature and time; even 
with the long period of heating employed by Blair (I), these reactants gave 
only 23% guanidine. When both ammonium chloride and aluminum sulphate 
are present, however, yields as high as 75y0 can be obtained in a period of 
only an hour or so. 

I t  is believed that  in the presence of ammonia vapor, as in the present 
reaction, ammonium chloride and aluminum sulphate react as in the following 
reaction: 

6NH4C1 +Alz(SOa) 3 --+ 2AIC13+2(NHq)zS04. PI 
If then urea is present (6) and a small conversion to  guanidine takes place, 

liberating water, the latter can react with aluminum chloride: 

2AIC13+3HzO --+ A1203+6HCl. [31 

Accordingly, reaction is displaced towards t l ~ e  right, i.e. formation of 
guanidine is facilitated. 

By analogy with the sulphamate synthesis of guanidine from urea (3) and 
also with the preparation of nitriles from amides by the action of sulpha- 
mates (2), i t  might be expected that  an intermediate compound, comprising 
a substituted urea, could be involved. 

Norris and Klemka (4) have shown that  nitriles are obtained from amides 
and aluminum chloride through the formation of an intermediate compound, 
according to  the following equation : 

R R 
I I 

C=O -------+ C 4  + HCI 
I I 

NH2 + ClAlClz NHAlCI, 

R R 
I I 

C = O  C + AlOCl + HCI. 
I 

NHAlClz 
Ill 
N 

Urea, which is an amide, could react similarly giving cyanamide: 
NH2 NH2 
I I 

I I 
C=O C + AlOCl'f HCI [71 

I 
NHAlClz 

111 
N 

which under thc actual condition should yield guanidine or melamine. 
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The  above suggestions, though tentative, seem to  offer an explanation of 
the observation that  whereas neither ammonium chloride nor aluminum 
sulphate alone is effective, the two together produce a high yield of guanidine 
from urea and ammonia in a relatively short time of reaction. 

I t  is believed that  guanidine hydrochloride is formed from urea according 
t o  the following over-all equation: 

EXPERIMENTAL 
Starting Materials 

The  urea used was commercial material previously dried a t  110' C. Am- 
monium chloride used was Merclc Reagent. Aluminum sulphate was the 
anhydrous material which had been heated a t  500' C. 

Procedure 
An intimate mixture of finely powdered urea, ammonium chloride, and 

aluminum sulphate was placed in a glass liner. Enough ammonia (liquid) was 
added to  the mixture t o  build the desired pressure. After the bomb was closed 
and the necessary connections were made, the reaction mixture was heated 
t o  the temperature of synthesis and in most cases vented to  1000 p.s.i.g. The  
period of heating was recorded from the time when the temperature of reaction 
was attained. After the mixture was cooled, the solid products were boiled 
with ammoniacal water. Aluminum hydroxide was filtered off and the filtrate 
was analyzed for guanidine and melamine contents. 

Identification of Guanidine 
(A)  The  picrate obtained from the solution presumed to  contain guanidine 

was treated with an  excess of dilute nitric acid and boiled. Then the mixture 
was exhaustively extracted with benzene t o  remove picric acid. By evaporation 
of the aqueous layer, a residue was obtained, n1.p. 203-205'C. Recrystal- 
lizations from ethanol raised the melting point to  212-213' C. A mixed melting 
point with an authentic sample of guanidine nitrate was not depressed. 

(B) A portion of the filtrate was evaporated to  dryness and the residue 
dissolved in the minimum amount of water. Then ammonium nitrate was 
added, and the solution was heated to boiling and allowed to  cool. Crystals 
separated out,  1n.p. 202-205' C. Recrystallizations from ethanol raised the 
melting point to  212-213' C. 
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SYNTHESIS O F  y-HYDROXYGLUTAMIC ACID 
(DIASTEREOMERIC MIXTURE) 

ABSTRACT 
y-Hydroxygl~~tamic acid has been synthesized by two independent methods, 

namely the condensation of ethyl a-acetoxy-0-chloropropionate with diethyl 
acctamidonialonate, and the hydrosylation of glutamic acid. Chemical evidence 
is provided for the structure of the compound. 

y-Hydroxyglutamic acid has been proposed as an intermediate in the 
metabolism of hydroxyproline (3, 8). In 1941, Dakin (I) claimed to have 
prepared this dicarboxylic amino acid; however, the details of his synthesis 
were never publishecl. As yet, there is no method available for the synthesis 
of this compound. \Ve wish to report here the synthesis of r-hydroxyglutamic 
acid by two independent methods. 

For the first method, Fig. 1, ethyl a-acetoxy-P-chloropropionate (I)  was 
condensed with diethyl acetamidomalonate (11) in the presence of sodium 

ethoxide to form dieth>.l a-acetamiclo-a-carbethoxy-7-aceto~glutarate (111) 
which on acid hydrolysis gave 7-hydroxj.glutamic acid (IV). The  free amino 
acid crj~stallizecl as the monohyclrate from an aqueous solution a t  pH 2.5. 
The same product was obtained by condensing diethyl acetamidomalonate 
with ethyl a-acetoxyacrylate instead of ethyl a-acetoxy-P-chloropropionate 
in the presence of a catalytic amount of sodium; however the yield was not 
any better. 

The structure of the compound was confirmed by the fact that it is resistant 
to periodate oxidation, oxidized to aspartic acid by potassium permanganate, 
and reduced to  glutamic acid by hydriodic acid. The  formation of aspartic 
acid and glutamic acid was demonstrated b). paper chromatography in several 
solvents. 

'i>fnnz~script received June 27, 1955. 
Contribzrtion frottt the Department of Biockentistry, Fnczllty of Medicine, University of Mont- 

real, Ilfontreal, Qz~ebec. 
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For the seconcl method, Fig. 2, N-phthaloyl-L-glutamic anhydride (V) was 
brominated and the y-bromo-N-phthaloylglutan~ic acid (VI) thus obtained 
was hydroxylated to give y-hydroxy-N-phthaloylglutamic acid (VII) which 
on hydrolysis gave y-hydroxyglutamic acid (IV). The crystalline product 
obtained was contaminated with glutamic acid and could only be adequately 
purified by column chromatography. The  pure amino acid coincided on paper 

1°1 (i) P / B r 2  aqueous 
NaLCOj 

OC-CHL-CH2-CH-CO ( i i )  HOOC-CH-CHe-CH-COOH 
I ___3 I I __3 

N(CO)2C6H4 B r  N(C0)2C6H4 

HOOC-CH-CH CH-COO H HC 1 HOOC-CH-CHL-CH-COO H 
I 2-1 - I I 
OH N(CO)2C6H4 HOAc OH NHZ 

HLO 

VII 

chromatograms (Table I) with the y-hydroxyglutamic acid prepared by the 
first method, and when submitted to the action of periodate, permanganate, 
and hydriodic acid, i t  gave results which were identical with those previously 
obtained. 

EXPERIiiJENTAL* 

1. Preparation of y-lIydroxyglutamic Acid 
( a )  Condensation of Ethyl a-Acetoxy-p-chloropropionate with Dietlzyl 

Acetamidomalonate 
T o  a solution containing 1.38 gm. (0.06 gm-atom) of sodium and 10.85 gm. 

(0.05 mole) of diethyl acetamiclomalonate in 100 ml. of anhydrous alcohol 
was added dropwise 9.75 gm. (0.05 mole) of ethyl a-acetoxy-P-chloropropi- 
onate (4, 5). The reaction flaslc was placed on a mechanical shaker overnight 
and then the sodium chloride was reinoved by centrifugation and washed 
with alcohol. The combined supernatant and washings were freed of alcohol 
by distilling under reduced pressure and the remaining condensation product 
was refluxed for three hours in 100 ml. of 20y0 hydrochloric acid. The excess 
hydrochloric acid was removed by repeated distillation under reduced pressure 
and the residue was talcen up with 25 ml. of water and decolorized with char- 
coal. The pFI of the solutioil was adjusted to  2.5 with concentrated ammonia 
and the solution was cooled. The white crystalline mass obtained was filtered 
and recrystallized from water-alcohol. A further crop requiring several re- 
crystallizations was obtained from the mother liquor by addition of alcohol. 
Total yield: 35%; m.p. 171-173" C. dec. Analysis for C5HI)N05.H?O: C, 33.89, 
33.85; FI, 6.23, 6.18; N,  7.81, 7.70. Calc.: C, 33.17; H, 6.12; N ,  7.73. 

When heated a t  1 10° C. over phosphorus pentoxide i 7 2  vacuo, the compound 
*Analyses by  the Geller M.icroanalytica1 Laboratories, IIackexsack, N.J.; ~izelting points b y  

capillary ~tzethod, zuzcorrected. 
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BENOITON AND BOUTIIILLIER: SYNTHESIS 1475 

loses two molecules of water to presumably give the lactam." Analysis for 
C5117X04: C,  42.23, 42.52; H ,  4.78, 4.99; N, 9.80, 9.57. Calc.: C, 41.39; H ,  4.86; 
N,  9.65. 

(b) TIydroxylafion of L-Glutamic Acid 
N-Phthaloyl-L-glutamic anhydride mas prepared by the method of Sheehan 

and Bolhofer (7). I t  was then brominated using a technique described by 
Eck and Marvel (2). Dry bromine, 146 gm., was added dropwise, with stirring, 
to a cooled mixture of 63 gm. of N-phthaloyl-L-glutamic anhydride and 9.4 gm. 
of red phosphorus. The  mixture was then warmed on a water bath for six hours 
and the hot mixture was poured slowly into 500 ml. of water with vigorous 
stirring. The  hydrolysis of the acyl bromide must be initiated by gentle 
warming, but i t  must then be controlled by cooling. The  light yellow crystals 
obtained upon cooling were recrystallized from 500 ml. of hot water containing 
a few grams of bisulphite. 

The product (35 gm.) was then refluxed in 250 ml. of 2 N sodium carbonate 
for three hours. The sodium ions were removed by adding sufficient Amberlite 
IR-120 to bring the pH down to 1, and the solution was concentrated under 
reduced pressure. The oily residue was refluxed for two hours in a mixture of 
70 ml. of concentrated hydrochloric acid, 70 ml. of glacial acetic acid, and 
70 ml. of water (6). The solution was cooled, the phthalic acid was filtered off, 
and the filtrate was evaporated to dryness under reduced pressure. The 
residue was taken up with 25 ml. of water, filtered, and treated successively 
with silver carbonate, hydrogen sulphide, and charcoal. The solution was 
concentrated to  25 ml. and alcohol was added. The white crystals which formed 
(8 gm.) were chromatographecl in two portions on an 8 x 5 0  cm. column of 
Domex 50 (200 to 400 mesh) in the acid form using N hydrochloric acid as the 
eluting agent. The fractions containing the y-hydroxyglutamic acid were 
combined and evaporated to dryness under reduced pressure. The residue was 
dissolved in 25 ml. of water and the solution was adjusted to pH 2.5 and cooled. 
The yield was 10% based on the N-phtl~aloylglutamic anhydride employed. 
The  decomposition point observed was ilI-defined (about 150°), being lower 
than the one reported above. This might well be due to a difference in the 
relative amounts of the optical isomers in the products obtained by the two 
methods. Analysis for C511JY05.H20: C, 34.02, 34.13; H ,  6.08, 6.05; N, 7.78, 
7.61. Calc.: C, 33.17;H,  6.12; N, 7.73. 

2. Ci~aracterization of y-Hydroxyglutamic Acid 
(a) Paper Cl~romatography 
Five-microgram quantities of y-l~ydroxyglutamic acid clissolved in water 

were chromatographed on Whatman No. 1 filter paper in several solvent 
systems using the ascending technique. The amino acid spots were revealed 
by spraying the chromatograms with a O.lyo solution of ninhydrin in n-bu- 
tanol, and by heating them a t  70° for 15 min. The results appear in Table I. 
The  gray spots obtained in the last three solvents change to  purple in 24 hr. 

*The n inhydr i z  reaction was positive only after prolonged heating of the dehydrated product 
irt the presence of the reagent. 
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TABLE I 
CHROMATOGRAPHY DA.TA 

Solvent system R / Color 

Phenol-water (80: 20) 0.13 Purple 
n-Butanol- acetic acid -water (60: 12: 28) 0.17 and 0.19 Pink and purple 
Pyridinc-water (65: 35) 0.53 Gray 
n-Butanol-methanol-benzene-water (2: 4: 2: 2) 0.26 Gray 
n-Butanol - 9.5% ethanol - ammonia (8: 1 : 3) 0.02 Gray 

In butanol - acetic acid - water, y-hydroxyglutamic acid gives two overlapping 
spots of different colors. This is most probably due to  the presence of two 
diastereoisomers. 

(b) Permanganate Oxidation 
A warm solution of 50 mgm. of y-hydroxyglutamic acid in 50 ml. of 2 N 

sulphuric acid was titrated with a solution of potassium permanganate until 
no more reagent was consumed. The  amino acids were extracted from the 
solution by shaking one hour with 5 gm. of Dowex 50 (20 to  50 mesh), and 
then displaced from the resin with 25 ml. of 5 N ammonium hydroxide (9). 
The eluate was evaporated to dryness, the residue was taken up with water, 
and aliquots of the solution were chromatographed. The  only amino acid 
present in the solution coincided with aspartic acid in the five solvent systems 
described in Table I. 

(c) Reduction with Hydriodic Acid 

Forty milligrams of y-hydroxyglutamic acid, 50 mgm. of red phosphorus, 
and 3 ml. of 57% hhydriodic acid were heated in an evacuated sealed tube a t  
150" C. for eight hours. The  mixture was diluted to  30 ml. with water and the  
amino acicls were extracted from the reaction medium as in the previous 
experiment. Chromatograms of the resulting solution gave only one spot which 
coincided with glutamic acid in the same five solvents. 

(d) Periodate Oxidation 
A mixture of 10 mgm. of y-hydroxyglutamic acid in 15 1111. of water, 10 ml. 

of 0.5 M sodium periodate, and 5 ml. of M sodium bicarbonate was allowed 
to stand for one hour. Chromatograms of the desalted solution, obtained as  
previously described, indicated a quantitative recovery of the original anliilo 
acicl. 

ACKNOWLEDGMENT 

authors are indebted to  the 'Fondation Joseph Rhkaume', R/Iontreal, 
Quebec, for supportirig this research. 

REFERENCES 

1. DAKIN, H. D. J. Biol. Chern. 140: 847. 1941. 
2. Ecrc, J. C. and MARVEL, C. S. Org. Syntheses, 19: 18. 1939. 
3. GIANETTO, R. and BOUTHILLIER, L. P. Can. J. Biochem. Physiol. 32: 154. 
4. KENYON, W. O., UNRUH, C. C., and LAAKSO, T. T. M. U.S. Patent No. 

Marrh 7. 1950. - .  

5. KOELSCH, c.' F. - J.  Am. Chem. Soc. 52: 1105. 1930. 
6. RATNER, S. and CLARICE, H. T. J. Am. Chem. Soc. 59: 200. 1937. 
7. SHEEHAN, J.  C. and BOLHOIJBR, W. A. J.  Am. Chem. Soc. 72: 2470. 1950. 
8. TAGGART, 1. V. and KRAKAUR, R. B. T ,  Biol. Chem. 177: 641. 1919. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

4/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



PHYSICOCHEMICAL STUDIES OF LIGNINSULPHONATES 
I. PREPARATION AND PROPERTIES OF FRACTIONATED SAMPLES1 

ABSTRACT 

High molecular weight lignins~~lphonates were separated from other constit- 
uents of spent sulphite liquor by a method of dialysis allolving con t in~~ous  
removal of the dialyzates and their replacement by distilled water. The process 
was controlled by continuous analysis of the residue and dialyzate. The lower 
molecular weight ligninsulphonates in the dialyzates were separated from the 
carbohvdrates bv precipitating their barium salts with ethanol: four fractions 
correspbnding to  differkt times of dialysis were prepared in this manner. 
The ligninsulphonates in the dialyzed liquor mere separated into four additional 
fractions by ultrafiltration through membranes of different pore sizes. The 
methoxyl, sulphur, and phenolic hydrosyl contents, neutralizatior~ equivalent 
weights, reducing powers, ultraviolet absorption spectra, diffusion coefficients, 
and number-average molecular weights of the eight fractions were determined. 
The molecular weights of the fractions range from 3700 to 58,000 but the 
integral molecular weight distribution curve indicates the presence of lignin- 
sulphonates with molecular weights as  high as 100,000. 

INTRODUCTION 

The dissolved solids in spent sulphite liquor consist largely of lignin- 
sulphonates, and the remainder of sugars and acidic degradation products 
of cellulose and lignin. Various methods of separating ligninsulphonates from 
the other constituents have been used (2, 14) including precipitation, dialysis, 
and ion exchange. Attempts have also been made to  fractionate the highly 
polydisperse ligninsulphonates according to  their molecular weights by 
fractional dialysis (6, 32), fractional extraction of the free acids by propanol 
(31), fractional precipitation of the barium salts by ethanol (23) or acetone 
(25), countercurrent butanol extraction of free acids and amine salts in water 
(22), differential sorption on swollen ion-exchange resins (18), and fractionation 
by the different solubilities of various amine salts (4, 5, 19,  25). 

I t  has been found that the methoxyl content of the fractions increases with 
decreasing diffusion coefficient (23), i.e. with increasing molecular weight, 
while the sulphur content of the fractions, with few exceptions (18), decreases 
with increasing methoxyl content. 

Various attempts have been made to  determine the molecular weights of 
ligninsulphonates. Cryoscopic and ebullioscopic methods (17, 30) yielded 
apparent molecular weights in the range of 1000 to  6000, but owing t o  electro- 
lytic dissociation of the ligninsulphonates these values are probably low. 
Estimates of molecular weights have also been made from the diffusion 
coefficients (6, 7, 16) and from the dialysis rates (31) either by comparison 
of the ligninsulphonates with various test substances or by assuming that  the 
ligninsulphonate molecules are spherical and non-solvated, and that  the 

'Manuscript received June  10,  1955. 
Contribution front the P u l p  and Paper Research Institute of Canada and the Chemistry Depart- . - 

melzt, il[cGill University, M07ztrea1, Quebec. 
2Holder of the Anglo-Paper Research Fellowship and of a Studentship fro71t. the National Research 

Council of Canada. Present address: Industrial Cellulose Research, Ltd., Hawkesbury, Ontario. 
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relation between the molecular radius and the diffusion coefficient given by 
the Sutherland-Einstein equation applies. 

Molecular weights ranging from 2000 to  20,000 have thus been obtained. 
These values agree in order of magnitude with the more precise values calcula- 
ted by McCarthy (22) from diffusion and sedimentation constants, and by 
Olleman, Pennington, and Ritter (25, 28) from diffusion and viscosity data. 
McCarthy (22) obtained molecular weights ranging up to  100,000. 

The ultimate aim of our work was to  investigate some of the basic physico- 
chemical properties of ligninsulphonates. For this purpose relatively large 
quantities of chemically well-defined ligninsulphonate fractions were prepared 
by a combination of fractional dialysis and ultrafiltration of a spent sulphite 
liquor concentrate. The flow sheet of this procedure is presented in Fig. 1. 

LIQUOR 

a )  CONVERSION INTO 
BARIUM SALTS 

DIALYSATE 

LlGNlN 59-96H3URS 
DIALYSATE 

LlGNlN 
SULFONATE 

# 5  

FIG. 1. Flow sheet for the fractionation of ligninsulphonates. 

4 
HIGH MOLECULAR ' 
WEIGHT LlGNlN 
SULFONATES 

ULTRAFILTRATION 
+ 6 + 3 0 0  PT. t 1 CekEhdd CEUPHANEJ PARCHMENT -PARWMENT 

In this paper the fractionation techniques are described and the correlation 
between the analytical data and molecular weights of the samples is discussed. 
A number of other properties of the fractions are described in the following 
paper (10). 

L lGNlN 
SULFONATE 

# I 

LIGNIN 
SULFONATE 

# 3 

EXPERIMENTAL 

LlGNlN 
SULFONATE 

* 2  

Material 
Spray-dried speilt sulphite liquor marketed under the name of Lignosol B 

and supplied by Lignosol Chemicals Ltd. was used as the starting material. 
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GARDON AND MASON: PHYSICOCHEMICAL STUDIES. I 1470 

The spent liquor was drawn from cooks of a mixture of balsam and spruce 
in approximately equal amounts. 

About 700 gm. Lignosol was dissolved in 2 liters of water, filtered, passed 
through previously regenerated and well-washed Amberlite IR-4B (OH) 
anion- and IR-120 (H) cation-exchange resins t o  remove mineral acids and 
calcium respectively, and finally neutralized to pH 6.5 with sodium hydroxide. 
The resulting solution contained 633 gm. solids. 

Fractionation 
1. Dialysis 
A Webcell Laboratory Model continuous countercurrent dialyzer (manu- 

factured by Brosites Machine Corp., N.Y.) was used with denitrated nitro- 
cellulose membranes. This dialyzer consists of 13 lucite rings, 17.5 cm. I.D. 
The membranes are clamped between these rings yielding seven water, and six 
solution chambers connected respectively in series through suitable channels. 
These channels were not used as i t  was found tha t  the apparatus could be 
controlled better if the corresponding chambers worked in parallel. The 
design was accordingly altered by drilling holes in the top and bottom of each 
ring. 

As shown in Fig. 2, the liquor was circulated from a reservoir through 
the dialyzer, with a continuous countercurrent flow of distilled water. A 

OSCILLATING 

I 

EB LUCITE 

LIQUOR 

GLASS WOOL M MB) 'pE RUBBER -1. H 

FIG. 2. The dialysis unit: (rl) membrane pump, (B) valves, (C) liquor overflow, (D) liquor 
reservoir, (E) pinchcock to regulate liquor flow, (F) glass wool filter, (G) T tube, (H) air inlet, 
(I) dialysis cell, (J) bypass for initial filling of the water chambers, (I<) T tube, (L) constant 
head device, (M) air inlet tube, (N) distilled water reservoir, (0) pinchcock to regulate water - 
flow. 

membrane pump (A) governed by an oscillating mercury pump was used for 
this purpose. The functioning of the pump is described in detail elsewhere 
(8) - 
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T o  ensure steady flow the pump did not feed directly into the dialyzer, 
but passed through an overflow (C) and liquor flowed through the unit by 
gravity. The  flow rate was reg~~la ted  t o  GO cc./min. by a pinchcoclc (E). 

The  distilled water came from a reservoir (N) and through a constant 
head device (L) a t  3 cc./min. The  free head of the water in the constant head 
device was maintained by the air inlet tube (M) which controlled the flow of 
air into and the  flow of water from the reservoir (N). In this way the head of 
water was automatically maintained constant within 2 cm. 

The  volume of liquor was maintained between four and six liters. The  
volume increase due t o  osmosis amou~lted t o  about two liters per 12 hr.; this 
excess was periodically removed, neutralizecl with sodium hydroxide t o  avoid 
polymerization of the ligninsulphonic acids, concentrated by vacuum evapora- 
tion a t  GO°C., and reintroduced into the system. 

T o  avoid growth of fungi during dialysis and the subsequent ultrafiltration, 
a small amount of toluene mas added t o  the liquor. 

The  dialyzates produced every 12 hr. were harldlecl as  separate fractions. 
They  mere brought to  pH 6.5 with sodium hydroxide or with cation-exchange 
resin as  required. The  content, reducing power, and neutralization equivalent 
weight of solids were determinecl. The  reducing power of the solids in the 
residual liquor was calculated from these results by  difference and checked 
by direct determination every 48 hr. 

The  dialysis was stopped after 19 days when the reducing power of the  
solids in both dialyzates and residual liquor became of the same order of 
magnitude (Fig. 3, curves F and G). 

T o  separate the carbohydrates from the P-ligninsulphonates, i.e. the  low 
molecular weight fractions, the barium salts were precipitated with ethanol 
as  suggested by Erdtman ( 5 ) .  The  dialyzates corresponding to  0 to  6, 6 to  59, 
59 t o  98, 98 to  240 hr. of dialysis mere respectively combined to  yield four 
separate fractions from which sodium was removed by cation exchange. 
The  resulting free acids were neutralized with barium hydroxide, and the 
solutions were concentrated by vacuum evaporation a t  GO°C. to  about 30% 
solid content and poured dropwise into four volumes of ethanol with vigorous 
stirring. The  precipitates were twice dissolved in water and reprecipitated. 
The  barium salts were passed through a cation exchanger and the free acids 
obtained were neutralized with sodium hydroxide and dried a t  GO°C. under 
vacuum, yielding fractions Nos. 5 to 8. The  alcoholic mother liquors containing 
the carbohydrates were discarded; it should be noted, however, tha t  in sub- 
sequent investigations it would be well worth while to  study these constitueilts. 

2 .  Ultrafiltration 
Evidence pi-esentecl later indicated tha t  the residual liquor a t  the end of 

the  dialysis containecl pure ligninsulpl~o~~ates.  The residue was separated 
into four fractions (Nos. 1 to 4) by means of ultrafiltration using 600 P.T. 
cellophane, 300 P.T. cellophane, ancl No. 27 parchment membranes as supplied 
with the Webcell dialyzer. 

I t  can be concluded from the results of the fractionation procedure that  the 
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O/o SOLIDS REMOVED 
FIG. 3. Dialysis control diagrams showing per cent reducing substances removed (curve 

dialysis time (B),  per cent acid equivalents removed (C), cumulative dialyzate volume I 
neutralization equivalent weight of the solids in the dialyzate (E), reducing power of 
solids in the dialyzate (F), and reducing power of the solids in the dialyzed liquor (G). 

A), 
D ) ,  
the 

denitrated nitrocellulose membranes used in dialysis have the smallest, and the 
parchment membra~les the largest pore size. 

The ultrafilter developed for the purpose of fractiollatillg the lignin- 
sulphonates is described in detail in a separate publication (8); six ultrafilter 
cells each having a membrane area of 200 sq. cm. were used with cellophane 
and three with parchment membranes. The residual liquor was circulated in 
these cells and its volume was maintained constant a t  1 liter. The ultrafiltration 
was stopped after 3, 7, and 12 days for the parchment, 300 P.T. cellophane, 
and 600 P.T. cellophane membranes respectively, the end points being 
determined as described later. 

The ultrafiltrate of the 600 P.T. cellophane is fraction No. 4 and the fraction 
that did not pass the parchment is fraction No. 1. Before the solutions of the 
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different fractions were evaporated, they were adjusted to  pH 6.5 by treatment 
with cation exchanger and addition of hydroxide as required. 

All four of these fractions could be quantitatively precipitated with 
barium and alcohol. 

Analytical Methods 
To determine the neutralization equivalent weights, the sodium was removed 

by Amberlite IR-100 (H) cation exchanger and the free acid thus obtained 
was titrated with methyl red as indicator. Separate conductivity and pH 
titration experiments showed that  all fractions have only one titration end 
point a t  pH 6.5. The titration curves were very similar to  the ones presented 
by Peniston and McCarthy (26). 

After the ligninsulphonates were oxidized with nitric acid the sulphur was 
determined as barium sulphate, as suggested by Yorston (34). 

The methoxyl content was determined by the method of Peniston and 
Hibbert (27) adding red phosphorus, as suggested by Vjebock and Schwappach 
(33), instead of phenol t o  the hydriodic acid ligninsulphonate mixture. 

The reducing power of the fraction was compared to  that  of glucose by 
means of Fehling solution and expressed as equivalent glucose, as described 
by Yorston (34). 

Ultraviolet absorption spectra were measured in a Beckman Model DU 
spectrophotometer in pH 6 and pH 12 solutions with the buffers as blanks. 
I t  was shown that  Beer's Law is valid for all fractions when ultraviolet light 
is used. 

Diffusion Coejicients 
The diffusion coefficients were evaluated in 0.5 N sodium chloride solution 

by the porous plate method (21, 24) in a modified apparatus described else- 
where (9). The diffusion cells were calibrated with 0.1 N potassium chloride, 
using Gordon's value (12) of 1.588 sq. cm./day for this solution. The lignin- 
sulphonate concentrations were calculated by means of Beer's Law from the 
optical densities a t  280 mp. 

h~olecular Weights 
The molecular weights were established from osmotic pressure measure- 

ments. To  suppress dissociation 0.5 N aqueous sodium chloride was used as 
solvent. When necessary the results were corrected for membrane leakage as 
described in a separate paper (9). All data presented refer t o  neutral sodium 
salts. 

RESULTS AND DISCUSSION 

Dialysis 
The main problem in fractionation of polydisperse materials by dialysis 

is t o  determine when the process is ended, since small amounts continue to 
diffuse through the membrane after long periods of dialysis. I t  was not possible 
to  establish firm analytical criteria for the purity of ligninsulphonate fractions 
because their reducing power, sulphur content, neutralization equivalent 
weight, and methoxyl content change with the molecular weight. To  complicate 
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matters further there are other acidic, reducing, sulphur-containing, and 
probably methoxyl-containing materials present in the liquor. These substances, 
mostly sugars and degradation products of cellulose and lignin, are believed, 
however, t o  have lower molecular weights than the bulk of the ligninsul- 
phonates. 

In Fig. 3 the control data of the dialysis are shown plotted against the 
cumulative percentage of the solids removed. Since the dialyzates contained 
materials with different diffusion rates, no theoretical relation could be derived 
for the time-dependence of the removal of the dialyzable solids. I t  was found 
that  the concentration of the dialyzates was roughly inversely proportional 
t o  the dialysis time and cumulative dialyzate volume (Fig. 3, curves B and D). 

The most significant curves are those of the reducing power of the solids 
in the dialyzate and in the residual liquor (curves F and G) and of the neu- 
tralization equivalent weights of the solids in the dialyzate (curve E). The 
following distinct stages of dialysis can be observed: 

(1) The first 30% solids removed have a progressively increasing reducing 
power and decreasing neutralization equivalent weight as can be seen from 
curves F and G. 

(2) In the next dialysis period 20% solids were removed. The reducing 
power of the solids in the dialyzate passed through a maximum while their 
neutralization equivalent weight remained constant. 

(3) The reducing power and neutralization equivalent weight of the sub- 
sequent 2% solids removed decreased sharply and the neutralization equiva- 
lent weight passed through a minimum a t  375. At this minimum the reducing 
power of the dialyzate was low, thus indicating that  i t  contained little non- 
ionic sugar. Thus it is fair to assume that  the previous dialyzates contained 
acids with neutralization equivalent of 375 and less. 

(4) There is evidence that  after the diffusion of 52% solids, the residual 
liquor consists of carbohydrate-free ligninsulphonates. This is indicated by 
the fact that  the reducing power of the solids in the dialyzate and in the rest 
of the liquor is roughly the same and that,  with increasing time of dialysis, 
the neutralization equivalent weight of the dialyzate increases; the neutraliza- 
tion equivalent weight of the ligninsulphonates increases with increasing 
molecular weight. 

The reducing power of the diffusing and of the residual solids was roughly 
equal a t  the end of the dialysis indicating that  the reducing power of the 
ligninsulphonates investigated was inherent and not due to  impurities. In 
this connection the experiments of Peniston and McCarthy (26) are of interest. 
These authors plotted the reducing power of dialyzed ligninsulphonates, as 
obtained in a continuous countercurrent dialyzer, against the reciprocal of 
the time of dialysis and by extrapolating their data to  a value corresponding 
t o  infinite time of dialysis concluded that  really pure ligninsulphonates should 
not be reducing. The present experiments indicate that  care must be talten 
in such an extrapolation. The curve G can be extrapolated to  zero from the 
region of 30 to  52% solids removal but,  on the other hand, it runs almost 
parallel to the horizontal axis. 
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Degree of Fractionation 

Neither fractional dialysis iior ultrafiltration as employed allow absolute 
separation of the different molecular weight fractions; whiIe this is self-evident 
in fractional dialysis, it needs further explanation for ultrafiltration. 

The behavior of solutes in ultrafiltration depends on sizes of the molecules, 
and the membrane pores. i\/Iaterials with relatively small molecules can pass 
through the niembraiie in unchanged concentration, intermediate molecular 
size ~naterials pass through the membrane with a reduced concentration, and 
substailces with relatively large molecules are retained by the membrane. 

The conceiltration c i ( t )  of a fraction i in the solution after a period of ultra- 
filtration t can be calculated from an equation derived elsewhere (8): 

c ( t )  = c ( 0 )  . e - ~ ' ~ ' '  V o  

where Vo is the volume of the residual solution, constant under the experi- 
mental conditions, I< is the volume of ultrafiltrate produced in unit time, 
and y i  is the partition coefficient of the solute in question between the solutions 
in and outside of the membrane. T o  determine the time of ultrafiltratioll i t  
was assumed that the solutioll t o  be filtered contained a component which 
could pass through the membrane in unchanged concentration, i.e. y was 
unity. The values of Vo and I< were determined experimelltally and the time 
ilecessary for the removal of 99.5y0 of this component was calculated. Con- 
sequently, besides really high nlolecular weight substances, a portiorl of the 
materials with 0 < y ,  < 1 was left behind. Thus it is to  be expected that there 
was some overlapping in the molecular weight distributions, even for higher 
fractions. 

Despite the imperfections in the methods of fractiorlation, the fractions 
represent well-defined molecular weight ranges. In osmotic pressure measure- 
ments it was possible to  follow the diffusion rates of fractions Nos. 2 t o  6 
continuously with time. Furthermore, in the diffusioil coefficieiit determi~iations 
the diffusion times were varied up to  threefold aiid it was found that the 
diffusion rates were independent of diffusion time; this indicates that  the 
fractiolls cannot be very heterodisperse. 

Analytical Data 
I t  has already been melltio~lecl that  the dialysis method maltes it probable 

that the four high molecular weight fractioiis are carbohydrate-free lignin- 
sulphoiiates; further evidence is provided by tlie analytical data in Table I. 
The acid and sulphur coiltents are approximately equal, thus indicating that  
all acid groups are sulphonic. The reducing power of these fractioiis is low 
and tlie methoxyl conte~lt is high. 

Some 60% of the total solids of the spent sulphite liquor from which the 
mineral acids were removed by ion exchange call be precipitated with ethanol 
as barium salts. I t  is, however, doubtful whether this technique in itself is 
adequate to  separate the carbohydrates from the ligninsulplionates quanti- 
tatively. If not, there may be considerable impurities present in the low 
molecular weight fractions. 
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TABLE I 
ANALYTIC.IL DATA OF S O D I U ~ I  LIGXINSULPHONATE FRACTIONS 
- 

% total C/o total O/o % Reducing Neut. Acid groups S -- 
Diffusion 

Frac. of of meth- % S phenolic* power, eq. wt. sulpi,nr Mol. coeffi- 
No. original fractions ospl acid O/o eq. wt. cient. 

solids glucose s9. 
crn./day 

Total 61.5% 100% 
-- 

*Calculated front differential z~ltraviolet extinctio?~ coe.ficient (see text).  

Fractions 5 to  8 contain more acidic groups than calculated on the basis 
of their sulphur content. Freudenberg et al. (7) found similar analytical 
results and suggested that these were due t o  the presence of carboxyl groups in 
the ligninsulphonates. A11 alternative explanation is that the carboxyl groups 
belong to  the contami~lating carbohydrates. 

The sulphur contents of the fractions increase with decreasing molecular 
weights up to  fraction No. 5 and then decrease. This peculiar drop in sulphur 
contents after fraction No. 5 may be caused by the presence of sulphur-free 
impurities. 

Even if the low molecular weight fractions are contaminated, there is no 
doubt that their bulk is made up of ligninsulphonates chemically similar t o  
the higher fractions. The stro~lgest evidence is furnishecl by ultraviolet absorp- 
tion spectra. 

I t  is well lino~irn that the ultraviolet absorption spectra of lignin prepara- 
tions in neutral solution have maxima near 280 mp and minima near 260 mp. 
Not ollly do all of the fractions show the same pattern (Fig. 4, Table 11) but  

CHARACTERISTIC DATA OF THE ULTRAVIOLET ABSORPTION SPECTRA 

pH 6 pH 12 Diflercntial 
spectrum 

- 
Frac. Optical 
No. €2~0,  density A~rn:,x, 

cm.-l a t  X ,,,,, X,,,i,,, % XmnS, A m i n ,  Bz Xmas, c~n.-l 
g1n . -~2801np  rnp rnp s,,,;,, €260 mp mp €,,,in rnp gm.? 
liter liter 
- - -- 

1 13.9  4200 282 263 1 .32 2 .28  282 266 1 . 1 3  300 2 .28  
2 13 .3  4090 283 263 1 .39  2 .28  281 267 1~ 13 298 1 . 7 8  
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FIG. 4. Ultraviolet absorption spectra of fraction No. 1; curve A: pH 12, curve B: pH 6. 

the ratio of the extinction coefficients (E) a t  the maximum and minimum is 
approximately constant a t  1.35 for all fractions. The  only difference in the 
shapes of the curves is that  the slopes in the lower wavelength region decrease 
with the molecular weights of the fractions. The ratios of extinctions a t  245 
and 260 mp decrease from fraction No. 1 to  fraction No. 8 (Table 11). 

The light-absorbing power decreases with the molecular weights of the 
fractions; this can be noticed by  the visual observation of the color and is 
expressed quantitatively by the extinction coefficients for 0.1% solutions a t  
280 mp (Table 11). Nevertheless tbe ultraviolet light absorbing power per 
methoxyl bearing unit a t  280 mp is the same for all the fractions except the 
lowest, for which it  is relatively high (Table 11). 

Aulin-Erdtman (1) found shifts in the characteristic ultraviolet spectra of 
lignin compounds when determined in neutral and in alkaline solutions, and 
attributed them t o  the ionization of the phenolic hydroxyl groups. The 
minima of the samples shifted from 263 t o  266 mp for the highest, and from 
258 to 273 mp for the lowest fraction. The values of A,,, decreased on the 
average by 1 mp. The ratio E~,,/E,,, was the same for all fractions, the meail 
value being 1.11, i.e. less than for neutral solutions. 

Goldschmid (11) suggested that the phenolic hydroxyl conte~lts of lignin 
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and analogous model compounds can be determined from the differential 
spectra of solutions with pH 6 and pH 12. These spectra were shown t o  have 
maxima around 250 and 300 mp. With model substances Goldschmid deter- 
mined the characteristic maximum extinction a t  300 mp (Ae,,,) for 1 mole 
phenolic hydroxide per liter. According to  this value the unknown phenolic 
hydroxyl content of a substance can be calculated from the following formula: 

%(4-OH) = (17/41) Aemns. 

The hydroxyl contents of the fractions (Table I) were determined from such 
differential spectra, characteristic data  of which are shown in Table I1 and 
three of which are plotted in Fig. 5. 

FIG. 5. Differential absorption spectra between solutions a t  pH 12 and pH 6; curve A: 
fraction No. 1, curve B: fraction No. 6, and curve C: fraction No. 8. 

Molecular Weights 
As described in a separate paper (9), molecular weights of all but the two 

lowest fractions were determined by the osmotic pressure method; these 
values are tabulated in Table 11. When the logarithm of the molecular weight 
is plotted against the logarithm of the diffusion coefficient, the points corres- 
ponding t o  fractions Nos. 4, 5 ,  and 6 fall on a straight line which call be extra- 
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polated to  the measured diffusion coefficients of the lowest fractions, from 
which the molecular weights were calculated. I t  must be borne in mind that  
the ultraviolet extinction coefficients of the solutions were used to  determine 
the concentrations in the diffusion experiments. Should the lower fractions be 
mixtures of ultraviolet light-absorbing ligninsulphonates and relatively 
transparent carbohydrates, the diffusion coefficients would be indicative of 
the ligninsulphonates alone. 

In a homologous polymer series the followiilg relation holds between the 
weight-average molecular weights M and diffusion coefficients Dl (10) : 

where b is a constant depending 011 the shape of the molecules and K is a 
constant characteristic for the homologous series. The error involved in using 
number-average molecular weights and the diffusion coefficients for estimating 
the molecular weights of the lowest ligninsulphonates should be small. 
As can be seen from the integral molecular weight distribution plot (Fig. 6) 
the degree of polydispersity of the fractions except the highest (No. 1) is 
relatively low. Hence there is only a slight difference between the weight- 
average and the number-average molecular weights. 

The integral molecular weight distribution plot (Fig. 6) indicates that  the 

CUMULATIVE '10 

FIG. 6. Integral molecular weight distribution of the ligninsulphonates. 
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molecular weights of the ligni~lsulphonates investigated range from about 
3700 to  about 100,000. Around 3070 of the material have molecular weights 
between 3700 and 5000 and also between 15,000 and 25,000. 

I t  is beyond the scope of this paper to  give a critical survey of the numerous 
attempts to determine the molecular weights of different lignin preparations. 
The accumulated data  (2, 14) present a confusing picture because in the isola- 
tion of lignin or ligninsulpl~onates the original lignin in the wood can be con- 
siderably degraded or polymerized. Furthermore it is also possible that in 
the lower molecular weight region association may occur in the solutions (10) ; 
if this occurs the molecular weights obtained for the lower fractioils would also 
be too high. 

Nevertheless it is interesting to  note that some investigators (3, 13, 20, 29) 
have found that lignin preparations isolated under mild conditions have 
molecular weights not lower than 3500 to  4000 which correspond well to the 
lower limit of the data  presented here. According to  Gralen (13) there is some 
indication that lignins with degrees of polymerization corresponding to  the 
molecular weights 4000 and 8000 are the most stable. In the light of this, it is 
significant that  30Yo of our fractions have molecular weights in the 4000 
range. 

Considerably lower molecular weights of lignin, however, also have been 
reported (2, 15). Until a study is made of how the degree of polymerization of 
lignin is changed in the various isolation techniques it will be difficult t o  
interpret the available data. Since the highest reported native lignin molecular 
weight is 27,000 (13), there is strong indication that  during the sulphite cook 
a t  least part of the lignin becomes considerably polymerized. 
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PHYSICOCHEMICAL STUDIES OF LIGNINSULPHONATES 
11. B E H A V I O R  A S  P O L Y E L E C T R O L Y T E S 1  

.#' BY J. L. GAR DON^ AND S. G. MASON 
C 

ABSTRACT 

Conductivity, dyestuff adsorption, and viscosity measurements on aqueous 
solutions of fractionated ligninsulphonate samples having various molecular 
weights indicate tha t  they behave as  flexible polyelectrolytes. There is evidence 
tha t  ligninsulphonates of nlolecular mcight less than 5000 associate in solution 
in a manner analogous to  rnicelle formation in colloidal electrolytes. From the  
variation of intrinsic viscosity with molecular weight, i t  may be collcluded tha t  the  
degree of molecular branching of the high molecular weight ligninsulphonates 
is greater than tha t  of the low molecular wcight fractions. 

INTRODUCTION 

In the pulping of wood by the sulphite process, large quantities of lignin- 
sulphonic acids and salts appear in the spent liquor. Relatively large amounts 
of ligninsulphoilate concentrates are now used as dispersants and adhesives 
(16, 26), although the mechanisms underlying these applications are not 
understood. The purpose of the i~lvestigatioil outlined in this paper and in 
subsequent papers was to  study some of the physicochemical properties of 
the material which may be relevant to  these applications. 

While the exact structure of ligninsulphonates is not known, it is believed 1 (2, 14, 16) that  they are built of guaiacyl-propyl units with the sulphonate I 
groups attached to  the aliphatic chains. This molecular structure and the 

I 
I results of the experiments described in this paper indicate that  the lignin- 
I sulphoilates can be considered as substa~lces consisting of flexible chain 
I 
I molecules with ioilizable groups attached to them, i.e. they are polyelectrolytes. 

Recently coilsiderable research has been carried out on polyelectrolytes, 
general accou~lts of which are given by Fuoss (10, l l ) ,  Flory (S), and Iiat- 

I chalsky (20). The  most important characteristic is that  in solutio~l the mole- 
cular shape clepeilds upon the net electrical charge of the n~olecule. In the 
uncharged state the molecule curls up. If the ionic groups are dissociatecl, the 
polyelectrol~7te ~nolecule extends owing to  the electrostatic repulsion between 
neighboring groups. 

The degree of ionization of the polyelectrolyte depends on its conce~ltratio~l 
and also upon the presence of simple electrolytes in the solution. At  low 
polyelectrolyte concentrations, the molecules occupy only a small part of the 
available space in the solution; this favors the escape of the counter-ions, 
e.g. the sodium ions of the ligninsulpl~onates, from polymer molecules, leaving 
the latter charged. The equilibrium betnreen the counter-ions associated wit11 
the polymer molecules and in the part of the solvent free of polymer n~olecules, 
i.e. in the free space, is analogous to a Donnan-type equilibrium. Co~lsequently 

1iVIanz~script received J z ~ n e  10 ,  1955. 
Contribution from The  P z ~ l p  and Paper Researclz Institz~te of Canada and tlze Chetnistry 

Departntent, iVIcGill Unhersi ty ,  iVIontrea1, Quebec. 
2Holder of tlte Anglo-Paper Researclz Fellowsl~ip and of a Stz~dentship from tlze National Researclz 

Cot~ncil of Canada. Present address: I?zdustrial Cellz~lose Research Ltd., Hawkesbt~ry,  Ontario. 
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when the free space becomes smaller as the polyelectrolyte concentration is 
increased, the counter-ion concentration in this free space greatly increases, 
inhibiting further ionic dissociation. The polyelectrolyte molecules can also 
lose their charge, even a t  low concentrations, i f  the concentration of the 
counter-ions in the free space is increased by the addition of simple electrolytes 
containing the same counter-ion as the solution. 

The dependence of the charge of the molecules of the polyelectrolyte on its 
concentration can be shown by conductivity measurements. As the molecules 
progressively lose their charge with increasing concentration, less and less 
current can be carried by each molecule. The specific conductivity/concentra- 
tion (or reduced specific conductivity) decreases with increase of the square 
root of the concentration, but not linearly, as predicted by the Onsager 
equation for simple electrolytes. The corresponding plot is curved and is 
steep a t  low concentrations. 

The flexible coiling of the molecules as they progressively lose their charge 
can be demonstrated by the dependence of the reduced viscosity (~~,,/c) on 
the concentration. As the effect of an extended molecule on the viscosity of 
the solution is greater than that  of a molecular coil, the reduced viscosity of 
the polyelectrolyte decreases with increasing concentration. If, however, 
determinations are made of the viscosities of solutions containing different 
amounts of polyelectrolyte and always the same sufficiently large amount of 
simple electrolyte, the reduced viscosity of the polyelectrolyte, like the vis- 
cosity of uncharged polymers, increases linearly with concentration. 

In the present paper, results of conductivity, dyestuff adsorption, and vis- 
fcosity measurements carried out with ligninsulphonates of various molecular 
weights are presented. The method of preparation of these fractions, their 
analytical data, their diffusion coefficients Dl, and the determination of their 
molecular weights by osmotic pressure measurements are reported elsewhere 
(12, 13). 

CONDUCTIVITY MEASUREMENTS 

From the foregoing considerations variation of the reduced specific conduc- 
tivity ~vi th  concentration of ligninsulphonates may be expected to  differ from 
that of simple electrolytes. This apparent anomaly has been observed but not 
adequately explained by a number of investigators (7, 22, 27,30). The results 
obtained by Samec and Ribaric (30) and Icoenig (22) did not conform with 
the pattern predicted for polyelectrolytes and, oddly enough, the reduced 
specific conductivity curves had maxima a t  very low concentrations. 

The variation of the reduced specific coilductivities of several sodium lignin- 
sulphonate fractions with d c  a t  25OC. is shown in Fig. 1. Curves A and B 
represent fractions having molecular weights of 58,000 ancl 19,200 respectively 
and are typical of polyelectrolytes. Curves C, D, and E obtained for fractions 
with molecular weights 5200, 3700, and 3650 show apparent breaks; these 
breaks may indicate association, as generally observed (1, 25) for colloidal 
electrolytes, but not for polyelectrolytes. The reduced specific conductivity 
vs. d c  plot for a colloidal electrolyte shows a sharp discontinuity a t  the critical 
micelle formation concentration. At lower colloidal electrolyte concentrations, 
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the plot is linear and descends slightly; a t  higher concentrations, it drops 
very markedly and quite often passes through a minimum (1, 25). The mole- 
cular weights of colloidal electrolytes, however, are in the range of several 
hundreds and about 20 to 200 molecules associate to form a micelle; abrupt 
changes are therefore shown in the properties a t  the critical concentration of 
micelle formation. Considerably higher molecular weights were found for the  

FIG. 1. Reclucccl specific conductivities of sodiii~n ligninsulphonate fractions having ~nole- 
crilar weights 58,000 (A), 19,200 (B), 4600 (C), 3700 (D), and 3650 (E). 

ligninsulphonates investigated than for collventional colloidal electrolytes. 
Consequently it is improbable that  aggregates consisting of a great number 
of ligninsulphonate molecules are formed. Hence the ligninsulphonate solu- 
tions do not show such sharp discontiiiuities as  the solutions of colloidal 
electrolytes around the critical micelle formation concentration. The shape of 
curves C,  D, and E may be considered as evidence that  the low molecular 
weight ligninsulphonates are intermediate between polyelectrolytes and colloi- 
dal electrolytes. As will be shown, the reduced viscosity curves of all fractions 
and the dyestuff adsorption curves of all but the lowest molecular weight 
fraction were smooth. Hence the conductivity curves cannot be considered as 
absolute proof for associatioll in the low molecular weight range; this matter 
requires further study. 

DYESTUFF ADSORPTION MEASUREMENTS 

I t  has been observed (15) that the optical absorption spectra of aqueous 
solutions of certain dyestuffs shift in the presence of micelles of colloidal 
electrolytes. According to  Corrin and Harkins (4) this is due to adsorption 
or incorporation of the dyestuff on, or into, the micelle and to  the different 
colors of the dyes in a polar medium, e.g. water, and in a non-polar medium, 
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as the non-charged micelle. They suggested the use of this phenomenon to 
detect the critical micelle formation concentration. 

The influence .of uncharged coiled polyelectrolyte molecules on the color 
of indicator dyes has not yet been investigated. The experiments here de- 
scribed indicate that,  as was to be expected, they changed the absorption 
spectra of such dyes just as the micelles of the colloidal electrolytes. 

Pinacyanole is blue when dissolved in pure water and green in the presence 
of uncharged aggregates (4). This cationic dyestuff was found to be suitable 
for experiments with ligninsulphonates. In Fig. 2 light-absorption curves of 

FIG. 2. Absorption curves of (A) 1.2 mgm./100 cc. pinacyanole, (B) 1.2 mgm./100 cc. 
pinacyanole and 0.5 gm./100 CC. ligninsulphonate (molecular weight 19,200), and (C) 0.5 
gm./100 cc. ligninsulphonate. 

solutions containing 1.2 mgm./100 cc. dye (A), the same amount of dye and 
0.5 gm./100 cc. ligninsulphonate (B), and 0.5 gm./100 cc. ligninsulphonate 
alone (C) are shown. The maximum a t  620 mp in curve B is characteristic 
of the dyestuff -discharged aggregate complex, but the pure dyestuff solution 
also absorbs light a t  this wavelength appreciably. However, the light absorption 
of both pure dye and pure ligninsulphonate a t  630 mp wavelength is negligibly 
small. The optical density a t  630 mp can be considered as a measure of the 
amount of discharged aggregate - dye complex present in the solution. 

The optical densities of solutions containing a fixed amount of dyestuff 
a t  various concentrations of ligninsulphonates, measured in a Becliman 
Model DU spectrophotometer a t  630 mp, are shown in Fig. 3. 

As the molecules progressively lose their charge with increasing concentra- 
tion, they adsorb increasing amounts of dyestuff. The high molecular weight 
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0,2 0.i 0.4 0.4 o . ~  i.o I> 114 1:6 
CONC. g/IOOcc 

FIG. 3. Optical densities a t  630 mp of solutions containing 1.2 mgm./100 cc. pinacyanole 
and various amounts of ligninsulphonates. The molecular weights of the ligninsulphonates 
are 58,000 and 15,500 (A), 4500 (B), 3700 (C), and 3650 (D). 

fractions adsorb all the dyestuff present in the solution a t  around 0.2% 
concentration. The shape of Curve A representing fractions with molecular 
weights 58,000 and 15,500 corresponds well to  the pattern demonstrated by 
the conductivity and viscosity measurements. 

The curves B, C, and D indicate that the ability of the lower molecular 
weight fractions to  adsorb dye is smaller than that  of the high molecular 
weight fractions. The uncharged particles of the low molecular weight fractions 
are probably smaller than those of the high molecular weight fractions and, if 
they contain associated molecules, the number of the molecules per aggregate 
is probably small. The break in curve D may indicate that  lowest molecular 
weight fractions associate in solution. 

VISCOSITY MEASUREMENTS 

The viscosities were determined a t  25'C. in Ostwald-Cannon type (3) 
viscometers with flow times for water of about 400 sec. The ltinetic energy 
corrections were negligible. 

The dependence of the reduced viscosities of sodium ligninsulphonate 
fractions on concentration in distilled water is shown in Figs. 4 and 5. The 
shape of these curves is typical for polyelectrolytes; a t  low concentrations the 
reduced viscosities are high, as  the molecules are extended, and a t  high 
concentrations they are low, as the molecules are coiled. The dependence of 
the reduced viscosities *of the sodium ligninsulphonates does not follo\\r the 
empirical equation of Fuoss (9): 
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FIGS. 4 and 5. Reduced viscosities z a t  various concentrations of sodium ligninsulphonates 
in water. The molecular weights of the number fractions are given in Table I. 

I In the above equation, z is the reduced viscosity, c the concentration, B a I 
I constallt depending on the dielectric properties of the solvent, (A+D) is 

the intrinsic viscosity of the polyelectrolyte when the molecules are extended, 
and D is a measure of the intrinsic viscosity of the randomly coiled molecules. 
According to  this equation, the l/(z-D) vs. d c  plot should be linear, but  a 
linear plot could not be obtained for ligninsulphonates. If, however, the term 
c: was replaced by cZ in equation [I],  

linear plots of l/(z-D) vs. c" were obtained for the three highest molecular 
weight fractions (Fig. 6). D was taken to be the reduced viscosity of a 4y0 
solution; the error in doing so was very small as  the reduced viscosities of 
solutions with concentratioils higher than 2y0 were practically constant. 
The constailt x was established by trial and error. With an approximate value 
of A ,  log[l/(z-D)-1/A] was plotted against log c. The value of A was so 
chosen that  this plot yielded a straight line, the slope of which was x. When 
D and x were known, the curves of Fig. G could be plotted. The intercepts on the 
vertical axes obtained by  an analytical extrapolation were equal to  1/A. 
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FIG. 6. l/(e-D) vs. cZ plots for the three highest molecular weight fractions. 

TABLE I 
VISCOSITY DATA, DIFFUSION COEFFICIENTS, AND NUMBER-AVERAGE MOLECULAR WEIGHTS OF 

THE SODIUM LIGNINSULPHONATE FRACTIONS 

Fractions 

Solvent 1 2 3 4 5 6 7 8 '  

Molecular 0.5 N 
weight, gm. NaC1 58000 19200 15500 8500 5200 4600 3700 3650 

Diffusion coeffi- 0.5 N 
cient, cm./day NaC1 0.0314 0.0849 0.113 0.134 0.178 0.194 0.219 0.221 

D, 100 cc./gm. Water 0.172 0.131 0.0905 0.0563 0.0389 0.0328 0.0212 0.0211 

[?I, 100 cc./gm. 2 N 
NaCl 0.0455 0.0425 0.0394 0.0262 0.0235 0.0220 0.0197 0.0190 

k 2 N 
NaCl 4 . 9  5.0 5.12 6.00 4.75 4.15 4.6 4.6 

Since this extrapolation was uncertain, the values of A  thus obtained were not 
precise; values of (A+D)  are estimated t o  lie within the limits given in Table 
I. The values of x and D  are also tabulated. 

Equation [2] is empirical and does not have the theoretical significance of 
equation [ I ] .  I t  is probable that  the proportionality between l / ( z - D )  and cZ 
is fortuitous and that the true equation describing the dependence of the 
reduced viscosity of the liglliilsulphonates on their concentration is that  of 
Schaefgen quoted by Katchalsky (20) : 
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The concentration dependence of the reduced viscosities of the other 
fractions cannot be expressed by equation [2]. Thus the intrinsic viscosities 
of the extended molecules could not be determined. The D values determined 
a t  a 4y0 concentration are given in Table I. 

The reduced viscosities of the fractions in 2 N sodium chloride are sholvn 
in Fig. 7. The concentration dependence of the reduced viscosities can be 

FIG. 7. Reduced viscosities a t  various concentrations of sodium ligninsulphonates in 2 N 
sodium chloride. The nlolecular weights of the various fractions are listed in Table I. 

expressed by the equation of Simha (32) and Huggills (19) derived for non- 
charged interacting particles: 

In this equation [v] is the intrinsic viscosity and k is a constant characteristic 
for the homologous polymer series. Both [v] and k are given for all fractions in 
Table I. As can be seen k changes between 4.2 and 6. Ligninsulphonates are 
approximately, but not truly, members of a homologous series and this may 
accouilt for the variation of k. 

RELATIOKS BETWEEN INTRINSIC VISCOSITIES, DIFFUSION COEFFICIENTS, 
AND MOLECULAR WEIGHTS 

According t o  the theories of I<uhn (23), Kirlrwood and Riseman (21), 
and Debye and Bueche (5, 6), the constants a and b in the equations 
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describing the dependence of the intrinsic viscosities [77] ancl the cliffusion 
coefficients D l  on the inolecular weights are both eclual to unity, if the molecules 
are linear flesible chains, randomly coiled, an? permeable to  the solvent, 
and are equal to  0.5, if the randomly coiled flexible molecules are impermeable 
t o  the solvent. The c o ~ ~ s t a i ~ t s  IC1 and 1C2 are characteristic of the l~omologous 
series. I<uhn and Kuhn (21) sho\ved that  these theories are also app!icable t o  
branched molecules ii these chains are flexible and ra~lcloinly coiled. The  
intrinsic viscosities of branched-chain molecular structures are lower than 
those of linear molecules of colnparable size. Huggins (17, 18) has shown tha t  
a = 2 when the nlolecules behave as rigid rods. 

I t  has beell experiinentally verified for a ilumber of polyelectrolytes (20) 
that  the values of a for the intrinsic viscosities (AfD) ,  corresponding to  the 
extended molecules, approach 2 if the polyelectrolytes are linear, and are 
higher than unity but less than 2 if the polyelectrolytes are branched (31). 
As mentioned before, D is a measure of the intrinsic viscosity of a ra~ldomly 
coiled polyelectrolyte. Depending on the degree of ionization, D changes 
linearly with, or proportionally to  the square root of, the molecular weight 
(20). 

The  diffusion coefficients, the D values, and the intrinsic viscosities in 2 N 
sodium chloride are plotted on a logarithmic scale against the number-average 
molecular weights of the ligninsulphollate fractions (Fig. 8). From the slopes 

MOLECULAR WEIGHT 

FIG. 8. Determination of constants a and b from reduced viscosities a t  4% sodium lignin- 
sulphonate in pure water (solid circles), intrinsic viscosities in 2 N sodium chloride (open 
circles), and diffusion coefficients in 0.5 N sodium chloride (crosses). 

of these plots i t  can be concluded tha t  a = I for the molecular weight depen- 
dence of D and 0.47 for the intrinsic viscosities in 2 N sodium chloride if the 
highest molecular weight fraction is disregarded. According to  Debye (6) 
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the intrinsic viscosity is a measure of the true partial specific volume. As can 
be seen, the iiitrinsic viscosities in salt solution are smaller than the D values. 
; Consequently in the sodium chloride solution, probably owing to the osmotic 

pressure of the sodium chloride, the coils are compressed, while in pure water 
the coils are expanded. The  compressed coils are impermeable to  water, the 
loose coils are permeable, and hence the values of a are in the range of 0.5 and 1 
respectively. 

Both the illtrillsic viscosity in 2 N sodium chloride and the D value of frac- 
tion No. 1 are lower than predicted by the regularities described above. 
As shown in a previous communication (12), this fraction is more hetero- 
disperse than the others and probably contains ligilinsulphoilates with 
molecular weights as high as 100,000. I t  is fair to assume that  the higher the 
degree of polymerization, the greater the probability of branching during 
polymerization in the sulphite cook. If so, the reasoil for the relatively low D 
and low intrinsic viscosity of the highest molecular weight fractions is its 
higher degree of branching. 

The diffusion coefficients were determined in 0.5 N sodium chloride (13). 
I t  seems that there are two b values describing the dependence of the diffusion 
coefficients on the molecular weight: b = 0.56 corresponds to  all fractions 
but Nos. 1 and 3, while b = 0.93 corresponds t o  fractions Nos. 1, 2, and 3;  
this requires further investigation. 

In connection with these experimental results, it is of interest to  mention 
the work of Olleman, Pennington, and Ritter (28), who determined the diffu- 
sion coefficient, intrinsic viscosity, and partial specific volume of an ammonium 
ligninsulphonate in 1 N ammonium acetate solution. Using the Polson-Kuhn 
equation (29), they calculated the axial ratio to  be 4.6. The weight-average 
molecular weight 21,000 calculated by them for a ligninsulphonate with 

' 0.080 sq. cm./day diffusion coefficient compares favorably with the diffusion 
coefficient 0.0847 and number-average molecular weight 19,200 of fraction 

' No. 2. 

CONCLUSIONS 

The results presented above lead to the conclusion that ligninsulphonates 
are flexible polyelectrolytes. At high concentrations of ligninsulphonates, 
and a t  low concentrations when sodium chloride is present, the molecules are 
coiled. At low ligninsulphonate concentrations and in the absence of sodium 
chloride the molecules become extended. There are indications tha t  the low 
molecular weight fractions associate in solution and tha t  the molecules of the 
highest molecular weight fraction are more branched than those of the other 
fractions. I t  is probable that the dispersive and adhesive properties of lignin- 
sulphonates are due to  their polyelectrolyte nalure. 
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STUDIES ON ALUMINA CATALYSTS 
IV. T H E  PRODUCTION OF D I E T H Y L A N I L I N E  B Y  CONDENSATION OF E T H A N O L  

AND E T H Y L A N I L I N E 1  

A B S T R A C T  

T h e  condensation o f  ethanol and ethylaniline was studied using alumina 
catalysts at 300°C. T h e  gel water o f  the  alumina affects its catalytic activity. 
Maxima and millinla in activity occur at gel water values corresponding t o  those 
previously found for the dehydration o f  ethanol and formic acid. There is no con- 
current change in crystal structure o f  the  alumina gel. T h e  results suggest the  
initial dehydration o f  alcohol t o  ether follo\ved b y  coildensation o f  t he  ether 
and ethylaniline t o  give diethylaniline. I t  is concluded that the  best and poorest 
spatial arrangement o f  'active points' or adsorption spaces is established b y  
the  amount o f  residual gel water. 

In general, heterogeneous catalysis is pictured as i~lvolving adsorption of 
the reactants on the surface of the catalyst with activation of the substrate 
followed by reaction and removal of the products. The patent literature gives 
ample evidence of the specific and distinctive behavior of catalysts differing 
in chemical nature, e.g. metals such as nickel for hydrogellation and hydrous 
oxides and phosphates for dehydration. Many worlters have found that even 
in the same type of catalysts there are not only differences in over-all activity 
but also in specificity. I t  is to  be expected that  one or both of these qualities 
may be affected by the size and valence of the metallic element present, by 
alteration of the crystal lattice, and by changes in porosity or total surface. 

Activation of a hydrous oxide coilsists in the removal of the major portion 
of the gel water by heating. The temperature used in activation is cited re- 
peatedly as a criterion of activity. In the case of alumina catalysts for the 
production of ether "optimum activation temperatures" from 310' t o  600°C. 
have been reported by various authors. Of fundamental importance is the 
degree of removal of gel water and the crystal structure of the colloidal fibrils 
with concurreilt alteration of the surface. 

I t  has been found that alumina catalysts prepared by different worlters in 
this laboratory a t  intervals of several years showed maxima (or minima) in 
activity a t  the same gel water irrespective of the temperature of activation 
(1, 9, 10). Furthermore, in the dehydration of formic acid and the production 
of ether and ethylene from ethanol, these maxima and minima were not due 
to  changes in crystal lattice (9). 

The present paper reports a similar study of the effect of gel water on the 
coildensation of ethanol and ethylaniline to give diethylaniline. 

This investigation was not concerned with the determination of conditions 
of temperature and space velocity which would give 100% conversion of 
ethylaniline to  diethylaniline. Conditions were chosen such tha t  the production 
of diethylaniline would be sufficiently high that  variations in yields could be 
readily measured, while side reactions such as the dehydration of the ethanol 

lJ/lanzcscript received June  17, 1956. 
Contribution from the Department of Clternistry, Queen's University, Kingston, Ontario. 
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t o  ether and ethylene would be depressed as much as  possible. A,  reaction 
temperature of 300°C. was chosen. At this temperature no appreciable change 
in the activation of the catalyst would occur. 

The apparatus was essentially similar to  that  used in the previous worlc (9) 
except tha t  the catalyst tube was half filled with pyrex wool. This acted as t he  
vaporizatioil chamber for the reaction mixture (1 mole ethylaniline to  1.05 
moles ethanol). Reagents were analar grade. The  ethylaniline was redistilled 
a t  10 mm. The refractive index of the product was 1.5422 (ns) .  The product 
was also analyzed for total and tertiary amines by the method of Siggia, 
Hanna, and Kervenslci (12). The results showed the ethylaniline t o  be free 
of tertiary amines, and t o  have a total amine content of 8.27 X M./gm. 
If the figure given in the literature is accepted (8.24 X lop3 M./gm.) this 
would indicate a purity of 99.4y0',. The absolute alcohol tested 99.8%. The  
catalysts were prepared from a combined batch of alumina gel as described 
previously (9). The  air-dried gel contained 36.7% water. 

Reaction products were collected in a cold receiver and gaseous products 
in a gasometer over saturated brine a t  atmospheric pressure. The liquid pro- 
ducts were allowed to  separate into aqueous and amine layers and these 
analyzed. Diethylaniline was determined by an adaptation of the colorimetric 
method of English (5) using a Klett-Summerson photometer. The standardi- 
zation curve was prepared by using a series of samples containing lcnown 
mixtures (by weight) of carefully purified mono- and di-ethylaniline. 

Analysis of the gaseous products indicated almost pure ethylene. Ether was 
detected in the liquid products but the amounts were so small that  they have 
been neglected in calculating the materials balance, which with one exception 
is over 90, the average being 96.3%. 

The apparatus was swept out with nitrogen before and a t  the conclusion of 
each run. A blank run with the catalyst tube paclced with pyrex wool gave n a  
ethylene, ether, or diethylaniline a t  300°C. 

TABLE I 

Gel water, yo 9 .4  7 .0  6.6 6 . 2  5.2 4.5 3.8 3.5 1 .8  0 .5  0 .0  
yoEtOH-PhNEt2 13.7 15.0 17.3 15.0 25.0 16.6 22.8 22.1 17.2 22.1 22.9 
% PhNHEt- 

PhNEt, 14.9 15.7 18.1 15.7 26.1 17.3 23.8 23.0 18.0 23.1 23.9 
% EtOH-C2Hr 12.9 13.6 31.0 13.9 26.9 13.3 17.4 29.7 14.6 19.0 27.9 
Total EtOH 

reacted 26.6 28.6 48.3 28.9 51.9 29.9 40.2 51.8 31.8 41.1 50.8 

DISCUSSION OF RESULTS 

The results of the experiments are summarized in Table I .  In Fig. 1 is 
given a plot of the activity of the catalysts in the production of diethylaniline 
for gels differing in  residual water. Included for comparison are curves from 
previous work on the decomposition of formic acid to  carbon morloxide and 
water, using gels prepared from a l u m i ~ ~ u m  nitrate and chloride (9, Fig. 3). 
The points rnarlced X on the second curve are per cent ethanol giving ether a t  
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I I I 

2 4 6 8 10 
RESIDUAL GEL WATER % 

FIG. 1. The activity of catalysts differing in gel water. 

250°C. (10). The bottom broken curve is for the production of both ether and 
ethylene a t  318" (1). 

I t  is apparent tha t  alumina catalysts show a maximum in activity a t  5.2% 
gel water. For the production of ethylene in the present work there is another 
maximum occurring between 2 and 4y0 gel water. This correspo~lds t o  the 
second maximum in the formic acid curve (9) and agrees with the position 
of the maximum in the ethylene t o  ether ratio ( I ,  Fig. 1) although the latter 
differs from the point of maximum production of ethylene in the previous 
case. 

Tha t  the activity of a catalyst may change with alteration in crystal lattice 
has been demoilstrated by several worlters (4, 8, 13). Taylor (14) and others 
(2, 6, 11) regard the catalytically active state of alumina as being due to  the 
presence of gamma alumina having a cubic lattice A. 7.90 (IG), and conse- 
quently favor a method of preparation which is supposed t o  lead to  the forma- 
tion of this phase. Brown and Reid (3) however observed wide variations in 
the activity of their catalysts with slight variation in the method of preparation. 
Others have found no 7 alumina in their most active catalyst (15). 

The structural relations of the catalysts used in this work are shown in 
Figs. 2 and 3. In Fig. 2 X-ray patterns for catalysts M ,  N, I ,  and 0, containing 
7.0, 4.5, 3.5, and 1.8% residual water are obtained by plotting glancing 
angle as abscissa and intensity of the refracted beam as ordinate. No sharp 
pealts characteristic of crystalliile samples were obtained. This indicates that 
the degree of crystallinity in all four samples was low, i.e. they were chiefly 
amorphous. Of these, catalysts M ,  N, and 0 exhibited low activity while 
catalyst I showed high activity. The patterns indicate no structural differences 
so that  change in activity cannot be attributed to this factor. 
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FIG.  2. X-ray  di f fract ion patterns for catalysts containing 7.0, 1.5, 3.5, and 1.8% gel water. 
Catalyst  I (3.5% water)  had high activi ty ,  t h e  others had low activi ty .  

The  X-ray photographs in Fig. 3 are for gels J ,  L, P, and Q,  containing 
3.8, 6.2, 5.2, and O.Oyo gel water respectivcly. The  first three obviously belong 
t o  the same type. The  predominating s t ruct~lre  appears to  be thnt  of Boehmite,: 
with some gamma alumina. Catal\.sts J ant1 P gave high activity, L m~1c11. 
lower. These observations are similar to  those made in the earlier worlr (!I)., 

The catalyst containing zero water has a different structure. This catalyst 
also differs froin tha t  of zero water content used in the work cited above. 
The  latter was prepared by blasting s:lmples a t  1200" resulting in conversion- 
to  alpha alumina or corundum. Such a catalyst sl~owecl a m~rliecl decrease. 
in activity. I n  the present instance the an l~yc l ro~~s  gel was obtailled by activa- 
tion in nitrogen a t  530" which, according t o  Gregg and Sing (7), produces 
active gamma alurnina. This is supported by its higher activity tharl the 
corundurn sample and by the increase in activity over thnt of the gel containing- 
l.Syo resiclual water. 

Although an alumina catalyst containing 5.2% water had been found to  
be the best for the procluction of ether, both when ether alone is produced and 
when a t  higher temperatures ethylene and ether arc formed, such a catalyst 
gave PI-actically no ether in the present experiments. The  very snlall amounts 
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FIG. 3. X-ray photographs of catalysts conta i~l i~lg  3.8, 6.2, 5.2, and 0% gel water. 

of ether present in the reaction products can be explained if the reaction goes 
in two stages, 

PI 2EtOH -+ EtzO+ HzO, 

I t  was found tha t  as the  diethylaniline yield decreased the proportion of 
ethylene t o  diethylaniline decreased also. This would suggest tha t  some of 
the ethylene was produced by decomposition of the  reaction product, which 
might explain why maximum yields of ethylene were not obtained a t  the 
previously observed point on the activity -gel water curve. 

SUi\IRIIARY AND CONCLUSION 

From the above it may be concluded tha t  while a change of surface geometry 
due to  alteration of the crystal lattice can aflect catalyst activity, the  best 
and poorest surface condition of the catalyst may be established priinarily 
b y  the extent to which constituent water is removed from the gel. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

4/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



MUNRO AND WASHINGTON: ALUMINA CATALYSTS. IV 1507 

ACKNOWLEDGMENT 

The authors wish t o  express their indebtedness t o  Dr. L. G. Berry, Depart- 
ment of Mineralogy, Queen's University, and t o  the management and staff of 
Aluminium Laboratories, Ltd., Arvida, for their assistance in obtainingx-ray 
diffraction patterns of the catalysts. 

REFERENCES 
1. ALEXANDER, W. H., HORN, W. R., and MUNRO, L. A. Can. J. Research, B, 15: 438. 

-no" 
IY31. 

2. BENTLEY, F. J. L. and FEACHAM, C. G. J. SOC. Chem. Ind. (London), 64: 148. 1945. 
3. BROWN, A. B. and REID, E. E. J. Phys. Chem. 28: 1067. 1924. 
4. EISENHAUT, 0. and KAUPP, E. Z. Elektrochem. 36: 392. 1930. 
5. ENGLISH, F. L. Anal. Chem. 19: 457. 1947. 
6. FEACHAM, C. G. and SWALLOW, H. F. S. J. Chem. Soc. 267. 1948. 
7. GREGG, S. J. and SING, K. S. W. J. Phys. Chem. 56: 388. 1952. 
8. LONG, J. R., FRASER, J. W., and OTT, E. J. Am. Chem. Soc. 56: 1101. 1934. 
9. MUNRO, L. A., DEWAR, D. J., GERTSMAN, S., and MONTEITH, G. Can. J. Research, 

B, 21: 21. 1943. 
10. MUNRO, L. A. and HORN, W. R. Can. J. Research, 12: 707. 1935. 
11. NAHIN, P. G. and HUFFMANN, H. C. Ind. Eng. Chem. 41: 2021. 1049. 
12. SIGGIA, S., HANNA, J. G., and KERVENSKI, I. R. Anal. Chem. 22: 1296. 1950. 
13. STORFER, E. Z. Elektrochem. 41 : 540. 1935. 
14. TAYLOR, R. J. J. Soc. Chem. Ind. (London), 68: 23. 1949. 
15. THIBON, H., MAILLARD, H., and S a v o ~ ,  L. Chimie & industrie, 57: 117. 1946. 
16. WYCKOFF, R. W. G. The structure of crystals. Reinhold Publishing Corporation, New 

Yorlc. 1935. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

4/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CONDUCTANCES O F  AQUEOUS LITHIUM NITRATE SOLUTIONS 
AT 25.0°C. AND llO.O°C.' 

ABSTRACT 

The conductances, densities, and viscosities of aqueous solutions of lithium 
nitrate have been determined, a t  t e ~ n p e r a t ~ ~ r e s  of 25.0" and llO.O°C., a t  concen- 
trations up to 14 molar. The results have been compared with the concl~~ctances 
calculated by means of the Robinson-Stolces equation and good agreement 
found u p  to a b o ~ ~ t  7 molar. A short discussio~l of the theoretical implications is 
given. 

In pursuance of our work on the conductances of concelitrated solutions 
we have determined those of lithium nitrate solutions a t  25' and 110°C. 
up t o  a concentration of 14 molar, which represents saturation a t  llO°C. 
We have also determined the viscosities and thus we have been able t o  
compare our results with those calculated from the Robinson and Stokes 
equation (9). The agreement is surprisiilgly good. 

After we had commenced this work, we came upoii a paper by Klotschlio 
and Grigorjew (7), in which the authors appeared to have anticipated our 
worli completely, in that  they have determined the specific conductances, 
viscosities, and densities of aqueous lithium nitrate solutioils a t  concentrations 
varying from 0.22 to 71.G4 weight per cent and a t  temperat~lres of 25", 75", 
aiid 100'. In  this article and elsewhere (8), the authors prefer the specific to 
the equivalent conductance as a basis of theoretical interpretation. They also 
seek t o  use the equilibrium diagram for the system lithium nitrate - water to  
interpret their results. For illstance, they state (with approximate truth) that 
the composition a t  which the maximum specific collcluctance occurs is that 
of the eutectic a t  which ice and lithium nitrate trih? drate coexist. However, 
on plotting the experimelltal values of specific conductance obtained by 
I<lotschl;o and GI-igorjew against concentration, and coinpariiig them with 
our 0 ~ ~ 1 1 ,  we feel that  they are too inaccurate to  be of great value. For example, 
the specific conductance of their weakest solution (at 25') would give a value 
of the equivalent conductance in excess of the limiting value, calculated as the 
sum of the ionic conductances. 

The lithium nitrate used was a Fisher "Certified Reagent". The principal 
impurity was described as "other alkalis 0.35YoM. The l i t h i ~ ~ m  i~i trate  was 
recrystallized from water and small samples ignited in platinum, immediately 
before weighing. The more dilute solutions were made up by direct ~veighing, 
while solutions which were supersaturated a t  room temperat~lre were analyzed 
by the conductance of a weighed aliquot. All the details of conductance 
measurements have been previously described (3). Viscosity measurements 

'Manuscript received June  22, 1055. 
Contrib~~liolt from the Depnrlrtzent of Chenlistry, Unizrersity of il.ianitoba, Winnipeg,  illanitoba. 

2Holder of an  N.R.C. Posldoclorale Fellowship. 
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CAMPBELL ET AL.: LITIIIUM NITRATE SOLUTIONS 1509 

a t  25" were made in a viscometer designed by  Cannon and Fenske (Z), while 
a t  110" the simple apparatus of Fig. 1 was used. This apparatus was sealed 
after it had been filled, to prevent boiling and evaporation of the liquid; it 
was calibrated with water. Obviously, the total volume of liquid in the visco- 
meter is not critical, so long as there is sufficient to  fill the  calibrated bulb. 
A number of different viscometel-s were used, having different capillary bores, 
ill order t o  get a suitable flow time; this was never less than 30 sec. ancl, since 
time mas measured with a stop-watch t o  one-fifth scconcl, the accuracy of 
our viscosity determinations is better than one per cent, as far as this factor is 
concenled. As previously described (5) our high temperature density measure- 

FIG. 1. Viscosity apparatus for high temperatures. 

ments, carried out in a closed bomb, are probably not better than one in a 
thousand but  this should not appreciably affect the viscosity. The apparatus 
(Fig. 1) could be rotated through 180°, while still in the thermostat, by  
means of a rack and pinion, and was automatically set in the same vertical 
position. The whole apparatus was placed in a tall thermostat filled with 
silicone. Temperature (at 110") was maintained constant (using all Archi- 
medean stirrer) within 0.1" which was sufficient for the purpose of our vis- 
cosity measurements. Temperature control for the conductance measurements 
was much better than this. For details of the high temperature conductance 
work, the paper by Campbell, Kartzmark, Bednas, and Herron (5) should be 
consulted. 

EXPERIMENTAL RESULTS 

The experimental results are contained in Table I ,  which is self-explanatory. 

DISCUSSION OF RESULTS 

As usual, the  specific conductance is observed to  pass through a maximum 
a t  about 5.337 molar a t  25", and 5.459 molar a t  110"; the composition of the 
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TABLE I 
CONDUCTANCES, DENSITIES, AND VISCOSITIES OF LITHIUM NITRATE SOLUTIONS 

- 
Cone., Density. Relative Specific Temperature 

in moles gm. viscosity. cond. Acnlc coefficients 
Wt. ojo per liter per ml. water =l.0 K ,  

in mhos AerD Ar) z $ = Conduct- Viscosity 
4.54 5.0A ance 

Tentperatz~re = 95°C. 
0.0635 0.00997 0.997 1.005 0.001025 102.79 103.31 102.3 102.5 
0.G878 0.0990 1.001 1.013 0.009083 91.74 92.93 90.88 91.46 
3.739 0.553 1.018 1.063 0.04244 76.86 81.70 75.18 76.82 
6.384 0.958 1.035 1.109 0.06730 70.26 77.89 68.75 70.15 
6.624 0.995 1.036 1.111 0.06942 69.78 77.50 68.33 69.86 
12.13 1.885 1.070 1.221 0,1112 58.95 71.98 58.22 59.44 
17.13 2.740 1.103 1.351 0.1387 50.60 68.35 50.41 52.01 
18.35 2.957 1.111 1.390 0.1448 48.98 68.06 - - 
21.09 3.456 1.130 1.490 0.1545 44.72 66.65 44.44 45.96 
22.39 3.698 1.139 1.534 0.1583 42.81 65.70 42.78 44.20 
28.32 4.857 1.182 1.82G 0.1685 34.68 63.31 34.89 35.86 
30.65 5.337 1.201 1.9% 0.1694 31.66 62.81 31.43 32.58 
32.37 5.703 1.213 2.122 0.1685 29.54 62.67 - - 
37.88 6.916 1.259 1.637 0.1626 23.52 62.06 22.69 23.50 
40.09 7.427 1.277 1.914 0.1578 21.24 61.89 20.31 20.99 
45.4G 8.726 1.323 3.849 0.1441 16.51 03.54 14.86 15.40 
46.97 9.124 1.339 4.218 0.1388 15.21 G4.15 13.34 13.93 
47.02 9.135 1.340 4.236 0.1387 15.18 64.30 - - 
50.33 9.9% 1.368 5.142 0.1277 12.79 65.76 10.81 11.18 
55.56 11.50 1.427 7.987 0.1067 9.28 74.03 6.67 7.15 
57.6612.17 1.456 - 0.0972 7.09 - - - 
G2.3G 13.55 1.498 14.88 0.0817 6.03 89.72 3.45 3.56 

Temperature = 110°C. 
0.701 0.0972 0.95G 
3.499 0.493G 0.973 
6.41 0.9177 0.988 
12.14 1.802 1.024 
17.25 2.634 1.053 
20.49 3.198 1.076 
20.25 4.252 1.117 
32.45 5.459 1.160 
40.13 7.109 1.222 
45.67 8.411 1.270 
49.00 9.237 1.300 
55.90 11.06 1.3G4 
60.40 12.31 1.405 
67.10 14.36 1.476 

maximum changes but little with temperature. The very low value (6.03 
mhos) to  which the equivalent conductance falls, a t  25O, is remarkable. 
I t  should be noted that the last four figures a t  25' represent supersaturated 
solutions, which are easy to obtain. Although no particular interest now attach- 
es to  the calculation, the values of ilq have been worked out and a glance a t  
column 7 of Table I shows that, as usual, the product drops rapidly from 103 
a t  0.01 molar to 68 a t  2.74 molar, after which it drops very slowly to 61.9 
a t  7.4 molar, and then rises slo\vly t o  89.7 a t  13.6 molar (all a t  25'). Similar 
behavior is observed a t  110'. If the Robinson-Stokes equation were valid 
throughout the concentration range, it is easy to see from the form of the 
equation that the product should decrease continuously. The concentration 
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CAMPBELL ET AL.: LITHIUM NITRATE SOLUTIONS 1511 

a t  which the product actually starts to increase (about 7 M) is the concentra- 
tion beyond ~vhich the Robinson-Stokes equation is no longer valid. 

In  order to  calculate A by means of the Robinson-Stokes equation it is 
necessary to  know A0 and to  ltno~v (or assume) 5, the distance of closest ap- 
proach. In  order t o  obtain the (theoretical) constants (B, B1, and Bz )  of the 
Robinson-Stoltes equation, it is also necessary to  linow the dielectric constant 
and viscosity of water. The dielectric constant of water is now lcnown up to  
the critical temperature of water (I) ,  while good values for the viscosity of 
water are available up to 125' (6). Hence, a t  25O, the only doubtful parameter 
is the distance of closest approach of the ions. We have made two sets of 
calculations, using Q = 4.5 A and Q = 5.0 A. I t  will be observed that  both 
values give rather good agreement up to  7 M, but 5 = 4.5 is the better 
value, on the whole. Observed and calculated results are graphed in Figs. 2 
and 3. At 110" we had the usual difficulty of not lcnowi~lg no. We have assumed 

CONCENTRATION IN MOLES PER LITER 

FIG. 2. 0 Experimental a t  25'. 
A Calculated A0 = 110.13, = 4.5. 
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CONCENTRATION IN M O L E S  PER L I T E R  

FIG. 3. 0 Experimental a t  110'. 
A Calculated AO = 360, = 3.0. 

a value of A0 = 360 mhos when using S = 3.0 A, and of A0 = 356 mhos when 
using & = 3.5 A. Using the former set of values we obtain reasonably good 
agreement up to  4.2 M. Considering the uncertainty of no, better results can 
hardly be expected. 

Despite the insistence of Stokes himself that  % must not be a temperature 
function, we have boldly used a much smaller value for S a t  110' than tha t  
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CAMPBELL ET AL.: LITHIUM NITRATE SOLUTIONS 1513 

a t  2j0 and for this we consider there may be justification. I t  is widely admitted 
that the lithium ion is highly and strongly hydrated. I t  seems reasonable t o  
suppose, however, that the coordination number of hydration will decrease a t  
higher temperatures and hence the distance of closest approach become smaller. 
Alternatively, if the coordination number does not change, or does not change 
very much, it may be that the attached water molecules may become more 
mobile a t  the higher temperature, and that  they can then be pushed aside and 
thus allow the electrical centers of the ions to  come closer together. 

The agreement between calculated and observed equivalent conductances 
for lithium nitrate is so good, that it has not been necessary to  resort to  the 
hypothesis of ion-pair formation, though such an explanation has been offered 
t o  explain the fact that the calculated equivalent conductances are higher than 
the experimental values for silver nitrate and for ammoilium nitrate. On the 
other hand, the agreement is good for ammonium chloride and potassium 
chloride (4). I t  seems reasonable t o  attribute ion-pair formation to  the un- 
symmetrical form of the nitrate ion and therefore the Robinson-Stokes 
equation should be tested by further worlc on chlorides, etc. 

LOG, ,  C 

FIG. 4. A vs. log C. 
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We have elsewhere alluded to  the fact tha t  if equivalent conductance is 

plotted against the logarithm of the concentration, a straight line is obtained 
in the region of high concentratioll (5). The same effect is observed with 
lithium nitrate (Fig. 4), the straight line behavior beginning a t  about the 
concentration (say 5 t o  7 molar) at which the Robinson-Stoltes equation 
begins t o  break dou7n. I11 the case of lithium nitrate, however, the straight line 

relation also brealcs down a t  the very highest concentrations, where the lithium 
ion must be losing its water of hydration. If a coordinatioli number of four is 
assigned to the lithiunl ion (Stolies believes it to be much higher than this) 
there must, a t  high concentrations, be insufficient water present t o  hydrate the 

ion. The lithium nitrate concentratio~l corresponding t o  Li+.4H20 is 49%; 
we have proceeded to a lithium nitrate concentration of 67y0 (by weight), 

which corresponds t o  less than 2Hz0. 
Finally, in the last two columlls of the table of numerical results (Table I) 

the temperature coefficients of collductance and of viscosity have been ob- 
tained, assuming that  both are straight line functions of temperature (they 

are not) between 25" and 110". As usual, they are not equal and they behave 
in a somewhat erratic manner. The very high values of the temperature 

coefficient of viscosity in the region of high concentration (as high as 4.585 
per degree) are, however, significant. These high values are in harmony with 
our belief tha t  the lithium ion loses water of hydration a t  the higher tempera- 

ture. This may also be true of the silver and ammonium ions but we see no 
reason t o  believe that  these ions have any chemical or firmly bound water 

molecules. No doubt, all ions bind large numbers of water molecules in a more 
or less loose fashion, analogous t o  adsorption, but water of this kind will 

scarcely affect the distance of closest approach, or the viscosity, very much. 
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STEROIDS AND RELATED PRODUCTS. 111. T H E  SYNTHESIS O F  
17LI-METHYL-17-ISODESOXYCORTICOSTERONE'~2 

BY CH. R. EN GEL^ AND G.  JUST^ 

ABSTRACT 
The synthesis of l'i&rnethyl-17-isodesoxycorticosterone, a n  epimer of t he  

biologically active hormone homologue l'ia-methyldesosycorticosterone, is 
described. 

In the first communication of this series (5) and in a second paper (7) syn- 
theses of 17a-methyldesoxycorticosterone (IV), a biologically active homologue 
of the adrenal cortical hormone desoxycorticosterone (I) ,  were reported. The 
present communication deals with the synthesis of 170-methyl-17-isodesoxy- 
corticosterone (XII),  a new hornologue of the "unnatural" 17-isodesoxycorti- 
costerone (14). 

The synthesis proceeded from methyl A4-3-lteto,-l7~-methyl-17-isoetienate 
(VI); this substance has previously been obtained (5) together with its 17 
epimer V by a rearrangement of the Aston-Greenburg or Faworslty type 
(2, 6) of 21-chloroprogesterone (IIb) or of a mixture of this compound with 
21-tosyloxyprogesterone (IIa),  as well as by Oppenauer oxidation of methyl 
A5-3~-hydroxy-17~-methyl-17-isoetienate (111), an intermediate in the syn- 
thesis of 17-0-methyl-17-isoprogesterone (8). The trailsformation of the not 
easily saponifiable lteto ester VI to  the lteto acid VIII was carried out similarly 
to the experiments in the natural series (5). The alltal'ine sensitive a,p-un- 
saturated ketone was protected by the formation of the en01 ethyl ether IX,  
the latter was heated a t  high temperatures in a sealed tube with methanolic 
potassium hydroxide, and, after acidification of the reaction product, the 
free acid VIII isolated in good yield. 

We decided to transform the acid VIII to the diazoketone X through 
the acid chloride VII, to  convert the diazoltetone X to  the cl~loroltetone X I ,  
and to substitute the highly inert chlorine atom of the latter by an acetoxy 
grouping (XIIa), using the method described previously (5, 7). As reported 
earlier, the direct hydrolysis of the 17 epimer of the diazoltetone X to the 
epimer of the ltetol XI1 had been possible under well-defined conditions, but 
the ltetol obtained was accompanied by appreciable amounts of the corres- 
ponding chloroketone (5). 

In the series of experiments described in this paper the acid chloride VII 
was a t  first prepared from the sodium salt VIIIa by the action of oxalyl 
chloride in the presence of pyridine, according to  a method originated by Adams 
and Ulich (I) and developed in the field of steroid chemistry by Wilds and 

~ i l ~ a ? t z ~ s c r i p t  received M a y  9 ,  1955. 
Cotttributiott frotn tlte Collip Medical Research Laboratory attd the Depart,tnetzt of Clzetnistry, 

the University of TVestertz O?ttario, Lotzdon, Otttario, Ca?tada. Abstracted front part of tlte P1t.D. 
thesis of G. Jus t ,  to be prese~zted to tlte Faculty of Graduate Studies of tlze Uviversity of  wester?^ 
Ontario. Tlte srrbject of tltds pz~blicatiott was part of a co?nnzz~nicatiott presented before the atzttz~al 
meeting of the CRernical Ittstitute of Cauada, Toro?tto, Ju?te, 1954. 

2For Paper I 1  of this series see Refererzce 4. 
3Holder of a llledical Fellowsltip of the Caltadiatt L i f e  Insz(ra?~ce Officers ilssociatiotz. 
4Holder of a n  Ontario Researclt Cozc?tcil Special Fellowsltip 19c5n'S-54 and of a iVational Researclz 

Cozr~tGil Stztdetttsltip 1954-55. 
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CH2OH CHzR 
I 

CH3 

HO /\/\/ 

I 

I 

1 CH3 CH3 CH 3 

I 
I 

C?HF,O / \/ \/ 
I 

VI I VIII ,  R = H  I); 
VIII  a, R = N a  

X I I ,  R = H  
XI1 a ,  R = A c  
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ENGEL A N D  JUST: STEROIDS AND RELATED PRODUCTS. 111 1517 

Shunk (16, 17). The crude acid chloride prepared by this procedure was 
subjected t o  the action of diazomethane, under the experimental conditions 
employed in the 17 a-methyl series (5), and the resulting crude diazoketone X 
was treated with an excess of hydrogen chloride in ether-benzene (compare 
7, 12, 15). The desired chloroketone X I  was thus obtained but the yields 
in this series of reactioils were unsatisfactory. Reichstein and co-workers (13) 
have lately experienced similar difficulties in obtaining in good yield A4-3- 
keto-21-diazopregnene from A4-3-ketoetienic acid, using Wild's experimental 
conditions (16, 17) for the preparation of the intermediate acid chloride. 
However, the Swiss authors obtained satisfactory results when subjecting the 
free acid t o  the action of oxalyl chloride without addition of pyridine, a 
procedure which had also been developed as a general method by Adams and 
Ulich (I) .  In a secoild series of experiments we therefore applied Reichstein's 
experimental coilditiolls (10, 13); the crude acid thus obtained was then 
transformed t o  the chloroketone XI ,  as mentioned above. The yields in this 
series of reactions showed a marked increase over those obtained when using 
the acid chloride prepared from the sodium salt VIIIa. The very inert chlorine 
atom of the chloroketone X I  was replaced by an acetoxy grouping by the 
action of silver acetate in acetic anhydride - pyridine (compare 5, 7). The  
resulting 170-methyl-17-isodesoxycorticosterone acetate (XIIa) was hydro- 
lyzed to  the free 17p-methyl-17-isodesoxycorticosterone (XII)  by the pro- 
longed action of potassium bicarbonate in methanol-water a t  room tempera- 
ture and in a nitrogen atmosphere. Acetic anhydride in pyridine reacetylated 
the free ketol XI1 to  the acetate XIIa.  

Similar t o  the findings in the 17P-methyl-17-isoprogesterone series (8) and 
in the 17-isoprogesterone (3) and 17-isodesoxycorticosterone series (14), all 
the here-described 17p-methyl-17-isosteroids are more levorotatory than their 
stereoisomers with the "natural" configuration in position 17. 

Using a modification of the bioassay described by Marcus et al. ( l l ) ,  
17p-methyl-17-isodesoxycorticosteroi~e acetate was found t o  produce no 
sodium retention in adrenalectomized fasting rats, a t  dose levels up t o  300 
pgm. Desoxycorticosteroi~e acetate showed marked activity in the same test 
a t  6.25 pgm.5 This lack of biological activity affecting the electrolyte meta- 
bolism is in contrast to  the life maintaining action of 17a-methyldesoxycorti- 
costerolle acetate (7), and shows close allalogy to  the inactivity of 17-iso- 
desox~~corticosteroi~e acetate in the life maintenace test (14) and t o  the lack 
of progestational activity of 17P-methyl-17-isoprogesterone (8) and of 17- 
isoprogesteroile (3). 

E X P E R I h I E N T X L G . 7 . 8  

Methyl A3~5-S-Ethoxy-17~-methyl-17-isoetiadienate (IX) 
Following the procedure previously described by Julia11 and co-workers (9) 

SThe biological tests were kindly carried out by Professor J.  A. F. st even so?^, Department of 
Physiology, University of Western Orztario. Details of these enperi7nents will be published elsewlzere. 

6,411 nzelti71g poi'?zts were taken i?a evacuated capillaries and the tetnperatz~res corrected. 
'The  ~i~icroa~ralyses were carried out by Mr. J .  F. i l l icino,  Metzichen, 11. J. ,  to whom we wish 

to express ozir high appreciatiora. 
8The aluininz~m oxide zised i n  the chromatograplaic absorption was treated as described z~nder 

foottaote 51 of Reference (5). W e  wish to thank iVIessrs. Merck and Co., Montreal, for kindly 
providing zis with their alunzitaum oxide for chromatography. 
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and by Engel and Just (5), 1.633 gm. of ester VI, m.p. 152-154", was trans- 
formed t o  its en01 ethyl ether. The crude product afforded upon recrystalliza- 
tion from acetone-methanol, in the presence of a few drops of pyridine, 
1.48 gm. of I X ,  m.p. 105-10GO, and a second crop of 155 mgm., m.p. 100-106" 
(92.6y0). A sample was recrystallized three times for analysis; shiny plates, 
m.p. 109-110°, [a]: -132.8" (c, 0.982 in CHCl3-pyridine). Anal. Calc. for 
C24H3603: C, 77.37; H, 9.74. Found: C,  77.20; H ,  9.72. 

Hydrolysis.-Followil~g the experimental conditions described previously 
(5), 53 mgm. of en01 ether I X  was hydrolyzed with hydrochloric acid in 
methanol-water. Crystallization of the amorphous reaction product from 
acetone-hexane afforded 35 mgm. of the ester VI, m.p. 151-152.5" (71y0). 
Further crystallization raised the melting point to  153-154'. The melting 
point was not depressed upon admixture of authentic ester VI. 

The mother liquors from the recrystallizations of ether I X  were subjected 
t o  a similar hydrolysis. Purification of the crude reaction product by 
chromatography and crystallization gave 33 mgm. of ester VI, m.p. 147-152". 
Thus the total yield of ether I X  from keto ester VI was raised t o  94.5y0. 

A4-3-Reto-I7p-methyl-l7-isoetienic Acid (VI I I )  from En01 Ethcr I X  

I n  a sealed tube 1.636 gm. of en01 ether I X  was heated with 80 cc. of a 7% 
methanolic potassium hydroxide solution for 48 hr. a t  168-170". After cooling, 
the reaction mixture was poured into water and acidified with sulphuric acid. 
The chloroform extraction of the precipitate gave 1.663 gm. of crude acid, 
m.p. 203-207", which afforded upon recrystallization from acetone 982 mgm. 
of long blades, m.p. 217-222" (62.6y0). A sample was recrystallized four times 
for analysis; m.p. 223-225", [a]: 83.3" (c, 1.286 in CHC13). Anal. Calc. for 
C21H3003: C, 76.33; H, 9.15. F o u ~ I ~ :  C, 76.60; H ,  9.26. 

Methylation of acid VIII.-Acid VIII (110 mgm.) mas dissolved inabsolute 
ether and methylated with an ethereal solution of diazomethane a t  0" for 15 hr. 
The solvent was removed in vacuo. Chromatography of the resulting amorphous 
product (150 mgm.) on 5 gm. of aluminum oxide and recrystallization of the 
petroleum ether - benzene fractions from acetone-hexane yielded 79 mgm. of 
colorless needles, m.p. 150-15Z0, which gave no depression of melting point 
upon admixture of authentic ester VI. 

Similar methylation of the mother liquors from the recrystallizations of 
acid VIII (545 mgm.) afforded 262 mgm. of ester VI, m.p. 144-152'. Consider- 
ing this recovery of starting material, the yield of the saponificatio~l was 
74.5%. 

21 - Chloro-l7p-methyl-17-isofirogesterone (XI)  

(a) From the sodium salt of A4-3-keto-1 7p-methyl-17-isoetienic acid ( IfIIIa) .- 
According to  the procedure described previously (5, 16, 17), 1 gm. of acid 
VIII was transformed to  its sodium salt, which after being dried for 10 hr. a t  
105" in a high vacuum was suspended in 21 cc. of absolute benzene coiltailling 
seven drops of pyridine and treated with 10 cc. of oxalyl chloride a t  - 15"; 
after 25 min. the temperature was raised t o  25", and after a further 15 min. 
the mixture was worked up in the usual manner. A solutioil of the product 
in 25 cc. of absolute benzene was slowly added, with vigorous stirring, to  33 cc. 
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of a 3.3y0 ethereal diazomethane solution a t  -15". The mixture was kept 
seven hours a t  -5" and 90 min. a t  room temperature, and the excess solvents 

I 
were removed in vacz~o. T o  a suspension of this crude diazoltetone in 50 cc. of 

I absolute ether was added, with swirling, a solution of 876 mgm. of hydrogen 
chloride in 20 cc. of absolute ether. After 45 min., the reaction mixture was pour- 
ed into water; the ether extraction of the precipitate gave 1.5 gm. of an oil 
which was chromatographed on 30 gm. of aluminum oxide. Recrystallization 
of the petroleum ether - benzene (4 :1; 1 : l ;  1 :4) and benzene elutions from 
acetonehexane afforded 341 mgm. of the chloroltetone, m.p. 175-180" (31%). 
A sample was recrystallized from acetone-hexane five times for analysis; 
colorless plates, m.p. 182.5", [or]: 43.2" (c, 1.02 in CHClz), A::;: 239 mp (loge 
4.2). Anal. Calc. for C??H3102Cl: C,  72.80; H ,  8.61, C1, 9.77. Found: C,  72.97; 
H ,  8.81; C1, 9.73. 

(b) From acid VIII.-According to  Reichstein's modification (10, 13) of 
Wilds' method (16, 17), 3.3 cc. of oxalyl chloride in 8.2 cc. of absolute benzene 
was added t o  a suspension of 660 mgm. of A~'-3-lieto-l7P-methyl-17-isoetienic 
acid (VIII),  m.p. 221-222", in 25 cc. of benzene a t  0". The acid went into 
solution after five minutes. The mixture was shalten for 45 min. a t  frequent 
intervals a t  room temperature. The excess solvents were removed in aacuo 

I a t  15" and the reaction product was dried with absolute benzene a t  20". 
The solution of the crude acid chloride VII in 18 cc. of absolute benzene was 

I added slowly, with stirring and exclusion of moisture, t o  26 cc. of a 1.8% 
I ethereal diazomethane solution a t  -15". The mixture was allowed to  stand 
! 

a t  0" for 18 hr., then 30 min. a t  room temperature. The solvents were removed 
in vaczio a t  15". The crude diazoltetone X was treated with 402 mgm. of 

I hydrogen chloride in ether-benzene, as  described above. The amorphous 
I reaction product (950 mgm.) gave upon chromatography and recrl-stalliza- 
I tions 16 mgm. of methyl ester VI, m.p. 146-151" ; 235 mgm. of 21-chloro-17P- 
I methyl-17-isoprogesterone (XI) ,  m.p. 178-181" ; 83 mgm. of X I  melting a t  
I 173-177" (43.9%); and 60 mgm. crude acid VIII. Methylation of the latter 

gave after chromatographic purification 40 mgm. of ester VI, m.p. 147-153'. 
Talting into account this recovery of acid, the yield of the chlol-ide was 47.5y0. 

I7~-~ldethyl-l7-isodesoxycorticoste~one Acetate (XIIa)  from Chloroketone X I  
T o  a solution of 360 mgm. of the cl~lorol~etone X I ,  m.p. 173-177", in 7.7 cc. 

of acetic anhydride was added 1.8 gm. of silver acetate in 6.4 cc. of hot pyridine. 
The nlixture was refluxed for 100 min. a t  135-140" bath temperature in a 
nitrogen atmosphere. The usual ~vorlting up gave 600 mgm. of a dark brown 
oil which was dissolved in 8 cc. of benzene and chromatographed 011 20 gm. 
of aluminum oxide. Petroleum ether - benzene (1:4), benzene, and benzene- 
ether (955 ;  4 : l )  eluted 115 mgm. of fine needles, m.p. 140-154' (19.2y0). A 
sample was recrystallized three times for analysis; m.p. 154.5-155.5", [ol]h6 

33.2" (c, 1.11 in CHC13), A::; 241 mp (loge 4.24). Anal. Calc. for C ? . I H ~ L O ~ :  
C, 74.57; H ,  8.87. Found: C, 74.62; H ,  8.68. 

17P-Methyl-17-isodesoxycorticosterone (XI I )  
To  a solution of 83 ingm. of the acetate XIIa ,  m.p. 150-153", in 7.6 cc. of 

methanol was added 83 mgm. of potassium bicarbonate in 1.4 cc. of water. 
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T h e  mixture was kept a t  room temperature in an  atmosphere of nitrogen 
for four and one-half days. The  usual working up afforded 72 mgm. (97.3%) 
of needles, m.p. 134-136O, giving a depression of the melting point upon 
admixture of the acetate XIIa. The  product was recrystallized three times for 
analysis; m.p. 137.5-138O, [a]? 60.5" (c, 0.82 in CHCls), 241 mp (loge 
4.23). Anal. Calc. for C22H3203: C,  76.70; H, 9.36. Found: C,  76.65; H ,  9.23. 

Acety1ation.-Isodesoxycorticosteroi~e XI1 (66 mgm.) was acetylated with 
1 cc. of acetic anhydride in 2 cc. of pyridine and worked up in the usual way. 
The  resulting product (79 mgm.) crystallized upon trituration with ether- 
hexane, m.p. 131-145°. The  product was chromatographed on 3 gm. of alu- 
minum oxide. Recrystallization of the petroleum ether - benzene (1 :4), 
benzene, and benzene-ether (4:l) elutions from ether-hexane afforded 25 
mgm. of the acetate XIIa, m.p. 151-153O, and 20 mgm. melting a t  145-148'. 
Admixture of authentic acetate XIIa gave no depression of the melting 
point. 

ACI<NOWLEDGMENTS 

We wish to  express sincere thaillts t o  Professor James A. F. Stevenson 
for the biological tests reported in this paper. We are very grateful to  Dean 
J .  B. Collip for his interest and encouragement during this study. We should 
also like to  thanlc Professor J. A. Gunton for extending the facilities of his 
Department to this work. 

REFERENCES 

I.  ADAMS, R. and ULICH, L. H. J .  Am. Chern. Soc. 42: 599. 1920. 
2. ASTON, J .  G. and GREENBURG, R. B. J .  Am. Chem. Soc. 62: 2590. 1940. 
3. BUTEN.%NDT. A.. SCHMIDT-THOAI~. I.,  and PAUL, H. Ber. deut. chem. Ges. 72: 1112. . . . . 

1939. 
4. ENGEL, CII. R. J .  Am. Chem. Soc. 77: 1064. 1955. 
5. EXGEL, CH. R. and JUST, G. J .  Am. Chem. Soc. 76: 4909. 1954. 
6, FAWORSRY, A. J .  prakt. Che~n. [2] 88: 658. 1913. 
7. HEUSSER, H., BERIGER, E., and EWGEL, CH. R. Ilelv. Chim. Acta, 37: 2166. 1954. 
8. HEUSSER, H., ENGEL, CII. R., and PLX~TXER,  PL. 22. Helv. Chim. Acta, 33: 2237. 1950. 
9. JULIAN, P. L., PIEYER, E. W., I~ARPEL,  \V. J. ,  and COLE, W. J .  Am. Chern. Soc. 73: 

1982. 1951. 
10. LARDON, A. and REICIISTEIN, T. Helv. Chinl. Acta, 37: 388,443. 1954. 
11. MARCUS, F., ROMANOFF, L. P., and PIKCUS, G. Endocrinology, 50: 286. 1952. 
12. PLATTNER, .PL. A., HBGSSER, H.,  and HERZIG, P. T. Helv. Chim. Xcta, 32: 270. 1949. 
13. REBER, F.,  LARDON, A., and REICHSTEIN, T.  Helv. Chim. Acta, 37: 45. 1954. 
14. SIIOPPEE, C. \V. Helv. Chim. Acta, 23: 925. 1940. 
15. STEIGER, &I. and REICHSTEIN, T. Helv. Chim. Acta, 20: 1164. 1937. 
16. WILDS, A. L. U.S. Patent No. 2,538,611. 1951. 
17. WILDS, A. L. and SHUNIC, C. H. J .  Am. Chem. Soc. 70: 2427. 1948. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

4/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CARBOHYDRATES OF SUNFLOWER HEADS' 

BY C. T .  BISHOP 

ABSTRACT 

Extractive-free, ash-free sunflower seed heads contained lignin (12.3%), 
pectin (27.5%), alkali-soluble polysaccharides (8.2%), and m-cellulose (52.0%). 
Pectin and polysaccharides were separated by successive extraction of the seed 
heads with ammonium oxalate - osalic acid solution and 5% aqueous sodium 
hydroxide. The pectin was 37% esterified with methyl groups and yielded only 
galacturonic acid when hydrolyzed. The polysaccharides yielded, on hydrolysis, 
a mixture of neutral sugars and an aldobiouronic acid. The neutral sugars 
consisted of D - X Y ~ O S ~  (59.3%), D-glucose (23.5%), D-galactose (16.2%), and 
traces of arabinose and rhamnose. Fractionation of the polysaccharide acetate 
indicated that the three main sugars were constituents of three different poly- 
saccharides. The aldobiouronic acid (1.53% of the polysaccharides) was shown 
to  be 3-0-a-(D-glucopyruronosyl)-D-xylopyranose. 

INTRODUCTION 

Sunflowers are grown commercially in Southern Manitoba for the edible 
oils obtained from the seeds. The sunflower heads are not recovered after 
harvesting the seeds but are plowed baclt into the the ground and represent 
an agricultural waste of considerable importance. In  1948 Stoiltoff (12) 
reported that sunflower seed heads gave good yields of pectin and suggested 
that  they might become a commercial source for this product. Shewfelt (11) 
evaluated this possibility by studying the effect of isolation procedures on 
gelling properties of sunflower pectin. Highest yields of good-gelling prepara- 
tions mere obtained by extracting the sunflower seed heads with a hot dilute 
solution of ammoilium oxalate - oxalic acid. 

Pectin and polysaccharides are closely associated in plants and it has not- 
been shown whether this association is chemical or physical (9). I t  has been 
difficult to  isolate either of the two materials without concurrent degradation 
of the other. Polysaccharides are usually extracted by alkaline solutions which 
decompose pectin, and pectin is extracted by acidic solution which may hydro- 
lyze the more labile polysaccharides (8). 

This report deals with the effectiveness of the ammollium oxalate - oxalic 
acid extraction, developed by Shewfelt ( l l ) ,  for separating pectin from poly- 
saccharides, and with the chemical composition and properties of these two 
products from sunflower seed heads. 

Diagram 1 shows the fractionation procedure used t o  separate the carbo- 
hydrate components of sunflower seed heads. Chromatography of Fraction 1 
(mother liquors from precipitation of pectin) before and after hydrolysis 
showed the fraction t o  be free of sugars and proved that no degradation of the 
polysaccharides occurred during removal of the pectin. In a similar way, a 
hydrolyzate of Fraction 2 (pectin) was found t o  contain no sugars other than 

'Manuscript  received J u n e  28, 1955. 
Contribz~tion . from tlze Division of Applied Biology, National Research Laboratories, Ottawa, 

Canada. Issued as  N.R.C. No. 8712. 
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DIAGRAM 1 

FRACTIONATION OF SUNFLOWER SEED HEADS* 

- 

Sunflower seed heads Ash = 11.95% 
Ethanol-benzene (1: 2) solubles 

= 12.7% 
Lignin = 12.3% 

Exhaustive extraction r - 
with aqueous ammonium oxalate - oxalic acid (0.25% of 
each) 

Extract i Residue 

1 I 
Fraction 1 

+ 
Fraction 2 Fraction 3 

1 
Fraction 4 

Solution of Pectin Polysaccharides (52.0%) 
lnorganlc (27.5%) (8.2%) 

Soluble 

salts and 
traces of 
coloring 
matter 

+ Exhaustive extraction with 
2~volumes of acidified ethanol 5% NaOH 

Insoluble 

*Lign in  analysis and yields of fractions are on a n  ash-free, extractive-free basis. 

galacturonic acid, and therefore no polysaccharides were coextracted with 
the pectin. Complete removal of pectin by extraction with the ammonium 
oxalate - oxalic acid solution was confirmed by the absence of galacturonic 
acid i11 hydrolyzates of Fractioils 3 (polysaccharides) and 4 (largely cellulose). 
These results showed that the pectin and polysaccharides of sunflower seed 
heads could be completely separated by first removiilg the pectin with a dilute 
solution of ammonium oxalate - oxalic acid. This procedure may prove useful 
in i~lvestigatillg carbohydrates of other plant materials when pectin interferes 
with the purification of polysaccharides. 

Pectin - W" 

Sunflower pectin J-ielded only galacturonic acid on hydrolysis and was 
therefore devoicl of contaminating polysaccharides. Ninety-seven per cent of 
the product was soluble in water, forming a clear 0.5% solution and having 
a specific rotation (+2-19O) in good agreement with tha t  reported (+250°) by 
Luclcett and Smith (10) for a highly purified sample of citrus pectin. Sunflower 
pectin, as isolated, contained 6% of methyl ester groups and was therefore 
only 37% esterified, fully esterified pectin requiring 16% of methyl ester groups. 
The pectin was fully esterified by diazomethalze and then saponified, the 
difference in methoxyl co~lte~zts  correspo~ldiilg to  a uro~zic acid content of 95.6%. 
Oxidatio~l of the pectin with nitric acid gave a 6070 yield of mucic acid. 
Sunflower pectin was resistant to  all attempts at methylation with (a) di- 
methyl sulphate and alkali, (b) diazomethane, (c) methyl iodide and silver 
oxide, and (d) thallous hydroxide and methyl iodide; hence no detailed struc- 
ture could be determined. However, the properties and reactions described 
above were the same as those reported (8) for pectin from many other sources 
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BISHOP: CARBOHYDRATES OF SUNFLOWER HEADS 1523 

and there seems little doubt that  sunflower pectin has the same basic structure, 
i.e. D-galacturonic acid units joined by a ,  1 --t 4 glycosidic bonds. 

Polysaccharides 
Acid hydrolysis of the polysaccharides yielded an aldobiouroilic acid (1.53%) 

and five neutral sugars: D-xylose (59.3%), D-glucose (23.5%), D-galactose 
(16.2%), arabinose (trace), and rhainnose (trace). The neutral sugars crystal- 
lized and were ideiitified by melting poiilts and rotations except for arabinose 
and rhamnose which were present in such small amounts tha t  they could only 
be identif ed cl~ron~atographically. 

Attempts were made t o  fractionate the polysaccharides to  obtain a chemically 
homogeileous portion for structural studies. The polysaccharides gave a soluble 
and insoluble fraction with Fehling's solution, both containing all five mono- 
saccharides in the same proportions. 

The polysaccharide preparation was acetylated and fractionated by preci- 
pitation from chloroform solution with petroleum ether. Table I represents a 

TABLE I 
FRACTIONATION OF THE ACETATES OF POLYSACCHARIDES FROM SUNFLOWER HEADS 

Volume (ml.) 
of pet. ether Rotation Constituent sugars* 

Fraction per 400 ml. Yield (gm.) [ci]b" 
chloroform (c = 1% Xylose Glucose Galactose Arabinose 

in CHCla) 

1 160 1 .65 -47.6 85 10 5 Trace 
2 250 1.71 -32.6) 

3 365 2.71 70 20 10 Trace 
4 440 

5 640 25 40 35 Nil 2.84 f123.O 

* N o  rkn)rlnosc cozrld be foz~nd i n  alzy of thc fractious. It Ijzay Raw Oecl~ skrcad tlzroz~glzoz~t all 
fractions in qz~a7ztzlics too sntall for dctcctio~z. 

fractionation of 10 gm. of this material. The differences in specific rotation 
indicated a mixture of chemically different polysaccharides and the change 
in a dextrorotatory direction corresponded with an increase in hexosan material 
and a decrease in pentosans. Naturally occurring xylans have high negative 
rotations, in the order of -90" t o  -110" after purification, and usually 
contain some arabinose units (13). I t  was probable, then, tha t  the first two 
acetate fractions consisted of an arabo-xylan contaminated by some hexosan 
material. The results also showed that  there was no constant ratio between 
any of the component monosaccharides, good evidence that  the three main 
sugars were present in different polysaccharides: a levorotatory arabo-xylan, 
and a dextrorotatory glucosail and galactan. This is similar to  results found by  
Gilles, Meredith, and Smith (7) who isolated three polysaccharides from barley 
gum: a levorotatory arabo-xylan and two polyglucosans, one dextrorotatory 
and the other levorotatory. However, the three polysaccharides of sunflower 
heads could not be completely separated either by repeating or by extending the 
fractionation, i.e. by further fractionation of each fraction. The  difficulty in 
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separation was probably caused by similarities in molecular size of the compo- 
nents. Because of the dubiousness of interpreting results of methylation 
studies on a mixture of polysaccharides no further structural investigations 
were carried out. 

A ldobiouronic Acid 

The aldobiouronic acid (I),  isolated from the hydrolyzate of the poly- 
saccharides by ion exchange resins, had an acid equivalent of 318 (calculated 
326) and yielded glucuronic acid and xylose when hydrolyzed. I t s  dextro- 
rotatory specific rotation (+59.7") indicated that  the glycosidic linkage was 
in the a-configuration. This compound was methylated (11), reduced (111), 
and hydrolyzed to  yield the partially methylated glucose (IV) and xylose (V) 
derivatives. The glucose fragment was identified as 2,3,4-tri-0-methyl-D- 

//O C-OH H 

I I 
H C-0 H H C-0 

I \I I \ - 
OCH H 

C 

I\, l/L 1/"H0""3 
H 3 C 0  C-C 0-C-G 

H OH 
I I 
H OH 

I I 
H OCHq 

I I 
H OCH, 

glucopyranose (IV) by oxidation and esterificatioil t o  the crystalline methy1 
ester of 2,3,4-tri-0-methyl-~-glucosaccharolacto1e. The xylose portion of the 
molecule was shown to  be 2,4-di-0-methyl-D-xylopyranose (V) by conversion 
to  the crystalline amide of 2,4-di-0-methyl-D-xylonic acid. These results 
proved that the aldobiouronic acid was 3-0-a- ( ~ - g l ~ ~ ~ p y r ~ r ~ l l ~ ~ y l ) - ~ - ~ y l ~ -  
pyranose. This compound has also been isolated from xylans of pear cell wall 
(5) and wheat straw (1, 2). 

EXPERIMENTAL 

Chromatograms were run by the descelldi~lg method using: (A) ethyl 
acetate - pyridine - water, 2: 1:  2 ;  (B) ethyl acetate - acetic acid - water, 
9: 2: 2;  (C) butan01 - acetic acid - water, 4: 1:  5 ;  and (D) butanol - ethanol - 
water, 5: 1: 4. Sugars were detected on chromatograms by aniline oxalate or 
silver nitrate sprays. Evaporations were carried out under reduced pressure 
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a t  40°C. or less. All melting points are corrected and rotations are equilibrium 
values. 

Isolation of Pectin and Polysaccharides from Sun$ower Heads 

Sunflower seed heads (ash, 11.95%) were extracted exhaustively in a Soxh- 
let with ethanol-benzene, 1 : 2 (v/v). This procedure removed 12.7% as waxes 
and pigments. All analyses and yields that follow were calculated on an ash- 
free, extractive-free basis. Extractive-free sunflower heads (Iclason-lignin, 
12.3%) were stirred in an aqueous solutioil of ammonium oxalate - oxalic 
acid (0.25y0 of each) a t  75°C. for one and one-half hours. A solid: liquid ratio 
of 1 :  22 was used. The extracts were removed by filtration through a linen 
cloth, and addition of two volumes of ethanol, acidified with 5 ml. of concentra- 
ted hydrochloric acid per liter, caused the formation of a gelatinous precipitate 
of pectin. The extraction procedure was repeated until no more ethanol- 
insoluble material was obtained, three extractions being required. The  pH 
of the extracts varied from 3.6 to 4.0. The  precipitated pectin (Fraction 2, 
Diagram 1) was filtered, with suction, on Whatman No. 1 paper, washed several 
times with ethanol and then with ether, and dried a t  0.1 mm. over paraffin 
and phosphoric anhydride (yield, 27.5%). The alcoholic mother liquors 
(4 liters, Fraction 1, Diagram 1) from the pectin precipitation were evaporated 
to 250 ml. and examined by paper chromatography (solvent A).  No sugars 
were detected. The  solution was then made 2 N with respect to  hydrochloric 
acid and was heated on a boiling water bath for six hours. The  hydrolyzate 
was neutralized with Domex-2 (carbonate form) and examined by chromato- 
graphy as before. No sugars were found. 

The  pectin-free residue was stirred a t  room temperature in 5% aqueous 
sodium hydroxide using a solid: liquid ratio of 1: 20. After 24 hr. the extract 
was removed by suction filtratioil through line11 cloth and the residue was 
extracted three more times in the same way. The combiiled extracts were 
neutralized with acetic acid and dialyzed in cellophane against distilled water 
for 36 hr. The solution of non-dialyzable material was evaporated to  one- 
quarter its volume and diluted with three volumes of ethanol to precipi- 
tate the polysaccharides. Tlle precipitate was removed by centrifuging, 
washed several times with ether, and finally dried a t  0.1 mm. over paraffin 
and phosphoric anhydride (yield 8.2%, Fraction 3, Diagram 1). 

The residue from the alliali extraction of the polysaccharides was washed 
successively with 10% aqueous acetic acid, water, and acetone before drying 
in vacuo over phosphoric anhydride (yield 52.0%, Fraction 4, Diagram 1). 
This fraction was not examined further but  probably coilsisted largely of 
cellulose. 

Pectin 
Ninety-seven per cent of sunflower pectin was soluble in water, forming a 

clear solution having [a]: = f249" ( c  = 0.49). The pectin as isolated had a 
methoxyl content of 6.0% which was completely removed by sapoilification 
with alliali showing that  the methoxyl groups were present as methyl esters. 
Since the calculated methoxyl content for fully esterified pectin (CcH706.- 
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OCHB), is 16.3%, suilflower pectin was oilly 36.8y0 esterified. A sample 
(1 gm.) of pectin was allowed to  stand a t  5°C. for seven days in an ethereal 
solution of diazomethane. The diazomethane solution was replaced from time 
to  time as the yellow color faded. Evaporation of the ether left fully esterified 
sunflower pectin as a white powder (1.07 gm., M e 0  = 19.5y0). This fully 
esterified, partially etherified pectin was shaken with N alcoholic sodium 
hydroxide for 24 hr. t o  saponify the ester groups. The de-esterified pectin was 
recovered by centrifuging and after being washed with ethanol, ether, and pet- 
roleum ether, it was dried in vacuo. This product (0.98 gm.) was a white powder 
having a methoxyl content of 3.9y0. The saponification therefore reduced the 
methoxyl content by 15.6% correspondiilg t o  a uronic acid content of 95.6y0. 
Pectin (1 gm.) mas heated on a steam bath with nitric acid (10 ml., sp. gr. 
1.2) until the volume was reduced by about two-thirds, and the solutioil was 
kept a t  room temperature for 10 hr. Crystals of mucic acid (0.65 gm.) were 
filtered and recrystallized from alkaline solution by acidification with hydro- 
chloric acid. The crystals had a melting point and mixed melting point with 
mucic acid of 212-213°C. A sample (50 mgm.) of sunflower pectin was heated 
in a sealed tube a t  llO°C. for 17 hr. with 2.5y0 sulphuric acid (10 ml.). The 
hydrolyzate was neutralized with barium carbonate and the neutral solutioil 
freed of barium by Amberlite IR-120. When this solution was examined by 
chromatography, using glucuronic acid, galacturonic acid, xylose, arabinose, 
and glucose as reference sugars, only galacturonic acid could be found with 
solvents A,  B ,  and C. 

Pectin (40 gm.) was methylated 10 times with dimethyl sulphate and po- 
tassium hydroxide t o  a constant methoxyl content of 11.9% (calculated for 
C ~ H ~ ~ O G I < ,  M e 0  = 25.6%). This product (8.4 gm.) was then coilverted t o  the 
thallium complex, which was methylated with methyl iodide. This procedure 
gave a product (2.1 gm., M e 0  = 34.5y0) which was methylated twice more 
with Purdie's reagents to  a constant methoxyl content of 38.5% (calculated 
for C~H503.30CH3, M e 0  = 42.6y0). Fractionation of this material from 
acetone by precipitation with petroleum ether did not yield ally fractions with 
a higher methoxyl content. When sunflower pectin was allowed t o  stand under 
ethereal diazomethane a t  5OC. for several weeks, the methoxyl coilteilt was 
raised to 29%. Further methylatioils of this product with Purdie's reagents, 
by the thallium - methyl iodide method, a i d  with dimethyl sulphate and 
alliali gave low yields of products with methoxyl coiltents no higher than 
37%. 

Polysaccharides 

The polysaccharides (Fraction 3, Diagram 1) of sunflower heads mere 
isolated as a light, tan powder having [cr]h6 = +110° (c = 2% in 4y0 sodium 
hydroxide). Hydrolysis of a small sample (50 mgm.) by  heating with 2y0 
sulphuric acid (3 ml.) a t  97' for 10 hr. released xylose, glucose, galactose, 
glucuronic acid, and traces of arabinose and rhamnose. These sugars were 
detected by paper chromatography in solvents A,  B ,  C, and D using known 
sugars as reference compounds. The polysaccharides, treated with Fehling's 
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solution (4), gave an insoluble copper complex, which was separated by 
filtration. Polysaccharide material isolated from both the precipitate and 
filtrate, after removal of copper salts by acidification and dialysis, yielded the 
same sugars on hydrolysis as the original polysaccharide preparation. The  
polysaccharides (43.6 gm.) were acetylated twice by the formamide - pyr- 
idine -acetic anhydride method (3). The acetate (59.3 gm.) was fractionated 
from chloroform solution by successive precipitation with petroleum ether 
(60-100°C.). Table I represents the fractionation of 10 gm. of the acetate by 
this method. Constituent sugars were estimated, after deacetylation of small 
aliquots (ca. 10 mgm.) of each fraction by alcoholic potassium hydroxide, by 
hydrolysis and quantitative paper chromatography (6). This fractionation 
was carefully repeated five times on the total acetate mixture and mas extended 
by further fractionation of the individual fractions. The procedure was also 
carried out  in reverse by extracting the acetate mixture with petroleum 
ether containing increasing amounts of chloroform. No improvement of the 
separation shown in Table I could be obtained. 

Identi3cation of Component Szsgars 

Deacetylated polysaccharides of sunflower heads (30.27 gm.) were heated 
on a boiling water bath in 2y0 sulphuric acid (500 ml.). After 10 hr. an insoluble 
residue (2.11 gm.) was filtered and the filtrate was heated again to  constant 
rotation, [a12 = +27.6". The hydrolyzate was brought t o  pH 3.0 with sat- 
urated barium hydroxide solution to  remove a large amount of the sulphuric 
acid and was clarified by centrifuging. To  remove barium, the centrifugate 
was passed through a column of Amberlite IR-120, which was then washed 
with water until the eluates gave a negative anthrone test. The  eluates were 
evaporated t o  500 ml. and passed through a column of Amberlite IR-4B t o  
remove uronic acids (see below) and last traces of sulphuric acid. Evaporation 
of this eluate left a mixture of neutral sugars (25.05 gm.) which was shown by  
quantitative paper chromatography (solvent A) t o  consist of xylose (59y0), 
glucose (23y0), and galactose (16y0). Arabinose and rhamnose were also 
present in trace quantities. A portion (1 gm.) of this mixture of sugars was 
separated by preparative paper chromatography to  yield: D-xylose, m.p. 
146-147"C., [a]A6 = +19.5 (c = 3.18 in water); D-glucose, m.p. 143-144.5"C., 
[a]A5 = +54.0 (c = 1.11 in water); and D-galactose, m.p. 165-166"C., [a]: = 

+78.0 (c = 0.41 in water). Since the quantities of arabinose and rhamnose 
were insufficient for isolation, these two sugars could only be identified as  
being chromatographically indistinguishable from arabinose and rhamnose 
in solvents A ,  B, C, and D. 

Aldobiouronic Acid 

The uronic acids were removed from the column of Amberlite IR-4B by 
elution with N sulphuric acid until an anthrone test was negative. The eluate 
was neutralized (pH 7.0) with saturated, aqueous barium hydroxide and 
inorganic barium salts were removed by filtration. The filtrate, evaporated 
t o  200 ml., was passed through a column of Amberlite IR-120 to  remove 
barium from the uronic acids. Evaporation of the eluate and examination by  
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chromatography revealed some xylose still mixed with the uronic acids. 
This mixture (1.40 gm.) was separated on a cellulose column, the xylose 
being eluted first with water-saturated butanol. Butanol - formic acid, 
50: 1, then removed traces of glucuronic acid, and this was followed by elution 
with water, which removed the aldobiouronic acid. Evaporation of the aqueous 
eluate left the aldobiouronic acid as a thiclt yellow sirup (429.2 ingm.) having 
[a]: = f59.7 (c = 7.5 in water) and an  acid equivalent, by titration, of 318 
(calculated for CllH18011, 326). The aldobiouronic acid (400 rngm.) in water 
(5 ml.) was added to  dimethyl sulphate (5 ml.) and the mixture was stirred 
vigorously a t  0°C. during the dropwise addition of 30y0 aqueous sodium 
hydroxide (7.5 ml.) over a period of eight hours. The mixture was then stirred 
for an additional 18 hr. during which it was allowed t o  warm t o  room tempera- 
ture. The mixture was again cooled to  O°C. followed by the addition of solid 
sodium hydroxide (4.5 gm. all a t  once), and dimethyl sulphate ( 5  ml., drop 
by drop, during six hours). After another 18 hr. of stirring the mixture was 
cooled, acidified with 10yo sulphuric acid, and extracted continuously with 
chloroform for three days. The chloroform extract was dried over anhydrous 
magnesium sulphate and evaporated leaving a thiclt sirup (130.2 rngm.). 
This product was methylated three times with Purdie's reagents after which 
no hydroxyl groups were detectable by infrared analysis. This fully methylated 
product (130 rngm.) in dry ether (10 ml.) was added, drop by drop, to a stirred 
suspension of lithium aluminum hydride (0.5 gm.) in anhyclrous ether (25 ml.). 
After addition was complete the mixture was heated under gentle reflux for 
three hours. Excess lithium aluminum hydride was destroyed by cautious 
addition of ethyl acetate and, after acidification with 10yo ssulphuric acid, 
the mixture was filtered. The filtrate was freed of organic solvents by evapora- 
tion and the residual aqueous solution (25 ml.) was extracted continuously 
with ether for 24 hr. Evaporation of the dried (sodium sulphate) ether extract 
left a sirup (92.1 rngm.) of which an  infrared spectrum showed the absence 
of a carbonyl group, which was present before reduction, and the presence of a 
hydroxyl group, which had not beell found in the unreduced product. The 
reduced product was hydrolyzecl by heating for six hours 011 a boiling water 
bath with lye l~ydrochloric acid (2 ml.). The hydrolysis could not be followed 
polarimetrically because the solution was too highly colorecl. The hydrolyzate 
was neutralized with Dowes-2 (carbonate form) and examination by chroma- 
tography (solvent D) revealed the presence of 2,4-di-0-methyl xylose and 
2,3,4-tri-0-methyl glucose. These two compounds were separated by prepara- 
tive paper chromatography (solvent D) and extracted from the papers with 
acetone. The extracts were evaporated to  sirups, which were talten up in 
water and filtered through charcoal. Evaporation of these clarified solutions 
left 2,4-di-0-methyl-D-xylose (15.2 mgm., [a]: = f25.5 (c = 1.52 in water)) 
reported (15) [a]: = f24.7;  and 2,3,4-tri-0-methyl-~-glucose (14.0 rngm., 
[a]: = f65.7 (c = 1.4 in water)) reported (14) [a]: = f65". 

The 2,4-di-0-methyl-D-xylose was talten up in water (2 ml.) to  which 0.5 ml. 
of bromine was added. The mixture was stored in the darlt a t  room tempera- 
ture for 48 hr., after which excess bromine was removed by aeration. The 
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clear solution was neutralized with Dowex-2 (carbonate form) and the neutral 
solutio~l was evaporated t o  dryness. The residue was dissolved in methanol 
(5 ml.) and anhydrous ammonia was passed through the solution for one-half 
hour. After it was stored a t  5°C. for 18 hr., the solution was evaporated to  
dryness leaving a semicrystallille residue which was recrystallized from ethyl 
acetate to  yield the amide of 2,4-di-0-methyl-~-xylo11ic acid, m.p. 98-9g°C., 
reported (15) m.p. 98-100°C. 

The 2,3,4-tri-0-methyl-~-glucose was oxidized by heating a t  90°C. for 
three hours with nitric acid (5 ml., sp. gr. 1.2). Nitric acid was removed by 
repeated distillation with water and methanol and the residue was esterified 
by ethereal diazomethane. Evaporation of the ethereal solutio~l left a residue, 
which was extracted with ether. Removal of the ether gave a sirup which 
crystallized completely after four days a t  room temperature. The crystals, 
after trituration and washing with cold ether, had m.p. 105-106°C., reported 
(14) for the methyl ester of ~ ,3 ,~- t r i -0-methy~-~-g lucosaccharo lac toe ,  m.p. 
106-107°C. 
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THE VAPOR-PHASE PHOTOLYSIS OF ACETIC ACID' 

ABSTRACT 

The photolysis of acetic acid (CHBCOOD) vapor has been investigated in the 
temperature range from room temperature to 285'C. Since CH3D formation is 
independent of temperature, it is certain that the primary process 

CHSCOOD +k -+ CH3D +COr 

occurs to the estent of about 10%. The results are colnples and suggest that 
three other primary processes may occur, viz. 

CHzCOOD +hv -+ CH3CO+OD 
-+ CHx+COOD 
-+ CB,COO+D. 

The abstraction reaction 

CH,+CI-I,COOD-+ CH.t+CH,COOD 

is of importance, and the results indicate that i t  has an activation energy of 10.2 
ltcal., and a steric factor of the order of 10W. 

INTRODUCTION 

The photolysis of acetic acid in the gas phase was first investigated by 
Farltas and Wansborough-Jones (j), who suggested the primary processes: 

CH3COOH+hv --t CHI+COz 
(CH3COOH) z+ hv --t CHI+ COz+ CH3COOH 
(CH3COOH)z+hv --t C2H,+COZ+CO+HZO. 

Burton (2) investigated the photolysis by mirror methods and suggested that 
radicals were formed by 

CH3COOH+hv --t CHa+ COOH, 
followed by 

COOH --t COZ+H, etc. 
In later worlc (3) he rejected this mechanism and suggested that H-atoms 
but no CH3 radicals were formed. He therefore proposed the primary step 

CH3COOH+ hv --t CH,COO+H. 
Clusius and Schanzer (4) investigated the photolysis of CH3COOD in the 

liquid phase, and concluded that two primary processes occur: 
CH3COOD+ hv --t CH3+ COOD 
CH3COOD+hv -+ CH3DfC02, 

the first process being the more important. They suggested that CHI, found 
in the methane fraction, could be accounted for by the abstraction reaction 

CH3+CH,COOD -+ CH,+CHZCOOD. 
In the present work the photolysis of CHBCOOD has been investigated in 

the vapor phase over a more extended temperature range. 

EXPERIMENTAL 

The apparatus has been described previously (1). A Hanovia S-500 medium 
pressure mercury arc was used as a light source. The full radiation was used 

'Manuscript received June 10, 1955. 
Contribution from the Division of Pure Clzemistry, National Researclz Council, Ottawa, Canada. 

Issued as N.R.C. No. 3717. 
2National Research Council of Ca?zada Postdoctorate Fellow, 1952-54. 
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AUSLOOS AND STEACIE: VAPOR-PI-IASE PHOTOLYSIS 1531 

t o  obtain the maximum intensity. The intensity was varied by the use of 
calibrated screens. Two samples of CH3COOD were used, containing respec- 
tively 20y0 and 15y0 CH3COOH. The analysis of the products was done by 
taking off two fractions, one a t  - 19G°C., and one a t  - 150°C. These were then 
analyzed by a mass spectrometer. No attempt was made to determine con- 
densable reaction products. 

One experiment was made with a Corning 7-54 filter, with a cutoff below 
2400 A. This gave a rate approximately one quarter the normal rate. Since the 
filter has a transmission of about 40% a t  2537 A and decreases sharply below 
this, i t  appears that the effective radiation was mainly in the range from 
2400 f% t o  2537 A. 

RESULTS AND DISCUSSION 

The results are given in Table I.  The main reaction products found were 
CO, COz, CHI, CHSD, and C2H6. At temperatures above 150°C. H2 and H D  
were also present, and they constituted about 10yo of the reaction products 
a t  temperatures above 250°C. Very small amounts of CHzD2 and C2H5D 
were also detected. The amounts of these products were always less than two 
per cent of the methane or ethane fraction, and their formation is probably 
due to the presence of small amounts of CH2DCOOD in the starting material. 

The Primary Process 

The results in Table I indicate that  for runs a t  constant intensity the rate 
of formation of CH3D is constant within experimental error, and is independent 
of temperature in the range from 27 to  287°C. On the other hand, the rate of 
formation of CHI increases steadily with increasing temperature as might be 
expected if i t  is formed in a secondary reaction. This constitutes a definite 
proof of the occurrence of the primary process 

If runs 9, 12, and 15 are compared it can be seen tha t  the rate of formation 
of CO decreases sharply below 10O0C., while a t  higher temperatures (compare 
runs 2-7) it is nearly independent of temperature. This suggests that CH3CO 
is formed in the primary process 

and decomposes thermally. 
A comparison of CH3D with COz shows that primary process [I] accounts 

only for about 10yo of the COz formed. Nevertheless the rate of COz formation 
is nearly independent of temperature over the whole range. This excludes the 
formation of COz by a secondary process unless it is one with a very low 
activation energy. There appear t o  be two possibilities: 

followed by 
COOD -+ C02+D. 
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TABLE I 

Products, cc./min. X 10" 2CH4+2C?HG 
Run Temp., Pressure, Time, Relative k a / k ? ~  lo13 cC+COS- 

"C. cm. mln. intensity CO Con CH3D CHn CZHG HS HD c1n.3'~ 
molecules-* CH3D 

P 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



AUSLOOS AND STEACIE: VAPOR-PHASE PI-IOTOLYSIS 1533 

This will only account satisfactorily for C 0 2  production if  [ I ]  is very fast, 
which appears to  be the case (8). The ailalogous reaction 

is known to occur readily (7). Reaction [ I ]  will be less exothermic than [2], 
but is probably feasible thermochemically. 

followed by 
CH3CO2 --t CH,+CO?. 

In solutioil the acetate radical appears to  have considerable stability (6), 
which casts some doubt on the rapid formatioil of CO? by [3] a t  low tempera- 
tures. 

Either mechailism illvolves the formation of D-atoms. Since no D ?  is formed, 
and H 2  and H D  are o~lly formed a t  higher temperatures, recombination is 
appareiltly negligible compared with the abstraction reaction 

Hz will be formed from the CH3COOH present in the acetic acid. The  
quantity of H Z  is, however, rather large compared with that of H D ,  and the 
possibility of the loss of an H-atom from the methyl group in the primary 
process is not excluded. 

In ally case the very small amount of H z  and H D  relative t o  CO? shows that  
most H- or D-atoms disappear in some other way to  form coildellsable pro- 
ducts, such as  HDO and D2O. The  iildepeildence of CH3D formation with 
temperature rules out the reaction 

CH,+D --t CH3D. 151 

I t  is also possible to  explain the above results in a somewhat simpler way 
by postulating the occurrence of reactions such as  

CH3COOD*+CH3COOD --t CH3C02+CH3CO+D20 
or 

( C H , C O O D ) ~ + ~ V  --t C H ~ C O Z + C H ~ C O + D ~ O .  

I t  should be noted that  a t  27OC. under the experimental coilditions used 
about goy0 of the acetic acid is in the form of double molecules. At 150°C., 
however, the number of double molecules is negligible for the pressures used 
in this work. I t  should be pointed out that processes [j:], [I]:], and [111] are 
nearly illdepelldeilt of temperature. I t  may therefore be concluded that  
double molecules do not affect the primary processes. 

The Abstraction Reaction 
The fact that  the formation of CH3D is essentially independent of tempera- 

ture, while that  of CHI increases rapidly with increasing temperature, indicates 
that  only H-atoms on the methyl group are involved in abstraction reactions 
t o  an appreciable extent, viz. 
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If this is the only way in which CH4 is formed, and if all CzH6 results from 
recombination, 

2CH3 --t C2H6, [71 

then R~H,/R~,H,[AI = kG/ki, 

where RCH4 and RCZH6 are the rates of formation of the products indicated and 
A represents acetic acid. In applying this relationship it is necessary to correct 
the CH4 for the small amount formed by a process a~lalogous t o  [I] from the 
small amount of CHSCOOH present. 

The results given in Table I show that  k,/k$ is not appreciably affected by a 
variation of the intensity by a factor of 15. The corrected values of k,/k: 
are given in Fig. 1 in the form of an Arrhenius plot. A good straight line is 

1 

FIG. 1. Arrhenius plot of ks/k;. 

obtained a t  higher temperatures with some curvature a t  low temperatures. 
The curvature may be connected with the presence of double molecules 
and wall reactions. The  slope of the curve leads t o  a value of 10.2 ltcal. for 
E6-3E7 = E7. This is of the expected order of magnitude for such a reaction. 
The  steric factor of reaction [7] is estimated to  be -loF3. 

Material Balance 
On the basis of the above mechanism primary process [I] implies that  

All other primary processes lead to  lCH3 for each COz or CO formed. Hence it 
would be expected that  

However, nothing has been said of the fate of the CH2COOD radical formed 
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I AUSLOOS AND STEACIE: VAPOR-PHASE PHOTOLYSIS 1535 
I 

I by abstraction. If i t  is assumed tha t  this disappears only by recombination 
with methyl, then 

I This ratio will be greater than unity if some CHzCOOD radicals disappear by 
I dimerization, but will be low if CHzCOOD is formed by reaction [4] and is 

followed by the addition of methyl. A value of [ A ]  somewhat less than unity is 
therefore to be expected. Any other processes leading to  coildensable products 
with elimination of CO or CO? will also lower the ratio. 

The last column of Table I gives values of the ratio [ A ] .  There is considerable 
scatter, but i t  will be seen that  from 80 to 90% of the methyls are accounted 
for, which seems quite satisfactory in the absence of a detailed 1inowledge''of 
the condensable products. 
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REACTIONS OF ARYLSULPHONIC ESTERS 
111. ON THE HYDROLYSIS OF METHYL p-METHYLBENZENESULPHONATE1 

ABSTRACT 

A study of the temperature dependence for the rate of hydrolysis of methyl 
p-methylbenzenesulphonate shows the specific heat of activation for this reaction 
in water to be 33 .45f  3  cal./mole degree. A comparison with the corresponding 
term for other methyl compounds reveals differences apparently characteristic 
of the anionic portion of the molecule. These differences are discussed in terms 
of specific solvation. 

The possibility tha t  the energy of activation for reactions in solution may 
be temperature dependent has been predicted and occasionally reported2, 
but in general this property has been largely neglected. This is hardly sur- 
prising, since little interest was liltely in such a derived quantity when the 
utility of the energy of activation was questionable (5, G), especially since 
useful qualitative relationships, such as the SNl-SN2 classification, were 
more readily developed from a comparison of relative rates. Recently, Win- 
stein, Grunwald, and Jones (16) and Swain and Scott (15) have suggested 
more quantitative classifications based on relative free energies. Such an 
approach, however, fails t o  take account of the many effects which result in 
compensating changes of energy and entropy. Nor will the substitution of the 
Arrhenius parameters or the equivaleilt energy and entropy of activation 
necessarily remove this objection unless it is ltnowil that  the temperature 
dependence of the energy of activation is negligible. 

Moelwyn-Hughes and co-worlters (3, 10, 12) have shown that  the specific 
heat of activation is by no means negligible for the hydrolysis of methyl 
halides and methyl nitrate. For these reactions ACP3 is not only large, but  
varies appreciably between the halides (10) and the nitrate, and may itself 
be temperature dependent. While i t  is probably too soon to  assess the general 
significance of these results, and Moelwyn-Hughes has put forward two 
apparently unrelated hypotheses to  account for the value he reports, it is 
clear that  the magnitude of the AC, term is such that  i t  may not be neglected 
in any quantitative discussion relating structure and energy. In view of the 
prominent place given to  AC, values in discussion of the dissociation of weak 
acids, one may hope that  the corresponding ltinetic factor will prove a useful 
parameter in the quantitative study of reactions in solution. 

Because of this possibility, a study was begun on the temperature depen- 
dence of the rate of hydrolysis for a series of beilzenesulphonic esters. In this 
paper we report the results for methyl 9-methylbenzenesulphonate. 

lManuscript received June  10,  1955. 
Contribution from the Division of Pztre Chemistry, National Research Coztncil, Ottawa, Canada. 

Issued as N.R.C. No .  3713. 
2Theoretical and experimental results prior to 1955 are noted by L a ~ l e r ,  Ref. (7 ) .  
3The term AC, indicates the specific heat of activation, as defined by  the equatiola 

d E d / d T  = Coot-Ci,t = AC, 
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ROBERTSON: REACTIONS OF ARYLSULPHONIC ESTERS. I11 153'7 
I 

EXPERIMENTAL DETAIL 
Water 

Distilled water flowed through an 80 cm. X 35 mm. Acid-Base Ion Ex- 
change column a t  the rate of 500 cc. per min. The first 600-800 cc. was rejected 
and the subsequent delivery used to  make up solutions and rinse cells. 

Eastman Kodalc white label methyl P-methylbenzenesulphonate was 
fractionally frozen to  give material melting a t  28.0-28.1°C. 

Toluenesulphonic Acid 

Eastman Kodak white label grade was used without further purification. 

T h e  Conductance Bridge 

The conductance bridge was built about a Tinsley No. 4896 Electrolytic 
Conductivity Bridge. The 1000 cycle supply was from a Model 200 AB Hew- 
lett-Packard Oscillator. This was passed through a phase shifter, opposite 
phases being supplied to  the bridge through an isolating transformer, and to  
the X input of the detecting oscilloscope (Dumont-304H). 

I The output from the bridge passed through an isolating transformer (GR, 
578A), a band pass filter (General Radio, 830-R), and a G R  Amplifier (1231 B) 

I and thence to  the Y input of the oscilloscope. The Wagner ground of the 
8 
I Tinsley bridge was modified by the introduction of a Leeds and Northrup 
1 Decade Resistor (No. 4755) in series with the variable resistance, and balance 

was observed on a second oscilloscope between the high side of the output 
of the bridge and ground. This separate balancing was of particular advantage 

I in following fast reaction rates and simultaneous reactions. All wiring was 
I with RG-62U low-loss shielded cable and the leads to the bridge from the cells 

I were carefully shielded, observing the usual precautions. 
I 

T h e  Conductance Cells 
In  control experiments the first order rate was shown to  be independent 

of the design of the cell, provided the resistance was of the proper order. 
One important restriction was that  with more illsoluble esters (8), certain 
precautions had to  be talten to  avoid the effects of adsorption of appreciable 
amounts of ester on the glass walls. The obvious precautions of avoiding 
cells with high surface to  volume ratios and further of adopting the Guggen- 
heim method (4) of determining the rate were usually sufficient. Shiny platinum 
or gold-plated platinum electrodes proved satisfactory. Platinum gray or 
black electrodes gave evidence of adsorption a t  low concentrations. While the 
presence of air did not alter the rate, it was standard practice to partially 
evacuate the cells to avoid separation of gas on the electrodes a t  higher 
temperatures. 

Temperatures were determined by a Leeds and Northrup Mueller Bridge 
and a platinum resistance thermometer calibrated by the Heat Section of 
these laboratories. Temperatures were controlled within limits of ~t0.003"C. 
Time was determined by either an electric clock driven by current from our 
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1538 CANADIAN JOURNAL OF CIIEMISTRY. VOL. 33 

Standard Frequency Laboratory or for shorter runs by a split sccond-hand 
stop watch which was checked against the standard time. 

EXPERIMENTAL PROCEDURE 

After the cells were cleaned with hot chromic acid and repeatedly washed 
with distilled water, they were filled with a solution of toluenesulphoilic acid 
of the same concentration used as supporting electrolyte in the solution t o  be 
studied. A solution contailling ester (0.2 gm./l.) and toluenesulphonic acid 
(0.2 gm./l.) was then prepared. The cells were filled with this solution, evac- 
uated, and sealed off. The  presence of baclting electrolyte reduced the relative 
change in electrolyte concentration during a run, and created a more repro- 
ducible environment. I t  was customary to  preheat the cells in a subsidiary 
bath t o  the temperature under study, t o  avoid disturbing the main thermo- 
stat.  

Resistances were measured a t  times tl, tz, t 3 ,  etc., and tl+a, tz+u, t3+n, etc., 
where u = 1 t o  2 half-lives, and the slope of the plot of log[l/(Rti+u)- 
l / R t i ]  versus t i  gave the rate. 

The use of this direct method involves the following approximation. Bolam 
and Hope ( I )  have shown that the equivalent conductance of benzenesul- 
phonic acid in water is given by the equation 

which may be rewritten for any particular experiment as 

where M is a constant, characteristic of the system, and R, is the measured 
resistance. If the concentration of baclting electrolyte and ester is 1 X 
molar a t  to and hence 2 X lop3 molar with respect to  beilzenesulphonic 
acid a t  t, this will introduce a systematic positive error of approximately 
1% in all the equivalent values. But the rate is derived from a difference of 
concentrations or (in the approximation) from the equivalent reciprocal 
ohms, so that the magnitude of this approximation is reduced to  the order of 
0.2%. The assumption that  this argument applies equally a t  all temperatures 
and for similar strong acids does not seem unreasonable since the equivalent 
conductance of the proton is common t o  all. The application of this direct 
method was shown t o  give the same results, within the reproducibility possible, 
as those obtained using a calibration curve relating concentration and con- 
ductivity, and also was in agreement with values determined by our inter- 
mittent titration technique (13). 

Precision 
The errors introduced by fluctuations in temperature, time, and resistance 

readings we,re small compared to  the errors arising as a result of what appears 
to  be the adsorption of the ester on the glass walls of the cell. In Fig. 1 is 
shown a plot of the data for three typical runs done simultaneously. The 
resulting rates (37.04 X lop5, 37.14 X 36.72 X 10-j) derived from 
these plots vary from the mean by 0.35% while the scatter of the points in 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



ROBERTSON: REACTIONS O F  ARYLSULPHONIC ESTERS. I11 1539 

any run is estimated to  be of the order of 0.1%. If care was talten that the 
concentration of ester did not fall below 5 X lOU5M during the run, this lack 
of reproducibility was reduced but probably not entirely eliminated by  
calculating rates by the Guggenheim method (4). With methyl esters this was 
easily achieved. With less soluble esters, errors from this source became the 
limiting factor. A further error for slow runs arose from what is generally 
called "glass-error" and rendered the data a t  0" and 10°C. less reliable than the 
remainder. 

RESULTS 

The initial concentrations of ester and the backing electrolyte were made up 
t o  0.2 gm./l. in all experiments, and no attempt was made to explore salt 
effects (9), save for some preliminary experiments which indicated that a 10- 
fold increase in concentration of benzenesulphonic acid increased the rate by 
only a few per cent. Average rates corresponding to a series of temperatures 
are given in Table I ,  together with the average deviation from the mean, 
the number (n) of runs involved in the average, and the rate calculated from 
equation [4]. Prior to  deriving such an equation by the direct application of 
the least mean squares to the data (average rates were used) it is advantageous 
to test the data for internal consistency by an adaptatio~z of the graphical 
method of Everett and Wynne- Jones (2) based on equation [3], 

[31 Al,z(T log R)/A1,2 (TI = (ACpi,2 T log T+B')/R Ai , s  (T), 

by which these authors calculated the thermodynamic parameters from the ion- 
ization constants of weak acids, or more directly by the application of a plot of 
calculated Ed versus T such as was used by Moelwyn-Hughes (12). Our data 
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TABLE I 
RATE DATA FOR THE HYDROLYSIS OF METHYL p-METHYLBENZENESULPHONATB IN WATER FOR A 

SERIES OF TElMPERATURES 
-- 

Temperature, 
O P  

R k l  av.(sec.-I) X lo5 k~ (set.-I) X lo5 
(obs.) (calc.) 

6 221 f 3 .5  221.8 
4 147.5 f 0 . 4  146.6 

plotted according to equation [3] are shown in Fig. 2. Where Al,?T - 10°C., this 
plot provides a test of consistency, and on the basis of this test the data for 
0" and 10°C. were omitted from the least mean square calculation. While the 
possibility that the systematic deviation noted in the rates for these tempera- 
tures may reflect some structural change in the solveilt was considered, we 
believe that  these data deviate from the remainder because of a larger glass- 
error resulting from the slowness of the runs. The slope of the curve in Fig. 2 

leads by the method of least mean squares to  a value of AC, of -33.9f3  
cal./deg. mole. The thermodynamic constants for equation [4] were then 
calculated by the method of least  square^.^ 

"See Hyne and Robertson. Th is  Issue. 
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ROBERTSON: REACTIONS OF ARYLSULPHONIC ESTERS. 111 1541 

where A = -A110/2.3026 R = -7036.861, 
B = ac , /R  = - 16.8385, 
C = AS,- C,/2.3026 R = 60.1695, 

0°C. = 273.16"K. and R = 1.9865, 

Thermodynamic constants for the  activation process a t  298.16"C. are given 
in Table 11. 

TABLE I1 

THERMODYNAMIC CONSTANTS FOR THE 
ACTIVATION PROCESS AT 208.16°1<. 

AF = +6953.5 cal./mole 
A H  = -22220.4 cal./mole 
AS = -51203 cal./mole clcg. 

A C ,  = -33.45+3 cal./mole cleg. 

T h e  error in A H  is probably less than f 100 cal./mole. The random scatter 
of the points in Fig. 2 and the deviations between calculated and observed 
da ta  in Table I show tha t  the d a t a  are not sufficiently accurate to  justify any  
claim for a change in AC, with temperature in striking contrast t o  the  results 
of Moelwyn-Hughes for the methyl halides (12).  

DISCUSSION 

I n  Table 111, kinetic d a t a  are given for the hydrolysis of six methyl com- 
pounds. Large differences in the rates compared t o  tha t  for methyl p-methyl- 
benzenesulphonate are accompanied by corresponding changes in A N T ,  but  i t  
is noted t h a t  the  observed differences in this latter term would correspond t o  

TABLE 111 

A COhIPriRlSON OF KIKETIC DATA FOR HYDROLYSIS AT T = 303.l!I0I<. 

Compound k l ( X  set.-') A I-laoa.~n(k~al.) A C7> Sotes  

Me p-Me 1480 22.04 33.4:13 ( a )  
MeBr 84 26.36 (66) (6) 

Notes: ( a )  Thzs work. 
(6 )  Ref . (11) .  The Ell valz~es are recorded here. The AC, oalr~es are nzerely approximate. 
( c )  Data calcz~lated frovt eqz~ation [9],  Ref. (3) .  
( d )  Data calcz~lated f r o ~ ~ z  eqzLntzon [Y], Rcf. (9 ) .  

rate differences from 2 t o  700 times greater than actually found. I t  is interesting 
t o  note tha t  the closest agreement on this basis (assuming constant entropy) 
is for the comparison with methyl fluoride, although the ratio of the rates 
is greater than 2000/1. The  slope of the curve in Fig. 2 and the close 
agreement of the  observed and calculated rates (Table I )  leave no doubt t h a t  
the activation energy for the  hydrolysis of methyl 9-methylbenzenesulphonate 
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changes with temperature in a systematic manner expressed by equation 153. 
This change is of the same sign as, but of about one-half the magnitude of the 
values reported for the methyl halides in the lower temperature range, and' 
there is no perceptible change in AC, with temperature as was found for the 
halides. 

Now it has long been recognized that the change in the bulk dielectric 
constant with temperature will lead to a corresponding change in the activa- 
tion energy in the order of -13 cal./mole deg. for ionogenic reactions. I t  is 
clear that  this factor will account neither for the magnitude of AC, found for 
the above hydrolytic reactions, nor for the specific differences between com- 
pounds, nor would it  be expected to  lead to a difference in AC, with tempera- 
ture. 

The fact that  AC, values for the hydrolysis of the methyl halides are roughly 
the same, in spite of widely differing bond strengths, led Moelwyn-Hughes 
t o  the conclusion that this coefficient is related to specific differences in the 
solvation of the reacting molecule. In view of the large difference between the 
sulphonate and the halides and to a lesser degree the nitrates, it seems probable 
that  the specific solvation of the anionic part of the esters may play a major 
part in determining the value of this coefficient, and our explanation of the 
difference between the sulphonate ester and the corresponding halides is based 
on this postulate. 

Reasoning on the basis of average specific heat values, Glew and filoel~vyn- 
Hughes (3) calculate tha t  the large and approximately equal AC, values found 
for the hydrolysis of the methyl halides could be accounted for by the "freezing" 
of six water molecules (the freezing process for water involving a AC, of -9 
cal./mole deg.) about the transition state-the activation energy involving 
the breaking of water-water bonds. Such a model applied t o  the AC, = -33 
cal./mole deg. found for the hydrolysis of methyl 9-rnethylbenzei~esulpl~oi~ate 
would lead to a mechanism involving two water molecules reminiscent of the 
termolecular mechanisn~ of Swain (14). If E A  is largely accounted for by the 
breaking of water-water bonds, as suggested in this hypothesis, the lower 
activation energy observed by us is not low enough t o  support such a hypo- 
thesis. 

Qualitatively it is well known that  the addition of a sulphonic group renders 
many organic molecules more soluble in water-an effect which points to 
strong interaction with the water of the initial state in hydrolysis of sulphonic 
esters. In  attempting to  account for the difference between the AC, for the 
hydrolysis of the methyl halides and methyl 9-methylbenzenesulphonate, in 
terms of solvation, it is reasonable to  assume that  the relative differences 
will be greater for the initial states where dipole-dipole interactions are weaker 
than for the transition states which involve partial charges. On this hypothesis, 
the lower value of AC, reported for methyl 9-methylbenzenesulphonate may 
be accounted for by assuming that  the stronger solvation accompanying the 
initial state results in a smaller change in solvation on passing to the transition 
state as compared to  the corresponding changes in solvation for the methyl 
halides. A similar explanation would also account for the lower value of AC, 
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reported by McICinley-RiIcICee and Moelwyn-Hughes (10) for the hydrolysis 
of methyl nitrate. 
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ON THE TEMPERATURE DEPENDENCE OF THE 
REACTION VELOCITY1 

ABSTRACT 

The temperature dependence of the rates of three reactions in solution 
which the Arrhenius equation fails to express has been analyzed in terms of 
equations involving higher powers of the  temperature and an improved fit of 
the experimental results obtained. The significance of Lhe equations in terms 
of the thermodynamic parameters of the activation process is discussed. 

There is a growing body of evidence to show that for important classes of 
reactioils the Arrhenius equation fails to  express fully the temperature depend- 
ence of reaction velocity. The Arrheilius equation assumes the activation 
energy to be temperature independent but this has not been fully tested in the 
majority of reactions in solutio~l, since the temperature dependency has been 
derived from data over a limited temperature range with but an accuracy of a 
few per cent. With a few possible exceptions, such as in discussions of steric 
hindrance (3, 4),  the activation energy has found little use save in converting 
rate data to  a common temperature. Existing relationships between structure 
and the rate have been based on a comparison of rate data, the validity of such 
relations resting 011 the temperature independence of the Arrhenius parameters. 

Both LaMer and Miller (15) and Moelwyn-Hughes and co-workers (8, IG, 
17, 18), among others, have published results which indicate a marked tem- 
perature dependence of activation energy in particular systems. Neglect of 
such a measurable parameter a t  the present stage in the development of the 
kinetics of organic processes is not warranted and it is the object of this paper 
to present an analysis of kinetic data which considers the higher order 
temperature dependence of reaction velocity. 

I t  must be recognized that the ~vork of Harned et al. (11, 12), Everett and 
Wynne-Jones (7), and others (19, 23) on the analysis of acid and base dissocia- 
tion constants as a function of temperature has already established a set of 
equations for the treatment of data for equilibrium systems. Accepting the 
assumption that the initial and transition states in a reaction are in ecluilibrium 
(5), such a system of equations may be applied to the analysis of rate- 
temperature data. The treatment of rate-temperature data in a manner 
analogous to  the work on dissociation constants, however, presents problems 
peculiar to this field arising from difficulties attendant upon obtaining kinetic 
data of an accuracy comparable to e.m.f. data. 

Refinement of the rate-temperature relationships for ltinetic data \vould 
engender little interest were it not a necessary step in the long term problem 
of developing a more quantitative statement of the theory of the mechanism 
of reactions. A more immediate gain is the possibility that such refinement 

IiWanuscript received J m i e  16, 19.55. 
Con t r ibz~ f ion f ro~ i?  the Divisio?i of Pure  Clzeiiristry, hratio?zal Reseurclz C O Z L ~ L C ~ ~ ,  Ottawa, Cavada. 

Isszted as N.R.C. iVo. 3721. 
ZiVational Research Cot~7~ci l  Postdoctorate Fellow. 
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will provide a parameter (14) which can be interpreted in a thermodynamic 
sense and will provide a means of obtaining quantitative measurement of the 
factors involved in solvation processes accompanying reactions in solution; 
heretofore, such problems in solvation have been dealt with on an empirical 
basis (10, 22) by the study of reactions in mixed solvents or as a function of 

1 
I the bulk dielectric constant of the system (I). 

TYPES OF EQUATION 

Sltrabal (21) has set down the various types of equation which have been 
suggested as representing the temperature dependence of rate data. Harned 
and Robinson (12) in particular, however, have treated the problem of pro- 
gressive refinement of equations relating the equilibrium constants of dissocia- 
tion processes and temperature and it is upon this work that our analysis of 
kinetic data is based. The Arrhenius equation 

[I]  log k = (A/T)+B, 

where A = - Ea/2.303R, assumes that  the activation energy, E,, is tempera- 
ture independent. If the activation energy, or heat content change of the acti- 
vation process A H ,  is expressed as a power series in T, 

the expression for the temperature dependence of the rate becomes 

[21 log k = (A/T)+B log T+DT+C 

where the thermodynamic functions of the activation process are given 
b Y 

A I I  = -2.303RA +BRT+2.303RDT2, 
AC, = RB+2.303R(2DT), 

A S  = 2.303R(B log T+2DT+C)+RB. 

Harned and Robinson (12) and Everett and Wynne-Jones (7) have simplified 
this four-constant equation and have obtained two three-constant equations 
which, within the limit of accuracy of the data available to  them for analysis, 
were found to represent the temperature dependence of the log k function 
studied. 

[31 log k = (A/T)+B log T+C (Everett and Wynne-Jones) 

where A H  = -R(2.303A -BT),  
ACp = BR, 

A S  = 2.303R(C+B log T)+RB; 

[41 log k = (A/T)+DT+C (Harned and Robinson) 

where A f I  = -2.303R(A - DT2), 
ACp = 2.303R(2DT), 

A S  = 2.303R(C+2DT). 

The progressive refinement implied in equations [ I ]  to [4] is seen when the 
thermodynamic parameters are expressed in terms of the constants of the 
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equations. Equation [I]  as stated previously assumes AH to be temperature 
independent; equation [3] assumes a linear dependence of A H  011 temperature 
leading t o  a specific heat of activation term AC,, which is temperature inde- 
pendent; equation [4] expresses AC, as directly proportional t o  the absolute 
temperature; equation [2], the general case of [3] and [4], requires AC, to be a 
linear function of the temperature. I t  is on the basis of equations [I] t o  [4] 
that  the results of Robertson for the hydrolysis of methyl 9-methylbenzenesul- 
phonate (20),  of LaMer and Miller for the dealdolization of diacetone alcohol 
(15), and of Moelwyn-Hughes for the hydrolysis of methyl chloride (18) have 
been analyzed. 

CALCULATION 

In Fig. 1 are shown plots of the activation energy against temperature 
for the three systems analyzed in this work. The data were analyzed by means 

FIG. 1. Activation energy against temperature: (a)  hydrolysis of methyl p-methylbenzene- 
sulphonate; (b) dealdolization of diacetone alcohol; (c) hydrolysis of methyl chloride. 
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of the Arrhenius equation in the form [I1] using 10°C. temperature intervals, 
and the activation energies calculated for these intervals were associated with 
the mean temperature of the intervals: 

In  the case of methyl p-methylbenzenesulphonate (Fig. 1 ( a ) )  the activation 
energy is a linear function of the temperature indicating a unique value of 
dE,/dT over the temperature range studied, or in terms of thermodynamic 
parameters, a AC, term which is temperature independent. In  both the 
dealdolizatioil of diacetone alcohol (Fig. 1 (b)) and the hydrolysis of methyl 
chloride (Fig. 1 (c)) the activation energy is a non-linear functioil of tempera- 
ture indicating tha t  the AC, terms are temperature dependent. The curvature 
of the plot over the temperature range available is more marked in the case 
of methyl chloride than in that  of diacetone alcohol hinting that  the tempera- 
ture dependence of the AC, term is more complex in the former case. Such 
preliminary plots in the detailed analyses of rate-temperature data serve to  
indicate, in addition t o  the nature of the AC, temperature dependence, any  
determinations which are not internally consistent with the other da ta  since 
they will appear as deviating widely from the general trend of neighboring 
points. Calculatioil of the activation energy a t  intervals of less than 10°C. 
requires exceptionally accurate experimental data  and is not necessary for 
preliminary plots such as in Fig. 1 when a temperature range of 40 to 50 
degrees is available for study. 

Figs. 2 , 3 ,  and 4 show, for the three systems studied, the deviations between 
observed and calculated log k values after the manner of Pitzer (19). The rate- 
temperature da ta  for each system have been analyzed in terms of the various 
equations set down in the previous section until a minimum deviation between 
the observed log k value and tha t  calculated from the equation fitted was 
obtained. The constants of the various equations were determined by a least 
mean square fit method applied directly to  the data  except in the case of the 
four-constant equation where an empirical graphical correction was applied to 
obtain the fourth constant C. The least mean square method used was tha t  
outlined by Goulden (9) using the method of Gauss Multipliers. 

In  work where rates of reaction of several systems are determined a t  a 
fixed series of temperatures the Gauss Multiplier method has much to  
recommend i t  since the Gauss Multipliers are dependent only on the tempera- 
ture da ta  and once calculated can be applied t o  any set of rate da ta  determined 
for tha t  particular set of temperatures. 

In the design of experiments the extent of the temperature range studied is 
of considerable importance. In  the application of the least mean square method 
t o  the results the inclusion of one determination a t  a temperature 10°C. 
outside the initially studied range (say 10" to  60°C.) is equivalent to  increasing 
the number of determinations within the range by a factor of 1.7. The impor- 
tance of determinations a t  the extremes of the temperature range has been 
pointed out previously (2) and great care is necessary in establishing the 
accuracy of these points. 
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I 

The equations derived for the three systems by the method of least mean 
squares \tiere : 
Methyl p-methylbenzenesulplionate (Fig. 2) 

[ l a ]  log k = (-4706.257/T) + 10.6902 
[3a] log k = (-7036.861/T) - 16.8385 log Tf60.1695 
[4a] log k = (-5885.250/T) -0.0115793 T+ 18.0932 
Diacetone a/cohol (Fig. 3 )  
[ lb]  log k = (-3681.667/T)+10.7035 
[3b] log k = (- 1874.496/T) + 14.0194 log T-30.0565 
[4b] log k = (-2571.561/T)+0.0129521 T f3 .1090  
Methyl chloride (Fig. 4)  

[k]  log k = (- 5492.118/T) + 10.8925 
[3c] log k = (-8708.034/T) -22.2727 log Tf76.7500 
[4c] log k = (-6739.194/T) -0.0112566 T+ 18.4003 
[2c] log k = (-4474.950/T)+7.0453 log T-0.001067 T-9.5704 

DISCUSSION 
I Methyl p-Metlzylbenzenesulphonate 

The failure of the Arrhenius equation [ l a ]  to  represent the data is clearly 
shown in Fig. 2, a systematic deviation between the observed and calculated 
log k values being observed. Analysis of the da ta  in terms of equations [3a] 
and [4a] resulted in a random scatter of the deviation about the zero line in 
Fig. 2 showing that  i t  is impossible t o  distinguish between the accuracy of 
fit of the two equations. Both equations t a l e  into consideration temperature 
dependence of the activation energy, i.e. they include a AC, term, equation 
[3a] assuming AC, to  be temperature independent and [4a] requiring AC, 
to  be directly proportional to  the absolute temperature. As Harned and 
Robillsoil (12) have pointed out, the fact tha t  both equations fit the da ta  
equally well indicates that  any temperature dependence of AC, must be very 
small. The best fit of equations [3a] and [4a] also agrees with the linearity 
found in the E,/T plot of Fig. l ( a ) .  

Diacetone Alcolzol 
As in the methyl p-methylbenzenesulphonate system the failure of the 

Arrhenius equation [ lb ]  is seen in Fig. 3. I11 this system, however, somewhat 
better agreement between obsei-ved and calculated log k values is found for 
equation [4b], where allolvance is made for AC, being directly proportional 
to the absolute temperature, compared with equation [3b], where the AC, is 
assumed to  be temperature independent. The preliminary plot of E, against T 
established the non-linearity of the temperature dependence of E, and hence 
the temperature dependence of the correspondiilg AC, term. Inspection of 
the deviation cui-ves in Fig. 3 shows that even the three-constant equation 
[4b], allowing temperature dependence of AC,, does not give good agreement 
between the observed and calculated log k values especially a t  the limits of 
the temperature range employed. I t  does, however, provide evidence of the 
existence of data  for a system exhibiting temperature dependence of AC,. 
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iVIetlzyl Chloride 

Fig. 4 again illustrates the failure of the Arrhenius equation [lc] to  express 
the temperature dependence of the rate of hydrolysis of methyl chloride. 
In  this system, however, although the two three-constant equatioils [3c] 
and [4c] give a better fit, the deviation between observed and calculated log k 
values is still systematic and not random. The four-constant equation [2c], 
which considers a linear dependence of AC, on temperature (but not direct 
proportionality), gives a still better fit with all points except that a t  the lowest 
temperature. Furthermore, it should be noted tha t  the coefficient of the 
log T term in [2c] has changed sign compared with that in the three-constant 
equation [3c] resulting in a change in sign of the AC, term. The reason 
for this can be seen by considering the effect of neglecting the lowest tempera- 
ture determination in Fig. l(c) which will result in the slope of the best 
straight line through the points changing from negative to  positive, and hence 
the change of sign of the AC,. Investigation of the form of the systematic 
deviations between the observed and calculated values of log k for the methyl 
chloride system has shown that  an improved over-all fit \vould require an 
equation involving a t  least a cubic term in T. Calculation of the constants 
of such an equation is an extremely laborious process and even with such 
an equation the physical significance of the coefficients of the higher powers 
of T could not be established on the basis of the present theory. The apparent 
complexity of the equation required t o  express the temperature dependence 
of rate in this case suggests the possibility that the hydrolysis of methyl 
chloride is not a simple reaction but is accompanied by a parallel reaction 
having a different activation energy (13). Moelwyn-Hughes does not consider 
this possibility in his presentation of the data although he offers several 
possible suggestions as  explanations of the complex temperature dependence 
of the activation energy. Confirmation of the data,  particularly a t  the extremes 
of the temperature range, is obviously desirable. The methyl chloride example 
is paralleled by the results for methyl bromide and methyl iodide also given 
by Moelwyn-Hughes (18) but not analyzed here. 

The importance of choice of equation when the fit is not good is illustrated 
in Table I by a comparison of the AC, terms calculated for the various systems 

-- -- 

AC,313.1G (cal./deg. mole) 

Equation Methyl p-methyl- Diacetone Methyl 
be~lzenesulphonate alcohol chloride 

from the corresponding coefficients of the equations used. For methyl p- 
methylbenzenesulphonate, where both equations [3a] and [4a] fit the data 
within the experimental error, the AC, values are in excellent agreement. 
The diacetone alcohol system, where the fit is somewhat poorer, gives two 
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I MYNE AND ROBERTSON: TEMPERATURE DEPENDENCE 1551 ~ 
values of AC, differing by 10 cal./deg.mole, while in the methyl chloride sys- 
tem, where the fit is poor even in the case of the four-constant equation [2c], 
the AC, value calculated by the four-constant equation [2c] is of opposite 
sign to those evaluated from equations [3c] and [4c]. In  no case, it should 
be noted, does the value of the AC, determined by a least mean square method 
agree with the value quoted by Moelwyn-Hughes (17). 

i These systems suggest that ltinetic da ta  may well require more complex 
expressions to  describe their temperature dependence than the corresponding 
dissociation constant temperature dependence relationships where Harned 
and Robinson (12) and Everett (6) found no evidence for discriminating 
between equations of the type [3] and [4]. Whether this apparent necessity 
for more complex equations to  account for rate-temperature behavior is a 
reflection of a more complex activation process or is due to  the fact that  
systems exhibiting complex temperature dependence of dissociation constants 
have not as yet been studied, is a question which only further work in both 
fields will answer. 
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SOME CORRELATIONS OF THE MOLECULAR STRUCTURE OF 
ORGANIC PHOSPHORUS COMPOUNDS WITH THEIR 

INFRARED SPECTRA1 

BY R. B. HARVEY~ AND J. E. MAY HOOD^ 

ABSTRACT 

The infrared spectra of fourteen organic esters of phosphorus containing 
dirnethylaniino groups, and two esters containing diethylamino groups have 
been examined over the region 5000 to 670 crn.-l (2 to 15 microns). Correlations 
have been obtained between absorption band frequencies and the presence of 
dialliylarnino groups in the r~lolecule as an  aid to their identification in the spectra 
of phosphorus compounds. A number of con~pounds of the pyrophosphate type 
have been examined and absorption associated with the (P-0-P) linkage 
has been found in the 950 to  910 an.-' (10.5 to 11.0 micron) region. Some criteria 
are proposed to  distinguish absorption by the (P-0-P) linkage in this region. 

INTKODUCTION 

Some convenient method for the identification of compounds or of specific 
groupings present in compounds is desirable either from the standpoint of 
process or quality coiltrol in industrial application, or for the chemist in 
laboratory operations. Since the development of the theory of infrared spectra 
is not yet adequate to  interpret the observations without accessory data except 
in the simplest cases, a system of correlations is required between known 
molecular configurations and absorption spectra. The present paper is con- 
cerned with such a series, characteristic of the dimethylamino (Me2N) group 
in esters of phosphorus compounds. Some limited data are presented on 
absorption bands attributed to  the (P-0-P) bond. 

EXPERI  1\11 EKTAL 

A Perltin-Elmer Model 21 double beam recording spectrophotometer was 
used to  obtain the spectra prese~ltecl in Figs. 1 t o  19. The particular instrument 
is set up to scan on a linear wavelength scale, but all references to  absorption 
bands have been converted to  wave numbers (cm.-I). The absorption of 
energy was read in units of optical density or absorbance; the ordinate of the 
absorption curves in the figures is labelled "yo transmission", the origin being 
07' and the topmost index line being 100yo transmission. Most of the samples 
were run as contact films; any exceptions to  this are noted on the spectra 
concerned. Since many of the compouilds are highly hygroscopic, care was 
taken t o  eliminatie moisture both from the windows and from the cell surfaces 
coming into contact with the samples, and by preparing the samples in a dry 
box or under the beam of ail infrared lamp. The presence of (OH) bands is 
usually a fairly good test of water that may have been present in the sample 
or that  may have been piclted up during sample preparation. Water bands 
in the majority of the spectra were of negligible importance. Spectra were 
obtained a t  room temperature. 

~Ma?tuscript received June  13, 1965. 
Contributiolt from the PItysics Section, Sufield Experintental Station, Ralston P.O., Alberta. 

ZPresent address: Sllfield Experimental Stat io?~,  Ralston P.O., Alberta. 
3Prese?tt address: U~ziversity of British Colz~mbia, Vancoz~z~er, B.C. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

4/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



HARVEY AND MAYI-IOOD: ORGANIC PHOSPHORUS COMPOUNDS 1553 

Wavelength (microns) 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

4/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1554 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 33 

Wavelength (microns) 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

4/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



I I I I I I I I I I I 
2 4 6 8 10 12 14 

Wavelength (microns) 

FIGS. 9 to 12. 
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I I I I I I I I I I I I 
2 4 6 8 10 12 14 

Wavelength ( m ic rons )  

FIGS. 13 t o  16. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

4/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



HARVEY AND MAYHOOD: ORGANIC PHOSPHORUS COMPOUNDS 

1 I I I I I , I I I I I 
4 6 8 10 12 14 

Wavelength (microns)  C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

4/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1558 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 33 

Most of the compounds whose spectra are presented were prepared through 
the co-operation of the Chemistry Section of the Suffield Experimental 
Station. Redistilled materials were used, and where possible, separate prepara- 
tions of the same compound were examined for deviations in the spectrum. 
The spectrum of any compound of doubtful purity is marked. In  Table I are 
listed compounds tha t  we are concerlled with in this paper, together with their 
boiling points and refractive indexes. Formulas are given for compounds to  
avoid confusioil in the nomenclature. 

TABLE I* 

Boiling Refractive 
Compounds Figure point, index, Remarks 

number "C./mm. "C./index 

Chlorine: calc. 48.5%; 
found 48.42% 

Chlorine: calc. 43.8%; 
found 44.0y0 

(Me2N)zPOCI 
(WIe?N)?MePO 
(Me?N) ?PO(OEt) 
(Me?N)PO(OEt)? 
(RiIegN) RIIePO(0Et) 
(Me?N)MePO(OnPr) 
(Me?N)MePO(OiPr) 
(Me?N)MePO(OnBu) 
(Et2N)zMePO 
(Et:N)MePO(OEt) 
(Me?N)?PO-0-PO- 

(Ni\lIe2)2 
(Me2N)d'O-0-PO- 

(NMe?) (OEt) 
i Ie2N) (0Et)PO-0-PO- 

('(OEt) (NMe?) 
(Me?N)?PO-0-PO- 

(0Et)z 
(Et0)NIePO-0-POi\/Ie- 

Purity not checked 

Purity not checked 

A~lalysis for carbon 
and hydrogen for a11 
oxygen compounds 
checks well with 
theory 

(OiPr) MePO-0-POMe- 
(OiPr) 

(OsecBu) MePO-O-PO- 
W~e(o;ecBu) 

(Et0)EtPO-0-POEt- 
( O W  

(0iPr)EtPO-0-POEt- 
(OiPr) 

(OS~~BLI )E~PO-O-POE~-  
(OsecBu) 

(EtO) (Et0)PO-0-PO- 
(OEt) (OEt) 

*The co?npounds in  this table were supplied by the Chemistry Section ofthe Szrfield Experimental 
Station. Their data are quoted for boiling points, refractive indexes, and analytical results. 
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HARVEY AND MAYHOOD: ORGANIC PHOSPHORUS COMPOUNDS 1559 

RESULTS AND DISCUSSION 

(a) The Dimethylamino Grouping (iUe?N) - - .  

Interest in the dimethylamino grouping, [N/CH3], has arisen from the 
\CH, 

compound Schradan, in which all the ethoxy groups (EtO) of tetraethyl 
pyrophosphate have been replaced by dimethylamino groups. Many phos- 
phonic acid esters containing the dimethylamino group have been synthesized 
and spectra have appeared in some publications. Bellamy and Beecher (2) 
and Colthup (4) have ascribed an absorption band a t  about 7.8 ,u (1280 cm.-l) 
to  secondary aromatic amines. Holmstedt and Larrson (11) suggest that  
bands a t  9.94 to  10.11 ,u (1006 to  989 cm.-l) and 13.7 to  14.25 ,u (730 to  
702 cm.-l) are characteristic of dimethylamino compounds. They suggest the  
latter absorption may be the result of stretching vibrations of the (P-N) 

bond in the combination [p-N<:] ; the former they suggest may be 

associated with vibration in the (C-N) bond. Corbridge and Lowe (5) have 
calculated the absorption wavelength to  be expected from a (P-N) stretching 
vibration by Gordy's relation (9) to  be about 13.5 p (740 cm.-I). This is in 
agreement with their observation of a strong absorption near 14.3 ,u (700 cm.-l) 
in each of their phosphoramidates. Absorption in the 6.18 and 6.8 ,u (1620 and 
1470 cm.-l) regions may be ascribed to  zwitterion formation in this type of 
compound. 

The spectra of 13 of the 16 compounds considered are presented here, 11 
of them containing the dimethylamino group, and 2 containing the diethyl- 
amino group (see Figs. 1 t o  13). Some characteristic absorption bands of the 
compounds are assembled in Table 11. Compounds containing alkyl hydro- 
carbon groups usually exhibit absorption from 3130 to  2860 cm.-l, which is 
the region attributed to  the (C-H) stretching vibrations. Absorption arising 
from dimethylamino groups appears in a narrow band from 2850 t o  2780 cm.-l. 
The absorption band in this region is usually rather weak and may consist 
of a subsidiary peak or shoulder. The dimethylamino group appears to  absorb 
a t  2910 and 2890 cm.-I respectively in the two compounds. 

Absorption in the region of 1470 cm.-I appears to  be enhanced when di- 
methylamino groups are attached to phosphorus. A comparison of the spectra 
of compounds containing the dimethylamino group with the spectra of similar 
compounds without the group indicates a predominant absorption peak a t  
1460 to 1450 cm.-'. Absorption is almost coiltinuous over the region 1480 to  
1430 cm.-I for the compound [(Me21J) (EtO)P0I20.  The two compounds 
containing diethylamino groups exhibit absorption in the region 1390 to 1350 
cm.-l, rather than a t  1470 to  1450 cm.-l, considerably greater than is normally 
observed for ethyl esters of phosphonic acids-compare for instance, the  
spectrum of tetraethyl pyrophosphate. 

Compounds containing the methyl phosphoryl group (Me-P=O) exhibit 
a single sharp absorption band a t  about 1308 cm.-l with a width a t  half 
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TABLE I1  
CORRELATION OF ABSORPTION BANDS WITH (NMe2) GROUPS IN SOME PHOSPHORO-ESTERS 

Compound Figure 2860-2780 an.-' 1470 cm.-1 1320-1280 cm.-1 1190 cnl.-l 1070 cm.-l 1000-980.cm.-I 710-670 cm.-I 
i l ~ ~ m b e r  region region region region region reglon region 2 z 

(NMe2)zPO-0-PO- 
(NMe2)l 

(NMe2)zPO-0-PO- 
(NMe?) (OEt) 

(NMe?) (0Et)PO-O- 
-PO(NMe?) (OEt) 

1460 1310 (41) 
1448 Very broad 

1468 1305 Very broad 
Several peaks 
merged 

1068 
Very broad 

from 900 to  
1100 cm.-I) 

994 

668 mw 
Not clear 

*The  jigz~res i n  brackets indicate the width of the absorption band at lzalf the ntaximunz lzeiglzt of tlze peak. 
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HARVEY AND MAYHOOD: ORGANIC PHOSPHORUS COMPOUNDS 1561 

height (Avllz,)* of about 16 cm.-l. Absorptionis shown il l  the region 1320 to  
1280 cm.-' by compounds having a dimethylamino group, and if (Me-PO) 
and (Me2N) groups both are present, the sharp absorption band of the former 
is obscured. Measurement of Avllz i l l  such compaunda gives values-of 3 3  t o  
40 cm.-I (see Table 11). In compounds tha t  have no (Me-P) linkage, e.g. 
(Me2N)PCla and (MezN)(OEt)zPO the Avl,z value is usually about 22 t o  
36 cm.-l. In two pyrophosphate compounds, [ (Me2N)(OEt)P0I20 and 
(Me2N)zPO-O-PO(OEt)2, the band is merged with other absorption bands 
in the region and does not appear as a discrete peak. The  Avllz value for two 
compounds with diethylamino groups is 16 cm.-I and, since both compouilds 
contain (Me-PO) groups, there appears t o  be no absorption contributed by 
the diethylamino group in the region 1320 to  1280 cm.-l. From the results of 
the spectra examined it  appears tha t  absorption in the region 1320 to  1280 
cm.-I is characteristic of dimethylamino groups in phosphonic acid esters, 
and it may be distinguished from absorption arising from (Me-PO) groups 
by the Avl12 values: Avl,~ = 30 cm.-I for (Me2N), 16 cm.-I for (Me-PO), 
and 35 cm.-I for both groups on the phosphorus atom. In some pyrophosphates 
the band may not be clearly separated from bands lying a t  slightly longer 
wavelengths (see the last two compounds of Table 11). 

The regions near 1190 cm.-I and 1064 cm.-I give rise t o  consistent ab- 
sorption for all the compounds studied (see Table 11). The maximum and 
minimum values of the 1190 cm.-I band are 1175 and 1192 cm.-I, and of the 
1064 cm.-I band, 1063 and 1070 cm.-I respectively. I t  may be noticed that  all 
compounds give a discrete peak in the 1190 cm.-l region with the exception of 
(Et2N)2MeP0 with two peaks, a t  1192 and 1177 cm.-l. There appears t o  be 
no certain method of determining the assignment here, but tentatively the 
1192 cm.-I peak was chosen as being the more intense. In two pyrophosphates 
the 1064 cm.-I peak is merged with other absorptioil bands. 

Absorption in the region 1050-950 cm.-I is frequently associated with the 
(P-4-C)  linkage, suggested to  arise more specifically from the P-0-(C) 
bond. Examination of the spectra of three compounds without this linkage, 
e.g., (Me2N) PC12, (Me2N)POCle, and (Me2N) ePOCl, discloses a strong 
absorptioil band in the 1000 to  980 cm.-I region. A similar absorption band call 
be found in the remainder of the compounds, the minimum and maximum 
values of wavelength being 998 and 978 cm.-l. The range of absorptioil is 

*4vg i s  defined as the width of the absorptio7z band i n  c?n.-1 at half the nlaxitnz~m optical density. 
D. A.-1ia.msay has derived a n  expression (/. A m .  Cbenz. Soc. 74: 72.  1952) 

A = ( K / c l )  log,[(T~) /(T)v,,,] X Avia 
where K N ?r/2 for condition of slit width ?nz~ch snzaller than band widtlz at half intensity, 

c i s  the co?zcentratios of tlze solz~tio~z i n  moles per liter, 
1 i s  the absorption path length, 
log,[(T~)/(T)v,,,] i s  the apparent peak intensity of the ba72d at the frequency v,~,, 
4vaU i s  the apparent half intensity widtlz of the band. 

T h i s ~ o r m a ~ l a  pernzits comparisons of integrated band intensities at diflerent parts of the spectrz~m. 
For the contparison of ba?zds o?z a qz~antitative basis linear wauelengtlt absorptio?~ czlrves are replotted 
on a linear wave ?zz~mber scale a?zd the area under the curve determined. For contparison of absorption 
bands commo?z to a series of a nlolecz~lar species, valz~es of Ax; (microns) m a y  be substitz~ted for 
Av; (cm-1) witltoul serious error for bands occurring over a narrow range of frequencies. 
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1562 CANADIAN JOURNAL OF CHEMISTRY. VOL. 33 

rather narrow and the substitution of ethyl for methyl appears to  shift the 
absorption band out of this region. 

A calculation of the absorption frequency of the (P-N) stretching vibration 
from Gordy's rule gives a value of 735 cm.-l or 13.6 p. Corbridge and Lowe 
(5) have observed strong absorption near 14.3 p (700 cm.-l). The position of 
this band may be expected to  be variable depending on the characteristics of 
the other groups associated with the phosphorus atom. The assignment of 
specific bands to  any linkage is uncertain since the region 770 t o  670 cm.-l 
is usually associated with skeletal vibrations which may be stroilgly influenced 
by comparatively small structural changes. The last column of Table I1 
suggests absorption bands which may arise out of (P-NMe2) vibrations. 
In this column the absorption bands are designated as weak (w), medium (m), 
or strong (s). 

An examination of the position of the absorption band arising from the 
(P=O) bond indicates a shift toward longer wavelengths when a dimethyl- 
amino or a diethylamino group is substituted into the molecule. The shift 
of the (P=O) band position is shown in Table I11 for several compounds. 

T A B L E  111 
EFFECT OF (MezN) GROUPS AND (E tzN)  GROUPS ON THE POSITION OF ( P 4 )  ABSORPTION 

BAND POSITION (cM.-I) 

Number o f  (MezN) substituent groups 

Com~ound  0 1 2 

*The szrbstituent group was (EtzN) i n  place of (MezN). 

In all cases but the first, the shift of band position is greater on substitution 
of a second dialkylamino group into the molecule. 

The effect of a substituted dimethylamino group on the magnitude of the 
band shift is greater than that  of a diethylamino group for one set of com- 
pounds. A correlation between the substituent groups and the position of the 
(P=O) band has been put forward by several authors and elaborated in (1). 
The relationship is 

where X(p) (P=O) is the expected wavelength for the phosphoryl absorption 
band in microns. 

Ex is the sum of the "phosphoryl absorption shift constants" of thesubstitu- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

4/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



HARVEY AND MAYHOOD: ORGANIC PHOSPHORUS COMPOUNDS 1563 

ents attached to  the phosphorus atom. Values are quoted for x for a wide range 
of atoms and radicals and a value of 3.0 is assigned t o  the (NR2) group. Using 
this relationship the "phosphoryl absorption shift constants" for the dimethyl- 
amino and diethylamino groups have been calculated for the compounds in 
Table 11. The values are 2.46A0.1 average deviation for the dimethylamino 
group (14 compounds), and 2.75A0.1 average deviation for the diethylamino 
group (2 compounds). 

Absorption of radiation in the region of 3.4 p (2940 cm.-l) has been associated 
with (C-H) stretching vibrations (10, p. 195). The absorption bands observed 
in the region 2860 to  2780 cm.-I are probably attributable t o  (C-H) stretching 
in the dimethylamino group. The failure of diethylamino substituents to  show 
absorption in this region is not clear since such absorption is present in the  
spectrum of diethylamine itself. Absorption in the region of 6.8 p (1470 cm.-1) 
is attributed t o  bending vibrations in the methyl group (6; 8 ;  10, p. 195). 
Absorption a t  7.56 p and 7.65 p (1325 and 1308 cm.-l) is associated with 
methyl symmetrical bending in Me3PO (6). Absorption bands are observed 
in these two regions for compounds containing dirnethylamino groups but they 
appear t o  be shifted when the substituent is diethylamino. Energy absorptions 
a t  1190 cm.rl and 1064 cm.-I occur over rather narrow bands for a wide var- 
iety of substituents on the phosphorus atom and the vibration mode may 
not include the phosphorus atom itself. A calculation by Gordy's rule (9) 
suggests a wavelength of 8.5 p (1178 cm.-l) for the (C-N) stretching vibration 
and the bands a t  8.4 p and 9.4 p (1190 cm.-I and 1064 cm.-l) may arise out of 

the dialkylamino skeleton CIN . This is supported by the fact that  the ( 'N> 
wavelength varies only slightly from compound t o  'compound, the band falls 
roughly in the same region as the (P)-0-C bands, and the terminal group 
may be ethyl or methyl without shifting the band position very much. The  
absorption band observed in the 1000 t o  980 cm.-I region may involve the 
terminal methyl group since change of substituent from dimethylamino t o  
diethylamino causes the band t o  be shifted from the region. The  (P-N) 
stretching vibration should give rise t o  absorption near 13.6 p (735 cm.-') 
according t o  Gordy's rule (9), but the assignment of specific bands in the 13 
t o  15 p (770 t o  670 cm.-l) region to  any linkage is uncertain, as the region is 
usually associated with skeletal vibrations, which may be strongly influenced 
by comparatively small structural changes. 

In  summary, the bands which appear to  be specific for the dimethylamillo 
group in phosphonic acid esters are 1330 t o  1300 cm.-l, 1000 to  980 cm.-', 
and possibly 2860 t o  2780 cm.-l. Other bands associated with the dimethyl- 
amino and diethylamino groups are 1470 to  1450 cm.-l, 1190 cm.-l, 1064 
cm.-l, and perhaps 770 t o  670 cm.-l, but in the absence of bands giving 
confirmation t o  assignments in the latter region, the added evidence is not 
strong. An additional bit of information may be derived from the position of 
the absorption band for the (P=O) bond which may be displaced toward 
longer wavelengths as much as 64 cm.-I when two substituent dirnethylamino 
groups are put into the molecule. 
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(b) The Pyrophosphate Grouping (PO-0-PO) 
Interest in the group of compounds of the Schradan type and in the pyro- 

phosphates generally has led to an investigation of the possibility of distin- 
guishing the (PO-0-PO) linliage from the point of view of recognition in 
unknowns, or of testing reaction products for the formatioil of the linkage. 
Holmstedt and Larrson (11) have suggested that the (P-0-P) liilliage may 
give rise to  absorption a t  about 14.1 p (710 cm.-l) on a basis of two derivatives 
of pyrophosphoric acid. Bergmann, Littauer, and Pinchas (3) have observed a 
band a t  10.3 to  10.6 p (970 to 944 cm.-I) which they attribute t o  the (P-0-P) 
linkage. The band is not so apparent in the n-propyl and isopropyl esters and 
it is suggested that the wavelength is shifted so that  the band cannot be 
distinguished from the 9.8 p (1020 cm.-l) absorption of the (P-0-C) 
linkage. Corbridge and Lowe ( 5 )  compared the (P-0-P) stretching vibration 
with the (Si-0-Si) stretching a t  9.5-9.7 p (1052 to 1031 cm.-I) and the 
(P-0-C aliphatic) a t  9.3-9.9 p (1077 to 1010 cm.-I). They observe that  
(P-0-P) stretching bands near 11 p (910 cm.-I) appear to shift toward 
longer wavelengths with increasing length of the (P-0-P) chain in the 
inorganic pyrophosphates they studied. Absorption in pyrophosphates is 
usually limited to  a single band near 14.2 p (704 cm.-I), but this may become 
double in triphosphates and metaphosphates. They suggest that some bands 
observed near 14.2 p (704 cm.-I) may be due to  (P-0) bending in the 
(P-0-P) link. 

Some compounds prepared in these laboratories were examined in the 950 
to 910 cm.-I and the 715 cm.-I regions of the spectrum and the results are 
given in Table IV, together with the characteristic absorptions from compounds 
of a similar type prepared by other worlcers (7). Since these compounds are 
limited to substituted pyrophosphates, the column labelled "Compound" 

T A B L E  IV 
ABSORPTION BANDS CHARACTERISTIC 01: THE PO-0-PO LINKAGE 

Absorption bands (cm.-I) 

EtO Me  Me O E t  Fig. 14 943 62 < 670 
OiPr Me  Me  OiPr Fig. 15 9 45 60 < 670 
OsecBu Me  Me  OsecBu Fir. 16 947vb 64 714vw 

OiPr E t  E t  OiPr ~ i g .  18 022' 58 713 
OsecBu E t  E t  OsecBu Fig. 19 928 5 1 704vw 
EtO EtO EtO EtO - 94Ovb - 697w 
MezN Me?N Me?N Me?N - 925 55 
Me2N Me?N OEt  MeZN Fig. 12 926 52 

690 
- - Me2N OEt  Me2N O E t  938vb - 

Me2N MezN O E t  O E t  Fig. 13 940 48 710 
M e 0  M e 0  M e 0  M e 0  Re f .  7 980 - 

- 
704 

(p2od2 Re f .  7 1010 
- 

764 
BuO B uO BuO B u 0  Re f .  7 953 700 

*Av+ = band width i n  cm.-1 at Italf optical density. 
tS$ectrzlnz was obtained from CSr solution. 
1Abbreuiations i n  this colrtntn refer to band intensity: uw, very weak; w ,  weak; s ,  strong. 
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gives the four substituents in the molecule. Strong absorption is observed 
in the 950 to  910 cm.-I regions in all compounds except two, viz. (MeO)2- 
PO-0-PO (0Me)z and P4010. With respect to the former compound, 
Bergmann, Littauer, and Pinchas (3) comment that  the behavior of the first 
member of a homologous series may not be characteristic of the series. The  
absorption bands occur over a range of 947 cm.-I maximum to 922 cm.-l 
minimum. From an examination of the spectra of compounds without the 
(P-0-P) linltage, it appears unlikely that confusion would occur with other 
bands, with the exception of that  from the ethyl ester group (EtO-P) which 
usually occurs a t  962 to  944 cm.-I with a shoulder a t  944 t o  926 cm.-l. Exam- 
ination of the height and of the width a t  half height (Avl12) indicates that the 
(EtO-P) band has a value of Avl1z = 32 to 40 cm.-I in five phosphonic 
acid esters. The value of Avllz  for the pyrophosphate derivatives varies from 
48 to  64 cm.-I (average 56 cm.-I) with two compounds exhibiting peaks broad- 
ened so that continuous absorption occurs over the 1000 to 910 cm.-l region. 

Absorption in the region 715 to 670 cm.-l is strong and well defined in only a 
few cases-Fig. 13, and for the compounds (NMes)2PO-O-P0 (NMe2)z, 
(MeO) 2PO-O-P0 (OMe) ?,  P206 ,  and (Bu0) 2PO-0-PO (OBu) 2. The range 
of wavelength is considerable, and absorption bands occurring a t  the 
limit of the range of the instrument are labelled "<6701'. P205 exhibits a 
well-defined absorption a t  763 cm.-I and this shortening may correlate with 
the band a t  1010 cm.-I instead of 950 to  910 cm.-I. In general i t  would not 
appear reliable to  attribute absorption bands in the 715 t o  670 cm.-I region 
t o  the (P-0-P) linltage but they may be confirmatory in the presence of 
strong broad absorption a t  950 t o  910 cm.-I. 

Briefly, organic esters of phosphorus-containing compounds with a linltage 
(P-0-P) may best be distiilguished by the presence of a strong broad absorp- 
tion band in the spectral region 950 t o  910 cm.-I. The ethyl ester grouping 
(EtO-P) is most likely t o  be confused, but  the width of the band a t  half 
intensity (Avllz) for five esters with this grouping is not greater than 40 cm.-l, 
while the average value of Avllz  for the pyrophosphates considered is 56 cm.-I. 
An additional absorption band a t  715 to  670 cm.-I may furnish additional 
evidence, but it  is coilfirmatory only. 

The authors wish to  thank the Chemistry Section of the Suffield Experi- 
mental Station for preparation of the compouilds and for the analytical work, 
and Mr. E. A. Jackman for obtaining many of the spectra and preparing the 
figures for this paper. 
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THE ANALYSIS OF FLUOROCARBONS: USE OF INFRARED 
SPECTROPHOTOMETRY FOR THE ANALYSIS OF 

SMALL SAMPLES' 

ABSTRACT 

A method for the analysis of small quantities of mixtures of carbon tetra- 
fluoride, hexafluoroethane, and fluoroform based on measurement of the intensity 
of infrared absorption bands is described. The relation between pressure and 
optical density for the  main absorption bands of each gas was determined and 
used to  calculate the composition of synthetic mistures. These results were 
compared with those obtained by mass spectrometric analysis. 

INTRODUCTION 

Analytical procedures for handling small quantities of fluorocarbons are, 
as yet, largely undeveloped, though the physical and chemical properties of 
these compounds are well known. In order to  malce possible an examination 
of the reactions of trifluoromethyl radicals it was necessary to  find an accurate 
and rapid method for the analysis of carbon tetrafluoride, hexafluoroethane, 
and fluoroform in quantities of 10 micromoles or less. 

A summary of the various methods for analyzing fluorine compounds is to 
be found in Volume I1 of fluorine Clzemistry edited by J .  H. Simons (Academic 
Press Inc., 1954). Procedures based on differences in vapor pressure or vapor 
density were shown to be of little value for analyzing these mixtures, and the 
chemical methods, such as pyrolysis over white-hot silica, combustion in 
moist hydrogen, and sodium fusion, give only values for the average carbon 
and fluorine content. Conventional oxidation methods cannot be used because 
of the high resistance to oxidation of fluorocarbons. 

Mass-spectrometric analysis is one possible method since the mass spectra 
of most of the simple fluorine-containing compounds are known (2). However, 
a characteristic feature of the mass spectra of fluorocarbons is the almost 
complete absence of parent pealis and, for the straight-chain fluorocarbons, 
the preponclerance of the mass 69 peak (CF3+). This means that the analysis 
depends on the magnitude of the relatively minor pealcs which are frequently 
common to a large number of fluorocarbons. Carbon tetrafluoride is particu- 
larly difficult to estimate in this way because all of its peaks are shared by 
other fluorocarbons and it must be estimated from the residual 69 (CF3+) and 
50 (CF2+) pealis. 

Nevertheless, the method has been used successfully during the course of 
this worlc for the estimation of mixtures of carbon tetrafluoride, hexafluoro- 
ethane, and fluoroform in the presence of carbon monoxide and carbon dioxide. 
The results of a few analyses of test samples will be presented in a later section. 

An examination of the infrared absorption spectra of carbon tetrafluoride, 

'Manziscript received July 11, 1955. 
Contribzltio?~ from the Division of Pure Clzemistry, National Research Council, Ottawa, 

Canada. Issued as N.R.C. No. 3716. 
2National Research Council Postdoctorate Fellow, 1953-1955. 
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AYSCOUGH: ANALYSIS O F  FLUOROCARBONS 1567 

hexafluoroethane, and fluoroform showed the presence of a number of strong 
well-defined bands in the region 1000-1500 cm.? which might be used for 
analysis. I t  was shown experimentally that with the exception of carbon 
tetrafluoride these compounds obey Beer's law in this region and that for 
samples of 5-10 micromoles an accuracy of ~ 5 %  can be obtained. The results 
of experiments designed to determine the relation between intensity and 
pressure for these compounds are presented in this paper, together with the 
analysis of some test samples. 

Although the spectra of higher fluorocarbons are more complex i t  is reasona- 
ble to suppose that this method can be extended to estimate mixtures of other 
fluorocarbons in the same way as it is applied to the estimation of complex 
mixtures of hydrocarbons. 

EXPERIMENTAL 
Apparatus 

Optical density measurements were made using a Perkin-Elmer Model 21 
double beam recording spectrophotometer with a sodium chloride prism. 
The optical cell used in conjunction with this instrument was made of pyrex 
with polished sodium chloride windows fixed with Benolite cement. The cell 
had a volume of 155 ml. and was fitted with a stopcock and ground glass joint 
for admitting the samples of gas. Silicone grease was used on all joints to reduce 
absorption of the gas. No absorption of gas on the walls of the vessel was 
observed. The pressure of gas in the optical cell was calculated by measuring 
the pressure of the sample in a calibrated gas burette and then allowing the 
gas to expand into the cell. A pressure of 1 mm. in the cell is given by about 
8 micromoles of gas. 

&Iaterials 
Samples of carbon tetrafluoride, hexafluoroethane, and fluoroform of un- 

specified purity were supplied by E.I. du Pont de Nemours and Co. Inc. to  
whom we are greatly indebted. The gases were purified by bulb to bulb distil- 
lation in the vacuum system, a small middle fraction being taken in each case 
for calibration purposes. The mass spectra and infrared absorption spectra of 
these samples were identical with those published previously (1, 2, 5-8) and 
they were therefore assumed to be pure. 

RESULTS AND DISCUSSION 

For the purpose of analysis the important spectral region is from 1000 to  
1500 cm.-l. Since the spectra have already been published, they will not be 
reproduced here. The only strong line in the carbon tetrafluoride spectrum is 
that a t  1284 cm.-', which is well separated from the strongest absorption 
bands of hexafluoroethane (1253 cm.-I) and fluoroform (1152 cm.-I), so that  
it is possible to use the intensity of these bands as a measure of the partial 
pressure of each gas in a mixture. Weaker bands in the hexafluoroethane 
spectrum (1117 and 1123 cm.-I) and in the fluoroform spectrum (1380 cm.-l) 
might be used under conditions in which the other bands are too intense. 

Measurements of peak optical density were made for each band, using the  
pure gases, and although some deviation from Beer's law is observed in t h e  
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case of carbon tetrafluoride and fluoroform this is not serious enough to affect 
the validity of the method. All measurements were made with comparable 
slit widths with no matching cell in the control beam of the spectrophotometer. 
The  base lines were obtained with the cell evacuated and all measurements of 
optical density were made from these reference lines. Tables 1-111 and Figs. 1-3 
indicate the results of these experiments. 

TABLE I 
OPTICAL DENSITY OF CARBON TETRAFLUORIDE 

Sample Pressure Optical density, 
(mm.1 1284 

TABLE I1  
OPTICAL DENSITY OF HEXAFLUOROETHANE 

Optical density 
Sample Pressure 

(mm.1 1253 cm.-l 1123 cm.-l 1117 cm.-l 

TABLE 111 
OPTICAL DEXSITY OF FLUOROFORM 

Optical density 
Sample Pressure 

(mm.) 1380 cm.-l 1152 cm.-I 
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PRESSURE (rnrn.1 

FIG. I. Optical density of carbon tetrafluoride. 

PRESSURE (rnm.1 

FIG. 2. Optical density of hesnfluoroethane. 
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PRESSURE Imm.1 

FIG. 3. Optical density of fluoroform. 

Spectra of Mixtures 
In order to  check the accuracy of analyses using these absoi-ption bands a 

number of mixtures were prepared. The absorption spectrum of each was 
observed under the same conditions as were used for the samples of pure 
materials, and from the peak heights the partial pressure of each was calcu- 
lated and compared with the true values. There is vei-y little overlap of absorp- 
tion bands and it is necessary to apply a correction only in the case of the 
1152 cnl.-' band of fluoroform in the presence of hexafluoroethane. This 
correction becomes significant when C2F6/CFBH is of the order of 5:  1 or 
greater. The  results of analyses of these test mixtures are shown in Table 117. 
I t  will be seen that  there is good agreement between the values obtained in 
this way and those obtained by synthesis. In  some cases the mixtures were also 
analyzed mass spectrometrically. The  results of these analyses are added to 
the table for comparison. 

Since the time this method of analysis was established, i t  has been used on 
numerous occasions in connection with a series of investigations of the reactions 
of trifluoromethyl radicals (3, 4). The  mixtures have consisted, in general, of 
hexafluoroethane and fluoroform in the presence of small amounts of methane, 
ethane, and hexafluoroacetone. Small quantities of impurities such as these 
are of no importance since they do not absorb in the same region as  the fluoro- 
carbons. The only serious limitation so far  observed is tha t  resulting from 
pressure broadening of the fluoroform band in the presence of large amounts of 
hydrogen-containing material. Abnormally high results are obtained in this 
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AYSCOUGH: ANALYSIS O F  FLUOROCARBONS 1571 

TABLE IV 
OPTICAL DENSITY OF MIXTURES 

Volume (ml.) Volume (ml.) Volume (ml.) 
by synthesis by infrared absn. by mass spectrometer 

Sample 
CF4 CzFs CFJH CF4 C2Fs CFJH CF4 CzFs CFZH 

M 1 - 0.505 0.058 - 0.488 0.062 - 
- 

0.485 0.060 
M 2 - 0.335 0.323 0.344 0.320 - 0.331 0.316 

way, and to overcome this difficulty new calibration curves have to be plotted 
for each total pressure. This is tedious, but  under these conditions the mass- 
spectrometric method was equally unsatisfactory. 

The authoris  greatly indebted to Dr. R. N.  Jones for the use of the infrared 
spectrophotometer and to Mr. R. Lauzon for its operation. Thanks are also 
due to Miss F. Gauthier for the mass-spectrometric analyses. 
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SOME MEASUREMENTS ON THE IRON (111) - THIOCYANATE 
SYSTEM IN AQUEOUS SOLUTION' 

ABSTRACT 

A spectrophotometric study of the ferric thiocyanate system is reported. 
The temperature and ionicstrength of the solutions were carefully controlled, and 
suitable precautions were taken against fading. From the data, values of the 
equilibrium constant for the formation of FeSCN++ from simple ions, and of 
the extinction coefficients of FeSCN++ were obtained for different temperatures 
and ionic strengths, with results that differed somewhat from earlier values. 
The effect of varying acidity was also investigated. From more concentrated 
solutions, values for the equilibrium constants for the formation of Fe(SCN)Z+ 
and Fe(SCN)a were obtained; it was not necessary to  postulate higher complexes. 

Many investigations have been made of aqueous solutions containing ferric 
and thiocyanate ions, starting with the original work of Gladstone (9) just 
over a hundred years ago. However it was only comparatively recently that  
Moeller (15) and, independently, Bent and French (3) showed tha t  in dilute 
solution the color was due t o  the ion FeSCN++. This put a new interpretation 
on the measurements made on this system, and as a result considerable further 
work was carried out (e.g. 6, 7, 10, 12, 18). This work mostly made use of the 
red color as  a means of investigation, but some work was also done using 
solvent extractioil (14), or electrochemical methods (15). 

The present work was begun with the intention of using the red color of 
FeSCN++ as a method of determining the concentration of free ferric ions in 
solution, and hence of evaluating the equilibrium constants of the dissociation 
of other complexes formed by ferric ions with other anions. This type of inves- 
tigation was made by Lanford and Iciehl (13) for the ferric phosphate system. 
Although earlier work covered a fair range of conditions, i t  became apparent 
tha t  in order t o  have an adequate picture of the system before adding other ions, 
i t  would be desirable to  extend these measurements t o  cover systematically 
a range of temperature, hydrogen ion concentration, and ionic strength. These 
factors were therefore carefully controlled; temperature control, for instance, 
was provided by using absorption cells completely immersed in a thermostatted 
tank. The fading which occurs in these solutions had also to  be talten into 
account, and it is believed conditions were found such tha t  fading was negli- 
gible. I t  was also necessary to  talte into account the possible formation of the 
higher complexes, Fe(SCN)2+ and Fe(SCN)3; and it  was in fact possible to  
malte a moderately accurate estimate of the extent to  which these species were 
present, and so to  determine their dissociatioll constants. In  interpreting the 
experimental data, i t  is not necessary t o  assume tha t  the extiilction coefficients 
a t  various wave lengths were constant over a range of conditions; so that  these 
experiments enable one to  find the effect of temperature and ionic strength 
on the extinction coefficients. The effect of hydrogen ion concentration was 

'ilCa7tuscript received Jzote SO, 1055. 
Co7ztribzltion from tlze Departwte7tt of Che~ttistry, University of Toronto, Toroftto, Ontario. 
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LISTER A N D  RIVINGTON: FERRIC TI-IIOCYANATE SYSTEM 1573 

also examined, especially as regards the possible formation of the ion FeOH++ 
and of undissociated thiocyanic acid. I t  is hoped therefore that the present work 
provides a reasonably critical and detailed account of the ferric thiocyanate 
system, and one which can be used in measuring the dissociation constants of 
other ferric complexes. 

APPARATUS AND MATERIALS 
Spectrophotometer 

All optical measurements were made with the Beckmann Model DU 
Spectrophotometer. For normal slit widths in the wave length region used in 
this work (4000-5000 fi) this instrument uses a band of wave lengths about 
10 wide (8). As earlier workers do not entirely agree about the position of the 
maximum absorption of FeSCN++, the wave length scale was calibrated using 
the hydrogen and mercury spectra, and was found to agree within 3 fi (i.e. 
within experimental error) a t  the wave lengths of the well-established lines 
of these elements. The absorption cuvettes used were made of silica, and were 
of conventional design. The light path was usually 1 cm. and was calibrated to  
fO.lyo. For shorter light paths silica inserts, 0.9 cm. thick, were put in to 
reduce the light path to  1 mm. 

The chief modification that  was made on the spectrophotometer was the 
introduction of thermostatting for the absorption cells. The cells were placed 
directly in the thermostatting water in a balcelite box fitted with silica mindo\vs. 
The box was light-tight except for the windows. The light beam passed 
through the water, which was circulated by a pump from a larger reservoir. 
This reservoir, which contained the usual constant temperature devices, was 
made of stainless steel, as were the attached pipes and valves, and was filled 
with distilled water to  minimize absorption by impurities in the water. The  
flow rate through the box was about 1 liter/min., and the temperature could 
be easily maintained to  O.l°C. 

Ferric Perchlorate 

The G. Frederick Smith product was used without further purification. A 
stoclc solution of about 0.5 ill was prepared and then analyzed for iron by 
ammonia precipitatio~l, ignition, and weighing as Fe203. KO check for free acid 
was made since a high concentration of perchloric acid was added to the 
mixtures in all the runs. 

Perchloric A c i d  

The 72% reagent grade product supplied by G. Frederick Smith was diluted 
to give a 1 ilc stoclc solution which was standardized volumetrically. 

S o d i u m  Perchlorate 

A 5 M stoclc solutioil was prepared from the G. Frederick Smith reagent 
grade sodium perchlorate by dissolving it in water and filtering. This solution 
gave no test for chloride. The concentration was determined by evaporating a 
lcnown volume of solution to  dryness, heating to 160°C. to  break up the nlono- 
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1574 CANADIAN JOURNAL OF CHEMISTRY. VOL. 33 

hydrate, and weighing the residue. A check showed that  this method gave the 
same result as prolonged heating a t  300°C. This solution produced the same 
results as one prepared by neutralizing a known amount of perchloric acid 
with reagent sodium hydroxide, and diluting t o  the required volume. 

Sodium Thiocyanate 
A 1 M stock solution was prepared from Baker's Analyzed product, and 

standardized against silver nitrate with ferric alum as indicator. Solutions of 
thiocyanate slowly decompose on standing t o  produce a flaky white precipitate. 
I t  was found that this trouble could be largely avoided by keeping the solutions 
in black storage bulbs in an atmosphere of nitrogen. When the solution was 
needed, it was driven out by a stream of nitrogen. 

Benzyl Alcohol 
Merck reagent grade benzyl alcohol was used, and was stored in an atmos- 

phere of nitrogen. 

Standard Ferric Solutions 
I t  was desirable to  prepare a ferric solution with its concentration accurately 

known in order to have an independent check on the various batches of ferric 
perchlorate that were prepared. For this purpose the usual iron standards such 
as ferrous ammonium sulphate were of no value since the sulphate interferes 
strongly with the ferric thiocyailate color. Consequently a length of clean iron 
wire was weighed to  0.170, and heated with the required ainouilt of perchloric 
acid and a small amount of ammonium nitrate t o  oxidize ferrous t o  ferric ions. 
After cooling, the product was diluted t o  a known volume and used t o  produce 
a ferric thiocyanate solutioil in the same way as other ferric perchlorate 
solutions. The  intensity of the color was compared with that  from the latter 
solutions, whose concentration could thereby be checked. The  results agreed 
within experimental error with those obtaiiled by precipitating ferric hydroxide. 

EXPERIMENTAL 

Stock solutioils of ferric perchlorate, sodium thiocyanate, perchloric acid, 
and sodium perchlorate were made up of known strength. Mixtures of kilown 
amouilts of these were made, and diluted t o  a known volume, and the color 
was measured by the spectrophotometer. The color was always measured 
against a reagent blank which did not contain thiocyanate. In runs where the 
iron concentration was low this was also omitted in the reagent blank, but a t  
higher concentrations it was included. 

I t  was discovered early in this part of the investigation that  solutions with 
the ferric concentration around 0.1 M and thiocyanate around lop4 M were 
subject t o  serious fading. This was apparently not the same fading reaction 
that  interfered with the colorimetric determination of iron as reported, for 
example, by Peters, MacMasters, and French (17), and that  was later the 
subject of a kinetic investigation by Betts and Dainton (4), since this latter 
reaction occurred in solutions of very high thiocyanate concentration and very 
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low ferric concentration-just the reverse of the present case. The explanation 
of this fading reaction tha t  was arrived a t  was tha t  the thiocyanate is oxidized 
by dissolved oxygen, probably with ferric ion acting as a carrier. This is not an  
unfamiliar role t o  assign t o  ferric and other transition element ions (see, for 
example, Ref. 1). Jeu and Alyea (11) give a list of substallces in order of their 
ability t o  inhibit the oxidation of sulphite. From this list benzyl alcohol was 
selected as a substance with good inhibitory properties, but still not liliely t o  
form complexes with ferric ions. In both respects this proved t o  be a happy 
choice. The ability of benzyl alcohol to  inhibit fading was observed in many 
solutions, even a t  45OC. Qualitatively, an inhibited solution stored in a glass- 
stoppered volumetric flasli was still decidedly red after 18 months, whereas a 
companion solution with no inhibitor faded completely in about 10 days. 

In  order t o  checli the possible interference of benzyl alcohol in the color 
formation, a series of solutions were set up in which the ferric and thiocyanate 
concentrations were maintained co~lstant throughout and increasing amounts 
of benzyl alcohol were added; the optical densities of the solutions were read. 
As seen from the results given in Table I the benzyl alcohol does not interfere 
to:any significant extent. 

TABLE I 

EFFECT OF BENZYL ALCOHOL 

Iron and thiocyanate: 0.001 M; (HC) = 0.2 ill; 25OC.; volume: 25 ml. 

Drops of benzyl alcohol 0 1 2 4 8 
Optical density (460 mp) 0.496 0.498 0.496 0.493 0.499 

In measuring the optical density on the spectrophotometer, no reading was 
accepted if i t  showed more than 0.001 change in density after the 'dark 
current' and blanli absorption were checked. At  least two, and usually three, 
readings were talten for each wave length; the density reading was first talien 
for each wave length used, and then the whole series repeated. I t  was found tha t  
about six drops of benzyl alcohol in 50 ml. of solutioll were sufficient t o  reduce 
fading so tha t  this degree of reproducibility could be obtained. 

The results obtained are given in Tables 11-VI, and the interpretatioll of 
these results will be discussed in the next section. However there is one general 
comment that  should be made first. The ionic strength of 1.2 which was used 
in many runs may seem unduly high. I t  was originally chosen t o  allow, firstly, 
a sufficient concentration of acid t o  be present to  suppress the formation of 
FeOH++; and, secondly, t o  allow for a fairly high concentration of ferric per- 
chlorate in some runs. As i t  turned out this ionic strength was higher than was 
needed in most runs, but it was thought to  be advisable to  keep it constant 
throughout the whole series. In Table I11 results are given which show the 
effect of altering the ionic strength. 

In all of these tables the optical densities have been reduced to  the density 
per centimeter by dividing by the calibrated cell width. 
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TABLE I1 
VALUES OF OPTICAL DENSITY FOR 1 CM. LIGHT PATH 

All measurements in this table a t  2j°C., 1.2 ionic strength, and (HI) = 0.2 M 

Wave length, rnp 
(SCN-), (Fe+9, 

Series M M 400 420 430 440 450 460 470 480 490 500 520 
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I 
TABLE 111 

I EFFECT OF IOXIC STRENGTH 

Optical densities a t  1 cm. light path; 25'C. 
I Wave length, mp 

Series (SCN-), ( F e 9 ,  Ionic 
M ll!I 440 450 460 470 480 strength 
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TABLE IV 
EFFECT OP TEMPERATURE 

Optical densities at 1 cm. light path; ionic strength 1.2 
- 

Wave length, mp 
Series Temp., (SCN-), (Fef3), 

"C. 11J M 420 440 450 460 470 480 500 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
4/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



LISTER AND RIVINGTON: FERRIC THIOCYANATE SYSTEM 

TABLE V 
DATA FOR INVESTIGATION OF HIGHER COMPLEXES 

Optical densities a t  1 cm. light path; (Fe+3) = 0.001 d6; (H+) = 0.2 M ;  
ionic strength = 1.2, for all measurements; 25OC. 

Wave length, mp 

TABLE VI 
EFFECT OF HYDROGEN ION CONCENTRATION 

Optical densities a t  1 cm. light path; (Fe+3) = 0.001 M ;  (SCN-) = 0.001 M ;  
ionic strength = 1.2; 25°C. 

Wave length, mp 
(H+), M 

440 450 460 470 480 

0.500 .459 .482 .490 .479 .453 
0.200 .459 ,481 .489 ,478 .451 
0.150 ,458 ,480 ,488 ,474 .450 
0.100 .448 ,470 ,477 .4G6 .442 
0.075 .448 ,469 ,476 ,466 .440 
0.050 .443 .4G6 ,472 ,460 .435 
0.025 ,431 ,452 ,460 .450 ,423 
0.0175 .427 ,448 ,454 ,442 ,419 
0.0100 ,408 ,428 ,432 422 ,399 
0.0075 ,386 ,408 ,410 .400 ,378 
0.0050 ,367 .384 .388 ,376 ,357 
0 0025 ,328 .344 ,347 337 ,318 
0.00175 ,300 .315 ,317 308 ,289 
0.0010 ,260 ,271 273 ,265 ,249 
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DISCUSSION OF RESULTS 

In  the treatment of data  of this sort i t  is usual to  assume that  a reaction 
such as 

Fe+3+SCN- S FeSCN++ 

conforms t o  a Mass Law expression 

where a~ ,+ . ,  etc., are the activities of the various substances. Indeed this is 
little more than a matter of definition, the real assumptions being tha t  the 
activity coefficients are dependent only on temperature and ionic strength, 
and tha t  they approach unity as  the ionic strength approaches zero. In practice 
it  is usually simpler t o  evaluate an apparent constant, K ,  defined by  the con- 
centrations; and then to  observe the variation of K with ionic strength. K is in 
fact the equilibrium constant a t  a certain ionic strength and temperature, and 
most of the constants derived below are of this sort. 

In evaluating K from optical densities, i t  is always assumed tha t  the den- 
sities obey Beer's Law: D = E.C; where D is the density, E is the extinction 
coefficient, and c is the concentration of the colored substance. E is, of course, 
dependent on the wave length, and t o  a lesser extent on the ionic strength and 
temperature; but we assume tha t  i t  is independent of c, if c is fairly small. In 
the present work the concentration of the colored ion was M or less, so 
that  i t  can be reasonably assumed that  the colored ions are sufficiently far 
apart not t o  affect each other's extinction coefficient. The  results in Tables 
11-V enable the effect of temperature and ionic strength on the extinction 
coefficient to  be determined. 

T o  obtain values of K and E from optical densities somewhat similar methods 
are available, devised by Rabinowitch and Stocltmayer (19), and by Franlt 
and Oswalt (7). The relation of these two methods can be seen from the follow- 
ing, which provides a simpler derivation of Frank and Oswalt's equation. 
If a is the total ferric concentration (present either as  Fe+3 or FeSCN++), b is 
the total thiocyanate concentration, and x tha t  of the complex, FeSCN*, 
then : 

x/[(a-x)(b-x)] = K. 

As x = D I E ,  we can substitute and rearrange t o  get 

ab/D = (a+b)/e + I / E K  - D/e2. 

If we ignore D/e2 as small compared t o  the other terms, we get Frank and 
Oswalt's equation. By plotting ab/D against a+b, E and K can be evaluated. 
Rabinowitch and Stockmayer, in effect, talte Frank and Oswalt's equation and 
divide by b t o  get 

a /D = a/be + l/beI< + I/€. 

They assume that  I / E  is small and can be neglected; and by plotting a /D 
against a for runs a t  constant b, they can evaluate E and K.  I t  can readily be 
checked tha t  this is precisely equivalent t o  assuming tha t  x is negligible com- 
pared with a in (a-x) in the original Mass Law equation. This method is 
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LISTER AND RIVINGTON: FERRIC THIOCYANATE SYSTEM 1581 

I simple to apply, and is sufficiently accurate provided a is appreciably larger 
I than b. I t  cannot be applied to  all mixtures, but i t  is easy to check whether it 
I is applicable or not. Of course, if b is larger than a ,  an analogous equation can 
I 

1 be derived by ignoring x with respect t o  b. The  Frank and Oswalt equation was 
valid for all the conditions that  were used; but, as i t  is more difficult to apply, 
it was only used when its use was unavoidable. 

I 
I These equations of course assume that no other reactions occur. There are 

three complicating reactions that  must be considered. These are: (i) hydrolysis 
of Fe+3 to FeOH++, (ii) formation of thiocyanic acid molecules, and (iii) for- 

I mation of higher complexes, notably Fe(SCN)*+. An estimate can be made 
of the extent to which the first two reactions interfere, and conditions chosen 
so that this interference is not serious and can be allowed for. The third 
reaction presumably does not occur a t  great dilutions; the equilibrium giving 
the higher complex can be measured by observing the deviations from the 
simple equations a t  higher thiocyanate concentrations. The effect of the first 
two reactions can be estimated as follows. 

If Kh  is the equilibrium constant for the reaction: 
I ~ Fe+3+2H20 + FeOH+++H30+ 

defined as 

i K1, = (FeOH++) . (H+)/ (Fe+3), 

1 then the total iron concentration is given by 
l 

and a = (Fe+3) . ( 1 +Kh/ (H+) ) + (FeSCN++) . 
I 

The Rabinowitch-Stoclcmayer equation is modified to 

Reported values of I<,, are given in Table VII. As the extrapolation from low 
ionic strengths t o  an ionic strength of 1.2 is somewhat uncertain, the results 
given above in Table VI were obtained, which show the effect of varying the 
hydrogen ion concentration in ferric thiocyanate mixtures. These results also 
provide some evidence on the possible existence of the ion Fe(0H) (SCN)+. 

TABLE VII 
LITERATURE VALUES OF K h  

All measurements are a t  25OC. 

Kh Ionic strength Method Reference 

0.006 Small Potentiornetric 5 
0.0035 Small Conductivity 12a 
0.0028 0.05 Spectrophotometric 15a 
0.0065 Small Spectrophotometric 20 

The interpretation of these results must also take into consideration the 
possibility of thiocyanic acid formation. If thiocyanic acid is formed the 
Rabinowitch-Stocltmayer equation should be modified much as above: 
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a a ~+(H+) /K ,  5 = b,+- Kbe 

where K,  is the ioilization constant of thiocyanic acid. Values of K, are none 
too certain, though it  is known (15b) that thiocyanic acid is a strong acid. 
Recently Gorman and Connell (9a) reported that  sodium thiocyanate exerts 
no discernible buffering action on solutions of perchloric acid. This is confirmed 
by the results of Table VI in the following way. If the Rabinowitch-Stocltmayer 
equation, allowing for both the above side reactions, is written down: 

and is differentiated t o  find the point where D is a maximum as (Hf) varies, 
with a and b constant, we get 

Hence the maximum occurs when (H+) = d ( K I ,  K,). The results in Table VI 
give no definite maximum, but D scarcely increases as (H+) goes from 0.2 t o  
0.5, so possibly a maximum occurs a t  about (H+) = 0.5 M. The value of Kh 
(obtained below) a t  this ionic strength is 1.55 X lop3, so K,  is 160 or more. 
This value of K, has, of course, no precise quantitative significance, except to  
show tha t  thiocyanic acid is a strong enough acid for its formation to  be 
ignored. I t  may be added tha t  the same conclusion about the position of the 
maximum is reached if the full Mass Law equation is used. 

If we turn now t o  the evaluation of Kh, the Mass Law equation gives: 

Calling DO the limiting density a t  high (H+), this can be rearranged to :  

Hence t o  evaluate Kll we must know K. Anticipating later co~lclusions we can 
take K as 130. This is not arguing in a circle, since K ,  as evaluated later, is 
only slightly dependent on R,,. To obtain (H+), it is necessary to  note that 
while most of the hydrogen ions come from the added perchloric acid, a little 
comes from the hydrolysis of the ferric ions. The simplest way to  deal with 
this is by successive approximation, an approximate value of Kh beirig used to 
correct (H'). Table VIII gives the results of this calculation of KlI,  based on 
the experimental results of Table VI. The average value of Kll is 1.55 X 
To compare this with the literature values which are reported a t  zero ionic 
strength some form of extrapolation must be used. Bray and Hershey (5) used 
an empirical equation, which, if applied t o  the present data,  malres KhO equal 
to  5.6 X Siddall and Vosburgh (20) used a form of the extended Debye- 
Hiiclrel equation; with this, K1,O comes out a t  6.4 X As these are in 
reasonable agreement with the literature values, our assumptions about the 
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TABLE VIII 

ions present are presumably correct; in particular it is unlikely that any large 
coilcentration of Fe(SCN) (OH)+ is present. This can be checked however by 
the same type of calculation that will be used later to  demoilstrate the existence 
of Fe(SCN)CI+. When (H+) falls below 0.005 144, slight, but fairly consistent, 
deviations occur between the calculated and observed densities. If i t  is assumed 
that this is due to  the presence of Fe(SCN) (OH)+, the hydrolysis constant of 
FeSCN++ can be calculated. The results do not permit any great accuracy, 
and the values of the constant vary by f 2 0 % ,  the average being 

This means that  FeSCN++ would be half hydrolyzed a t  a pH of 4.2, as com- 
pared with Fe+++ which is half hydrolyzed a t  a pH of 2.8 a t  this ionic strength. 
As is to  be expected the larger ion with the smaller charge is hydrolyzed less 
readily. The  extinctioil coefficient of Fe(SCN) (OH)+ can also be very roughly 
evaluated, the results being: 

X 4400 4500 4600 4700 4800 A 
s 5400 4500 4600 4500 3900 

EVALUATION OF T H E  DISSOCIATION CONSTANT AND EXTINCTION 
COEFFICIENTS OF FeSCN++ 

A plot of a / D  against a  a t  co~lstant  b of the results in Table I1 gives curves 
which are very nearly straight lines. This in itself is some evidence of the 
correctness of this method of treatment. The values of 6 obtained by the method 
of least squares from the first two series of runs in Table I1 are given in Table 
IX. The  two runs agree, with an average deviation of about 1%. This difference 

TABLE I X  
EVALUATION OF E 

E (series 1) 2240 3430 3980 4360 4600 4670 4530 4260 3890 3470 2530 
c (series 2) 2270 3450 4010 4460 4670 4730 4590 4370 3940 3480 2530 
A, mr 400 420 430 440 450 460 470 480 490 500 520 

cannot be attributed to  the approximations made in deriving the Rabinowitch- 
Stoclcmayer equatioil; it is probably due partly to errors in measuring D ,  and 
partly t o  errors in the concentrations, particularly the very dilute thiocyanate. 

Reference to earlier measurements of the same quantity (7, 14) shows appre- 
ciable deviation from the present results, though as this earlier work was done 
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a t  room temperature part of the difference may bedue to different temperatures. 
Frank and Oswalt's results would agree well with ours, if all their wave lengths 
were shifted 100 A to the red. Macdonald reports results tha t  are consistently 
about Gyo higher than ours, and the reason for this inconsistency is not obvious. 

Evaluation of K from these data gives the results in Table X. As can be 
seen there is some range in the values of K ,  even ignoring the extreme points. 

TABLE X 

Wave length K from K from 
used, mp series 1 series 2 

This is not due to algebraic approximations, as  calculation of a second order 
correction only decreases K by 0.2y0. However some improvement in the 
method of calculation can be made if E is known, as it can now be taken to  be 
from Table IX. K can be calculated directly from 

Before calculating K directly, a small correction should be applied to  the 
values of E, because, in any given solution, the value of E a t  various wave 
lengths must be proportional t o  D. The relative values of D a t  various wave 
lengths are known from a considerable number of measurements. Accordingly 
the values taken for E have been smoothed out slightly to  agree with the 
relative values of D; the final result is as follows: 

This is really applying another test of mutual consistency to  our E values, and 
adjusting them accordingly; the maximum adjustment is 0.7y0. Using these 
E values we can calculate K ,  with the results given in Table XI .  In each run 
an average K was extracted from all the density readings; some of the readings 
a t  the highest thiocyanate concentratioils have not been included in the 
over-all average, because it is evident that higher complexes are becoming 
important. The final result, corrected for hydrolysis of Fe+3, is 130(f 1). 
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TABLE XI 
MEAN VALUES OF K FROM EXTINCTION COEFFICIENTS AND OPTICAL DENSITIES 

Series (Fef3), M (SCN-), M K 

Variation of Ionic Strength 

The runs reported in Table I11 were made in order t o  determine the effect 
of ionic strength on the dissociation constant and on the extinction coefficients. 
I t  seemed liltely that  the effect of varying ionic strength on the extinction 
coefficients might be small, but it  could not be assumed to be negligible. The 
extinction coefficients were accordingly measured a t  the lowest ionic strength 
used, ilamely 0.2. In these runs the total thiocyanate ranged from about ly0 to  
7y0 of the total iron; as this seemed rather a high amount for the Rabinowitch- 
Stockmayer equation to hold accurately, the values of E were first calculated 
by least squares in the usual way, and then a second least squares calculatioil 
was made in which the total iron was corrected for the amount present as  
FeSCN++. Finally some of the values were slightly adjusted, as before, t o  
bring them into agreement with the actual absorption spectrum. The results, 
for an ionic strength of 0.2, were: 

The results differ from those a t  an ionic strength of 1.2 by an amount that is 
little more than the experimental error, but there is a co~lsisteilt shift of the 
absorption band to shorter wave lengths a t  the lower ionic strength: in fact 
the two bands would virtually coincide if the band a t  1.2 ionic strength were 
shifted 20 A to  the violet. 

Since these extinction coefficients were so nearly the same, they were inter- 
polated for runs a t  intermediate ionic strengths. From these values and the 
data  of Table 111, K was calculated to  have the values given in Table XII .  
As before, the values of K drifted a t  higher thiocyanate concentrations, pre- 
sumably owing to  the formation of Fe(SCN)?+. 

Although it is a long extrapolation from these results to  K a t  zero ionic 
strength, it is perhaps worth while seeing how well they agree with the extended 
deb ye-Hiickel equation : 
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log K = log KO+ ~ . ~ d d p  

l+aBdp + CP 

where K O  is the dissociation constant a t  zero ionic strength; Az3 is the change 
in the squares of the ionic charges in the reaction, here equal t o  -6; and 
A ,  B ,  C, and a are constants. If we give A and B their usual values for water 
of 0.509 and 0.330 X lo8, and, following Rabinowitch and Stoclcmayer (19) 

TABLE XI1 
VALUES OF K AT VARIOUS IONIC STRENGTHS 

Iorlic strength 
(SCN-), - 
M 0 .8  0.5 0 .3  0 . 2  

Mean 134 146 169 192 

and Betts and Dainton (4), if we take a as 4.5 X and C as 0.30, we find 
tha t  our results make KO equal t o  1070. The degree of fit is best seen by cal- 
culating K a t  various ionic strengths and comparing with experiment: 

Ionic strength (P )  0.2 0 .3  0 .5  0 .8  1 . 2  
K (calculated) 193 165 140 133 140 
K (observed) 192 169 146 134 130 

While this is not a striking agreement, it is probably as  good as could be ex- 
pected over such a wide range of ionic strengths, and it  shows general agree- 
ment with the form of the equation. 

Temperature Variation 
Experiment shows that  the optical densities of ferric thiocyailate mixtures 

are markedly temperature dependent. I11 general it must be assumed that  this 
is due to  changes in both E and K. I t  is simplest t o  determine first the depend- 
ence of the extinction coefficients on temperature, since it  is unlilrely tha t  
they will change by any large amount. The results given in Table IV for 5°C. 
and 45°C. enable a determination of E for these temperatures to  be made by 
the Rabinowitch-Stoclrmayer method; the values so obtained are given in 
Table XII I .  The values a t  25°C. are included for comparison. As might be 
expected the absorption band is slightly narrower a t  lower temperatures, but 
this effect is quite small. The chief change is that  the maximum extinction 
coefficient decreases by about 43y0 in going from 5°C. t o  45°C.; the maximum 
also shifts slightly t o  longer wave lengths (about 4570 A a t  5°C. to  4620 A 
a t  45°C.). 

Using these values of E it is possible t o  calculate K as before. Another series 
of runs a t  various intermediate temperatures was also made, the data  being 
also given in Table IV. E was interpolated from the results in Table XI I I ,  
and the average values of K for various temperatures were as follo~vs: 

Temp. 5 10 15 20 25 30 35 40 45°C.  
K 155 147 139 134 130 126 122 119 118 
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TABLE XI11 

A plot of log K against 1/T gives a somewhat curved line. This is straightened 
slightly by converting the concentrations used in obtaining I< t o  molal quan- 
tities, which are more strictly applicable to  calculatio~ls of the partial molar 
heat change in the reaction. In doing this it was assumed that  the coefficient 
of expansion of water was the same as tha t  of the solutions. I t  is evident that  
the heat change is small: an average over the range of temperatures gives 0.8 
kcal./gm-mol.; and the results suggest that  i t  changes appreciably over the 
temperature range, which is not iizconceivable as it  is such a small quantity. 
However the accuracy of the results did not seem to  warrant a more detailed 
evaluation. If K is converted to  K O  by means of the extended Debye-Hiicltel 
equation, malting allowance for the variation of the constants in this equation 
with temperature, we get: 

Temp. 5 25 45 "C. 
Ko 1090 1070 1100 

Hence the heat change a t  zero ionic strength seems to  be virtually zero. 

Investigations o n  I3igl~er Complexes 
In almost every investigation dealing with FeSCN++ deviations have been 

found a t  higher thiocyanate concentrations which have been ascribed to  
higher complexes (e.g. 3,  7, 18). This explanation is certainly plausible, but 
direct evidence for it  call only be obtained if the dissociation constants of the 
higher complexes can be evaluated and are found to  remain constant. Let us 
call the dissociation constant of the second complex, defined by 

K 3  will be a similar expression for Fe(SCN)3. Some previous attempts have 
been made to  determine Kp (with which we are chiefly concerned), but  the 
results have admittedly been very approximate (e.g. 14). Betts and Dainton 
(4) arrived a t  a value of 20 by a trial and error method to  fit their ltinetic data. 

\Ve can probably assume that ,  just as there is a region where only FeSCN++ 
is important, so a t  somewhat higher concentrations only FeSCN++ and 
Fe(SCN)?+ are important. The second complex introduces two new constants 
(Kz  and the second extinction coefficient), and one additional equation (the 
Mass Law equation for Kz). Because of the complexity of the system, attempts 
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were made to measure (SCN-) or (Fe+3) directly by electrochemical means. 
These were not successful, so the attempts will be only very briefly described. 

A silver - silver thiocyanate electrode was prepared essentially by the 
method of Pearce and Smith (16). Two such electrodes, prepared together, 
were placed in the two compartments of a cell; one compartment was filled 
with a sodium thiocyanate solution and the other with an identical solution 
except for the addition of a known conceiltration of ferric ions. The  two 
compartments were separated by a sintered glass plug in a narrow tube, and 
side-arms alloxved the cell to  be kept filled with nitrogen during a run. The 
electrodes were moved up and down continuously during a run. The cell was 
immersed in a water thermostat, and its e.m.f. was measured on a Leeds and 
Northrup K2 potentiometer. In trial runs, using different thiocyanate con- 
centrations in the two compartments, the cell quicltly settled down to give 
steady readings which varied by less than 0.1 millivolt in an hour. Unfortun- 
ately when ferric perchlorate was i~ltroduced, the results were never sufficiently 
steady to  be useful. I t  was calculated that  only an e.m.f. steady to less than 
0.1 mv. would be useful; and it was found after considerable trial that  the 
e.m.f. did not stay constant and reproducible to this accuracy. A ferrous-ferric 
cell and polarographic methods were also tried, but did not prove accurate 
enough. 

Another type of attack was made on the same problem by  adding some other 
ion in small amount which forms a compound with either ferric or thiocyanate 
ions, and measuring the effect of this on the optical density. If the dissociation 
constant of the complex so formed is known, we have enough information to  
calculate all the concentrations in the solution. Chloride was tried, since the 
dissociatioll constant of FeCl++ is known; unfortunately there are definite 
indicatioi~s that Fe(SCN)Cl+ is also formed, and this vitiates the calculation. 
The  behavior of mixtures of this sort will be reported in a later paper. Ions 
which form complexes with thiocyanate were also tried. i\iIonovalent th a 11' lum 
gives TlSCN, whose dissociatioll constant has been measured by Bell and 
George (2), but this gave no absorption spectrum within the range of the 
spectrophotometer. Cobalt (11), chromium ( I l l ) ,  and molybdenum (11 1) 
produce complex ions, but it was found that  their absorption spectrum over- 
laps too much with that of Fe+3 or FeSCN++. Nickel (11) and manganese (11) 
were tried, but gave no absorption tha t  could be attributed to a thiocyanate 
complex. 

Finally spectrophotometric measurements were made, as for FeSCN++, 
and the results interpreted in a way that ,  i t  is believecl, gives a good, though 
slightly approxin~ate, value for Kz and € 2 ,  the second extinction coefficient. 
The data  are given in Table V. The upper limit to the thiocyanate concentra- 
tion is set by the fading of the sort investigated by Betts ancl Dainton (4); 
this is a different reaction from that  encountered earlier, ~vhich was retarded 
by benzyl alcohol. At high concentrations fading is due to the reduction of 
ferric to  ferrous ions by thiocyanate. Hydrogen peroxide prevents this (or 
reoxidizes the ferrous ions) up to a thiocyanate conceiltration of about 0.2 iV1. 

The results show the previously observed shift of the maximum t o  longer 
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wave lengths; and the densities are greater than if only FeSCN++ had been 
formed. T o  interpret the results, we note that there are eight quantities that 
we need to  Itnow : these are the four concentrations of Fe+3, SCN-, FeSCN*, 
and Fe(SCN).+, and the four constants, namely I<, Kz, E ,  and c2. K and €have, 
of course, already been measured. We have five equations available: the Mass 

I Law expressions for IC and Kz, the two mass balances for total iron and thio- 
I cyanate, and Beer's law. We can eliminate the four concentratioils from these 

five equations, and obtain a single equation in K, ICz, E ,  and €2. By varying the 
concentrations, and hence D ,  we can get this equation with various ltnown 
numerical coefficients; from any two such equations we can evaluate I<? and 
ez. Thus it is possible in theory to  disentangle the constants directly, but the 
algebra is so cumbersome that  a method of successive approximatiolls was - 

used. I t  was assumed as a first approximatioil that  

i.e. that  the absorption of an ion is proportional to  the nurnber of thiocyailate 
radicals attached. If this is so, then 

where b,  as before, is the total thiocyanate present. The mass balance for iron 
can be put in the form: 

a = (Fe+9. { 1 f I< (SCN-) +I<.I<, (SCN-) z ] ,  

from which we get: 

D{l+IC(SCN-)+IC.Kz(SCN-)"//a = EI<(SCN-)+EZK.I<:!(SCN-)~. 

K 2  was adjusted in the left-hand side of this equation, with the use also of the 
value of (SCN-) from equation [i] above, until the values of e21<.I<, showed 
minimum deviation. The best value of Kz was 15(=tl) .  The  values of K z  were 
effectively constant as (SCN-) varied from 10-Vo 10-I molar. As an example 
of the constancy obtained, the average deviation of the values obtained a t  a 
wave length of 4600 over this range was 0.2 X lo6 for e21C.K2, while the 
average value of EzIC.IC~ was 17.3 X lo6. This is an average deviation of about 
1%. 

This average value makes € 2  equal to 8900 a t  4600 A, so € 2  = 1.90~. The 
first approximatioll that  €2 - 2.e is altered only 5% for the next approxima- 
tion. If we substitute this new value of €2, ICz is raised by 3%. This method is 
equivaleilt to calculati~lg (SCN-) from I< and the approximate value of ICz. 
As little thiocyanate is used up in forming the seconcl complex, (SCN-) is very 
little altered by any error in I<2. If we know (SCN-), we can substitute it in 
the ecluations and find €2 and K2 directly. Doing this gave a value of I<? only 
;% different from the second approximation, and a value of of 9130 a t  4600tf. 
This is probably the best approximate method. The final value for I < 2  was 
15$ (=t 1). 

Values of €2 a t  other wave lengths were obtained in a similar manner. The 
results were : 
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I t  is interesting to note that  the absorption maximum is shifted towards the 
red to 4870 A. 

At very high thiocyanate coilcentrations the calculated values of K 2  star t  
to  drift upwards; this is due, doubtless, to  appreciable amounts of Fe(SCN)3 
being formed. If we include this possibility in our equations, and assume that 
the extinction coefficient of Fe(SCN)3 is three times that  of FeSCN* (this 
is analogous to  our first approximation for Fe(SCN)?+), the value of K 3  comes 
out close to 1. Ka is here defined as  

This is ilecessarily very rough, but  i t  was impossible t o  coiltinue measurements 
t o  higher thiocyailate concentrations. 
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FERRIC SULPHATE COMPLEXES, AND TERNARY COMPLEXES 
WITH THIOCYANATE IONS1 

ABSTRACT 

A spectrophotometric study of solutions containing ferric and sulphate ions, 
and also ferric, sulphate, and thiocyanate ions, is reported. The  ineasurements 
were made a t  constant temperature and ionic strength; the effect of varying 
acidity was also investigated. The data were interpreted with the help of the 
results of the first paper of this series. I t  is believed that  the data show tha t  
FeS04+ and FeHS04++ ions are formed. Values are obtained for the equilibrium 
constants for their formation from simple ions, and for their extinction co- 
efficients. A t  higher sulphate concentrations there is evidence for the appearance 
of Fe(S04)2- and FeS04.HS04, and estimates are made of their equilibrium 
constants. When thiocyanate is also present, the data can best be interpreted by 
assuming that the complex FeSO4.SCN is formed, and a t  higher sulphate prob- 
ably also Fe(SO&SCN--. Values are obtained for the equilibrium constants for 
the formation of these species, and the results would indicate that  mixed com- 
plexes of this type are formed as  readily as  'simple' ones such a s  Fe(SOi)?-. 

INTRODUCTION 

One of the possible methods for investigating the complexes of ferric ions 
is t o  use thiocyanate as an indicator ion. I t  is generally observed tha t  the red 
color of a ferric thiocyanate solutioil fades as another ion is added which also 
forms a complex with ferric ions; and by suitable colorimetric measurements 
it  should be possible t o  determine the equilibrium constant of the formation 
of this other complex. This method has been employed in a few investigations, 
e.g. by Lanford and Kiehl (6) using phosphate ions; and it  was also used in 
effect by Bent and French (I) for chloride ions in their early paper on ferric 
thiocyanate. In  the latter case the equilibrium constant of the reaction 
Fe++++Cl- $ FeCl++, as obtained with the help of thiocyanate, differs from 
the result obtained directly without thiocyanate. This matter has been inves- 
tigated by  the present authors, and will be reported in another paper. The  
present paper reports work on the application of this method t o  ferric sulphate 
complexes. Investigations of the sulphate complexes have been described in 
two papers appearing since the present work was started, though in neither 
case was the thiocyanate ion used as indicator. The first paper by Sykes (9) 
reported measurements on the effect of sulphate ions on the kinetics of the 
reaction between ferric and iodide ions: Sykes concluded tha t  the equilibrium 
constant for FeS04+, 

had a value of 15,000 a t  zero ionic strength. He did not investigate the ion 
FeHS04++. Whiteker and Davidson (10) in the second paper decided that  
FeHS04++ did not occur in significant amounts because of the rather small 
differences produced in the absorption spectra of ferric sulphate systems by 
alteration of the hydrogen ion concentration. On this basis they evaluated 

lManz~script  received J u n e  SO, 1966. 
Contribt~tio+t fro+lt the Departnzent of Crtemistry, University of Toronto, Toronto, Ontario. 
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k1 and found it  to be 1 0 5 ~ t l 5 .  The evidence against FeHS04++ did not appear 
to  be quite conclusive, and it  was decided to  investigate this particular matter 
in more detail. This was done directly on solutions of ferric and sulphate 
ions a t  different acidities. The alternative method of using thiocyanate as an 
indicator ion was also carefully examined, and it is believed that  the results 
show that  ternary complexes coiltaining ferric, sulphate, and thiocyanate ions 
must be present. I t  is evident that similar work with other ions must also talte 
into account the possible formation of ternary complexes. 

APPARATUS AND MATERIALS 

The extent of formation of the various complex ions was determined from 
the optical densities of the solutioils as  measured on a Becltmann DU spectro- 
photometer. The techniques used were generally the same as  those used in the 
first paper of this series (7). The modification of the spectrophotometer and 
the methods of preparing the solutioils were identical. The chemicals used were 
also the same, with the single addition of sulphuric acid, of which a stock 
solution was made by diluting the reagent grade acid. 

EXPERIMENTAL RESULTS 

As in the first paper of the series (7), runs were carried out a t  25OC., and an 
ionic strength of 1.2, which was controlled by the addition of sodium perchlor- 
ate. Three series of runs were made. (i) Runs were made in which the ferric 
ion conceiltration was varied but the sulphate kept constant. The ferric ion 
was in considerable excess, so the results could be interpreted by the method 
devised by Rabinowitch and Stocltmayer (8), though some extension of the 
method was necessary owing t o  the greater complexity of the sulphate systems. 

TABLE I 
OPTICAL DEXSITIES OF FERRIC SULPHATE SOLUTIONS 

Light path = 1 cm.; sulphate concentration = 0.001 Ad in all cases; ionic strength = 1.2 

Wave length, mp 
(F;?, (13+), - 

M 360 350 345 340 335 330 
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T A B L E  I1 
DEPENDENCE OF OPTICAL DENSITY ON (H+) I N  FERRIC SULPHATE SOLUTIONS 

(Fe+3) = 0.001 M ;  (SOI--) = 0.050 M ;  25'C.; ionic strength = 1.2 

Wave length, mp 

(H+),  M 350 345 340 335 330 

T A B L E  111 
OPTICAL DENSITIES OF SOLUTIONS CONTAINING FERRIC, THIOCYANATE, AND SULPHATH IONS 

(Fe+3) = 0.001 M ;  (SCN-) = 0.001 M ;  (H+) = 0.2 iM; 25°C.; ionic strength 1.2 

Wave  length, mp 

(SO&--). M 440 450 460 470 480 

Various runs were made a t  different hydrogen ion concentrations, so tha t  the 
possible formation of l?eHS04++ could be investigated. The results are given 
in Table I. (ii) A short series of runs were made a t  higher sulphate and lower 
ferric ion concentrations, with varying hydrogen ion concentrations. The 
results throw some light on the formation of higher complexes, and are given 
in Table 11. (iii) A series were made with constant (and low) ferric and thio- 
cyanate ion concentrations, and with sulphate also present in a fairly wide 
range of concentrations. The acidity was kept constant. This series gave a 
comparison of the equilibrium constants obtained with and without thiocy- 
anate. The results are given in Table III.  

DISCUSSION OF RESULTS 

A discussion of the results in Table I should perhaps be prefaced by saying 
tha t  the optical densities in the table are relative t o  solutions of identical 
composition except tha t  no sulphate has been added. Qualitatively an examina- 
tion of the solutions containing sulphate shows an  absorption band with a 
maximum a t  3050 A, which is absent without sulphate. However ferric per- 
chlorate solutions are themselves beginning to  absorb a t  this wave length, so 
the measurements were made a t  wave lengths from 3300 t o  3600 A, where 
ferric perchlorate scarcely absorbs a t  all. Hence there is no doubt tha t  the 
absorption is really due to  ferric sulphate complexes. 
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I t  is apparent from Table I tha t  a high hydrogen ion concentration reduces 
the optical density of ferric sulphate solutions, but  that  the relative densities 
a t  different wave lengths are scarcely altered. Hence the effect of hydrogen ion 
is either just to  remove absorbing ions (presumably FeS04+), or to  introduce 
other ions of similar spectrum (presumably FeHS04++), or both. To explain 
the results it is necessary to  consider various possible equilibria. I t  seemed 
reasonable t o  suppose that ,  under the conditions of the first run (0.001 M 
sulphate, 0.005 t o  0.03 M iron, and varying acidity), the following equilibria 
might be important: 

Fe++++ SO4- FeSO&+, 
Fe++++HS04- + FeHS04++, 

H+ +SOe- 6 H S 0 4 - .  

The acidity was high enough t o  suppress the formation of FeOH++ to  more 
than a small extent. I t  was thought unlikely that  ionscontaining two iron atoms 
would be formed (e.g. Fe2S04++), chiefly because in general it never seems 
necessary t o  postulate such ions in fairly dilute aqueous solutions; so this 
possibility was ignored. 

The results in Table I can be treated by an extensioil of the Rabinowitch 
and Stockmayer (8) method. This method assumes that  only a negligible 
fraction of the iron is complexed, the coilcentrations being such that  this is a 
reasonably good approximation. If we represent the concentrations of the 
various ions by the following symbols: 

and a = total iron present, 
b = total sulphate present, 
c = total acid put in, measured in hydrogen ion concentration; 

then: x/pq = k1  (equilibrium constant for FeS04+), 
y/pr = k ,  (equilibrium constant for FeHS04++), 
sq/r = k,  (ionization constant for HS04-) ; 

and for the mass balances: 

For the optical density, D, we have: 

where €1 is the extinction coefficient of FeS04+, 
and ern is the extii~ctioil coefficient of FeHS04++. 

As a first approximation we can write a = p, i.e. little iron is complexed, and 
c = s, as only a little sulphate is present, so the formation of bisulphate ions 
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will not significantly alter the hydrogen ion concentration. The first assump- 
tion is equivalent to  that  made by Rabinowitch and Stoclimayer. \Ve can now 
rapidly eliminate p ,  r, s, x, and y from the above equations, when we get: 

Finally, eliminating q, and rearranging, we get: 

This means that  a t  any given wave length a plot of D/a  against D should 
give a straight line. The slope of this line is given by: 

[ii] 

Applying this to  the data  of Table I ,  moderately straight lines result; the 
straightness is best a t  fairly high acidity and not too high total iron. Averaging 
the data  for all wave lengths, we get the results given below. 

c 0 . 5  0 . 2  0 . 1  0.05 
Average slope 16.5 28.5 46.3 71.0 
Range of slope 14.9-18.5 26.9-30.9 42.8-49.1 63.5-79.2 

By 'slope' is meant -a (D/a ) /aD .  There was a tendency for the slope to  
increase a t  higher values of a ;  where this was noticeable the slope was taken 
from the best line for the earlier points. 'Range of slope' gives the range over 
different wave lengths: there was no observable trend with wave length. 

T o  evaluate kl and k,, we must first know k,. Various values of this constant 
have been reported (see for example Harned and Owen ( 5 ) ) ,  but the most 
reliable value is probably that  from a critical survey of the data  made by 
Davies, Jones, and Monk (3) .  They conclude that  a t  zero ionic strength 
k, = 0.010. This value is close to  the more careful early estimates (4). The  
value of this constant a t  the ionic strength used here is open t o  some doubt, 
but fortunately the results in the present paper provide some checli on the 
figure chosen. If we use the extended form of the Debye-Hiicliel equation, for 
instance in the form proposed by Davies ( 2 ) ,  we get k, = 0.038 a t  an  ionic 
strength of 1.2. This extrapolation is too long for us to be able to  conclude 
more than tha t  a value near 0.04 would be plausible. Young and Blatz (11) 
from Raman spectra obtain values for the concentrations of sulphate and 
bisulphate ions in solutions of sulphuric acid. Taking solutions of the same 
ionic strength, their results would malie k, lie between 0.04 and 0.05 a t  an 
ionic strength of 1.2. I t  therefore seems probable that  k, should be taken as 
near 0.04. 

Referring bacli t o  equation [ii], if we call the slope S ,  then 

S ( l +  k,/c) = k1 k,/c+ k,. 

Hence a plot of S(l+k,/c) against k,/c should give a straight line. If this plot 
is made, the result is reasoilably straight for k, = 0.03 and 0.04, but is definitely 
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curved for k, = 0.02 or 0.05. The present results are not accurate enough to  
give more than a very rough value of k,, but they are consistent with a value 
in the range 0.03 to 0.04. The values of kl and k, that  are obtained are: 

We can therefore conclude that  a t  this ionic strength, k1 = 1 6 5 ( f  10) and 
k, = G(f1 ) .  I t  seems definite that  k, is not zero, and that  the species 
FeHS04++ is present. I t  is also possible t o  calculate the ionization constant 
of FeHSOd* considered as an acid: FeHS04++ G FeS04++H+. The ioniza- 
tion constant equals km/kl k,, which comes out close t o  unity. This is a t  least 
a reasonable figure, since FeHS04++ would probably be a stronger acid than 
HSO 4-. 

If we take these values of kl and k,, we can substitute in equation [i], and 
get a number of equations in €1 and em a t  any wave length. From any pair of 
these, €1 and ern can be obtained separately with the following results: 

I t  is interesting t o  note tha t  E, is always about three fifths of el. These extinc- 
tions might be expected t o  run parallel, but there seems to  be no obvious 
reason for this ratio. 

If we look now a t  the results in Table 11, a t  relatively high sulphate, a 
rough calculation shows tha t  the densities do not agree adequately with the 
densities calculated from the assumptions made in treating Table I. This 
presumably meails tha t  other species are present; the  most probable one is 
Fe(S04)2-, and possibly Fe (S03  (HS04). The rigorous treatment of a mixture 
of this sort is not easy, but  we can make simplifying assumptions. As the 
mixtures in Table I1 all contained 0.001 M total iron, and 0.05 A4 total sul- 
phate, a plausible approximation is that :  

b = q+r, 

i.e. the sulphate is almost all present as SO4- or HS04-. The total acid added 
is also much more than the total iron, so approximately: 

i.e. the acid hydrogen is present either as H+ or as HS04-. These approxima- 
tions, and the ionization constant of H S 0 4  (k, = sq/r), enable us t o  calculate 
s, q, and r. If we suppose tha t  Fe (Sod) 2- is the only new ion formed, and call 
i ts concentration z, its extinction coefficient €2,  and its equilibrium constant k2, 
where 

then we have from the mass balance for iron: 
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and for the optical density: 
D = €1 X + E , Y + E Z  Z. 

i Eliminating $, x, y, and z ,  the result is: 
I 

~ ( € 1  kl q + ~ ,  km ~ + E Z  k2 q2) = D(l+k l  q+k, r+kz q2). 
I 
I 

I Hence from the data in Table 11, we get a series of equations in the two un- 

I knowns E Z  and kz. This equation is, in fact, of the form: 

I where a is a function of known quantities. Values of a and D/a were calculated, 
and then by combining them in pairs with the result a t  c = 0.1, the followillg 
values for k2 were obtained: 

Wave lencrth, A 

The results a t  c = 0.05 and 0.02 are fairly constant and malte kz = 16,600 as 
an average. The values a t  c = 0.2 give a discrepancy, although this discrepancy 
is not as big as it loolts, since a change of only about 0.02 in the density readings 
~vould bring these points also into line. However we are faced with the choice 
that (i) our general picture of these mixtures is wrong, and the results in 
Tables I and I1 must be reconciled by postulating some other ionic species; 
or (ii) some other new species is beginning to  malte its appearance a t  c = 0.2 
(high acidity). One is naturally loath to reject the idea that Fe(S04)2- ions 
are responsible for the deviations in the optical densities a t  high sulphate 
concentrations, since this is the obvious explanation. Hence it seems most 
probable that the expla~lation is that a t  c = 0.2 the new species Fe(S04) (HS04) 
is beginning to appear. A rough calculation can be made of the amount of this 
species present on the assumption that its extinction coefficient is equal to that 
of Fe (S04)1  (see below), which is probably a t  least roughly true. The optical 
density a t  c = 0.2 was calculated assuming no Fe(S04) (HS04). The results a t  
different wave lengths were moderately consistent: the calculated concentra- 
tions ranged from 2.7 to  3.7 X with a mean of 3.3 X 10-5. This maltes the 
equilibrium constant for the reaction 

Fe(SO4) (HS04) + Fe+3+S04-+HS04-, 
defined as 

about 380 (perhaps f 50). Considered as an acid the ionization constant of 
FeS04.HS04 would be about 1.7, which is not far from that for FeHS04++. 
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The extinction coefficients of Fe(S04)2- are readily calculated once kn is 
know~l; the results are: 

These extinction coefficients are parallel to  € 1  and are about 1.25 times as large. 
Summarizing this part, it seems fair to  say that  the picture presented is 

simple and fairly consistent, and it is unlikely tha t  an equally satisfactory 
alternative explanation could be found. The results show tha t  FeS04+ is first 
formed (equilibrium constant 165, or 170 t o  two significant figures), and it 
seems impossible t o  interpret the effect of acid unless we also suppose that  
FeHS04++ is also formed. At  higher concentrations of sulphate Fe(SOJY- is 
formed, and perhaps FeS04.HS04. The extinction coefficients of the three 
species FeS04+, FeHS04++, and Fe (Sod) 2- run nearly parallel. 

Table I11 reports the densities of solutions containing ferric, sulphate, and 
thiocyanate ions. The first point t o  decide is whether such solutions could be 
used t o  obtain the equilibrium constant for FeS04+. A rough examination of 
the results showed that  in fact they did not give the same value for k l ,  a t  least 
assuming tha t  the only complex ions present are FeS04+, FeSCN++, and 
FeHS04++. We are therefore driven t o  supposing that  mixed complex ions are 
formed, such as FeS04.SCN. This situation is found to  be repeated in systems 
containing ferric, thiocyanate, and chloride or bromide ions. Examination of 
the results of Table I11 also show the following: (i) the relative densities a t  
different wave lengths for any given sulphate concentration stay very much 
the same throughout; (ii) a t  any one wave length the density falls off as 
sulphate is added, and a t  first the fall in density is proportional t o  the sulphate 
added; and (iii) a t  higher sulphate concentrations the fall in density is less 
rapid than a t  first. 

We can discover the extent t o  which FeSO4.SCN is formed from the follow- 
ing considerations. Let us use the same symbols for the concentrations of 
various species with the following additions: 

and let us write for the equilibrium constants: 

As these measurements were made a t  wave lengths from 4-400 to  4800 where 
the simple sulphate complexes scarcely absorb, the optical density is given by 

where c j  and c t  are the extinction coefficients of FeSCN++ and FeS04.SCN. 
As before, let a ,  b, and c represent the total concentrations of iron, sulphate, 
and acid hydrogen, and in addition let d be the total concentration of thio- 
cyanate. As c is much larger than a ,  we shall assume as before tha t  c = s+r. 
Also, when b is small, it seems reasonable t o  assume that no ions containing 
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two sulphates have yet been formed. Thus the following nine species may 
be present: Fe+3, S o h ,  HS04-, FeS04+, FeHSO4ff, SCN-, FeSCN++, 
FeS04.SCN, and H+. There are five Mass Law equations: 

and four equations for the mass balances: 

and the equation, given above, for the optical density. Hence, in theory, the 
nine concentrations can be eliminated, and values of all the constants obtained 
by combining a sufficient number of measurements. I t  is not difficult t o  
eliminate x, y, m, j ,  s, and r to  get 

These equations also use the fact tha t  in Table 111, a = d. When b is small, so 
is q, and \ire can a t  first ignore q compared with.ka. If we also call kI+km c/ka = a ,  
these equations reduce to :  

Let pa, no, and Do  be the values of these quantities when b = 0. Then since 
40 = 0 

a = Po(l+kt  no), 
no = PO, 
Do = Pa no e t  kt. 

If we differentiate the above equations with respect t o  b, and suppose that  
b = 0,  we get equations giving the initial slopes of the quantities p, q, n ,  and D 
as  sulphate is added. The resulting equations (with a little rearrangement) are: 
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As (aD/ab)o is known from the data, and as (aq/ab)o and (ap/ab)o could be 
eliminated, we have in effect a t  each wave length an equation colltainillg the 
unknowlls e j  and k 5 .  Since the shape of the absorption curve is virtually un- 
altered by adding sulphate, e 5  is presumably proportional to e , ;  and from the 
nature of the species concerned i t  seems reasonable to take e 5  = e ,  as a first 
approximation. This last approximation call be checked to some extent from 
the results as more sulphate is added; but the effect of other ions, notably 
Fe(S04) 2-, makes the whole system so complicated that  this confirmation is not 
a t  all strong. 

The observed values of (l/Do) (aD/ab)o, taken over the range b = 0 to 0.01, 
are : 

X 4400 4500 4600 4700 4800 A 
(l/Do) (aD/ab)a -14.0 -14.1 -14.2 -14.3 -14.9 

Probably the best average is - 14.2. Substitutillg this in the equations above 
the value of k 5  comes out a t  11,500. The magnitude of this collstallt is not 
unexpected; since, combining it with other known constants, i t  means that the  
reaction 

FeSOa++SCN- FeS04.SCN 

has an equilibrium constant of 70; and the reaction 

has an equilibrium constant of about 90. No very great accuracy can be claimed 
for k 5 ,  but it probably lies between 10,000 and 13,000. 

. As the sulphate is increased, the optical density falls off linearly a t  first and 
then less rapidly. If we calculate the concentrations of the various species, 
assuming that  no new ions are formed and tha t  e ,  = e , ,  the results make a 
plot of D against b deviate only quite slo~vly from a straight line (the fact that  
a straight line is maintained for a moderate distance is some evidence that our 
assumptions about the solutions containing sulphate up to about 0.01 M were 
right). The deviation from this straight line must mean that some new colored 
ion is appearing that  is competing successf~~lly against the ions Fe(SOe)?- and 
FeS04.HS04 which will now be present. This was checked in another way. 
A t  higher sulphate concentrations (> 0.02) the fraction of sulphate used up in 
complexes will be so small that  we can write approximately: 

As G = s+r, and k ,  = sq/r, this enables us t o  find q, r ,  and s. Allowing now 
for the presence of Fe(S0c1)2- and FeS04HS04, it is possible to calculate D 
in terms of p and lcnown constants. The observed densities were greater than 
the calculated ones. As mentioned above, the calculated curve only departs 
very slowly from a straight line. The only plausible new colored (at 4600 A) 
ion is Fe(S04)2.SCN\.'-, and a rough estimate of the extent t o  which it might 
be present was made in the followi~lg way. 

If we assume that  the species Fe(S04)?- and FeS04.HS04 may now also be 
present, but not Fe(S04)2.SCN--, the equations for the various concentra- 
tions can be reduced to the follo~ving: 
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where 

k, is the ionization constant of FeS04.HS04 as an acid. If we assume as above 
tha t  e l  = E,, and call D/e, = X ,  we get 

As q is known, X can be calculated. The results of this calculation can be 
compared with experiment as in Table IV. There is evidently a very slight 

TABLE IV 
VALUES OF lo6 X 

Wave length 

b 440 450 460 470 480 Mean Xobs XCnlo Difference 

shift of the absorption spectrum t o  the violet, the maximum being shifted 
about 30 A. However as points on both sides of the maximum have been used, 
i t  is probably legitimate t o  compare a mean value of X as observed with the 
calcilated X .  The difference is given in the last column, and this may tenta- 
tively be taken as the co~lce~ltration of Fe(S04)..SCN--. This involves the 
assumptions (i) that  the extinction coefficient of Fe (SO*) z.SCN-- is the same 
as tha t  of FeSCN++ a t  these wave lengths, and (ii) tha t  the amount of 
Fe(S04)2.SCN-- present is not enough t o  throw out  the calculations of the 
concentrations of the other ions present by any great amount. The first assump- 
tion is fairly reasonable from the formulae of the ions, but its only other 
justification is that  i t  gives a plausible and moderately constant value of the 
equilibrium coilstant of this ion. The second assumption is a t  least nearly true, 
since even a t  b = 0.05 the conce~ltratio~l of ferric ions is about 24 times, and 
tha t  of thiocyanate ions is 110 times as great as tha t  of Fe(S04)2.SCN--. 
The relevant concentrations are given in Table V. The last column gives the 

TABLE V 
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equilibrium constant: 
(Fe (SO4) 2.SCN--) k = " ( ~ e +  7 (SOd--) ' (sCN-) 

The values obtained for it are fairly consistent, and the last four values 
average 490,000. This means that  the equilibrium constant for the attachment 
of a second sulphate to  FeS04.SCN is 43, and for the attachment of a thio- 
cyanate ion t o  Fe(S04)2- is 29. These values are reasonably similar to  the 
corresponding values for attachment of sulphate and thiocyanate ions to other 
complex ferric ions; however the constants obtained will be reviewed after 
results with chloride and bromide have been reported. In conclusioil i t  may be 
said that while no great accuracy can be claimed for these consta~lts, it seems 
very improbable that  any other selection of complex ions would have explained 
the results, and that  part of the support for the present picture indeed comes 
from the relative sizes of these constants. 
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SOME FERRIC HALIDE COMPLEXES, AND TERNARY 
COMPLEXES WITH THIOCYANATE IONS1 

ABSTRACT 

A spectrophotometric study of solutions containing ferric and bromide ions; 
ferric, bromide, and thiocyanate ions; and ferric, chloride, and thiocyanate ions 
is reported. The measurements were made a t  constant temperature and ionic 
strength. The data were interpreted with the help of the results from the first 
paper of this series. The data sho~v that FeBr++ and FeBrz+ are formed, and 
values are obtained for the equilibrium constants for their formation from 
simple ions, and for theextinction coefficients of FeBr++. When thiocyanate is also 
present, the data can best be interpreted by assuming that  FeSCNBr+ or 
FeSCNCl+ is formed. A t  high chloride concentrations i t  seems necessary to  
postulate also FeC12+ and FeSCN.CI2. Estimates are made for the equilibrium 
constants for the formati011 of all these species from simple ions. As with the 
corresponding sulphate complexes, there seems to be no particular reluctance to  
form mixed complexes such as FeSCNCI+, as compared with the 'simple' com- 
plexes such as FeC12+. 

In the second paper of this series ( 3 b ) ,  results were reported which showed 
that  the color of ferric thiocyanate could only be used as a means of investi- 
gating complexes of ferric and sulphate ions, if allowance were made for the 
presence of species containing ferric, sulphate, and thiocyanate, such as 
FeS04 .SCN. The present work deals with a similar investigation of solutions 
containing chloride or bromide ions, instead of sulphate. The intention was t o  
make a critical examination of this method of investigating ferric complexes, 
and in particular t o  discover to  what extent ternary complexes, such as  
FeSCN.Cl+ or FeSCN.Br+, were important. Rabinowitch and Stoclcmayer 
have already investigated solutions containing ferric and chloride or bromide 
ions, but  not thiocyanate as well (6). They suggested that  the discrepancy 
between their result for the equilibrium constant for the formation of FeCl++, 
and the earlier results of Bent and French (I),  who examined solutions made 
from ferric chloride and potassium thiocyanate, was due t o  the ion FeSCN.Cl+. 
The present work attempts a more quantitative estimate of the formation of 
this ion, and of the analogous FeSCN.Br+. I t  is believed that  the results demon- 
strate the existence of these ions, and values for the equilibrium coilstants of 
their formation from simple ions have been obtained. 

APPARATUS AND MATERIALS 

All optical measurements were made with a Beclcmann Model DU spectro- 
photometer, modified so tha t  the temperature of the solutions could be con- 
trolled, as described in the first paper of this series (3a). 

The  reagents used were the same as described in this same paper, with the 
following additions. 

Hydrochloric acid.-The concentrated reagent grade acid was diluted to  
give a stock solution of about 1 M concentration. This was standardized 
volumetrically against borax. 

'Manuscript received June  SO, 1955. 
Contribution from the Department of Chenzistry, University of Toronto, Toronto, Ontario. 
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Sodium chloride.-The reagent grade chemical was dissolved t o  give a stock 
solution of about 5 M concentration. This was standardized volumetrically 
against silver nitrate. 

Sodium browtide.-A pure grade of sodium bromide was dissolved t o  give a 
5 M stock solution, which was standardized by titration against silver nitrate. 

The general technique used in malting up and storing solutions, in preventing 
fading of the ferric thiocyanate color, and in measuring the optical densities 
was exactly the same as described in the first paper (3a). The mixtures in the 
present work contained ferric perchlorate, perchloric acid ( to suppress hydro- 
lysis), sodium perchlorate (to adjust the ionic strength), sodium thiocyanate, 
and sodium chloride or bromide. 

EXPERIMENTAL RESULTS 

I t  was first necessary to  check tha t  the ions FeCl++ or FeBr++ did not 
absorb light appreciably in the region of measurement which was 4400 to 
4800 A. Solutions containing 0.001 M ferric ions in 0.2 M perchloric acid and 
a large excess of sodium chloride (about 0.6 144) show a strong absorption band 
with a maximum a t  3270 A; however the absorption falls rapidly a t  longer 
wave lengths, and is negligible a t  4400 A. Similar measurements with bromide 
substituted for chloride show only a very slight absorption in the ultraviolet 
besides that  due to ferric ions, but there is a long 'tail' extending into the 
visible with a very weak subsidiary maximum a t  about 4100 A. Accordingly 
solutions containing ferric, bromide, and thiocyanate ions were measured 
against a 'reagent blank' which contained the same concentrations of the 
various ions except for thiocyanate. Some measurements were also made on 
ferric bromide solutions (without thiocyanate) in which case the reagent 
blanli was simply a ferric perchlorate solution. These measurements xvith 
ferric, bromide, and thiocyanate solutioils against this reagent blank require a 
slight correction which will be described later. 

effect of chloride ion--In order t o  investigate the effect of chloride ion on 
the ferric thiocyanate equilibrium, a series of solutions having 0.001 M total 
iron, 0.00125 M total thiocyanate, 0.200 M hydrogen ions, an ionic strength 
of 1.2, and total chloride varying from zero to 1.2 M were prepared. The 
optical densities of these solutions a t  25°C. were measured from 4400 to  4800 A. 
The results are given in Table I.  

Effect of bronzide ion.-As the FeBr++ complex has only been examined once 
before (G) ,  it was thought worth while to check the value of its equilibrium 
constant. Accordingly measurements were made on solutions containing ferric 
perchlorate, perchloric acid, sodium perchlorate, and sodium broillide only, 
without thiocyanate. The results are given in Table 11. The value of the clisso- 
ciation constant of FeBr++, and its extinction coefficients, will be deduced 
in the next section. 

Solutions containing ferric, thiocyanate, and bromide ions were also exam- 
ined. The results are given in Table 111; as was mentioned above, these results 
are against a reagent blank of the same composition as the test solutions 
except that  the thiocyanate,is omitted. 
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TABLE I 
OPTICAL DENSITIES OF SOLUTIONS CONTAINING FERRIC, CHLORIDE, AND THIOCYANATE IONS 

(Fe+3) = 0.001 M; (SCN-) = 0.00125 M ;  (H+) = 0.2 M ;  ionic strength = 1.2; 
light path = 1 cm.; temperature 25OC. 

Wave length, mp 
(Cl-), M - 

440 450 460 470 480 

0 ,562 ,592 ,599 ,587 .557 
0.025 .539 ,568 ,572 ,561 .530 
0.050 .511 ,541 .549 ,535 ,503 
0.075 ,492 ,519 ,528 . 5  12 .483 

TABLE I1 
OPTICAL DENSITIES OF SOLUTIONS CONTAINING FERRIC AND BROhlIDE IONS 
(Fe+3) = 0.001 iM; (Ht) = 0.2 d l ;  ionic strength = 1.2; light path 1 cm.; 25OC. 

Wave length, mp 
B ,  l - 

380 400 420 440 450 460 

0.10 .025 ,028 ,025 .020 ,016 .013 
0.20 ,047 .054 ,050 ,037 .030 ,025 
0.30 ,065 ,075 . 068 ,050 ,041 ,034 
0.40 ,084 .095 ,088 . 065 ,054 ,044 

TABLE I11 
OPTICAL DENSITIES OF SOLUTIONS CONTAINING FERRIC, BROMIDE, AND TIIIOCYANATE IONS 

= 0.001 M ;  (SCN-) = 0.001 d l ;  (1-1.) = 0.2 i l l ;  ionic strencth 1.2; temp. 25°C.; - 
light path 1 cnl. 

Wave length, n ~ p  
(Br-), 1Vf 

400 420 440 450 460 470 
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DISCUSSION OF RESULTS 

I .  Solutions Containing Bromide 
The results in Table I1 will be considered first as these are most simply 

dealt with. The method of Rabinowitch and Stoclrmayer (6) can be used to 
interpret these results. If we use the following symbols: 

a = total ferric concentration, 
b = total bromide concentration, 

D = optical density, 
E = extinction coefficient of FeBr++, 
k = equilibrium constant of FeBr++ = (FeBr++)/(Fe+3) (Br-) ; 

then Rabinowitch and Stoclrmayer show that  

holds to  a good approximation. In Table 11, a is kept constant and b is varied; 
hence a plot of b/D against b should give a straight line from which k and E 

can be evaluated. The results of Table 11, when plotted in this way, do give 
reasonably straight lines; and by drawing lines by the method of least squares 
through the experimental points, we obtain the values of k and E given in 
Table IV. The best average value of k is probably 0.61, as the result a t  4500 A 

TABLE IV 

is somewhat divergent. This can be compared with the value of 0.5 obtained 
by Rabinowitch and Stockmayer. The values for the extinction coefficients 
make the absorption maximum close to  4050 A, and the maximunl extinction 
coefficient is about 495. This is lower than the value obtained by Rabinowitch 
and Stockmayer, but the reason for the discrepancy is not clear. 

The equation given above assumes tha t  FeBr++ is the only complex formed. 
At high concentrations there is a slight but consistent deviation from the opti- 
cal densities calculated on the above assumptions. This is presumably due 
to  FeBr2+ being formed. If we call the equilibrium constant of this ion k2, 
where k2 = (FeBr2+)/(Fe+"(Br-)?, and € 2  is its extinction coefficient, and if 
we assume that  a t  these high concentrations the concentration of free bromide 
is virtually equal to  the total bromide, then 

This equation contains two unknowns, and so these can be evaluated from 
any two measurements a t  one wave length. Unfortunately a very small error 
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in the density can lead t o  a considerable error in the value of kz. If we take the 
points a t  b = 1.0 and 0.7 as the two measurements to  calculate k2, we get the 
following values of k2 from the measurements a t  various wave lengths: 

An error of 0.001 in the density could give an error of 0.1 in k2; so the most 
tha t  can be said is tha t  kz is probably close to  0.2. The values of c2  are not 
reliable enough to  be worth reporting: they seemed t o  run parallel t o  E ,  but  
t o  be unduly low. 

Turning now t o  the results when both bromide and thiocyanate are present, 
we shall attempt t o  explain them on the assumption tha t  the complex ions 
FeBr++, FeSCN*, and FeSCN.Br+ are present, and a t  higher concentrations 
FeBrz+ also. A rough calculation showed tha t  the observed densities did not 
agree with those calculated if only FeBr++ and FeSCN++ are formed, so tha t  
some other ion must be formed; we shall be justified in assuming that  this is 
FeSCN.Br+ if the results give a reasonably constant value for its equilibrium 
constant. I t  will readily be appreciated that  this system leads to  rather com- 
plicated expressions for the constants, so that  some approximations have t o  be 
made. If the concentrations of the various species are indicated by the following 
letters: (Fe+3) = 6, (SCN-) = q, (FeSCN++) = x, (Br-) = r,  (FeBr++) = u, 
(FeSCN.Br+) = z, there are three equations for the equilibrium constantsof 
the complex ions: 

The total isoil (a), total bromide (c), and total thiocyailate (b) in the solution 
lead to equations for the mass balances: 

Finally the observed density is given by 

where el and E, are the extiilctioil coefficients of FeSCN++ and FeSCN.Br+. 
The correction is small owing to the fact that  there is a slightly different 
amount of FeBr++ in the reagent blank and in the test solution, as some of the 
ferric ions are used up forming FeSCN++ in the test solution. This correctioll 
was evaluated from a rough value of k, (and of course the other constants) 
in a way that  will be described in a moment. are thus seven equations 
and six concentrations, so that  in theory the two uilknowi~ constants, E ,  and 
k,, can be found from ally two measurements. 

The results in Table 111 are for solutioils in which a = b, and the total 
bromide (c) is much larger than a or b. Therefore it seemed reasoilable to  put  
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r = c, as  a good approximation. If D is the corrected optical density, given by 

we can eliminate p,  r ,  u,  x ,  and z from the above equations to  get: 

D (1 +k,c) 
[ii] ' = a (~ lk l f  E , ~ ~ , , ~ c )  - D ( ~ I +  kmc) ' 

These make use of the fact that,  in these solutions, a = b. 
Before dealing with these equations further, we must explain how D' was 

corrected t o  give D. The  correction is evidently E,(UO-u), where E, is the ex- 
tinction coefficient of FeBr++ obtained above, and uo is the concentration of 
this ion when no thiocyanate is present. Putting b = 0, uo is readily obtained as 

When thiocyanate is present, as a = b: 

and equation [i] can be converted into a quadratic in u: 

u2(kl+knL c)+u.k, c -  [a(ka ~ ) ~ / ( l - k ,  c)] = 0. 

Very rough calculation showed that  k, was not far from 25, and this value was 
used t o  obtain u and hence uo-u. The values of uo-u so obtained were 

Hence as E, is known the correction can be calculated; it is always less than 
0.015, usually much less, and not particularly sensitive to  changes in k,,: hence 
the rough value of k, was quite adequate here. 

Before we turn t o  the main method used t o  determine k,, a word should be 
said about applying the initial slope method, used for the mixed sulphate- 
thiocyanate complexes in the second paper of this series. This method assumed 
that  the mixed complex (in that  case FeS04.SCN) absorbed light to  nearly 
the same extent as FeSCN++, a t  least in the region of the main absorption 
band of the latter. However FeBr++ also absorbs somewhat in the region 
where FeSCN++ absorbs, (while FeS04+ absorbs there scarcely a t  all), so it 
cannot be assumed that  FeSCN++ and FeSCNBr+ have nearly the same 
extinction coefficient. Actually if this assumption is made, the equilibrium 
constant for FeSCNBr+ comes out as 30, while (to anticipate) the most 
reliable value is probably 21. Accordingly a more laborious, but probably more 
accurate, method was used t o  evaluate k,. 

Equations [i] and [ii] above are the starting point of the method. q could be 
eliminated readily enough, but the resulting equation in E,,  and km is very 
cumbersome. A method of successive approximations was therefore used, as 
follows. First let us assume that €1 = E,,'; in spite of the considerations given 
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in the last paragraph, this is unlikely t o  be totally wrong, in view of the 
formulae of the ions concerned, and a t  the next approximation we call discard 
this assumption. If €1 = E,, equations [i] and [ii] call be readily combined, 
and reduced to  

Hence a rough value of k, can be obtained from each density reading, and 
with this value of k,, q call be calculated from equation [i]; then everything in 
equation [ii] is lcnown except E,, which can thus be evaluated t o  a first approxi- 
mation. With these values of E, and k,, improved values of q can be obtained 
from equation [ii], and then used in equation [i] t o  obtain improved values of 
k,. In theory these approximations could be repeated ; in effect we are adjusting 
k, and E, until the two equations give the same values of q for each value of c, 
the total bromide concentration. However the first approximation € 1  = e, is 
actually a fairly good approximatioil so the process did not need t o  be carried 
very far. 

Table V gives the results of the first approximation for k,. Ignoring the 
rather deviant values a t  4000 A, k, averages as 21.2. The first approximation 
for E ,  gives the values in Table VI. These values are not very constant, but it 
is easily see11 that  a relatively small change in D will give a considerable change 
in E,. The absorption band of FeSCNBr+ is evidently similar to  that of 
FeSCN++ shifted somewhat t o  the red. If we use these mean values of E, from 
Table VI, we get as  our next approximation for k, the results in Table VII. 
The results in Table VII are more consisterlt but the average is little changed. 

TABLE V 
FIRST APPROXIMATE VALUES FOR k, 

Wave length, mp 
C 

400 420 440 450 460 470 

0 .1  31.5 27.5 25.7 26.5 24.2 31.4 
0.2 13.2 15.2 22.2 22.8 27.1 29.3 
0.3 12.0 20.5 21.0 18.4 21.3 21.9 
0.4 15.4 17.9 20.0 21.5 23.5 25.6 
0.5 14.8 17.2 18.3 20.0 19.1 23.0 
0.6 12.0 17.9 17.1 17.7 20.4 21.9 
0.7 14.7 14.8 15.4 17.6 17.6 19.9 

TABLE VI 
FIRST APPROXIMATE VALUES OF em 

Wave length, mp 
C 

400 420 440 450 460 470 

0.1 (3100) 4290 4930 5570 5360 (6340) 
0.2 1540 2650 4560 4920 5760 5990 
0 .3  1420 3350 4350 4110 4680 4680 
0.4 1720 2990 4170 4680 5110 5350 
0.5 1660 2900 3880 4410 4330 4880 
0.6 1410 2990 3670 3980 4540 4680 

Mean 1530 3190 4260 4610 4960 5120 
%,/€I 0.69 0.93 0.97 0.995 1.06 1.12 
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TABLE VII 
VALUES OF kn,; SECOND APPROXIMATION 

Wave length, m.u 

c 400 420 440 450 460 470 

0 .5  23.2 19.1 19.1 20.2 18.3 20.1 
0.6 19.3 19.8 18.0 18.0 10.2 19.2 
0.7 19.7 - 16.4 17.9 16.8 17.6 

Mean 21.2 21.2 20.5 20.75 20.6 21.45 

The best value for k ,  is 21, probably 2 1 f  2. The constancy of the values in 
Table VII seems to be sufficient to justify the initial assumptioll that the ion 
FeSCNUr+ is indeed present. I t  is scarcely worth correcting the E, values 
further; however it was found that if k,, is reduced to  21.0, E ,  is raised by  about 
$%. Therefore the best values of em, rounded off to  the nearest 50, are: 

At high bromide concentrations some deviation occurs, probably owing to 
the appearance of FeBrz+. An estimate of its effect can be made as follows. 
With the consta~lts already known the densities a t  high bromide concentrations 
can be calculated; no systematic deviations from experiment were found until 
[Br-] is 0.7, but after this the observed densities were consistently higher. If 
we attribute this to  FeBrz+, which removes some of the iron from possible 
equilibrium with FeSCN++, the concentration of FeBr2+ can be calculated, 
and hence its equilibrium constant, k ? ,  which was defined earlier. The mean 
value of ks  a t  various wave lengths was: 

k2 0.29 0.18 0.19 0.20 0.17 
X 4200 4400 4500 4600 4700 A 

This makes the mean value of kg about 0.2. This is a very rough calculation; 
but as the result agrees with the same constant obtained from solutions without 
thiocyanate, it seems plausible that this really is the cause of the deviation. 

2. Solz~tions Containing Chloride 
The first constant for the association of ferric ions with chloride ions has 

been measured before, e.g. Rabinowitch and Stoclimayer (G) ,  Bray and 
Hershey (2), Moeller (4), Olerup ( 5 ) .  These authors all used solutiolls which 
did not co~ltain thiocyanate, and hence interference by ions such as FeSCNCl+ 
could not occur. The best value for this constant, R1 = (FeCl++)/(Fe+3). (Cl-), 

a lno- under the conditions of the present experiments is probably 4.1. Both R b' 
witch and Stoclrmayer, and Moeller get results very close t o  this. Bent and 
French (I) ,  using mixtures containing ferric, chloride, and thiocyanate ions, 

1011s. arrived a t  a value of 1.3; this difference is presumably due to  FeSCNCl+ ' 
Our own results in Table I do not agree with the calculated densities, assuming 
that  K 1  is 4.1 and no FeSChTCl+ is present; hence we shall assume that 
FeSCNCl+ really is present and attempt to  evaluate its equilibrium constant. 
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LISTER AND RIVINGTON: FERRIC HALIDE COMPLEXES 161 1 

Examination of Table I shows that  as the chloride concentration is increased 
the densities a t  all wave lengths are reduced by the same fractional amount, 

I a t  least to within the experimental error. Hence FeSCNCl+ must have very 
nearly the same absorption spectrum as FeSCN++; all the extinction coeffi- 

I 

cients of FeSCNClf could be larger than those of FeSCN++, but they would 
all have to be larger in the same ratio. I t  call also be seen that  a t  any one wave 
length the densities fall off a t  first by an amount proportional to the chloride 
added. When the total chloride exceeds about 0.1 M, the fall slowly becomes 

I 
less steep. The interpretation of the results was attempted by two methods: 
(i) as for the bromide solutions above, and (ii) as for the sulphate solutions, 
described in the second paper of this series. As a result of applying the first 
method, the values for a,, the extinction coefficient of FeSCNCl+, which were 
obtained were all within ly0 of those for FeSCN++, which is within the experi- 
mental error. This is not surprising since FeCl++ scarcely absorbs a t  all in this 
region. Since this is so, we can apply the second method, that  is, the initial 
slope of the plot of D against total chloride as a means of determining kAf. 
Here kiM, the equilibrium constant for FeSCNClf, is defined as 

The evaluation of kM is very similar to the method used for sulphate; but 
as here the co~lcentratio~ls of iron and thiocyanate are not equal, and as there 
is no complication from ions such as FeHS04++, it is perhaps worth outlining 
the calculation. If we write for the concentrations: 

we have from the Mass Law: 

I 

I where kl, K1, and kAf are the equilibrium constants for FeSCN++, FeCl++, and 
FeSCNCl+ respectively. If a ,  b, and c are respectively the total concentrations 
of iron, thiocyanate, and chloride present, mass balances give: 

a = P f x f  u f  2, 
b = q f x f z ,  
c = r f u f z .  

If €1 and are the extinction coefficients of FeSCN++ and FeSCNCl+, then 

We shall assume for the reasons given above tha t  = E,,. Eliminating x, u, 
and z: 

a = P ( l f k 1  q f K l  r+knf qr), 
b = q( l+kl  P f k . ~  Pr), 
c = r ( l f K 1  P f k ~  pq), 

D = Pq ~ l ( k l f k ~ , f  r). 
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Differentiating these with respect to c, and (as we are interested in the initial 
slope) putting c = r = 0 in the result, we get 

The initial concentrations, Po and qo, are easily found as 

a = P ~ ( l + k l  qo), 
b = qo( l+k~ Po). 

DO, the initial density, equals el kl Po qo. The equation in the initial slope of D 
reduces to 

Substituting for ap/ac, aq/dc, and ar/ac from the equations above and sim- 
plifying, the result is finally: 

1 aD - knr/kl-Kl 
Do dc (l+Kl~o+k,~Popo) (l+kiPo+kiqo) ' 

The values of (l/Do) aD/dc a t  various wave lengths are 

X 4400 4500 4600 4700 4800 A 
- ( l /D , )  dD/dc 1.62 1.59 1.62 1.62 1.67 

The mean value is - 1.62. With this and the values of a and b (and hence $0 

and qo) from Table I ,  we get kM = 260, to  two significant figures. An error of 
about lyo in the slope would lead to  about ly0 error in kAtf. 

As the density falls off more gradually a t  high chloride conceiltrations it  is 
evident that  some other colored species must then have appeared. We can feel 
sure that FeCI2+ must be formed to some extent, and the new colored species is 
presumably FeSCN.CI2. As the positioil and shape of the absorption maximum 
does not change a t  high chloride concentration, it is reasonable to  assume to  a 
first approximation that  the extinction coefficients of FeSCNClz are roughly 
the same as those of FeSCN++. With this assumption it  is possible to  evaluate 
the equilibrium constants of FeC12+ and FeSCNC12. Let these constants be 

When the chloride concentration is high, it must be nearly true that c = r. 
The equations given above for the Mass Law, etc., can then be reduced to: 
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LISTER AND RIVINGTON: FERRIC HALIDE COMPLEXES 1613 

where X = D / E ~  The results of Table I give virtually the same values of X a t  
all wave lengths for a given value of c. The average values of X are as  follo~vs 
(using the values of €1 given in the first paper in this series): 

The equation above in X contains two unknowns, k2 and k,. I t  could be written 
in the form: 

Ak:! = B+k, 

where A = X/(a-X)(b-X),  

The values of A and B obtained from the data  are: 

A plot of A against B gives a reasonably straight line from c = 0.3 t o  0.8. At  
lower c values the points are rather erratic, and the last two points drift away 
a little from the line. The fact that  the plot is linear over a considerable length 
is some evidence that  this is the correct explanation. The line makes k2 = 6.1 
and k, = 120. 

Finally it seems worth while t o  summarize all the constants evaluated for 
the complex ions considered in this work. The constants are the equilibrium 
constants for the formation of the complex ions from simple ions, written with 
the concentration of the complex ion on top. They are a t  the same ionic strength. 

FeSCNCl' 265; FeSCNBr+ 21; FeSCN . So4 12000; FeHSOe++ 6; 
FeSCNCI? 120; FeSCN (SO.,)*-- 490000; FeHS04. SO4 380 

By dividing these constants, the constants for the attachment of further simple 
ions to  the various complex ions can be obtained. As is t o  be expected, further 
ions are held less firmly than the first one attached; and generally speaking 
the numbers so obtained seem iairly consistent, or, a t  least, provide no obvious 
contradictions. The chief point t o  note is that  the mixed ions, such as 
FeSCNCl+, are formed as  readily (or very nearly so) as  those derived from 
only two simple ions, such as FcBr2+. This is perhaps slightly unexpected, but  
it is difficult to  think of ally reason why this should not be so. 
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THEORY OF THE TRANSIENT PHASE IN KINETICS, WITH 
SPECIAL REFERENCE TO ENZYME SYSTEMS1 

ABSTRACT 

The steady-state hypothesis is discussed for enzyme systems, and the conditions 
under which the  steady-state equations will be valid over the main course of the 
reaction are obtained. I t  is shown tha t  this is so if the  substrate is in great 
excess, and also under several other circumstances. Equations are derived for 
the kinetic behavior during the transient phase of the reaction. Two-substrate 
systems, and the special case of catalase, are considered. 

In  the theoretical formulation of the rates of complex reactions in terms of 
the concentrations of reactants and other substances (e.g. inhibitors) it is 
customary to malce use of the steady-state hypothesis. This hypothesis, 
accordiilg to  which the rates of change of the concentrations of reaction 
intermediates can be neglected, is easily justified for systems in which the 
intermediates are present in much lower concentrations than the reactants. 
In enzyme systems, however, this condition is not necessarily satisfied, since 
in many instances the concentration of intermediate-the enzyme-substrate 
complex-is close to the total concentration of the enzyme. 

The object of this paper is to  examine the steady-state hypothesis as applied 
to  simple enzyme systems, and to see under what conditions it may be expected 
to  be valid. Consideration is also devoted to  the question of the kinetics 
during the transient phase of the reaction-the period during which the 
steady-state concentration is being established. A single-substrate system is 
treated first, after which a two-substrate system is briefly considered. 

Some of the kinetic equations obtained in this paper have previously been 
derived, particularly by  Chance (3, 4, 5) and by Beers (1, 2), but the methods 
here employed are more general and permit application t o  a wider variety of 
cases. 

T H E  SINGLE-SUBSTRATE SYSTEM 

The single-substrate system, uncomplicated by the effects of activators 
and inhibitors, may be represented by the RIichaelis-Menten scheme: 

k ,  
E + S $ E S % E + P  

eo-y so-y-p k-I Y eo-y P 

Here E represents enzyme, S the substrate, P the product or products of 
reaction, and ES the binary complex between enzyme and substrate. If eo 
is the total concentration of enzyme (including tha t  bound to  substrate), 
SO the initial total concentration of substrate, p the amount of product a t  
time t ,  and y the amount of complex a t  time t ,  the various concentrations a t  
time t are as represented above. The rate equations are therefore 

lillanuscript received J u n e  6 ,  1955. 
Contribution front the Department of Chemistry, T h e  Catholic University of America, Waslti?tg- 

ton,  D.C. 
*Present address: Department of Chemistry, T h e  University of Ottawa, Ottawa, Canada. 
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LAIDLER: THEORY O F  TRANSIENT PHASE IN KINETICS 

[ I ]  dy ld t  = kl(e0- y )  ( S O - y  - p )  - f y  

and 

[21 dp ld t  = k2y 

where f is equal t o  kLl+ki. 

Steady-state Treatment 
The steady-state treatment involves setting dy ld t  equal to  zero in equation 

[ l ]  and solving for y.  The result is 

In this solution the negative sign must be taken, as otherwise it becomes 
possible for y t o  be greater than eo. In  the event that  

we can expand the square root and accept only the first term; the solution 
then reduces to 

We may now enquire under what circumstances the condition [4] is satisfied. 
The inequality [4] transforms into 

or into 

This relationship can be true in various ways. Since p cail~rot be greater than 
so, it is evident that  [7] is true if 

[81 S O  >> eo 

or if  

[gl eo >> so. 

I t  is also true if 

[lo] >> kleo 

or if 

[I 1.1 S >> kiso. 

The inequality [8] of course corresponds t o  a situation tha t  usually exists 
in enzyme systems. However even if so and eo are of comparable magnitudes 
equation [5] is valid provided that either [lo] or [ l l ]  is true. If so >> eo equation 
[5] can be written as 
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and the steady-state rate is then 

The Maximum Concentration of Complex 
I t  is unfortunately not possible t o  obtain an exact explicit solution of the 

differential equations [I] and [2]. I t  is possible, however, to  arrive a t  some 
coi~clusions about the circumstances under which the steady-state assumption 
will be reasonably accurate. 

For this purpose it is convenient t o  note that  the relationships derived in 
the last section are satisfactory in giving the maximum concentration of 
complex, y,,, in terms of the concentration of product, p,,, present a t  the 
maximum. Thus if in equations [3], [5], [12], and [13] we replace y by y, 
and P by p, we obtain equations relating y, and p ,  which are independent of 
the steady-state assumption; the relationship . 

for example, is true provided tha t  one of the four conditions [8], [9], [10], and 
[ I l l  is satisfied. It is clear, therefore, that  the steady-state equations are 
exact a t  the maximum. As the reaction proceeds the steady-state assumption 
predicts only a gradual diminution in y as p increases, and the exact theory 
predicts such a change during the later stages of the reaction. The steady-state 
assumption will, however, lead t o  error in the earIy stages of reaction, when 
the concentration of complex is building up, but if this occurs during the very 
early stages of the reaction the error will not be considerable over the main 
course of reaction. 

FIG. I. Schematic curves showing concentration of enzyme-substrate complcs vs. time. I n  
curve a the steady state is established rapidly; in b the concentration of cornples varies signi- 
licantly throughout the course of reaction. 
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LAIDLER: THEORY O F  TRANSIENT PHASE IN KINETICS 1617 

In  view of this it is desirable t o  obtain an estimate of the time taken for 
the maximum concentration t o  be attained, in order to  see whether it represents 
an appreciable fraction of the entire reaction. One may envisage two extreme 
cases, as represented in curves a and b of Fig. 1. In curve a the maximum is 
reached in the very early stages of the reaction, and in this case the steady- 
s tate  treatment is satisfactory for the most part. In  curve b on the other hand, 
the maximum is a fairly sharp one and the steady-state assumption is therefore 
unjustified. 

The  Transient Phase 
A kinetic expression will now be obtained for the behavior during the 

transient phase. The  equation will of necessity be an approximate one, but  
will be sufficiently correct t o  allow dependable conclusions t o  be drawn with 
regard to  the circumstances under which the transient phase will constitute a 
small fraction of the half-life of the reaction. 

In  place of equation [ I ]  we star t  with the approximate equation 

In  this equation s0-p has been replaced by S, which is treated as constant; 
S may be regarded as  the average coilcentration of the substrate during the 
transient phase. The  circumstances under which this will be a close approxi- 
mation are discussed later. Equation [15] integrates to  

where 

The boundary condition t = 0, y = 0 gives rise to  

At  the maximum 

whence 

From equations [17] and [23] it can be sho~vn that  
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The rate equation [21] therefore reduces as  follows: 

I t  is now possible t o  arrive a t  an estimate of the amount of product, p,, 
tha t  has been produced during the transient phase. The time that  it takes 
for y t o  reach 0 . 9 9 ~ ~  is given by (from equations [27] and [28]) 

Since y and ym are necessarily less than the smaller of eo and J it follows that  

Since y is always less than y, during the induction period, an z~pper limit 
t o  the rate of formation of product is therefore given by 

[33 I dpldt < kzym. 
This integrates t o  

[341 P < k2ymt 

sirice p = 0 when t = 0. An upper limit to  the amount of product produced 
until y = 0.99y, (and therefore essentially an upper limit t o  the amount of 
product produced in the transient phase) is therefore given by 

Using equations [17] and [23] this becomes 

From this it follows that  $/so is small, i.e. that  not much product has been 
produced during the transient phase, if 
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The  circumstailces under which this is so were considered earlier, and are 
expressed b y  the inequalities [8]-[ll] above. I t  may further be noted tha t  b2 
is necessarily greater than 4ac (cf. [6] above), so tha t  the  term in the  square 
brackets in [38] can never become very large; $/so will therefore also be 
small if 

[ ~ O I  klso >> k2. 

Tlle conclusioil tha t  has been reached is therefore tha t  the transient phase 
will be a relatively short one provided tha t  one or more of the  inequalities 
[8], [9], [ lo],  [ l l ] ,  and [40] are satisfied. The  situation is then as represented 
in curve a of Fig. 1. I n  any  of these circumstailces the  ltinetic equations 
derived in the present section for the transient phase will be obeyed with high 
accuracy since the  approximation involved in equation [ I s ]  is justified a 
posteriori. 

A Special Case: T h e  Substrate I s  Present in Great Excess 
I n  view of the  fact tha t  in most enzyme systems the concentration of en- 

zyme is very much less than  tha t  of the substrate i t  is now convenient t o  
write down those relationships tha t  are particularly applicable t o  this case. 
For this purpose the  starred quantities, y", y,*, p" will be used when t h e  
relationships between them only apply in the  case that  so >> eo. 

T h e  value of ym* is given b y  (cf. equation [12]) 

During the  induction period the rate equatioils are 

Since in equation [29] kly,,,"V< khleoS ancl yy,, << eoS (since y and y, must b e  
less than eo, which is much less than S ) ,  and 3 can be replaced b y  so, the  ltinetic 
law during the transieilt phase is 

This may  be written as 

[45] Y* = ym* [ I -  exp ( -  k~eosotly,") I 
and using equation [41] this becomes 

T h e  variation of the  concentration of product during the  transient phase is 
obtained b y  using equation [43]: 
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With the boundary condition t = 0, p  = 0 this integrates to  

When t is sufficiently large, i.e. a t  the maximum, the kinetics are seen to  be 
first order. At lower times more complex behavior is observed. If t is sufficiently 
small tha t  

it is permissible to  expand the expoilential and accept only the first two terms; 
the result is 

This particular relationship has previously been given by Roughton ( 8 ) .  
Equations for the rate of disappearance of substrate during the transient 

phase can readily be obtained by making use of the fact tha t  

Another result of interest is the time that i t  takes for the steady state to 
be established. Equation [32] gives the time tha t  i t  takes for y to  reach 0.99 
y,, and for the special case of so >> eo we obtain 

I t  is of interest tha t  this time is independent of the concentration of the 
enzyme. An experimental determination of the length of the induction period 
should therefore allow an estimate t o  be made of the magnitude of h+klso, 
i.e. of k - l + k 2 + k l ~ ~ ,  and since k2 and k l / ( k P l + k z )  can be determined by 
conventional kinetic methods the constants can be separated. Work along 
these lines has been carried out by Gutfreund (6). A more accurate, but 
experimentally more difficult, procedure for separating constants is to  follow 
the rate of increase of y* during the inductioil period; f+klso  can then be 
determined using equation [MI. 

After y has attained the value of y, the steady state is established, and the 
remaining course of the reaction is in accordance with equation [13]. This 
equation integrates t o  

1 so k i p  klk2e0 = - In - 
t so-p  +i~ , 

which is equivalent t o  the well-known Henri equation(7). The  behavior is 
zero order as long as  k l ( s 0 - 9 )  >> and first order when f >> k l ( s 0 - 9 ) .  

The conclusion that  has been reached in the present treatment is tha t  as 
long as so >> eo the kinetic behavior can be closely represented by two sets of 
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equations, one referring to  the transient phase and the other to  the steady- 
state period. The  situation is represented schematically in Fig. 2. Here the 
curve A B C  corresponds to  equation [46] for the transient phase, the value of 
y approaching Y,,~" asymptotically. The  curve D B F ,  correspondiilg to  equation 
[12], is that  predicted by the steady-state theory. The treatment proposed in 
the present paper involves regarding A B F  as representing the true course 
of the reaction. Strictly speaking i t  gives a discontinuity a t  B ,  but since y, 
is very close to  y,* the error is evidently very slight. 

~ I ~ O S O  
ym= 7 

k  + k , s o  

C 

D 

STEADY-STATE 
X 

Y 

TRANSIENT PHASE 
e050 

y*-- (1 -e - lk tk150) t )  

FIG. 2. Schematic curves showing complex concentration vs. time, for the case in which 
the  substrate concentration is in great excess. The true course of the  reaction is closely repre- 
sented by ABF. 

The  above treatment a t  once leads t o  a useful graphical procedure for 
arriving a t  the variation of y with t in terms of known rate constants and 
initial conditions. The  curve A B C  can readily be plotted, and from equation 
[48] the amount of product a t  various times can be calculated. Curve D B F  
can then be constructed, and A B F  will then represent the course of the reaction 
t o  a high approximation. 

I t  may be noted tha t  curves and equations of the same form .as in Fig. 2 
and the present section apply also if any of the conditions [9], [lo],  [ l l ] ,  and 
[40] apply. The  constants appearing in the equations are, however, different 
for these cases, but may easily be written down by applying the methods of 
the present section. 

The General Case 
When none of the conditions [8], [9], [lo],  [ l l ] ,  and [40] applies it is no 

longer the case tha t  only a small fraction of the substrate has been transformed 
into product by the time y has reached its maximum value. The situation is 
now more as represented in Fig. 3. The true curve, AGF,  now deviates con- 
siderably from the transient-phase and steady-state curves in the region of 
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FIG. 3. Schematic curves showing complex concentration vs. time, for the case in which 
none of the ineq~~alit ies [S], [9], [lo], [I].], and [40] is applicable. 

the maximum, but corresponds a t  the beginning and end of the reaction. 
In the very early stages of the reaction equation [28] is valid and since y and p 
are small it may be written as 

where y,,* is defined by equation [ A l l .  This equation is of the same form as 
equation [46], and enables the function in the square brackets t o  be determined 
from the experimental results. A further separation of constants ~vould, 
however, appear t o  be very difficult for this general case without the use of a 
differential analyzer. 

TWO-SUBSTRATE SYSTEMS 

A somewhat similar type of analysis can be applied t o  systems in which there 
are two substrates. The simplest kinetic scheme corresponding t o  this situation 
is the following: 

k 1 

E + S ES, 
en-Y k-1 Y 

s o - y - p  

Here R ,  the second substrate, does not form a ternary complex ESR but 
reacts with ES t o  give products in a single step; the case of the ternary complex 
is considerably more difficult t o  work out. Examples of the above scheme are 
t o  be found in the peroxidatic reactions of peroxidase and catalase; in these 
reactions S is hydrogen peroxide and R an acceptor molecule. 

The rate equations for this system are 
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[561 dyldt = kl(e0-Y) (SO-Y --PI - ~ z ( ~ o - - P ) Y  - k-ly, 
and 

[571 dpldt = kzy(70-p). 
I 

Steady-state Treatment 
The general steady-state equation for this system is equation [3] with 2 

replaced by kS(r0-p)+k-1. In the event that  any one of the conditions [8], 
[9], [lo],  and [ I l l  holds the steady-state equation reduces t o  

According to  the steady-state treatment the concentration of y therefore 
starts a t  an initial value of 

when t = 0 and gradually diminishes as product accumulates. 
The situation is again tha t  steady-state conditions may, under certain 

circumstances, be expected to  exist during the main course of the reaction. 
When this is the case a simple rate equation mill apply t o  the early stages of 
the reaction, as will now be considered. 

The Transient Phase 

The procedure will again be to employ an approximate rate equation for 
the first part of the reaction, and to  justify it a posteriori under certain 
circumstances. 

The equation that  will be used is 

[GO] dy/dt = kl (eo-y) ( S -  y) - (k?f+k-l)y 

where B and f are the average amounts of S and R during the transient phase. 
This equation is seen to  be of the same form as equation [15], and the remainder 
of the argument is therefore exactly as previously except that  5 is now given 
the significance of kz?+k-1. The general kinetic equation for the transient 
phase is now (cf. equation [28]) 

where y, is as given previously (except that  h is now ksf+kJ. The conclusion 
is again tha t  during the induction period only a very small amount of product 
is produced provided tha t  one or more of the conditions [8], [g], [ lo] ,  [ l l ] ,  
and [40] are satisfied. 

In  the event tha t  the two substrates are greatly in excess of the enzyme 
the rate equation during the induction period is (cf. equation [46]) 

[621 
* kleoso 

= k-l+klso+kzro [1 -exp( - (k- l+kls~+k~r~) t} l .  

The course of the formation of product can then be readily obtained by 
proceeding as previously (equations [47]-[50]). Chance (3) has previous1 y 
treated this type of situation using numerical methods. 
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THE CATALATIC REACTION 

A slight variant of the above treatment is provided by the catalatic reaction 
-the decomposition of hydrogen peroxide catalyzed by the enzyme catalase. 
The reaction scheme is now ( 4 )  

k l  
E + S + X ,  

eo-y so-y-p k-1 Y 

X + S E + P .  
Y S O - y - p  eo-Y P 

The rate equations for this system are 

In the event that  one of the conditions equivalent t o  [ 8 ] ,  [ 9 ] ,  [ lo] ,  or [ l l ]  
holds the steady-state equation reduces t o  

Chance ( 4 ,  5 )  has shown tha t  k-1 is exceedingly small so tha t  almost invariably 
it is true t ha t  

[661 y = k l e ~ / ( k l + k ~ ) .  
The  Transient Phase 

In order t o  obtain an approximate expression for the transient phase the 
procedure will be, as above, t o  write equation [63] as 

[671 dy/dt  = kl(e0-y)(E-y)-kzy(E-y) 
where S is the average amount of free substrate during the transient phase. 
The solutio~l of this is equations [16] and [21] above, but a ,  b, and c 11011r have 
a slightly different significance, namely 

[681 a = kl+kz, 
[691 b = - ( k  leo+kl3+k~E) +kleoS, 

[ ~ O I  c = kleos. 
The remainder of the treatment is then as given previously. I t  again follows 
tha t  the transient phase will be short compared with the over-all duration 
of the reaction if, among other possibilities, so >> eo. 

For this case the final result for the kinetic equation during the transient 
phases is again found to  be equation [MI .  Such a result has previously been 
obtained, using another procedure, by Chance et al. ( 5 )  and by Beers and 
Sizer (2) .  
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NOTES 

A NEW TYPE OF ULTRAFILTER 

INTRODUCTION 

Most ultrafilters (2, 3, 6) have perforated or porous plates as membrane 
supports, use membranes of small area, and t o  get appreciable rates of filtration 
are operated a t  relatively high pressures. The  solution, being under pressure, 
cannot readily be stirred and, becoming increasingly concentrated on the 
membrane surface, has a tendency t o  block the membrane pores (I) .  Such 
ultrafilters are not suitable for handling large quantities of materials. 

A simple and inexpensive method of supportiilg membranes which was 
developed by the authors for an osmometer cell and which inhibits ballooning 
in membranes as large as 200 sq. cm. in area is described elsewhere (4). In  
the present note we describe an ultrafiltration unit consisting of a number of 
slightly modified osmometer cells which has been used for the fractionation 
of ligninsulphonates (5). 

Since the membrane area is large, the unit may be used a t  relatively low 
pressure differentials using water aspirators. I t  is fully automatic, simple t o  
construct, leakproof, and allows thorough stirring of the liquid. 

ULTRAFILTER CELLS 

Each ultrafilter cell consists mainly of two lucite dislts and two rubber 
rings (Fig. I ) .  The membrane is clamped between the rubber rings, reinforced 
with fine-mesh stainless steel screens, and supported on both sides by two 
layers of tightly packed glass beads. T o  avoid leakage a t  the edges of the 
screens, rings of dental dam rubber are placed between them and the membrane 
and between them and the rubber rings, forming the body of the cell. When 
the unit is compressed, the dental dam penetrates into the meshes of the 
screen reinforcers and seals the cell effectively. The necessary parts for a 
typical cell are described in Table I. 

A simple leakproof connection between the glass parts and the lucite can 
be made without cement. For this purpose tygon tubing with 1.5 mm. wall 
thicliness and 10 mm. O.D. is placed into 8 mm. bore holes in the lucite. 
To  introduce the tubing into the hole the end of i t  is cut off conically along 
the length and pulled into the hole by the tongue thus formed, and the tongue 
is then cut away. 

Each lucite disk is equipped with the connectors before assembling the cell. 
T o  prevent glass beads from droppiilg into the tygon tubing, a small piece of 
stainless steel screen is placed in the tubing. 

'Holder of the Anglo-Paper Research Fellowship and of a Studentship frovz the National Researclt 
Council of Canada. Present address: Indz~strial Cellulose Research Ltd., Hawkesbury, Ontarzo. 
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FRONT VIEW 

SECTION ' A - A  '3 

FIG. 1. Details of the ultrafilter cell: (1) lucite dislcs, (2) rubber rings, (3) glass beads, 
(4) dental dam gaskets, (5) stainless steel screens, (6) membrane, (7) inlet hole. 

TABLE I 

CELL COMPONENTS 

1. 2 lucite dislcs 
Diameter 25 cm. 
Thickness 1 cm. 
8 holes with centers on a 23 cm. diameter circle concentric with the dislcs to 

accommodate the screws 
2 holes with centers on the same diameter 17.5 cm. apart-bore diameter 

8 mm. 
2. 8 rubber rings 

Inside diameter 18 cm. 
Outside diameter 25 cm. 
Thickness 0.3 to 0.32 cm. 
8 holes drilled in identical positions as in the lucite for holding the screws 

3. 4 dental dam gaskets 
Inside diameter 18 cm. 
Outside diameter 22 cm. 
Thickness about 0.03 cm. 

4. 2 stainless steel screens 5. 1 membrane 
Diameter 20 cm. Diameter 21 cm. 
125 mesh 

6. Glass beads 7. 8 screws, 8 wing nuts, 16 washers 
Diameter 0.28 to 0.3 cm. 

T H E  CIRCULATING P U M P  

Stirring in the cells is provided by circulating the solution from a reservoir. 
The pumping unit, shown in detail in Fig. 2, coilsists of a membrane pump 
(A) governed by an oscillating mercury pump (B). 
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GARDON AND MASON: ULTRAFILTER 

MERCURY 

RUBBER 

FIG. 2. Details of the circulating pump: (A) membrane pump, (a) stopcock, (b) inlet holes, 
(c) dental dam membrane, (d) valves, (B) oscillatillg mercury pump, (e) valve, (f)  cork 
floater. 

The  construction of the membrane pump is similar t o  tha t  of the ultrafilter 
cells. I t  is made up of two lucite dislts of 12 cm. diameter, two rubber rings 
5 mm. thick with 10 cm. outside diameter and 8 cm. inside diameter, and an 
elastic dental dam membrane dislt (c) of 10 cm. diameter clamped between 
the rubber rings. T o  accommodate the screws, both lucite disks have four 
holes with centers on an  I 1  cm. diameter circle conceiltric with the disks and 
two 8 mm. bore holes (b), with centers 3.75 cm. from the center of the dislt 
and on the same diameter, in which tygon tubing is placed in the same manner 
as described above. The membrane is made of two dental dam rubber sheets 
stuck together with silicone grease. This method of preparation gives the 
membrane a life of a t  least several months of continuous operation. 

The  two check valves (d) are made of spherical glass joints of 12 mm. 
diameter. 

The oscillating mercury pump functions as follows. By applying vacuum 
in the upper chamber, mercury is sucked into i t .  The rising mercury raises 
the cork float (f) and thus opens valve (e). Consequently air enters into the 
upper chamber, the mercury level drops, valve (e) is closed, and a new pump- 
ing cycle starts. The lower chamber of this pump is connected with the mem- 
brane pump, and the membrane in the latter forcibly has to  follow the move- 
ments of the mercury. In  practice the oscillating mercury pump is put into 
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operation first, independently of the membrane pump, and stopcock (a) 
is closed afterwards. The difference in level between the mercury in the lower 
and upper chambers should alternate between 10 and 14 cm. The diameter 
in both the upper and lower chambers of the oscillating mercury pump is 
7 cm. and the length of the pump is 25 cm. The  valve (e) is made of a 12 mm. 
diameter spherical glass joint. 

The capacity of this pumping unit is around 200 cc. per minute. 

OPERATION 

The assembled ultrafilter is shown in Fig. 3. The solution chambers of the 
different cells are connected in series and the solution is circulated from 
reservoir (C) t o  provide adequate stirring. 

LUCITE 

SOLUTION r.,,..r. 

RUBBER 

FIG. 3. The assembled ultrafiltration unit: (A) water reservoir, (B) constant head device, 
(b) solution trap, (C) solution reservoir, (D) membrane pump, (d) valves, (E) ultrafilter cells, 
(e) stopcocks, (F) suction flask, reservoir for ultrafiltrate, (G) glass wool filter. 

The volume of the liquor is kept constant by the constant head device (B). 
If the level in reservoir (C) drops sufficiently to  expose the end of the tube 
(B) to  the air, air will enter into the distilled water container (A) and conse- 
quently water will flow into reservoir (C). The  rising level in the reservoir 
closes tube (B) and thus stops the water flow. Trap (b) is needed to  prevent 
the solution from entering the distilled water container. 

The ultrafiltrate is fed into suction flask (F) by gravity. 
Keeping the residual liquor a t  constant volume allows good control of the 

process. If Vo is the volume of the residual liquor, K the volume of ultrafiltrate 
produced in unit time, c(t) the concentration of the component t o  be removed, 
and y c(t) its concentration in the ultrafiltrate passing through the membrane 
a t  time t (y is the partition coefficient between the solutions inside and outside 
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the membrane, 0  < y < I ) ,  the following relation may be derived for the 
variation of c( t )  with time: 

- V o  dc = y K ~ ( t )  dt, 
which on integration yields 

c( t )  = c(O).e-vKtlv*. 
By determining K,  Vo, co, and several values of c( t )  a t  different time intervals, 

y can be evaluated and the time necessary for the removal of any arbitrary 
portion of the component in question can be calculated. 

The  rate of ultrafiltration is readily varied by changing the number of cells 
in the unit. 
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THE REMOVAL OF FLUORIDE ION FROM AQUEOUS SOLUTION BY 
MAGNESIUM OXIDE 

BY JOHN C. BARTLET AND ROSS A. CHAPMAN' 

Venltateswarlu and Karayana Rao (1 ,  2 , 3 )  reported that magnesium oxide 
taltes up fluoride ion from hot solution, basic to phenolphthalein. Light 
magnesiu~ll oxide was reported to remove up to 20 pgm. of fluoride per mgm. 
of magnesium oxide. This procedure was used to reduce the fluoride content 
of water (1, 2 )  and as an aid in the determination of fluoride in tea (3 ) .  

In this laboratory, it was found that the removal of fluoride could be in- 
creased manj,fold i f  the original solution was acidic. Table I shows the effect 

TABLE I 
THE EFFECT OF pH ON THE TAKING UP OF FLUORIDE 

FROM AQUEOUS SOLUTION BY hIAGNESIUhZ OXIDE 

pH 
% Removal 

Before addition After addition of fluoride 
of NIgO of MgO 

'Prese~zt  address: World Health Organisation, Geneva, Switserland. 
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the membrane, 0  < y < I ) ,  the following relation may be derived for the 
variation of c( t )  with time: 

- V o  dc = y K ~ ( t )  dt, 
which on integration yields 

c( t )  = c(O).e-vKtlv*. 
By determining K,  Vo, co, and several values of c( t )  a t  different time intervals, 

y can be evaluated and the time necessary for the removal of any arbitrary 
portion of the component in question can be calculated. 

The  rate of ultrafiltration is readily varied by changing the number of cells 
in the unit. 
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BY JOHN C. BARTLET AND ROSS A. CHAPMAN' 

Venltateswarlu and Karayana Rao (1 ,  2 , 3 )  reported that magnesium oxide 
taltes up fluoride ion from hot solution, basic to phenolphthalein. Light 
magnesiu~ll oxide was reported to remove up to 20 pgm. of fluoride per mgm. 
of magnesium oxide. This procedure was used to reduce the fluoride content 
of water (1, 2 )  and as an aid in the determination of fluoride in tea (3 ) .  

In this laboratory, it was found that the removal of fluoride could be in- 
creased manj,fold i f  the original solution was acidic. Table I shows the effect 

TABLE I 
THE EFFECT OF pH ON THE TAKING UP OF FLUORIDE 

FROM AQUEOUS SOLUTION BY hIAGNESIUhZ OXIDE 

pH 
% Removal 

Before addition After addition of fluoride 
of NIgO of MgO 
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of pH on the taking up of 1 mgm. of fluoride ion in 100 ml. of hot solution by  
100 mgm. of magnesium oxide. The pH of the solutions was adjusted with 
sodium hydroxide or perchloric acid. The solution of pH 1.7 contained sufficient 
perchloric acid to dissolve approximately 40 mgm. of the original 100 mgm. of 
magnesium oxide added. From a hot solution a t  pH 1.7 containing 20 mgm. of 
fluoride as sodium fluoride in 100 ml., 100 mgm. of magnesium oxide took up 
18.8 mgm. or 94y0 of the fluoride. This represents a removal of 188 pgm. of 
fluoride per mgm. of original magnesium oxide or 312 pgm. of fluoride per mgm. 
of magnesium oxide remaining in the solid phase. 

The solid residue prepared under several different conditions with an excess 
of fluoride present was found to  be of variable composition ranging from 
approximately the composition 2Mg(OH)2.MgF2 to  4Mg(OH)z.3MgF2. These 
products were slightly soluble in hot water. Examination by the X-ray dif- 
fraction powder method showed that the products consisted of a mixture of 
Mg(OH)P and MgF2 with no lines attributable to  a new compound. 

We wish to thank Dr. W. H.  Barnes of the National Research Co~~nc i l  of 
Canada who carried out the X-ray diffraction studies. 
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D E P A R T ~ ~ E N T  OF NATIONAL HEALTH AND WELFARE, 
OTTAWA, CANADA. 

A SYNTHESIS OF L-ISOGLUTAMINE FROM 7-BENZYL GLUTAMATE 

In the course of our studies on histidine metabolism (5) it became necessary 
to  prepare some L-isoglutamine. Bergmann and Zervas ( I )  obtained the desired 
product by cleaving N-carbobenzyloxy-L-glutamic anhydride with anhydrous 
ammonia followed by catalytic hydrogenation to  remove the carbobenzyloxy 
(CBZ) group. Recently, Chambers and Carpenter (3) achieved a similar 
synthesis by blocking the amino acid with the P-i~itrobenzyloxycarbonyl 
group. Paper chromatography (3) has revealed that these methods, while 
favoring L-isoglutamine formation, invariably yield small amounts of L-gluta- 
mic acid and L-glutamine as contaminants. Swan and duVigneaud (6) have 
published the only uilambiguous syilthesis of L-isoglutami~le. I t  consists in the 
preparation of N-p-toluenesulphonyl-L-glutamic acid, the coi~version to  
N-tos-5-0x0-2-pyrrolidine-carboxyl chloride, the amidatioil to  N-tos-5-oxo-2- 
pyrrolidine-carboxamide, the conversion to  N-tos-L-isoglutamine, and the 
subsequent hydrogenation with sodium in liquid ammoilia t o  give L-isoglut- 
amine. We have found it more convenient t o  prepare L-isoglutamine by the 
amidation of N-CBZ-y-benzyl-L-glutamate by the mixed anhydride procedure 
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of pH on the taking up of 1 mgm. of fluoride ion in 100 ml. of hot solution by  
100 mgm. of magnesium oxide. The pH of the solutions was adjusted with 
sodium hydroxide or perchloric acid. The solution of pH 1.7 contained sufficient 
perchloric acid to dissolve approximately 40 mgm. of the original 100 mgm. of 
magnesium oxide added. From a hot solution a t  pH 1.7 containing 20 mgm. of 
fluoride as sodium fluoride in 100 ml., 100 mgm. of magnesium oxide took up 
18.8 mgm. or 94y0 of the fluoride. This represents a removal of 188 pgm. of 
fluoride per mgm. of original magnesium oxide or 312 pgm. of fluoride per mgm. 
of magnesium oxide remaining in the solid phase. 

The solid residue prepared under several different conditions with an excess 
of fluoride present was found to  be of variable composition ranging from 
approximately the composition 2Mg(OH)2.MgF2 to  4Mg(OH)z.3MgF2. These 
products were slightly soluble in hot water. Examination by the X-ray dif- 
fraction powder method showed that the products consisted of a mixture of 
Mg(OH)P and MgF2 with no lines attributable to  a new compound. 

We wish to thank Dr. W. H.  Barnes of the National Research Co~~nc i l  of 
Canada who carried out the X-ray diffraction studies. 
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of Boissoililas (2), followed by catalytic hydrogenolysis of the resultiilg amide. 
The method is evidently unambiguous and L-isoglutamine is the only product 
formed. This was verified by paper chromatography in four solvent systems. 

EXPERIMENTAL1 

N-CBZ- y-benzyl-L-glutamale 
y-Benzyl-L-glutamate, m.p. 168-16g0, was condensed with carbobenz~~losy 

chloride in the presence of sodium bicarbonate as suggested by Hallby et al. 
(4). The N-CBZ-y-benzyl-L-glutamate was crystallized from hot carbon 
tetrachloride, m.p. 77-78'. Calculated for C ~ O H ~ ~ N O S ,  N :  3.77. Found N :  
3.75. 

N-CBZ-y-benzyl-L-isoglutamine 

N-CBZ-y-benzyl-L-glutamate (32.8 mM.) was dissolved in 150 ml. of 
dioxane (reclistilled from sodium) coiltailli~lg 7.80 ml. of tri-n-butylamine. 
The solution was cooled to  10' and 3.16 ml. of ethyl chlorocarbo~late was 
added. The solution was shalreil for 10 min. a t  10' after which ailhydrous 
ammonia was bubbled through for 15-30 mill. The solutio~l was evaporated 
to  a white powder on a water bath a t  a temperature not exceeding 50". The  
residue was suspended in 50 ml. of carboil tetrachloride and 50 ml. of water 
was added. The mixture was agitated vigorously and the N-CBZ-y-benzyl-L- 
isoglutamine was filtered off and washed with cold water, carbon tetrachloride, 
and ether to remove ally trace of starting material. The compouild was 
recrystallized from hot ethanol, m.p. 126-127', yield 80%. N-CBZ-y-benzyl-L- 
isoglutamine has not been previously described in the chemical literature. 
Calculated for C20H?2N?05, C :  64.86; H :  5.96; N :  7.56. Fouilcl C :  65.16; 
H :  6.19; N :  7.52. 

L- Isoglz~tamine 
N-CBZ-y-benzyl-L-isoglutamine (5 gm.) was dissolved in 100 ml. of 50% 

ethanol and hydrogenated for 12 hr. a t  room temperature and atmospheric 
pressure in the presence of palladium catalyst (5% Pd on calcium carbonate). 
The catalyst was filtered off and a trace of calcium ions was removed with 
oxalic acid. The solution was evaporated to  dryness, the residue dissolved in a 
small amount of hot water, and the solution treated with charcoal. Alcohol 
was added to the cloud point and L-isoglutamine was recovered from the chilled 
solutio~l as fine white crystals, m.p. 186-188O, yield 65%. Calculated for 
C5Hl0NzO3, N :  19.16. Fouild N :  18.94. Chambers and Carpenter (3) reported 
a melting point of 175-176', whereas Swan and duvigneaud (6) founcl 186O. 
Chambers and Carpenter have reported [a]: f19.4 to  20.5 (c 3,  water) and 
Swan and duvigneaud, [a]: f20.5' (c 6.1, water). We have measured [a] 
+20.0° (c 2.3, water). Paper chromatograms of our product revealed only one 
bluish-purple spot in each of the four solvent systems employed. The R, in 
n-butanol -glacial acetic acid -water (15: 3 :  7) was 0.28 and there was no 

'Ana lyses  b y  lke  Geller Microanalylical Laboralories, Hackensack,  N e w  Jersey. A l l  melling 
poinls were lakelz b y  h e  capillary nzelhod and  are zr?zcorrected. 
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trace of L-glutamine (R, 0.18); the R, in phenol-water (4: 1) was 0.56 and 
L-glutamic acid (R, 0.30) was absent. 
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SOME FLUORINE SUBSTITUTED TOLANES1 

ABSTRACT 

?-Trifluoromethyltolane and p-fli~orotolane have been synthesized b y  the 
act~on o f  sodium or potassium arnide in liquid ammonia on para-substituted 
1,l-diphenyl-2-bromoethylenes. T h e  geometrical isomers o f  1-(p-trifluoro- 
methylpheny1)-1-phenyl-2-bromoethylene have been separated and their con- 
figurations assigned on the basis o f  dipole moment measureme~its. p-Trifluoro- 
methyltolane has been converted t o  a dibromide, which on oxidation gave 
benzoic and p-trifluoromethylbenzoic acids. Both tolanes have been reduced t o  
the correspondingly substituted 1,2-diphenylethanes. 

INTRODUCTION A N D  DISCUSSION 

'The syntheses and some reactions of (p-trifluoromethylpheny1)phenyl- 
acetylene (p-trifluoromethyltolane) (I) and (p-fluoropheny1)phenylacetylene 
(p-fluorotolane) (11) are described. These compounds were prepared in the 
course of some wo1-1~ which was to  have been preliminary to a cal-bon-tracer 
investigation of the rearrangement of l,l-dia1-~~1-2-11aloet11~~lenes t o  tolanes 
in the presence of strong base ( 5 ,  6). A related investigation of this reaction, 
using a clifierent system, was co~npleted recently in another laboratory (4) 
and for this reason our mechanism studies were discontinued. 

l-(p-~rifl~~orometh~l~hen~l) -1-phenylethylene (I I I)  was prepared by the  
interaction of acetophenone and p-trifluoromethylphenylmagnesium bromide, 
as  well as  from p-trifl~~oromethylbei~zopl~enone (IV) and methylmagnesium 
iodide. Compound IV was synthesized by the action of antimony trifluoride 
on p-trichloro~nethylbenzophenone a t  an elevated temperature. Bromination 
of 111, followed by dehydrobromination, yieldcd 1-(p-trifluoromethylphenyl)- 
l-pl~enyl-2-bromoeth~lene (V), which, by a combination of elution chromato- 
graphy on alumina and fractional crystallization a t  low temperatures, was 
separated into two geometrical isomers. On the basis of dipole moment 
measurements, the crystalline isomer (VA) was assigned the cis configuration, 
and the other (VB), a liquid a t  room temperature, the trans configuration. 
Isomer VB could not be obtained completely free of its higher-melting, less- 
soluble isomer. 

lMa?zztscript received July 18, 1955. 
Co?ttriOzttio?~ from tl~e Department of Chemistry, Hamilton College, McMaster University, 

ha mil to^^, O~~tario .  
2National Research Coztncil Postdoctorate Fellow, Department of Chemistry, Hamilton College, 

Mc Master Uniuersity, 1952-1954. 
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Compound VA C o m p o u ~ ~ d  VB 

Coillpounds VA and VB on interaction with sodium or potassium amides in 
liquid ammonia solution both gave p-trilluoroinethyltolane (I) in about 75% 
yield. Bromination of I yielded the dibronlide VI, which on oxidation with 
chromic anhydride in acetic acid solution produced a mixture of benzoic 
and trifluoromethylbenzoic acids. Oxidation of I directly with potassi~iin 
permanganate in acetone gave a low yield of these acids. Catalytic hydrogena- 
tion of compound I ,  using Iianey nickel or Aclanl's catalyst a t  low pressure, 
procluced l-(p-trifluoromet11y1p11enyl)-2-phenyletl1ane (VII). 

p-Fluorotolane (I I) was prepared from 1-(p-fluoropheny1)-1-phenyl-2- 
bromoethylene (VIII) in a manner analogous to the synthesis of I. The 
bromo compound, VIII ,  prepared by the action of bromine on 1-(p-fluoro- 
pheny1)-1-phenyletl~ylene, could not be crystallized, or separated into pure 
geometrical isomers by distillation or chromatography. Catalytic hydrogena- 
tion of I1 produced 1-(9-fluoropheny1)-2-phenyletllane (IX). 

p-Trichloromethylbenzopl~ei~one (10) (7.6 gm.) and 8.5 gm. of antimony 
trifluoride were mixecl intimately and heated on a hot plate for 15 min. a t  a 
temperature sufficient to fuse the mixture. \Water and benzene were aclded 
and 2.3 gnl. of benzene-soluble material was isolated. Iiccrystallization from 
ethanol-watcr gave 1.53 gm., or 313% yield, melting a t  116-118°C. Calc. for 
C14H90F3: C ,  67.18; H ,  3.63. Found: C, 67.24, 67.08; H ,  3.75, 3.68. 

1-(p-TriJEzioromethylpheny1)-1-phenylethylene (111) 

illethod A 
p-Bromobenzotrifluoricle (9) (9.16 gm.) and 1.04 gm. of magnesium were 

allowed to react in 50 inl. of anhyclrous diethyl ether. T o  the resulting red- 
colorecl Grignard reagent 4.88 gin. of acetophenone in 50 inl. of ether was 
aclded. Thc reaction nlixtui-e was wor1;ecl up in the usual wa17. The resulting 
crude carbinol was dehydrated by heating a t  150°C. in a nitrogen atmosphere 
for one and one-half hours. Distillation yielded 5.3 gm. of product (52.5% of 
theory), b.p. 78-7g°C. a t  0.1 mm., which crystallized. Iiecrystallization from 
methanol, or vacuum sublimation, gave the pure compound, m.p. 38-3g°C. 

*Meltilzg points are corrected. 
tCarbo?z and hydroge?~ a?tnlyses were performed by  Dr. F. G. Harcsar of McMaster Uwiversity, 

and Miss  G. Rotern2n?zj~ of the Donzinio?~ Rubber Con2pany, Guelph, Ontario. Bro~tzi?ze analyses 
were carried out by the authors using the Carizrs colnbustion procedure. 
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ROONEY AND BOURNS: TOLANES 1635 

p-Trii'luoromethylbcnzophenone (IV) (1.50 gm.) was added to an ether 
solution containing methylmagnesium iodide (0.22 gm. magnesium, 0.94 
gm. methyl iodide) and the product was worked up as described under Method 
A.  The yield of compound 111, m.p. 38-3g0C., was 1.12 gm. or 75y0 of theory. 
Calc. for C16HllF3: C, 72.58; H, 4.47. Found: C,  71.82, 71.63; H, 4.98, 4.57. 

Oxidation of compound I11 (0.068 gm.) with a solution containing 1.50 gm. 
of potassium permanganate, 10 ml. of acetone, and 7 ml. of water gave 0.043 
gm. or a 76% yield of p-trifluoromethylbenzophenone. 

I - (p-Trifl2toronzethylphenyl) -1 -phe~yl-2-bronzoethyleve ( V )  
Compound 111 (2.83 gm.) was brominatcd using bromine in acetic acid and 

the resulting dibromide dehydrobrominated by the procedure of Bergmann 
and Szmuszkowicz (2). On evaporation of the acetic acid solution, 3.78 gm., or 
101% of theory, of a liquid product was isolated. After the product had been 
left overnight in the refrigerator, 1.54 gm. of crystalline solid (VA), 1n.p. 
71-7A0C., separated. This material mas isolated by dissolving the surrounding 
liquid selectively in ethanol. The  ethanol-soluble portion was chromatographed 
on an alumina.': column using 12-hexane as the developing solvent. A further 
0.17 gm. of the solid isomer was obtained in this way, it  being the last fraction 
removed from the column. Recrystallization of the combined solid product 
lrorn ethanol gave pure VA, m.p. 74-7S°C. The  liquid fractions, which were 
eluted from the alumina column first, had ni6 1.5670-1.5690. When cooled to 
O°C., or when cooled in ethanol solution to dry ice temperatures, these partially 
crystallized. Repeated chromatography, as well as fractional crystallization in 
ethanol solution, however, [ailed to  give a sharply melting substance. What 
was probably the purest sample isolated had a melting point of 8-12"C., and 
nE6 1.5684. Anal. Calc. for Cl6H1~F3Br: C, 55.07; H, 3.08; Br, 24.4. Found: 
Solid isomer; C, 55.11, 55.11; H, 3.09; 3.07, Br, 25.9, 24.3. Liquid isomer; 
Br, 26.5, 24.8. 

Dipole moment measurements determined using the resonance method (7) 
gave 3.46 D for the solid isomer (VA) and 2.26 D for the liquid product 
(VB). One therefore can assign with considerable certainty the cis (p-trifluoro- 
methylphenyl and bromine cis) and trans configurations t o  the high- and low- 
melting isomers respectively. The moment of the liquid product was high for a 
pure compound of the trans configuration, indicating some contamination by 
the less soluble cis is0mer.i 

Oxidation of 0.072 gm. of compound VA in a solution containing 11 ml. of 
water, 15 ml. of acetone, 0.05 gm. of acetic acicl, and 1.59 gm. of potassium 
permanganate yielded 0.045 gm. of p-trifluoromethylbenzophenone (81.5% 
yield). 

*British Drug Houses chronratograpl~ic grade nlzlmi77a, actizated by lzeati,zg for three izours 
with a Meeker burner, was used. 

t I t  i s  of i~tterest that a larger-than-expected moment has also been observed (1)  for the trans 
isomer of 1-(~-bronzo~7~enyl)-I-~~~enyl-b-bron~oethylene, although i n  this case the compound 
appears to be free of its geometrical isomer (4).  This would suggest that our liquid product was 
gurer trans isomer than the dipole niome~tt might imply. 
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p-Trijluoromethyltolane (I) 
Compound VA, or VB, (0.61 gm.) in 15 ml. of diethyl ether was added to a 

liquid ammonia solution (70 ml.) containing 0.42 gm. of sodium amide. The 
mixture was evaporated to  dryness after 15 min., 50 ml. of water added, and 
the insoluble product filtered. Recrystallization from ethanol-water, following 
vacuum sublimation, gave 0.135 gm., or 7570 of theory, of the tolane melting 
a t  104-105°C. Calc. for ClbHgF3: C, 73.17; H ,  3.66. Found: C, 73.39, 73.38; 
H,  4.05,4.02. 

p-Trijluoromethyltolane Dibromide ( VI) 
T o  compound I (0.26 gm.), dissolved in 15 ml. of acetic acid, was added a 

slight excess of bromine in acetic acid and the solution heated a t  about 100°C. 
for 15 rnin. Following evaporation to 5 ml. and dilution with 20 ml. of water, 
0.30 gm., or 7270 of theory, of solid bromide was isolated, which after re- 
crystallization from ethanol-water or isooctane melted a t  159-161°C. Calc. 
for C16H9F3Br2: C, 44.30; H, 2.22; Br, 39.3. Found: C,  44.09, 43.86; H ,  2.32, 
2.22; Br, 37.0. 

The dibromide VI (0.143 gm.) was added to a solution containing 0.40 gm. 
of chromic anhydride, 0.5 ml. of water, and 4 ml. of acetic acid. The mixture 
was heated a t  the boiling point for 15 rnin. and then 20 ml. of water was 
added. The precipitated solid (0.080 gm.) was filtered. A further 0.027 gm. was 
recovered from the filtrate by extraction with 60:40 benzene-ether. Extraction 
of the first product with 5y0 sodium hydroxide solution followed by acidifica- 
tion with dilute hydrochloric acid gave 0.046 gm. of acidic material. The 
combined solid products (0.073 gm.) were subjected to partition chromato- 
graphy on a silicic acid column using methanol and isooctane as the stationary 
and mobile phases, respectively (8). The  first compound removed from the 
column (0.038 gm.) melted a t  218-220°C. and gave no depression when mixed 
with authentic p-trifluoromethylbenzoic acid. A later fraction gave 0.012 gm. 
of an acid whose melting point, 120-122"C., was unchanged in admixture with 
benzoic acid. 

1 - (p-~ri j luorometh~lplzen~l)  -2-phenylethane ( VII) 
Hydrogenation of compound I (1.33 gm.) in ethanol solution, using a Raney 

nickel catalyst a t  room temperature and 40 p.s.i., yielded 1.23 gm. of product 
(92% yield). Recrystallization from ethanol-water, or vacuum sublimation, 
gave the pure compound, m.p. 37.3-38.G°C. Calc. for C15H13F3: C,  71.95; 
H ,  5.23. Found: C, 71.77, 71.33; H, 5.15, 5.15. 

1-(p-Fluorophenyl) -1-phenyl-2-bromoethylene ( VIII)  
This compound was prepared by bromination of I-(p-fluoropheny1)-1- 

phenylethylene (X) (3) using the method of Bergmann and Szmuszkowicz (2). 
Compound X (21.2 gm.) gave 27.2 gm. (92% yield) of a product (VIII) 
boiling a t  129-133°C. a t  0.1 mm. Fractional distillation through a laboratory 
column in  vaczlo gave fractions with refractive indices varying from n: 1.6131 
to  n: 1.6162. Chromatography on an alumina column failed to give separation 
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into ttvo distinct fractions. Calc. for c14H10FBr: C, 60.60; H, 3.61; Br, 28.8. 
Found: C, 59.97, 59.50; I-I, 3.59, 3.55; Br, 29.0, 28.4. 

p-Fluorotolane (11) 
Compound VIII  (5.57 gm.) was added in ether solution to 100 ml. of liquid 

ammonia containing 2.5 gm. of potassium (as potassium amide) and the 
mixture was worked up as described for compound I. A crude solid (3.84 gm.) 
was isolated, which after recrystallization from ethanol-water weighed 3.01 
gm. (75.5% yield) and melted a t  109-llO°C. Calc. for C14H9F: C,  85.71; 
H, 4.59. Found:C,  86.36, 86.29;H,4.83, 4.68. 

1 - (9- F1z~orophenyl)-2-Phenylethane (IX) 
Hydrogenation of compound I1 (0.128 gm.) with Raney nickel catalyst in 

ethanol solution a t  room temperature and 18 p.s.i. yielded 0.128 gm. of crude 
product, which after recrystallization from ethanol-water melted a t  61-62.5OC. 
Calc. for C14H13F: C,  83.96; H, 6.50. Found: C, 83.16, 82.98; H ,  6.49, 6.42. 
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THE ACTION OF SULPEIURIC ACID ON GLIADIN: WITH SPECIAL 
REFERENCE TO THE N-PEPTPDYL-0-PEPTPDYL BOND 

REARRANGEMENT1 

ABSTRACT 

Treatment of gliadin with sulphuric acid transposes peptide bonds of serine 
from the amino t o  the hydroxyl group. Maximum transposition, 60-70% of 
the theoretica1, occurs when the protein is treated with anhydrous sulphuric acid a t  
0°C. for 35 hr. No rearrangement was detected a t  threonine residues. Examina- 
tion of the  peptide materiaI, obtained from the rearranged protein by Elliott's 
degradation method, indicates apparent "hon~ogeneity". In an alternative 
scheme for the degradation, nitrous acid deamination of free amino groups was 
used. The resulting loss in serine content of the protein is direct evidence for the 
acyl migration of peptide bonds. Incorporation of sulphur and partial disappear- 
ance of several amino acids accompany the sulphuric acid treatment. The 
occurrence of these secondary reactions imposes limitations on the use of 
sulphuric acid as a reagent for the specific fission of peptide bonds. 

INTRODUCTION 

Attention has recently been directed towards methods which effect frag- 
mentation of protein molecules in a predictable manner. Especially significant 
is Elliott's procedure for the cleavage of peptide bonds (7, 8, 9) a t  the amino 
groups of the P-hydroxyamino acids, serine and threonine. I t  is based on the 
strong acid-induced N-acyl+O-acyl transformations studied earlier by Berg- 
mann, Brand, and Weinmann (2), Desnuelle and Casal ( 5 ) ,  and Desnuelle 
and Bonjour (G), and is briefly outlined in the equations below: 

R R 
I 

cH-013 AH-0-co-cHR/. . . 
1 H ?SO 4 I . . . NH-CO-CH-NH-CO-CHR' . . . -. . . NH-CO-CH-NH? - 

AC20 
R R 
I 
CH-0-CO-CHR' . . . I 

CII-OH COOI-I 
I I I 

This N-acyl+O-acyl migration might also occur ~vllere the €-amino groups of 
f hydroxylysine (26) are linlied in a peptide bond. 

The treatment of silk fibroin with 97.5% sulphuric acid for three days a t  
20°C. (8) caused rearrangelllent in only 66% of the serine residues, the major 
N-terminal residue detected by the dinitrolluorobenzene method (24) being 
serine. The non-reactivity of the other serine residues was thought to  result 

1AIanuscript received M a y  26, 1955. 
Contributio?~ froj~z the Natio?~al  Research Cozlncil of Canada, Prairie Regio?lal Laboratory, 

Saskatoon, Saskatchewan. Issued as Paper No. 201 o n  the Uses of Plant  Prodzrcts and as N.K.C. 
No.  3728. Prese~zted i n  part at the Western Regional Confere?~ce of the Chemical Institute of Canada 
at Va?zcouver, Br i t i s l~  Colz~?nbia, Septenzber 1954. 

2National Research Cozincil of Cafiada Postdoctorate Fellow 1953-1955. 
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from factors like steric hindrance. LTTith l>.sozyme (9) nearly all the serine 
groups and a third of the threonine residues participated in the reaction. 
The non-dialyzability of the lysozyme derivative and the absence of the Ehr- 
lich test for tryptophan suggested that cross linking occurred through those 
residues. Wiseblatt and McConnell (37), ~ 1 1 0  applied the method to wheat 
gluten, also observed the preferential release of seriile amino groups and sug- 
gested that the product was highly cross linked. 

In the present study the action of anhydrous su lph~~r ic  acid in effecting 
bond transposition in gliaclin has been studied from the quantitative aspects 
of time of reaction and temperature, to determine suitable conditions for 
further degradation studies on wheat proteins. Thc gliadin fraction was 
chosen because of its discrete characteristics. The  reactivity of the liberated 
amino groups towards nitrous acid was determined. This treatment ~voulcl 
convert the N-terminal sel-ine residues to glyceric acid. After saponification of 
the 0-acyl boncl, the reactivity of the terminal dihydric alcohol towards 
periodic acid was studied. The above alterations in Elliott's scheme avoid the 
necessity for protecting the free amino N with a substituent often difficult to 
remove without other alterations to  the material. 

An effort has also been made to detect changes in some of the amino acids, 
arising from sulphuric acid treatment of the protein. Uchino (33) reported that  
silk fibroin was stable towards sulphuric acid a t  7-8OC. for 11 days, but that  
later there was slow liberation of amino groups. Reitz et al. (28) noted that  
although appreciable hydrolysis of y-globulin occurred in one weel; a t  room 

I 
temperature there was only 2-3% hydrolj.sis in 10 days a t  4OC. Work on wool 
(11) indicated considerable non-ionic combination of sulphate ions with the 
amino groups to form sulphamates. With other proteins (28) it seemed possible 
to  account for all bound sulphate on the basis of ester formation with aliphatic 
hydroxyl groups, formation of sulphonic acids, and formation of thiosulphates 
by reaction with the sulphydryl groups. Although some workers observe very 
little destruction of tryptophan, cystine, and serine (28) other reports (20) 
indicate appreciable alteration besides the sulphamate formation. When wool 
was treated with sulphuric acid a t  low temperatures 10% of the serine and 
25% of the arginine was lost. Phenylalanine and tyrosine showed a decrease 
which, as with tryptophan, may be partly accountecl for by sulphonation 
of the benzene ring. 

EXPERIMENTAL 
Analytical il[ethods 

Total N was determined by the micro-Kjeldahl method with mercuric oxide 
catalyst. Free anzino grozlps were estimated by the Van Slyfie nitrous acid 
method and a ninhydrin colorimetric procedure (31). 

The difference in free amino groups before and after treatment of the 
materials with pH 9.1 borate buffer for 12-16 hi-. was taken as a measure of 
the bond transposition (8). 

Standard methods were employed for determination of the following: 
amide N (24), cystine (IG), metkionbte (13), arginine (21), tryptophan (10). 
Tyrosine was determined by the 1,2-nitrosonaphthol reaction (25, 31). 
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Total S was estimated by a combined micro-combustion and volumetric 
method (32) and formaldehyde by the chromotropic acid color reaction (23). 
The  method of Rice, Keller, and Kirschner (30) was used for the identification 
of the aldehydes as  the 2,4-dinitrophenylhydrazones. 

Treatment of Gliadin wi th  Sulphuric Acid 

One gram of gliadin (N-17.64yo, prepared by the method of Blish and 
Sandstedt (3)) and 10 ml. anhydrous sulphuric acid (prepared by addition 
of the calculated amount of oleum to 97.5y0 sulphuric acid) were shaken 
together for the required time a t  the temperature desired. The  reaction mixture 
was then poured with stirring into 20 times its volume of cold ether and the 
precipitated material washed repeatedly with ether. The  material was dissolved 
in the minimum volume of 60y0 (v/v) ethanol, transferred to a Visking 
cellophane bag, and dialyzed exhaustively against distilled water. The  contents 
of the bag were lyophilized. The recovery of the products was close to 97% 
based on nitrogen analyses. 

Degradation of the Sulphuric Acid Treated Gliadin 
The material obtained above was acetylated a t  pH 5.0 using acetic anhydride 

(S) or formylated with a mixture of formic acid and acetic anhydride (35). 
Deacylation was effected by means of anhydrous MeOH - HCI (1.5 M in 
regard to HC1) under conditions used by Boissonnas and Preitner (4). Saponi-  
jicatioa of the 0-acyl bond was achieved using 0.01 N NaOH or 0.02 N 
Ba(OI1)2 (8). 

Deamination of Sulphuric Acid Treated Gliadin 

Two methods were employed. In the first, the reaction mixture was treated 
a t  0.5"C. with solid NaNO2 ( I  gm. for every gram of protein), added in small 
portions during 20 min. In the other method 0.5 gm. of the material in 30 ml. 
50% acetic acid was treated a t  room temperature with 1 gm. NaNOz added 
in small portions during 20 min. with agitation. The reaction mixtures were 
exhaustively dialyzed against distilled water and lyophilized. The latter 
method gave products free of color. 

Reaction of Terminal  A m i n o  Groups w i th  I-Fluoro-2,C-dinitrobenzene (DNFB) 
Conditions for the reaction and hydrolysis of the products for the release 

of the dinitrophenyl amino acids were those recommended by Porter (24). 
Separation of the 2,4-dinitrophenol and 2,4-dinitroaniline from the amino 
acid derivatives was effected on a chloroform -silicic acid column (19). 
The  dinitrophenyl amino acids were identified by paper chromatography (22) 
and determined quantitatively by spectrophotometry a t  360 mp (24). 

RESULTS 

T o  establish a basis for assessing the results the serine content of gliadin 
was determined (27) and found to be 4.9% by weight. Gliadin, of molecular 
weight 30,000, on cleavage of all peptide bonds attached to serine N should 
therefore yield material containing about 15 fragments with an average 
chain length of 15-16 residues and with 0.65y0 amino N (3.7% of total N) 
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due to exposed serine amino groups. The original gliadin contained 1.01'% of 
the total N as free amino N. 

Figs. 1, 2, and 3 contain results obtained for total amino N,  amino N 
arising from bond transposition alone, and amino N other than that arising 
from bond transposition when samples of gliadin were treated with H2S04 a t  

0  20 4  0  6 0  80 100 120 

TlME ( h o u r s )  

FIG. 1. Effect of time and temperature on free amino N released from gliadin by sulphuric 
acid. 

. - -34OC. 
0 -  o 0 c .  
H - 23 "C. 

0 

(U 
a 

0 - 

z 0.8 - 

0 - 
Z 
a 0 -  

0  2 0  40 6 0  80 100 120 

TlME ( h o u r s )  

FIG. 2. Effect of time and temperature on the release of amino nitrogen by bond transposi- 
tion alone during the su l~hur ic  acid treatment of gliadin. Free amino nitrogen expected from a 
quantitative bond transposition a t  serine is 3.7% of total nitrogen. 
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0 20 40 6 0 80 100 

TIME ( h o u r s )  

FIG. 3. Effect of time and temperature on amino nitrogen not arising from bond transposi- 
tion during the sulphuric acid treatment of gliadin. 

0°, 23", and -34°C. for different lengths of time. The data  were obtained on 
lyophilized products, isolated from the reaction mixtures, as  described above. 

The data  indicate that in samples treated a t  0°C. and -34°C. the total 
amino N increases during 35-45 hr. and thereafter falls to 50-65yo of the 
maximum, remaining practically constant. At  23°C. amino groups increase 
rapidly for about 45 hr. after which there is a slow but continuous rise. Changes 
in amino N arising specifically from bond transposition follow the same pattern 
(Fig. 2). The pattern of changes in content of amino N other than those 
involved in the bond transposition is depicted in Fig. 3. In samples treated a t  
-34" and 0°C. the values decrease gradually to  a low value. Since the free 
amino N content of the original gliadin was measured to be l.Olyo the initial 
decrease a t  23°C. is relatively rapid but thereafter there is a progressive 
increase in free amino groups which may be the result of non-specific hydro- 
lysis. 

The difference between analytical values on duplicate preparations was of 
the order of 10%. The observed trends are therefore significant. The average 
deviation of the mean for determinations of amino N by the coloriinetric 
method was f 1.5y0. 

Acylation and SaponiJication of the Treated Gliadin to Peptides 
Two samples, one treated a t  0°C. for 45 hr. and another treated a t  23°C. 

for 60 hr. with sulphuric acid (0.312% and 0.221% of amino N, respectively, 
exposed by the bond shift), were subjected to acetylation, saponification, 
and deacetylation by methods referred to earlier. Material from saponification 
(after precipitation of barium either by passing in COz a t  PI-I 6.5-7.0 or by 
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adding dilute sulphuric acid) had a high ash content \\rhich was retainecl even 
after the treatment with NIeOH - HC1. T o  determine the serine end groups, 
the peptide samples obtained were oxidized with periodic acid. The amounts 
of formaldehyde obtained corresponded to  107.8 and 92.2y0 of the theoretical 
calculated from the amino N values for bond transposition. 

The  peptide samples were subjected to paper electrophoresis (Whatman 
3 mm. 11 X30 cm. sheet) using a pH 6.0 phthalate (0.05 M) buffer and 0.05 N 
acetic acid. The  material was spotted along a line drawn across the middle 
of the sheet, which hacl been previously wetted with the electrolyte, and a 
potential of 220 v. was applied for a period of from two and one-half to  three 
hours. No appreciable part of the material migrated toward either electrode 
so that  although analyses indicated cleavage of the molecule a t  five to  eight 
sites, no heterogeneity in the resulting material was demonstrable by paper 
electrophoresis. This observation is similar to results obtained in studies on 
gluten (37), where the suggestion was made that  the material resulting from 
the treatments employed may consist of cross-linked polypeptide material of 
colloidal climensions exhibiting marked homogeneity by physiochemical 
criteria. I t  was emphasized that  the electrophoretic homogeneity may have 
resulted from polar groups introduced by the chemical treatments used. 
I t  thus appeared of some interest to avoid, a t  least, the steps of acylation and 
deacylation. 

Dearni7zation with Nitroz~s Acid and SaponiJication of the 0-Peptide Bond 
Some experiments were done therefore on deamination of the products 

from the sulphuric acid treatment. The reaction should convert the free 
amino groups to  111-droxy groups and s~tbsequent saponification sllould then 
yield a mixture of peptides with terminal gl\w.xic acid. The reaction could be 
represented as follows: 

CIIZOH CH2-0-CO. CHR' . . . 
I . . . NH-co-cH-NH-co.cHR1 . . . - . . . NH-co-LH-m2 - 

H?SOI HN02 

CH?. OH COOH 
I / 

*Altho2~gh the amounts of fornzaldehyde estimated i n  several sa?nples examined were nearly 
equivalent to tlze bond transposition effected, the periodate consumed during the o:cidation of the 
prodzrcts was fownd to be several tivzes higher than that expected. The  sites i n  the protein-derivatives 
responsible for this reduction of periodate have not yet been determined. 

NH-CO-CH-OH + N~ - . . . NH . CO. CH .OH + RICH< 
NaOH \ 

Gliadin treated with sulphuric acicl a t  O°C. for 45 hr. was deaminated and 
saponified according t o  the above scheme of reactions. The isolated product 
was then oxidizecl with periodate (37) to  determine terminal dihydric alcohols. 
Formaldehyde'+quivalent to  105.5% of that calculated from bond transposi- 
tion was recovered. The second method of deamination was applied to  gliadin 
treated with sulphuric acid a t  23°C. for GO hr. The  sample had a serine amino 
N value of 0.221% and total amino N 0.298y0. After dearnination the product 
had only 0.013% amino N, indicating destruction of 95.6y0 of the free amino 
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groups. Saponification with NaOH resulted in a product which on periodate 
oxidation yielded only a trace of periodate ammonia, indicating complete 
destruction of the serine amino groups. The formaldehyde produced during 
this oxidation corresponded to 112.8y0 of the calculated amount. The absence 
of acetaldehyde in the reaction mixture by the p-hydroxydiphenyl test indi- 
cated tha t  no threonine residues were involved in the arrangement. This was 
confirmed when the aldehydes present were reacted with 2,4-dinitrophenyl- 
hydrazine and the hydrazones extracted and identified on paper chromato- 
grams. Only one spot corresponding to formaldehyde was present. 

The  nitrous acid treated samples were hydrolyzed with 6 N HCl for 20 hr. 
as was a control sample of gliadin. The hydrolyzates were chromatographed 
in two dimensions (36) and the combined intensity of the ninhydrin spots 
due to serine and glycine was determined spectrophotometrically after extrac- 
tion with 10yo isopropanol. The  values indicated that  80-90y0 of the serine 
determined as involved in the rearrangement had been destroyed by nitrous 
acid. However, application of both the dye test (17) and the biuret test (14) 
to electrophorograms of the two samples (deaminated H2SOa-treated gliadin, 
one a t  0°C. for 45 hr. and the other a t  23°C. for 60 hr.), prepared as described 
above, showed a single major component, which moved slowly towards the 
anode, but did not separate into differing fragments. Both the materials moved 
a distance of 2.3 cm. in three hours in 0.05 N acetic acid. 

C-Terminal Groups of Degradation Products 

Reaction of the degradation products with carboxypeptidase in a qualitative 
study indicated the following amino acids occupying C-terminal positions- 
tyrosine, "leucine",* valine, alanine, glutamic acid, and glycine. No amino 
acids were released when undegraded gliadin was treated with the enzyme, 
although application of the modified Schlack and Kumpf procedure (1) for 
C-terminal groups had indicated the presence of glutamic acid and "leucine" 
in less than molar amounts (unpublished results of the authors). I t  is thus 
possible that  bond fission occurred a t  sites where serine is linlred to  the above 
amino acids. 

Reaction of Exposed Amino Groups with DNFB 

Gliadin was treated with sulphuric acid a t  23OC. for four days, precipitated, 
acetylated, saponified, and then deacetylated with MeOH - HC1 and the 
material fractionated roughly into MeOH - HC1 soluble and illsoluble fractioils 
(37). The  methanol insoluble sample (the amount of material recovered thus 
accounted for 25% of the nitrogen in the starting material) had very low 
amino N (0.137y0) whereas the soluble fraction had a value of 0.490%. 
The  free serine amino N was 0.082 and 0.183% respectively. The latter sample 
had a very high ash content and the formaidehyde values on periodate oxida- 
tion were abnormally high. I t  was considered desirable to determine the amount 
of free serine amino groups by condensing with DNFB and measuring the 
DNP-serine formed. The dinitrophenyl derivative was hydrolyzed and the 
DNP-amino acids in the ether extract and aqueous phase examined for their 

*No djfferentiation has been made between leucine and isoleucine. 
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identity by paper chromatography (22) after initial purification on silicic 
acid (19). DNP-serine was found in the ether phase and the aqueous phase 
contained DNP-histidine. The presence of DNP-histidine is to be expected 
since histidine occupies the N-terminal position in gliadin (15, unpublished 
data of the authors). The DNP-serine amounted to 10.65 pM. while the amount 
theoretically expected from the other analyses was 12.59 pM. Although the 
recovery for serine amino groups thus appeared to be nearly quantitative, the 
condensation with the other free amino groups, known to be present from 
ninhydrin amino N analysis, could not be detected. 

P H 

Fig. 4. Titration curve of gliadin before and after treatment with sulphuric acid. 

The Effect of Sulphuric Acid Treatment on Some Amino Acid Residues 
The titration curves of a sample of gliadin in 60y0 ethanol, before and after 

treatment with sulphuric acid at  23OC. for 70 hr., are indicated in Fig. 4. 
The shape of the curves suggests appreciable changes in the groups titrated 
in the pH region 2.5-8.5. 

Table I contains the results of analyses for bound sulphate, amide N, 
arginine, methionine, and tyrosine. A single determination of tryptophan in 
the sample treated for 70 hr. a t  23OC. indicated a decrease from 1.15 to  1.02%, 
of cystine from 2.35 to 1.85y0, and of phenylalanine (12) from 5.45 to 4.72y0 
on moisture and ash-free protein. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

4/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1646 CANADIAN JOURNAL OF CHEMISTRY. VOL. 33 

TABLE I 

AMINO ACID CONTEXT OF THE SULPHURIC ACID TREATED SAMPLES* 
-- 

Reaction Reaction Total S, Aniide N, 
time, temp., % as yo h,Iethio~li~le tlrginine Tprosine 
hr. "C. total N 

Untreated 0.943 25.  G 1 .53  4 . 5 2  3 . 5  
6  23 23.3  1.11 3 .83  2 .49 

24 23 2 .32  23.91 3 .67 1.97 

"All valzres for allt ino acids  as gnt./100 gnz. proteix.  

DISCUSSION 
The results preseiltecl show that time of treatment is a factor of importance 

in the sulphuric-acid-induced acyl migration of peptide bonds in gliadin. 
Although this study of transposition as a function of time indicates the best 
conditions (40 hr. a t  O°C.), the coinplete migration of pepticle bonds was not 
obtained under any of the conditions. The shape of the curves in Fig. 3 suggests 
partial disappearance of amino N during acid treatment a t  the two lower 
temperatures, whereas a t  23OC. a non-specific hydrolytic cleavage appears 
to  be superimposed. Amino groups might undergo reaction to form sulpha- 
mates (11, 29) or be involved in other reactions. If some of the newly formed 
amino groups participate in such reactions under the conditions of treatment 
used, i t  would be impossible to detect or make use of a complete shift of the 
peptide bonds. Apparent incompleteness in the shift cannot be explained 
solely on the basis of factors like reactivity of the residues in the protein 
molecule. Elliott (9) suggestecl the occurrence of polymerization reactions 
involving tryptophan resiclues in the case of lysozyme, but q~iantitative 
fission a t  serine groups and a t  a third of the threonine residues had occurrecl. 
In sillc fibroin the cleavage a t  serine residues was of the order of GG% (8). 
In gliadin the maximum observed is of the same order (Fig. 2). Thus the 
effective cleavage of these bonds seems to vary with different proteins. 

The present observations indicate that problems arising in the bloclcing of 
amino groups and removal of the blocliing agent later could be avoidecl by 
deamination and that ,  with gliadin, the renloval of the amino groups by nitrous 
acid is quantitative. This treatment would however convert terminal serine 
residues to glyceric acid. In theory, this simplilication in procedure could 
distinguish between serine residues rearrangecl in the first step and those 
encountered later. Samples of treated protein deaminated in this way showed 
a decrease in content of serine in the hydrolyzate, of the same order as involved 
in the bond rearrangement. This in effect constitutes direct evidence of a shift 
of peptide bonds attached to the serine N in gliadin. Desnuelle (see Ref. 9, p. 140) 
however has encountered difficulty with some proteins in dimethylating or  
deaminating the amino groups exposed by s'ulphuric acid. 
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T h e  results obtained indicate the incorporation of considerable amounts of 
undeteriniiled forms of sulphur into the protein during the treatment with 
acid. Extensive chemical modification of the original protein is also shown b y  
the changes in the content of a n ~ i d e  bonds, methionine (cf. 18), arginine, 
tyrosine, cystine, and phenylalanine. T h e  tryptophan reaction was still strong 
in some of the products examined. Side reactions involving free amino groups 
in the sulphuric acid medium are indicated by the gradual diminution of 
non-serine amino N with time. This perhaps involves, amongst other possib- 
ilities, sulphamate formation. T h e  differences observed in the titration curves 
of gliadin, before and after treatment, possibly result from rather extensive 
alterations. 

T h e  incon~plete nature of the rearrangement and the chemical modification 
of several of the constituent amino acids in the protein severely limit the scope 
ancl usefulness of sulphuric acid as a reagent for the selective fission of peptide 
bonds. T h e  results presented herein do  nevertheless provide direct evidence 
for strong acid-induced acyl migration in gliadin and indicate tha t  a fairly 
specific cleavage of peptide bonds can thereby be obtained. More satisfactory 
schemes for selective protein hydrolysis will probably be developed in the 
future but,  for the present, degraclation based upon the sulphuric-acid-induced 
bond transposition reillains a useful tool in the s tudy of proteins. Improved 
understanding of the various effects of sulphuric acid on proteins will lead to  
rational applications of the procedure and facilitate interpretation of the 
results. 

The authors are indebted to Mr. J. A. Baignee for determinations of sulphur. 
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THE REACTION OF ACTIVE NITROGEN WITH AZOMETHANE' 

ABSTRACT 

The main products of the reaction between active nitrogen and azomethane 
were hydrogen cyanide and ethane. Traces of methane, ethylene, and acetylene 
were also formed, together with small amounts of an  unstable product. 
Activation energies of about 0 . 5 f  0.4 and 1 . 9 f  0.3 kcal. per mole, with corre- 
sponding steric factors of 10-I to and lop2 to  lop4, were estimated for the 
reactions of active nitrogen with methyl radicals and azomethane respectively, 
on the assumption that atomic nitrogen is the reactive component of active 
nitrogen. Azo~nethane appeared to catalyze the deactivation of active nitrogen. 

INTRODUCTION 

Free allcyl radicals have been postulated as intermediates in many of the 
hyclrocarbon -active nitrogen reactions studied in this laboratory, and it 
has been invariably assumed that  they were very rapidly destroyed by 
reaction with active nitrogen. The  present study represents an attempt to  
evaluate experimentally the kinetic characteristics of the methyl radical - 
active nitrogen reaction. 

EXPERIMENTAL 

The apparatus and analytical methods have been described in earlier 
papers (4). Two concentrations of active nitrogen, which differed by a factor 
of approximately ten, were used. For the higher concentration, molecular 
nitrogen a t  a flow rate of 9.75X10F6 mole/sec. was admitted to the condensed 
discharge. The  lower concentration was obtained by reducing the flow of 
nitrogen to 3.53 X10-6 mole/sec., while the pressure in the system was main- 
tained a t  the previous value (ca. 1.0 mm.) by introducing argon into the 
discharge tube a t  a flow rate of 7.28X10-5 mole/sec. In two experiments on 
the hydrogen atom- azomethane reaction, a comparable hydrogen-argon 
mixture mas passed through the discharge tube. 

Three samples of azomethane were prepared from dimethylhydrazine by 
the method of Leitch* (11); these showed identical vapor pressure-tempera- 
ture relations. 

Reaction temperatures were measured with two copper-constantan thermo- 
couples. One of these mas situated directly below the hyclrocarbon inlet tube 
in the center of the reaction vessel, while the other was located near the top 
of the vessel a t  the active nitrogen inlet. 

'Manzrscript received Jzcly 23, 1955. 
Contribzrtion front the Plzysical Clzenzistry Laboratory, McGill University, Montreal, Quebec, 

with ji?za?zcial assistance from tlze Consolidated Min ing  and Smelting Co., Trai l ,  B.C., and the 
National Research Council of Canada. 

2Holder of a National Research Council Studentship, 1953-1954, and a Cominco Fellowship, 
1954-1955. 

*The  authors are grateful to Dr. L .  C. Leitch of the National Research Council, Ottawa, for olze 
sample of a-omethane and for some of the dimethylhydrazine. Further supply of the latter was 
obtained from Bricknian alzd Company of Montreal. 
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RESULTS 

A preliminary experiment with azomethane mixed with molecular nitrogen 
in approximately the proportions used in the subsequent studies of the active 
nitrogen reaction showed no significant thermal decomposition of azomethane 
under these flow conditions a t  400°C. Also no decomposition was observed 
when argon alone was passed through the discharge tube and allowed to inix 
with azomethane in the reaction vessel. 

A M FLOW RATE - MOLES/SEC. X I o6 
FIG. 1. Relations between flow rate of azomethane and yields of products in the reaction 

between azomethane and active nitrogen. 

A: HCN production a t  high active nitrogen concentration: 
HCN Temp. ("C.) 

390 
0 160 
n 85 

B: Production of Cz hydrocarbons a t  high active nitrogen co~lcentration: 
CzHs C2H4 Temp. ("C.) 

a 390 
0 160 
A 85 

C: Production of HCN and C? hydrocarbons a t  low active nitrogen concentration: 
HCX C2Hs 'Temp. ("C.) 
a 400 

0 180 
A n 50 

D: Production of the unstable product and azomethane recovery a t  low active nitrogen 
concentration: 

Recovered AM Unstable product Temp. ("C.) 
a 400 

0 180 
A 50 
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T h e  coi~densable products of the active nitrogen - azomethane reaction 
consisted mainly of hydrogen cyanide and ethane. Unreacted azomethane 
was also recovered. A Le Roy still (10) was used to  separate the ethane 
fraction, which was subsequently analyzed with a inass spectrometer.'" 

T h e  I-ICN content of the remaining fraction was estimated by absorption 
in KOH solution and titration with standard AgN03 solution (9). Unreactecl 
azomethane was obtained by difference. T h e  yields of H C N  and C q  hydro- 
carbons for three different temperatures, a t  each of the active nitrogen flow 
rates used, are shown in Fig. lA ,  B, and C. 

Analysis of the uncondensed gases from two experiments a t  the higher 
active nitrogen flow rate inclicated tha t  methane was produced only in small 
amounts in the azomethane - active nitrogen reaction ant1 tha t  the hydrogen 
production approxiinated t o  the H C N  )~ield. 

In all of the active nitrogen - azomethane experiments small amounts of 
methane and nitrogen (in roughly equal proportions as  determined by mass 
spectrometer analysis of several samples) were evolved when the condensable 
products were evaporated from one vessel to  another, and also during distilla- 
tion in the Le Roy still. T h e  evolution of these gases in the same proportion 
was also observed from the products of the two experiments with the hydrogen 
atom - azomethane reaction. These observations inclicate that  the formation 
of an  unstable product in the active nitrogen - azomethane reaction is a 
result of seconclary hydrogen atom - azomethane reactions. From the total 
amounts of methane and nitrogen formed by complete decomposition of the 
unstable product, it was possible to estimate i ts  yield on the assulnption tha t  
one molecule of the unstable inaterial clecoinposecl to  one molecule of methane 
and one inolecule of nitrogen. The  da ta  obtained fro111 such estimates, to- 
gether with the  recovery of azomethane, have been plotted in Fig. ID as  a 
function of the azomethane flow rate for a number of experiments a t  the lower 
active nitrogen flow rate. 

No  products other than residual azomethane and hj-drogen cj.anicle were 
detected in significant amounts by inass spectrometric analysis of the  hnal 
fraction from two experiments a t  45' and 177°C. with the  lower active nitrogen 
concentration. The hydrogen cyanicle yields calculated from these analyses 
agreed with those obtained by the clieniical method mentioned previously. 

At  the lower temperat~u-es inaterial balances were within a few per cent of 
the theoretical. However, a t  higher temperatures the material balances were 
between 88 and 100% and some polymer formation was observecl. 

Experiments with ethylene ant1 propylene a t  high temperatures and high 
flow rates, such tha t  consumption of the active nitrogen should be complete 
(4), i~ldicated a value of about 1 . 6 0 f  0.1 0 X mole/sec. for the higher 
active nitrogen flow rate (dotted line, Fig. IA).  Siinilar experiments with 
ethane and ethylene gave a value of 1.31 f 0.06 X mole/sec. lor the lower 
flow rate. 

Apart  from the unstable product, the Ilydrogen atom - azornethane experi- 
ments yielded large quantities of ethane and a higher boiling fraction. i\/Iaterial 

" T h e  az~tkors are il~debted to Dr. E-I. I.  Schiff of this department for the mass spectro~ileter a?~alyses. 
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balances, calculated on the assumption that  the latter fraction was residua1 
azomethane or dimethylhydrazine, were well over 100yo, a feature in which the 
hydrogen atom - azomethane experiments differed from those with active 
nitrogen. 

DISCUSSION 

Although evidence has recently been obtained (3) to  indicate the presence 
of more than one reactive species in active nitrogen, the identities of the 
species have not been established. As in most of the previous studies, therefore, 
the present results will be discussed on the assumption that  atomic nitrogen 
is the only reactive species involved. 

A t  the lower active nitrogen concentration the hydrogen cyanide production 
increased rapidly with azomethane flow rate, and attained a constant maximum 
value which was virtually independent of temperature. The  close agreement 
between this maximum hydrogen cyanide yield and the corresponding yields 
from ethane and ethylene suggests that  the hydrogen cyanide production 
from azomethane represents the complete consumption of the relatively smaIl 
amount of active nitrogen available in these experiments. 

On the other hand, the hydrogen cyanide production from azomethane a t  
the higher active nitrogen flow rate never approached the value obtained 
with ethylene and propylene, although the constant yield observed for higher 
azomethane flow rates would again imply complete consumption of the 
available active nitrogen a t  160' and 400°C. 

The  apparent loss of active nitrogen in the presence of azomethane might 
be due to catalyzed recombination of nitrogen atoms with azomethane as a 
third body; thus: 

This would be in competition with the reaction: 

which appears to be the most reasonable process for the initiaI nitrogen atom 
attack on azomethane. 

Both of these reactions are first order in respect of azomethane. A com- 
petition between them would thus explain the constant hydrogen cyanide 
production observed a t  azomethane flow rates in excess of the critical flow 
rate. A difference in activation energy would explain the increase in hydrogen 
cyanide production with temperature. Also, since the recombination reaction 
is second order in respect of the nitrogen atom concentration, a significant 
reduction in the concentration of this reactant should favor conversion of 
the active nitrogen to  hydrogen cyanide, and the apparent difference in 
behavior a t  high and low active nitrogen concentrations can be explained. 

I t  might be noted parenthetically that  if excited or metastable nitrogen 
molecules, rather than atoms, were the major component of active nitrogen 
it would be difficult to  account for this behavior, which has also been observed 
with other compounds (1, 2).* 

*I t  i s  hoped that a general discussion of the behavior may be published shortly. 
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Methyl radicals formed in the initial process may react with nitrogen atoms 
as follows: 

N+CH3 + H C N f 2 H  Pal  

+ HCN+Hz  [2bl 

+ CN+H?+H. [2c] 

Reaction [2c] is probably slightly endothermic; moreover if  it were extensive, 
cyanogen might have been expected as a significant product. Although re- 
action [2a] is thermodynamically less favorable than [2b], it permits conserva- 
tion of spin (I),  while [2b] does not. 

Ethane formation presumably occurred by the reaction: 

CH3+CH3+ M + C2He [31 

which seems to have a negligible activation energy and a steric factor close 
to unity (12). 

Methane, ethylene, and acetylene are all minor products and were probably 
produced in relatively unimportant processes (for example methane might 
have been formed in reactions involving hydrogen abstraction by methyl 
radicals). 

From the results of the present investigation and from previous studies of 
the hydrogen atom - azomethane reaction (5) it would seem that secondary 
hydrogen atom - azomethane reactions must have been relatively insignificant 
in the reaction of active nitrogen with azomethane. However, formation of 
the unstable product implies that a small concentration of atomic hydrogen 
was present in the system. This may be taken as evidence for the occurrence 
of reaction [2a]. Indeed it is possible to infer from the relative proportions of 
HCN, C2HG, and the unstable product that this reaction largely predominated 
over reaction [2b]. 

The  chain characteristics observed in previous studies of the hydrogen 
atom - azomethane (5) indicated that hydrogen atom - azornethane complexes 
might be relatively stable. Since such complexes might decompose to yield 
methane and nitrogen in roughly equal proportions (and possibly other 
products which are condensable in liquid nitrogen) they might well be identical 
with the unstable product recovered in the present investigation. 

By making certain simplifying assumptions it is possible to obtain estimates 
for the activation energies of reactions [lb] and [2] from the results of the 
experiments a t  the lower active nitrogen concentration where the occurrence 
of reaction [ la]  could be neglected. 

On the basis of the mechanism already outlined the equations required for 
these calculations may be formulated as  follows: 

N+CH3 5 HCN+%H (or Hz) [%I 
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d(Me)/dt = kl(Ai\/I) (N) - kz(iVIe) (N) - ka(Me)' 

The usual steady state approximation for the methyl radical coilcentration 
gives : 

-- - - R T  
(Q1-2Qz) 4 x -1 x (total molar flow rate) 

kg* - . F, . Q~~ pv 

-- - - Q~QT k1 ' k' 
' (Q1'2Q2) x - x - x (total molar flow rate) [i i] 

k 2 (Qi-2Qz) Fa pv' 

k - 
1 - 2 (Q1'2Q2) . F,, . F, x (*%)' x (total molar flow rate)2 [iii] 

Fa and F ,  are the flow rates of azomethane and nitrogen atoms in the 
reaction zone, and Q1 and Q? are the observed rates of production of hydrogen 
cyanide and ethane respectively. 

Calculations were made for the higher azomethane flow rates, where the 
reaction flame was confined to the upper part of the reaction vessel and the 
reading of the upper thermocouple could be assumed to indicate the reaction 
temperature. With the assumption of completely turbulent flow in the re- 
action zone, Fa and F ,  may be assigned steady-state values. As a rough 
approximation the values of Fa and F ,  in the reaction zone were assumed to 
be equal and independent of temperature. A value of 1.30X10-6 mole/sec. 
(equal to the average hydrogen cyanide production) was therefore taken to 
represent both F,  and Fa. 

The reaction volume V was assumecl to remain constant over the tempera- 
ture range studied and was estimated from the dimensions of the reaction 
flame to be about 50 cm3. I t  was also necessary to assume negligible ethane 
consumption by the reaction : 

Collision diameters of 3.0, 3.5, and 5.5 A for nitrogen atoms (4), methyl 
radicals (6), and azomethane (8) respectively were used in the calculation 
of the collision numbers and estimation of the steric factors. 

The ratios k2/kaQ calculated for the three different temperatures gave a 
value of 0.5A0.4 kcal. per inole for E2-$E3 and the ratio P?/P$ was found 
to be between 10-I and lo-?. Allowing for the possible decreases in P g  a t  low 
pressui-es (7) a lower limit of lop3 may be set for P2. If secondary hydrogen 
atom - azomethane reactions, which led to the formation of methyl radicals 
01- ethane, were responsible for some of the decomposition of the azomethane, 
the fraction of hydrogen cyanicle formed in the methyl radical - active nitrogen 
reaction would be greater than indicated and the ratios k2/1z$ and P~/P$ 
~vould be correspondingly greater. The values of the ratios kz/kaf and P~/P$ 
calculated above can thus be regarded as lon~er limits. 
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A value  of 2 . 0 f  0.3 ltcal. w i t h  a corresponding s te r ic  factor be tween  

and w a s  e s t i m a t e d  for  El from the va lues  of kl  calculated by e q u a t i o n  

[iii] for the  t h r e e  tempera tures .  Relation [ii], which  is  i n d e p e n d e n t  of F,, 
g a v e  a v a l u e  of 1.4k0.3 ltcal. fo r  El-EZ+$E3. T h i s  is  consis tent  wi th  the  
va lues  of 2.0% 0.3 and 0 . 5 f  0.4 kcal. per  mole calculated for El and E2-+E3 
with  t h e  o t h e r  t w o  relat ions.  These calculat ions ind ica te  that the react ion 

of ni t rogen atoms w i t h  a z o m e t h a n e  w a s  f a r  more r a p i d  than the i r  r e a c t i o ~  

w i t h  s a t u r a t e d  hydrocarbons  and c o m p a r a b l e  in r a t e  w i t h  t h e i r  attack on 
u n s a t u r a t e d  hydrocarbons. 
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DISINTEGRATION-RATE DETERMINATION BY 49-COUNTING 

PART 111. ABSORPTION AND SCATTERING OF B RADIATION1 

T h e  "coincident discharges" irl a 4x-counter have been esamined and found 
t o  be due in t he  main t o  gas and wall back-scattering. This  can be resolved into 
two components-scattering near t o  and far f rom the source. Curves have been 
obtained for the  back-scattering o f  B radiation b y  t he  source-mounting film and 
for the  absorption o f  t he  incident and back-scattered radiation. Back-scattering 
b y  the  f i lm is shown t o  be great enough t o  introduce a large error into the  "sand- 
wich" method which is currently in use for correcting for source-mount absorp- 
tion. 

INTRODUCTION 

Previous publications in this series (37, 38, 39) have described experi- 
mental work aimed a t  improving the accuracy of absolute counting using a 
49-counter. In this paper additional experimental data  are presented, which 
enable identification t o  be made of the agency giving rise t o  the discharges 
occurring coiilcidently in both half-counters, and exami~lation t o  be effected 
of some of the scattering and absorption processes involved in using a 49 
steradian geometrical arrangement. 

The penetration of electronic radiation through matter is a complex pheno- 
menon owing to  the variety of processes by which interaction may occur ( 5 ) .  
With an initially collimated beam of moiloenergetic electrons, interaction with 
a layer of material up t o  a superficial density of a few hundred pgm./cm.2 
occurs by means of a few scattering events per electron. This results in the 
beam spreading without too great an energy or intensity loss. With thicker 
layers, Inore scattering events per electron occur and a transition to  "multiple 
scattering" takes place. With still thiclier layers the electroils no longer have a 
preferred direction of motion and the process resembles diffusion. The number 
of electrons now emerging from the foil decreases with increasing foil thickness, 
i.e. absorptioil of the radiation occurs. 

The single scattering of electrons has been treated theoretically (2, 33) 
and the multiple scattering has beell treated in an approximate way (4). 
When the system is further complicated by an uncollimated /3 radiation with a 
coi~tinuous energy spectrum, a theoretical analysis is very difficult. Conse- 
quently the absorptioil and scattering of /3 radiation have only been described 

a ians. empirically, principally with counting geometries of less than 29 ster d'  
The  absorption process, of interest both as a source of error in disintegration- 

rate measurements and as an energy determination method, has been the sub- 
ject of a volumii~ous literature (6, 17, 19,20, 21, 27,29, 41, 42). Our knowledge 
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ikfontreal, Quebec, with financial assistance fronz tlze Natioltal Research Cozcncil of Canada and 
Atontic Energy of Canada Lid. 

2Holder of a National Research Council Studentship. 
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PATE AND YAFFE: DISINTEGRATION-RATE 1657 

of the back-scattering of 0 radiation is largely due to  experimental work per- 
formed in coililection with disintegration-rate determinations using < < 2 ~  
geometry systems (12, IG, 22, 26, 50, 51). 

Absorption measurements in a 4~-counting geometry are of interest for two 
reasons. First, the effects observed are due t o  absorption alone, and scattering 
effects which cause complications like maxima in absorption curves (15, 18, 
34, 45) are virtually absent. Secondly, measurements in the absorber thickness 
range below a few hundred ~ g m . / c m . ~  (not hitherto reported), particularly 
with sources with minimal self-absorption, will provide absorption data  regard- 
ing the lowest energy electrons in the 0 spectrum. The  results given in an earlier 
paper in this series (39) and those of Suzor and Charpak (47, 48) indicate 
large absorption effects in this region. 

Prior to  the present investigation no detailed study of absorption effects in a 
4~-counter  has been reported. Measurements of the variation of total counter, 
half-counter, and coincidence counting rates have previously been made(25, 
44, 47, 48). However these have all been done a t  a relatively high source- 
mount superficial density. 

Previous observations of phenomena interpreted as due to  back-scattering 
from a source mount in a 4a-counter have been reported (IG, 25, 31). These 
were large compared with the corresponding effects in <<2a geometries. The  
reason for this was attributed by Ma1111 and Seliger (28) t o  a large contribution 
in the 4a  geometry due t o  small-angle single-scattering. 

"Coincidences in a 4a-counter" may be defined as  events where both halves 
of the counter are discharged within the resolving time of the apparatus by 
a single disintegration. This is, of course, an entirely different phenomenon 
from that  by which resolution losses occur a t  high counting rates, because the 
counter is u~lable to  differentiate between two successive disintegrations. The  
"coincidences" obviously do not result in ally error in the disintegration-rate 
determination. 

This phenomenon was previously observed by Haxel and Houterma~ls (24), 
who ascribed it t o  conversion electroils emitted simultaneously with the 0 
radiation of Rba7. A fairly comprehensive study by Suzor and Charpak (13, 
14, 46, 47, 48) pointed out three possible causes for these coincidences: 

(i) Secondary electronic radiation resulting from interaction of the primary 
beta radiation with the source mount. 

(ii) Electrons from the source, in addition t o  the 0 particle. 
(iii) Very soft gamma radiation from the source. 
Smith (44) interpreted his data  for S35 on the basis of (ii) and (iii). However, 

Meyer-Schiitzmeister and Vincent (31) came t o  the conclusion that ,  in the 
case of S3j  a t  least, the main cause was baclr-scattering of radiation by the 
counter gas and counter walls from one half-counter t o  the other. They con- 
sidered tha t  <0.1% of the effect observed could be attributed t o  inner brems- 
strahlung electrons in the cases of S35 and P3?. This latter observation agrees 
with recent experimental work (8, 40) where inner bremsstrahlung electron 
emission was found t o  occur very much less frequently than reported by 
Bruner (11). 
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The first problem attempted in this paper is the identification of the pheno- 
mena leading to  coincident discharges. Back-scattering and absorption curves, 
as observed in a 4a steradian counter geometry, are then obtained. 

EXPERIMENTAL AND RESULTS 

The counter and most of the associated equipment were the same as described 
earlier (38). The total counting rate NT (with the two half-counter anodes 
connected in parallel) is related to the counting rates above (n,) and below 
(nb) the source mount and to  the coincidence rate (n,) by the relationship 

n, may be obtained by measuring NT, and then n, and nb separately by dis- 
connectiilg each anode in turn. n, is then obtained by subtraction of two large 
quantities, which gives rise to a large statistical error. Alternatively, as in 
this work, one may use an electronic coincidence circuit which obtains the result 
directly. 

The two counter anodes were connected to  different high voltage supplies. 
The outputs were fed separately into Atomic Instrument Co. Ltd. 205-B 
Pre-Amplifiers, Atomic Energy of Canada AEP 1448 non-overloading ampli- 
fiers, and Marconi AEP 908 scalers. The output signals of the two amplifiers, 
taken after discrimination from the output of the multivibrator stage, were 
fed into an Atomic Energy of Canada AEP 1509 coincidence unit and thence 
to  a third AEP 908 scaler. A block diagram of the equipment appears in Fig. I. 

SUPPLY 

- 

SCALER 

- 
DISCRIMINATOR SCALER 

SUPPLY 

FIG. I. Bloclc diagram of electronic apparatus for coincidence experiments. 

The two systems were shown to be matched using the threshold of the Ni63 
plateau as a criterion. 

The coincidence rates as measured were corrected for random coincidences. 
The rate a t  which random coincidences are recorded (N) when unrelated 
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sources of pulses occurring a t  rates of nl and n2 are connected to the two inputs 
of the coiilcidence circuit is given by 

where t is the effective resolutioil time of the circuit. The latter was determined 
to  be 10.3 psec. for a range of values for n~ and n2 (supplied by two indepen- 
dent proportional counters) and this value substituted into equation [2] was 
used to  correct all subsequent data for random effects. 

A disadvailtage of measuring the coincidence rate directly, illvolving as it 
does an electrical separation of the two anode systems, is the appearance of 
positive pulses a t  the amplifier output, in addition to the usual negative 
pulses from the electron cascade. The amplitude of these positive pulses is 
observed to be a function of the diameter of aperture in the diaphragm separ- 
ating the two half-counters, and of the polarization potential applied to the 
half-counter opposite t o  that  in which they are produced. They are found to 
be in coincidence with negative pulses in the other half-counter, and to be 
nearly independent of the state of polarization of the hemisphere in which 
they are observed. 

All the foregoing is consistent with this effect being due to  induction of a pos- 
itive pulse in one anode by the movement of the electron cascade away from 
it, towards the other. In normal counter operation, connection of the anodes 
in parallel eliminates the effect since the small positive pulse merely slightly 
reduces the amplitude of the negative pulse normally measured. In the coin- 
cidence experiments, the positive pulses are amplified but fail to  trigger the 
discriminator circuit and so do not register. However, above 2.6 kv. polariza- 
tion potential, the negative overshoot following the larger positive pulses 
begins to  be effective in triggering the discriminator, and with the relatively 
long resolving time in use (10.3 psec.), spurious coincidence counts are pro- 
duced. In the experiments to be described below, conditions were always such 
that  these spurious coincidences did not occur. The presence of these induced 
pulses of opposite sign, however, sllould always be considered in experiments 
where two halves of a 4~-counter  are used separately. 

The experimental results t o  be presented here fall into two main categories: 
( a )  The coincidence rate n, was determined as a function of various dia- 

phragm aperture sizes a t  a suitable polarization potential using 0 emitters with 
maximum energies covering the range 67 to  1700 lev.  Methane, and argon 
+10y0 methane were the two counter filling gases used. I11 all cases but that  
of Ni63, the sources were point sources prepared by evaporatioil of a carrier- 
free solution. For Ni63 the source was prepared as nickel dirnethylglyoxirne by a 
vacuum distillatioil method to be described in a forthcoming publication. 
Each source was prepared on a gold-coated VYNS film (5-10 p g m . / ~ m . ~ )  
which had been mounted over 5 cm. aperture. Measurements of n,, n,, n, were 
made and NT computed. A diaphragm with a smaller aperture was then placed 
over the film, and the measurements were repeated for a series of aperture 
sizes in this manner. The results of this series are plotted in Figs. 2 and 3. AT 
was found to  be independent of aperture size. 
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0.0 ! I 

0 1.0 2.0 3.0 
DIAPHRAGM A P E R T U R E  R A D I U S  (cm) 

FIG. 2. Coincidence rate as a function of diaphragm aperture radius and beta end-point 
energy for methane counting gas. 

(b) n,, n,, and nb were measured for the same series of nuclides plus the a! 
emitter Pon0 as a function of source-mounting film-thickness with each of the 
counting gases mentioned. The aperture diameter remained constant a t  2.5 cm. 
The  sources were identical to  those described previously. The results are 
shown in Fig. 4. In  addition a thick source of Ni63 (2.6 mgm./cn~.) was pre- 
pared. These curves show no features differing from those observed with the 
thin source, other than the expected additional absorption. 

In  all experiments a t  least 1000 coincidence events were recorded, giving a 
standard deviation of f 3%. 

In  order t o  check on the operation of the counter with the greater mount 
thicknesses, the Ni63 characteristic was periodically checked. This a t  no time 
showed any unexpected features. 

DISCUSSION 

(a) The Coincident Discharges 

The frequency of occurrence of the coincident discharges (as high as 20% 
of the disintegration-rate of pure /3 emitters even with very thin source mounts) 
allows one to  eliminate many of the possible causes of this phenomenon. A low 
production probability, coupled in the relevant cases with a low counter 
response t o  photons, is sufficient to  eliminate nuclear gamma radiation, 
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0 1.0 2.0 3.0 
DIAPHRAGM APERTURE RADIUS ( c m )  

FIG. 3. Coincidence rate as a function of diaphragm aperture radius and beta end-point 
energy for argon + 10yo methane counti~lg gas. 

conversion electrons, inner bremsstrahlung, and inner bremsstrahluilg elec- 
trons (7, 9, 10, 35, 43,49). Similarly bremsstrahlung production (3, 49) and 
secondary electron production (32, 33, 36) in the very thin film can be shown 
to be several orders of magnitude too low. Corresponding processes in the 
counter gas and walls may also be ruled out owing to  absorption in the source- 
mount diaphragm and unfavorable geometrical conditions. 

I t  appears that  the only process of sufficient magnitude which could be 
responsible for a significant proportion of the coincidence events is back- 
scattering of radiation by the counter gas and counter walls into the other 
half-counter. (Back-scattering effects with <<2r counters, e.g. end-window 
counters, have been shown to  be of the necessary order of magnitude.) The 
rate of occurrence of coincidences due to  scattering close to the source will be 
independent of the aperture diameter. That  due to scattering further away 
from the source will increase with aperture diameter while that  due to scatter- 
ing a t  large distances will be proportional to the square of the aperture dia- 
meter. 
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I - C.P. CH, COUNTING OAS 

W 
l- a - -a--- A + 10%CHq COUNTING GAS 

7 0.1 

l3 
z 
I- 
5 0.05 

-0-0- - 
o nc 
0 0-0- 

0 . 0 l J . .  . . . . . ! .  . . . . . . I . .  . , , . I .A 
0 200 4 0 0  6 0 0  0 2 0 0  4 0 0  6 0 0  0 2 0 0  4 0 0  6 0 0  000 

SUPERFICIAL DENSITY OF SOURCE MOUNT (rgm/cma) 

FIG. 4. Total counter, half-counter, and coincidence counting rates a s  a function of source- 
inount superficial density for beta emitters ofincreasing end-point energy and for Po2'0 alpha 
radiation for methane and argon+10% methane counting gases. 

The contributioil from either or both of these processes may be obtained 
from the data in Figs. 2 and 3. If the curves are extrapolated to  r = 0, that  
part of the coincidence phenomenon which is independent of r can be separated. 
In Fig. 5 the values of n, a t  r = 0 are plotted against the maximum energy 
of the p emitter. The values obtained for each counter gas lie on a smooth 
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curve and can be attributed to back-scattering from the gas in the neighbor- 
hood of the source. The relative positions of the curves for argon-methane 
( 9  = 16) and methane ( 2  = 2) are consistent with the increased scattering 
expected (4) and observed by Yaffe and Justus (50) using material of higher 
atomic number. The form of the curves obtained here is similar t o  that  ob- 
served by these authors for bacli-scattering from a constant thickness back- 
scatterer as a function of particle energy, if one neglects the fall-off they ob- 
served a t  very low energies. (This fall-off is undoubtedly due to  preferential 
absorption of the back-scattered radiation in the counter window.) 

The value of n, for is independent of aperture size as shown in Figs. 2 
and 3. This is t o  be expected owing to  the soft nature of this P radiation. An 
appreciable scattering will occur close to  the source. Any other radiation will 
be absorbed by the counter gas. 

g 1  , , , ~ 
0 0.0 

0 0.5 1.0 1.5 
BETA END-POINT ENERGY ( Mev I 

FIG. 5. Coincidence rate due to gas-scattering near the source, as a function of beta end- 
point energy for methane and argon+lO% methane counting gases. 

Measurements of Po210 a particles, as  shown in Fig. 4, give values for n, 
of less than 0.1% of the clisiiltegration rate. This agrees with the foregoing 
interpretation since a radiation, for which the diffusioil mechanism does not 
occur, can only bacli-scatter by large-angle single or plural scattering events, 
which are highly improbable. This value of 0.1% also serves as an upper limit 
enabling one to confirm that  many of the processes suggested by other workers, 
e.g. secondary electron productioll by interaction with the source mount, are 
unimportant in this case. 

Our conclusions regarding the origin of the coincidence phenomena agree 
with those of Ha~vltings (23), who studied the variation of coincidence rate 
with counting gas pressure using a S35 source. 
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(b) Absorption and Scattering of 0 Radiation by the Source-mounting Film 
The curves shown in Fig. 4 can be resolved into the appropriate absorption 

and scattering components using methods somewhat similar to those used 
previously in calculatioils of this type (28, 44). Our treatment will however 
consider these components as fu~lctions of p particle energy and film thickness. 
One can assume a response probability of the counter of unity towards elec- 
trons and can neglect all processes involving the production of secondary 
electronic radiation as before. The relevant processes are absorption and 
elastic scattering in the source-mount film and back-scattering of electrons 
by the electron diffusion process near and far from the source. 

During this part of the experiment the aperture diameter of the diaphragm 
between the two half-counters remained constant a t  2.5 cm. If E is the maxi- 
mum energy of the 0 radiation and d the film thickness, one can let 

p l (E,  d) = transmission of the film to  the incident 0 radiation from the source, 

pz(E, d) = the probability that  0 radiation originally emitted into the 2n 
steradial1 solid angle towards hemisphere A will be scattered by 
the film so as to enter the other hemisphere B, 

P ~ ( E )  = the probability that  the 0 radiation incident into either hemisphere 
is back-scattered by the counter gas a t  a distance small compared 
to  the aperture diameter so as t o  enter the other hemisphere (one 
can neglect the small energy degradation by the film), 

p4(E) = the probability that  the radiation incident into either hemisphere 
is back-scattered by the counter gas and/or counter walls a t  a 
distance comparable to or greater than the aperture diameter so 
as  to enter the other hemisphere, 

pb(E, d) = the transmission of the film to the back-scattered radiation arising 
from processes 3 and 4. 

Other second-order effects may justifiably be neglected, e.g. wall scattering 
of back-scattered particles. 

Using the above probabilities, the following expressions for the half-counter 
and coincidence counter rates are obtained where N o  is the disintegration 
rate of the sample. 

[31 n, = +No[(l+p2) + Pl  P3 Ps + PI P4 PSI 
incident near gas far gas and wall 
+film back-scattering back-scattering 

scattering from other from other 
hemisphere hemisphere 

At d = 0, = $1 = 1, and p2  = 0, 
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and n,, = No[p3+p41. 

Also NT = n,+n,-n, = ~No[l+ps+(l-Pz)P~I,  

and a t  d = 0 NT = No. 

This agrees with the expectation that NT will be independent of the factors 
governing the magnitude of the coincidence rate and differs from No only 
owing to absorption in the film of that part of the radiation which escapes 
back-scattering. The values of n,, n,, and n ,  can be obtained from Fig. 4. 
p3  and pq are talten from Figs. 5  and 2 respectively. The unk~zown quantities 
p,, p2 ,  and p ,  are obtained by substituting a series of values of E and d in 
equations [3],  [4] ,  and [5] ,  and solving them simultaneously. The results are 
shown in Figs. 6 and 7. 

FIG. 6. Source-mount back-scattering coefficient ( p z )  as  a function of film superficial density 
for beta emitters of increasing end-point energy. 
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,P3' 1.70 Mov 

1 \ BETA RADIATION I 
\ --- BACKSCATTERED 

\ BETA RADIATION 

\ Nie3 

\ 
\ 

0 200 400 600 
SUPERFICIAL DENSITY OF ABSORBER ( p g / c m ' )  

FIG. 7. Transmission of source mount to incident beta radiation ( p l )  and to  back-scattered 
beta radiation ( p 5 )  as  a function of film superficial density for beta emitters of increasing end- 
point energy. 

Back-scattering of P Radiation from T h i n  Films 
The curves of $2,  the film back-scattering coefficient, bear a superficial 

resemblance to the results of previous work using <<2r counter systems. The 
magnitude of the effect observed here is much larger a t  low film thicknesses in 
agreement with the previous observatioils by other workers (14, 47, 48), who 
used much thicker films than we did. In contradistinction to the < 2 r  systems, 
back-scattering a t  a given mouilt thickness was found to  be greatest for the 
lowest energy P emitter. This is consistent with the suggestion that  the scatter- 
ing effects observed here are due to  single scattering events involving electrons 
incident a t  small angles t o  the film, rather than to  the electron diffusion type 
of back-scattering. The Rutherford-type scattering of relativistic electrons by 
atoms, described for example by McI<inley and Feshbach (30), will occur 
predominantly a t  very small angles, will fall off rapidly as the scattering angle 
increases, and will be greatest for small electron energies. 

Absorption of Incident and Back-scattered Radiat ion 
In  Fig. 7 the absorption curves for the incident and the back-scattered P 

radiation are compared. The energy degradation of the back-scattered radi- 
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ation is found to be much greater than that  observed in the <<2n system. In 
the latter case a ratio of 0.4-0.8 for the ratio of half-thicknesses or ranges of 
the back-scattered to  the incident radiation is found. In this work, for Nie3 for 
example, we find a half-thickness ratio of about 0.05. Our results, in agreement 
with those of Balfour ( I ) ,  clearly indicate the existence of a large proportion 
of very low energy particles in the spectrum of the back-scattered radiation. 
This is observable because of the "windowless" nature of the counter. 

(c) "Sandwich" Procedure for Correcting for Source-mount Absorption Losses 
I t  was shown in an earlier publication (39) that  the correction for source- 

mount absorption losses by the "sandwich" method leads to erroneous values 
being obtained for the source disintegration rate. Mann and Seliger (28) 
formulated the following expression for the fractional absorption T in a film, 

where NT and Ns  are the counting rates observed for a source mounted on one 
film and in a "sandwich" respectively. 

By inspection, using nomenclature as defined above, Ns  = No.P1 and 

If one assumes as Mann and Seliger have done that  p ~ ,  the back-scattering 
by the film, is negligible, then T would equal (1-PI), the film absorption as 
expressed in our nomenclature. However one can see from Fig. 6 that pz 
cannot be neglected without introducing a fairly large error. Mann and Seliger 
assumed also that  

NT = No-$No. 7, 

i.e. that half the emitted radiation entered the film and a fraction of this would 
be absorbed. However this half is reduced by the back-scattered portion. This 
introduces an error in the opposite direction. Despite this fortuitous cancella- 
tion of errors, the "sandwich" process can only be considered as an approxima- 
tion in disintegration-rate determinations. 
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A DIELECTRIC STUDY OF PLASTICIZED 
POLYVINYLIDENE CHLORIDE1 

ABSTRACT 

The electrical response of plasticized polyvinylidene chloride has been studied 
over a wide range of frequency, temperature, and plasticizer content. The dis- 
persion region was shifted to  lower temperatures a t  a given frequency on the 
addition of alpha chloronaphthalene as  plasticizer, but remained practically 
unchanged with hexachlorobenzene as plasticizer. Comparison was made with 
mechanical measurements for plasticized vinylidene chloride copolymers and 
reasonable agreement between electrical and mechanical properties was found. 
Enthalpies and entropies for dielectric relaxation were calculated on the theory 
of absolute reaction rates and were compared with values for plasticized polyvinyl 
chloride. A calculation of plasticizer efficiency from electrical measurements was 
attempted on the basis of a method suggested by Dyson. An interesting empirical 
relationship between enthalpy and entropy of activation and plasticizer content 
in polyvinyl chloride and polyvinylidene chloride is presented. 

Previous studies of the electrical response of plasticized polyn~ers have 
contributed t o  the elucidation of the mechanism of interaction between a 
polar polymer and a plasticizer. In general the presence of a plasticizer serves 
to  decrease the attractive forces between neighboring polymer chains and 
results in a softer and more pliable material. I11 a polar polymer, this increased 

1 freedom of molecular movement will be evident in a corresponding increase in 
the ability of polar groups to  respond to an applied alternating electric field. 
The ease with which dipoles follow the impressed field can be measured by the 
characteristic Debye dispersion curves a t  a given temperature. Where a strong 

I 
i intermolecular attraction exists dielectric dispersion will occur a t  a relatively 

low frequency a t  which a sigmoidal change of dielectric constant with fre- - 

quency and the appearance of a loss factor maximum will be exhibited. On the . . 

addition of plasticizer the dispersion region shifts to  higher frequencies indi- 
cating a lower internal viscosity and a greater freedom of chain movement. 

While the general features of plasticizer action and their investigation b y  
dielectric methods were established by Fuoss (7, 8, 9, 10, 11, 12, 13, 14, 17) 
there has been considerable latitude in the quantitative interpretation of the 
data. Attempts have been made to  relate plasticizer efficiency to  size, shape, 
and polarity of the plasticizer molecule and to  correlate electrical and mechani- 
cal properties (18). Although a relatively large number of investigations have 
been reported almost all of them have been confined to  the study of plasticized 
polyvinyl chloride (2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 17). Consequently 
the validity and generality of many of the theoretical comparisons have rested 
on the experimental confirmation found with this polymer. . ~ 

I t  therefore appeared advisable to  initiate experimental work with other - - 
similar polar plasticized polymers in order to  test some of the current views 

'Manuscript  received June  23, 1955. 
Contributiotz from tlze Department of Chemistry, University of Manitoba, Winn ipeg ,  Manitoba. 

Presented i n  purl before the sixth Cafzadian High  Polynter Forum, Apr i l ,  1955. 
ZPresent address: Department of Clzemistry, Royal Military College, Kingston, Ontario. 
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of the dielectric interpretation of plasticizer action. Vinylidene chloride was 
selected for its chemical similarity to  vinyl chloride. 

APPARATUS 

The electrical apparatus has been described previously (6, 18). In the 
current work a General Radio precision sample holder was used. The side 
plates were removed from the holder in order t o  permit its being thermo- 
statted in an air thermostat maintained to  ~ 0 . 0 5 " C .  A thermocouple was 
inserted in the housing of the sample holder to provide a further check of the 
sample temperature. 

CHEMICALS 

Polyvinylidene chloride (Saran A) of weight average molecular weight 
10,000 and 100,000 was provided through the courtesy of the Dow Chemical 
Company. 

Alpha chloronaphthalene, Eastman, reagent grade, was used as obtained. 
The lead stearate used was Wittco No. 10, and was not purified further. 

The samples were prepared by treating the pulverized polymer in a 70:30 
mixture of benzene and 2-butanone to  which the plasticizer was added. After 
refluxing for four to  five hours the samples were dried in vacuo for 24 hr. and 
then pressed into thin disks a t  a temperature of 135-165°C. and a pressure of 
5000 Ib./in2. 

After cooling, the samples were coated with aquadag and then placed into 
the sample holder. 

RESULTS 

The dielectric constant and loss factor of each sample was measured a t  
frequencies of 50, 100, 300, 1000, 3000, 10,000, 30,000, and 100,000 cycles per 
second a t  temperature intervals of 5°C. throughout the dispersion range. The 
data are shown graphically in Figs. 1 to  6 for concentratiolls of 0 to 24.8% 
alpha chloronaphthalene plasticizer by weight. 

The addition of a good plasticizer progressively decreases the temperature 
a t  which dispersion occurs a t  a given frequency. For instance, the maximum 
of the loss factor curve (f,,,) changes by 35°C. from the unplasticized to the 
most plasticized sample a t  3 kc. A plot of log f,,, versus reciprocal temperature 
is expected to  yield a straight line whose slope determines AIT*, the free 
enthalpy of activation. Such plots are shown ill Fig. 7 for the data obtained a t  
3 Itc. with alpha chloronaphthalene. Pronounced curvature is shown, parti- 
cularly if the 100 kc. points are included. For the data in Table I the slopes 
were determined by the method of least squares, and weighting factors were 
used to  compensate for the lower precision a t  the extremes of frequency. The 
relative weighting factors a t  each frequency were 50 c.p.s. (3), 100 c.p.s. (3), 
300 c.p.s. (4), 1 kc. (4), 3 kc. (4), 10 kc. (4), 30 kc. (3), and 100 kc. (I). The 
curvature shown in the plots for activation energy is not new; a similar pheno- 
menon is shown in Dyson's data for polyvinyl chloride (3). 

The free energies, enthalpies, and entropies for dielectric relaxation were 
calculated by the method described by Kauzmann (16) and are also tabulated 
in Table I.  
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F U N T  A N D  SUTHERLAND: DIELECTRIC STUDY 1671 

FIG. 1. Dielectric dispersion in polyvinylidene chloride of molecular weight 10,000 stabilized 
with 1% by weight of lead stearate. 

FIG. 2. Dielectric dispersion in polyvinylidene chloride of molecular weight 10,000 contain- 
ing 3.lyO by weight alpha chloronaphthalene and 1% lead stearate. 

u ~ ' " " " " " " " " '  
I I I I . I . 1 1 9 1 1 1 1 1 1 1 1 1 1  

-10 0 10 20 30 W SO 60 70 -30 -20 -10 0 10 20 30 40 50 60 

TEYPERITURE , OC. TEMPERATURE, OC. 

FIG. 3. Dielectric dispersion in polyvinylidene chloride of molecular weight 10,000 contain- 
ing 6.0% by weight alpha chloronaphthalene and 1% lead stearate. 

FIG. 4. Dielectric dispersion in polyvinylidene chloride of molecular weight 10,000 contain- 
ing 10.lyo by weight alpha chloronaphthalene and 1% lead stearate. 
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FIG. 5. Dielectric dispersion in polyvinylidene chloride of molecular weight 10,000 contain- 
ing 15.1% by weight alpha chloronaphthalene and 1% lead stearate. 

FIG. 6. Dielectric dispersion in polyvinylide~~e chloride of molecular weight 10,000 contain- 
ing 24.8% by weight alpha chloronaphthalene and 1% lead stearate. 

TABLE I 
ENTHALPIES A H * ,  ENTROPIES AS*, AND CHARACTERISTIC TE~IPERATURES ( T z )  FOR SYSTEMS 

INVESTIGATED, AS FUNCTIONS OF POLYMER AND PLASTICIZER CONCENTRATION 

Mole 
AH* AS* fraction Weight yo Density 

Sample (kcal.) (c.  L I . )  polymer polymer (gm./cc.) (3.1 
Hexaclzlorobe~zzene 

B 5 42.55 100.2 99.5 98.0 1.741 268.1 
Bl  4 39.53 91.8 98.2 94.6 1.736 263.0 
B2 4 41.29 96.6 96.9 91.1 1.762 266.2 
B3 $ 40.56 94.1 95.2 86.7 1.781 265.8 
B4 41.20 96.5 92.0 79.2 1.812 265.7 
135 40.46 93.8 89.6 74.3 1.804 265.5 
B6 40.97 96.3 74.4 49.5 1.886 264.6 
B7 41.41 96.7 46.2 24.8 1.933 266.7 

Alplza chlorollaplttbalene 
C1 39.56 92.2 97.6 95.9 1.752 262.5 
C2 37.76 88.7 95.8 93.0 1.702 256.5 
C3 3G. 12 86.9 93.3 89.0 1.697 248.5 
C4 34.21 84.5 89.9 84.0 1.678 239.5 
C5 29.94 76.0 82.8 73.9 1.035 223.1 

Unfilasticized bolvmers 
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The  da ta  of Table I can be compared with similar da ta  obtained from 
dielectric investigations of other polymer systems, and for plasticized poly- 
vinyl chloride. For a given comparison the relative magnitudes of the enthal- 
pies and entropies of activation are significant, and reflect freedom of movement 
of segments of the polymer chains. 

I t  can be seen from Table I that  for alpha chloronaphthalene, which is a 
relatively good plasticizer for polyvinylidene chloride, the dispersion region is 
shifted to  lower temperatures with increasing plasticizer content. The enthalpy 
and entropy values are also lowered corresponding t o  increased freedom of 
segmental motion in the polymer chains. With hexachlorobenzene, however, 
the effect of plasticizer is very slight, the temperature range of the dispersion 
region remains unchanged, and the enthalpy and entropy values remain 
relatively constant even a t  plasticizer concentrations of 75y0 by weight. One 
must conclude that  true plasticization is not occurring in this instance, and 
that  a macro dispersion of plasticizer in polymer is being obtained. 

The results with different unplasticized polymers are also shown in Table I. 
Polymer S-1 was a Dow Chemical Co. sample of weight average molecular 
weight 10,000 and S-2 was a similar sample of molecular weight 100,000. 
Sample P was obtained from S-1 on the addition of lyo by weight of lead 
stearate as a thermal stabilizer. Sample T was obtained by emulsion poly- 
merization of vinylidene chloride under nitrogen a t  25OC. using a persulphate 
activator, and was not fractionated. 

The  results obtained with these materials confirm the slight dependence 
of the position of the dispersion region on molecular weight. This is doubtless 
due t o  the segmental nature of the electrical response (16). 

The  mechanical properties of a vinylidene chloride 85y0 - vinyl chloride 
15% copolymer have been reported by Havens (15). These da ta  can be 
compared with the electrical results obtained in the present work. For this 
purpose we define temperature T,  obtained by extrapolation of the electrical 
da ta  t o  a relaxation time T of one second, where the relaxation time is defined 
as  2 a  times frequency of maxilnum absorption. The  relaxation time of one 
second is comparable t o  that  of a mechanical test, and is usually chosen where 
a comparison of electrical and mechanical properties is desired. 

In Fig. 7 the flex temperatures determined by Havens and T,  values obtained 
in this work are plotted against plasticizer content for comparison. I t  is evi- 
dent that  quite good agreement is obtained. 

A most detailed interpretation of da ta  on plasticized polymers has been 
attempted by Dyson (3). If a typical relaxation mechanism involves n mono- 
mer units, then the enthalpy of activation, AH",  is n M  calories per mole where 
M is the attractive energy between two chains per monomer length. For 
vinylidene chloride M has been reported as  1890 cal. per unit (1). If there are 
r alternative configurations available in the excited s ta te  the n monomer units 
will have r" configurations available and the entropy of activation can be 
expressed as  

S* = R In rn 
where R is the gas law constant. 
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18 I 

WElOHT PER CENT 
CHLORONAPHTHALENE 

FIG. 7. Comparison of mechanical and electrical data. 

Dyson has further elaborated his argument to include plasticized systems. 
He suggests tha t  a plot of 1/AH4 against volume fraction plasticizer should yield 
a straight line whose slope could be interpreted to indicate the tendency for 
plasticizer molecules to 'cluster'. The present data (and some of the data on 
polyvinyl chloride) do not yield a good linear relationship. Nevertheless the 
slope of the best line was take11 and using the appropriate data a value for q of 
6 was obtained for alpha chloronaphthalene, and a value approaching infinity 
for hexachlorobenzene. The significance of q on this picture is that i t  represents 
the number of plasticizer molecules in a cluster. One would interpret a large 
value of q as indicative of poor plasticizer action and a low value as giving high 
plasticizer efficiency. Corresponding values for polyvinyl chloride are 4.4 and 
2.3 with tricresyl phosphate, 4.8 with diphenyl, and 1.7 with dioctyl phthalate, 
according to  Dyson. These latter values would be reduced by the factor 1040/ 
1520 if Bunn's recent values for cohesive energy (1) are used instead of 
those adopted by Dyson. 

An interesting empirical relationship between plasticizer content and en- 
thalpy and entropy of activation was discovered. I t  was found that  on a logar- 
ithmic plot of enthalpy of activation against mole per cent polymer the data 
for all good plasticizers for a given polymer were found to fall on the same 
straight line. This is shown in Fig. 8 where the data of Fuoss for tetralin and 
diphenyl and of Daniels, Miller, and Busse for tricresyl phosphate as re- 
calculated by Dyson (3), and of Fitzgerald and Miller (5) for dimethyl thi- 
anthre~le plasticizers in polyvinyl chloride are shown. I t  should be noted that 
Dyson's treatment of enthalpy data yields different slopes for different plasti- 
cizers. The present empirical relationship shows agreement for all good 
plasticizers in a given polymer. Our data for polyvinylidene chloride plasticized 
with alpha chloroilaphthalene are shown in Fig. 9. Again the agreement with a 
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linear relationship is reasonable, but the slope of the line is different for this 
polymer than for polyvinyl chloride. 

I 0  I I \ I I 1 0 0  
1 0 0  95 9 0 85 

MOLE% POLYVINYL CHLORIDE 

FIG. 8. Enthalpy and entropy of plasticized polyvinyl chloride as a function 
content. Plasticizer: tetralin (0), diphenyl (A), tricresyl phosphate (n), dimethyl 
(+I. 

of polymer 
thianthrene 

MOLE X P O L Y V l N Y L l  D E N E  CHLORIDE 

FIG. 9. Enthalpy of polyvinylidene chloride plasticized with alpha chloronaphthalene as a 
function of mole per cent polymer. 
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SOME CALCULATIONS OF THE SURFACE ENERGY OF 
MAGNESIUM OXIDE1 

ABSTRACT 

Calculations of the surface energy of an  undistorted (100) face of crystalline 
magnesium oxide have been made. An exponential form of the repulsive energy 
term was used, and the van der Waals attractive energy between dipoles was 
included, as  in the Born-Mayer treatment of cohesive energy. Comparison with 
earlier work is made, and it is shown that results are markedly dependent upon 
the form of the repulsive potential term, the inclusion of the van der Waals term, 
and, indeed, the choice of coefficie~lts of the van der Waals term. This is not the 
case so far as  the calculated cohesive energies are concerned. The results indicate 
tha t  a Born-Mayer model may be inadequate in the case of magnesium oxide, 
and that  caution must be exercised before accepting surface energies arrived a t  
by such calculations. 

INTRODUCTION 

I n  early theoretical calculations concerning the properties of ionic crystals . . 

the potential energy of interaction between ions was talten to  be the sum of the - - 
coulombic and the repulsive terms. Originally the latter was represented 
through an inverse power law, but this was later replaced by an exponential 
form more in accord with a quantum mechanical consideration of the inter- 
action between closed shells of electrons. A further refinement was the inclusion 
of terms for the van der \Vaals attraction between the ions. This model of an  
ionic crystal, usually referred to as the Born-Mayer model, has been quite 
successful in explaining the cohesive properties of the alltali halides and other 
ionic crystals. I t  has also been adopted in calculations of the surface energy of - 

such crystals. In this case the theoretical problem is complicated by the asym- 
metrical field a t  the surface, which leads t o  polarization of the ions and dis- 
tortion of the lattice near the surface. Consideration of these effects by Lennard- 
Jones and Dent (12) and Verwey (21) indicates tha t  they will lead t o  a de- 
crease of the surface energy below the value calculated for an undistorted 
crystal. Calculations due to  Shuttleworth (18) show that  although the van der 
Waals terms play a rather minor role in the cohesive energy of the alkali 
halides, they make a substantial contribution t o  the calculated surface energy 
of these crystals. 

Unfortunately there are very few experimental da ta  on which t o  base a 
judgment of the utility of the Born-Mayer theory in calculating surface 
energies. In the case of sodium chloride (3) the experimental evidence, though 
admittedly inconclusive, is that  the surface energy is higher by a factor of two 
or three than the value obtained by the application of the Born-NIayer theory. 
The only other material for which data  are available is magnesium oxide, for 
which Jura and Garland (10) have reported a surface energy of 3.040 ergs per 
cm.2, in good agreement with the only available theoretical value calculated 

'Manuscript received J z ~ l y  21, 1966. 
Contribution from the Division of Pure Chemistry, National Research Council, Ottawa, Canada. 

Issued as N.R.C. No.  3739. 
ZProfessor of Chemistry, University of Toronto, Toronto, Ontario. 
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by Lennard-Jones and Taylor (13) some thirty years ago. Since in their cal- 
culatioil Lennard-Jones and Taylor employed the older form of repulsive 
potential (an inverse 10th power) and did not consider the van der Waals 
contribution, a reinvestigation of the problem is of some interest and is the 
purpose of the present communication. 

METHOD OF COMPUTATION 

According t o  the Born-Mayer (4) theory, the cohesive energy a t  O°K. of a 
bivalent ionic crystal of sodium chloride type structure is given by 

In this equation zero point energy and van der Waals terms higher than 
those between dipoles have been omitted. The symbols employed are defined 
as follows: 

ro  is the nearest neighbor distance a t  O°K., 
E is the value of the electronic charge, 
a++, a_-, a+- are van der Waals coefficients, 
A;, A6" are lattice sums tabulated by Jones and Ingham (9), 
r+, r- are the Pauling radii of the ions, 
b, p are the constants in the expression for the repulsive potential. 
The corresponding expression for the surface energy of an undistorted ( 100) 

face of the crystal, tha t  is, neglecting polarization of ions and changes of lattice 
spacing, is 

where B6', B6/' are lattice sums tabulated by Shuttleworth (18). 
In applying these equations t o  magnesium oxide, difficulties arise in con- 

nection with the choice of the van der Waals coefficients and the constants in 
the term for the repulsion. Mayer and Maltbie (15) in their calculations of the 
cohesive energy employed p = 0.345 X taken from previous work on the 
alkali halides. This choice was apparently dictated by the fact that  the authors 
wished to deal with a series of alltaline earth oxides, and compressibility and 
other data  necessary for a more direct adjustment of p were not available for 
the entire series. de Boer and Verwey (7) in repeating these calculations have 
also taken p = 0.345 X lo-*. Both groups of authors pointed out tha t  this 
value of p is probably too small. In the present work, Bridgman's data for the 
compressibility and thermal expansion of magnesium oxide (5), together with 
a nearest neighbor spacing of 2.1016 A (22) a t  30°C., have been used to calcul- 
a te  p and b in the manner outlined by Born and Mayer (4). 

In treating the van der Waals term there is considerable uncertainty in the 
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BENSON AND McIXTOSH: SURFACE ENERGY 1679 

choice of the "a" coefficients. Several possibilities have been considered, and 
thus  this term is: 

(a) Omitted. 
(b) Evaluated from the London formula (14) using the ionization potential 

of Mg++ (I) ,  the electron affinity of 0- in the crystal estimated from the edge 
of the ultraviolet absorption spectrum of the magnesium oxide crystal* (19), 
and the polarizabilities of the Mg++ (17) and 0- (20) ions. 

TABLE I 
COEFFICIENTS USED IN THE VAN DER 'CVAALS INVERSE SIXTH POWER 

ATTRACTIVE POTENTIAL TERhl 

S o ~ c r c e  of coefficients a+- X loGo a++ X loGo a_- X 1060 
- 
(b) L o n d o n  f o r m u l a  

a n d  u l t r av io l e t  a b s o r p t i o n  3.25 
( 6 )  ICirkwood-Miiller > ,  

f o r m u l a  8.64 1.19 143 
(d) F o w l e r  14.5 2.38 135 

T A B L E  I1 
COIIESIVE ENERGY OF MAGNESIUM OXIDE IN ERG PER MOLECULE 

Total 
Contributions from: omitting 

Specificatioii of model ro X 108, P x108, b X 1012, e x1OL0, zero 
cm. cm. ergs e.s.u. Electrostatic Repulsive van der Waals point 

term term terlrl ellergy 
- - 

Our calculation 
(a) no van der Waals term 2.093 0.4427 1.871 4.8024 77.0 -1.L.5 - 62.5 

Our calculation 
( b )  van der Waals 

coefficients from 
Loiidon formula 

Our calculation 
(c) van der Waals 

coefficients from 
Kir1;wood-Mitller 
formula 2.093 0.4215 2.13.1 4.8024 77.0 -10.4 2 . 2  62.8 

Our calculation 
(d) van der Waals 

coefficients from Fonvler 2.093 0.42'0 2.179 4.8024 77.0 -16.8 2.0 63.0 

Lennard-Jones and Taylor 
rii force of repulsion 2.10 - - 4.77 75.7 - 7.4 - 68.3 

Mayer and Maltbie 
exponential repulsion 
with p from alkali 
halides and incl~ldes a 
van der Waals term 2.09 0.345 - - 7G.3 -11.5 0.1 64.9 

de Boer and Verwey 
treated as in preceding 
entry 3.10 0.3-15 1.58 - 76.0 -11.2 0 .1  64.9 

Esponential repulsion 
with p = 0.345 ~ 1 0 ~ ~  
and van der Waals 
coefficierits as in (c) 2.10 0.3-15 1.852 4.77 75.7 -13.1 2.2 fi.1 . 8 

*Sz~ggested ii t  a private comnzzinzcation frottz Professor ilrayer. 
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TABLE Il l* 

1680 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 33 

SURFACE EXERGY OF MAGNESIUM OXIDE IK ERGS PER C M . ~  
-- 

Contributions from: 
Specification of model Total 

Electrostatic Repulsive van der Waals 
term term term 

Our calculation 
( a )  no van der Waals term 3284 - 3582 - - 298 

Our calculation 
(b )  van der Waals coefficients 

from London formula 3284 -3742 307 - 151 

Our calc~~lation 
(c)  van der Waals coefficients fro111 

Kirkwood-Miiller formula 3284 - 4024 853 113 

Our calculation 
(d) van der CVaals coefficients 

from Fowler 3284 -4100 927 111 

Lennard-Jones and Taylor 
r-I1 force of repulsion 3 104 - 1832 - 1362 

de Boer and Verwey's values of b 
and p but no van der Waals 
terms 3206 -2687 - 510 

Exponential repulsion with 
p = 0.345 X lo-* and van der 
Waals coefficients as in (c )  3206 

* Valz~es of ro,  p ,  etc. are those given in Table I I .  

(c) Evaluated from the I<irk\vood-Miiller formula (14), using, in addition 
t o  the polarizabilities referred to  above, the diamagnetic susceptibilities of the 
ions calculated by Slater's method as has been recommended by Myers (16). 

(d) Taken from the table compiled by Fowler (8). 
See Table I for numerical values of these coefficients. 

The particular choice made caused some variatioii of the co~istaiit p deduced 
from compressibility data. I t  should be noted that whatever method was 
utilized t o  obtain the van der Waals coefficients, the contribution t o  the 
cohesive energy obtained by us was greater than the values recorded by Mayer 
and Maltbie (15) and by de Boer and Verwey (7). We have not bee11 able to  
ascertain the source of their values. 

Results are recorded in Tables I1 aiid 111. The choices made in dealing with 
the van der Waals term are indicated, as well as the parameters of the crystal 
which were employed. Both our computatioils and those of earlier worlters 
have been summarized. Where i~idividual terms are given which were not 
stated in the work of the original authors, these were evaluated by us from their 
publications. 

DISCUSSION 

Attention should be drawn to  the range of values which may be obtained 
for the surface energy of magnesium oxide due both to the choice of the 
function employed for the energy of repulsion and to the values selected for 
the van der Waals attractive terms. These choices are of minor importance 
in the case of the cohesive energy, but are of extreme importance in the case 
of the surface energy. 
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BENSON AND MCINTOSH: SURFACE ENERGY 1681 

The results raise the general question whether or not the use of the Born- 
WIayer model is justified to calculate the surface energy of ionic crystals, or 
whether the discrepant results are due to its inadequacy in the special case of 
magnesium oxide. Brill, Hermann, and Peters (6) have stated on the basis of 
X-ray measurements of electroil density that  magnesium oxide is not completely 
ionic in character in the solid state. They support their coiltentioil by reference 
to  the worlc of de Boer and Verwey (7), in which the electron affinity of 0 is 
calculated for the series of allcaline earth oxides, by means of cohesive energies 
and the Born cycle. I t  is pointed out tha t  the oxides of beryllium and mag- 
nesium have high values of the electron affinity when determined in this way. 
I t  should be noted, however, that  these values are based upon the use of 
p = 0.345 X lo+, which, as has been pointed out above, may lead to  erron- 
eous results. The  experimental evidence must be recognized, however, and 
since de Boer and Verwey also point out tha t  the bond in thegaseous magnesium 
oxide molecule is quite covalent in character, the treatment of the problem by  
a model assuming complete ionic character may not be justified. This does not, 
however, explain the wide variations in the computed values which are re- 
corded in Table 111. These arise from changes in the assumed values of the 
coefficients, changes which did not materially affect the cohesive energy. The 
results emphasize the sensitivity of calculated values of surface energy to  the 
details of computation. They also suggest that  the agreement between the 
Lennard-Jones and Taylor result and the experimental value of Jura and 
Garland may be fortuitous. 'The result obtained by Jura and Garland is of a 
preliminary nature as the authors have stressed (11) and the general procedure 
must be carefully assessed as  Bauer (2) has emphasized. I t  would therefore 
seem that further experimental data  are urgently required, and that  some 
caution must be exercised in the use of calculated values until experimental 
results have been accumulated. 
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T H E  PREPARATION O F  L-SORBOSE FROM 5-ICETO-D-GLUCONIC 

ACID (L-SORBURONIC ACID)' 

ABSTRACT 
L-Sorbose has been prepared f r o m  5-keto-D-gluconic acid. 

INTRODUCTION 

The most convenient method of preparation of I>-sorbose is undoubtedly 
from the biochemical oxidation of sorbitol (I).  The purpose of this communica- 
tion is t o  demonstrate how D-glucose can be converted to  L-sorbose by purely 
chemical transformations. The starting product was the calcium salt of 5-keto- 
D-gluconic acid (L-sorburonic acid) which had been prepared by biochemical 
oxidation of D-glucose (4). Salts of this acid can be prepared by prolonged 
oxidation of D-glucose with bromine (3) or electrolytically (2). When the cal- 
cium salt was shalten with methanolic hydrogen chloride it dissolved with the 
formation of a mixture of products composed mainly of the methyl glycoside 
methyl ester of 5-keto-D-gluconic acid. The carbomethoxy group of this 
glycoside was reduced with sodium borohydride t o  the alcohol with the forma- 
tion of methyl L-sorbofuranoside from which L-sorbose was prepared by hydro- 
lysis. 

Since the oxidation of sugars by bromine water to  5-ketohexonic acids is a 
general reaction (3) the interconversion of aldoses to  ltetoses with concomitant 
inversion of the chain of hydroxyl groups becomes possible. 

EXPERIMENTAL 

Solutions were evaporated under reduced pressure. Optical rotations were 
measured in water a t  2 0 ° f  2' (unless otherwise stated). Sugars were separated 
chromatographically in either (a) ethyl acetate - acetic acid - formic acid 
-water (18:3:1:4, v/v) or (b) n-butanol-water-pyridine (18:3:3, v/v),  and 
detected with the p-anisidine-hydrochloride spray. 

Methyl 5-keto-D-Glucofz~ronic Acid Methyl Ester 

The calcium salt of 5-keto-D-gluconic acid hydrate (2+, H 2 0 )  (22 gm.) was 
suspended in methanol (500 ml.) and hydrochloric acid (d. 1.12,20 ml.) added. 
The mixture was stirred overnight when a clear solution resulted. The pale 
yellow reactioi~ mixture was heated a t  40°C. for 24 hr., cooled, and then passed 
down columns of Amberlite resin lR120 and 1R4B, which had been washed 
previously with dry methanol. The effluent was co~lce~ltrated t o  a sirup 
(17 gm.) which was dissolved in acetone and filtered from insoluble material. 
The resultant methyl ester methyl glycoside mas obtained as a pale yellow 

'Manz~script received Ju ly  7,  1955. 
Contribution from the Departnzent of CI~cntistry, Queen's University, Kingston, Ontario and 

Research Department, H. W. Carter and Company Limited, Coleford, Glozrcester, England. 
2Departnzent of Chemistry, Queen's University, Kingston, Ontario. 
3Research Department, Catteras Lin~ited,  221, Stanhope Street, London, N.W. 1, England. 
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JONES AND REID: PREPARATION O F  L-SORBOSE 1683 

non-reducing sirup (14.2 gm.) [a]D -24" (c, 3.6 in MeOH). Found: OMe, 
28.lyO. Calc. for CsH1407: OMe, 27.9%. product contained three com- 
ponents, detected chromatographically, which moved, relative to rhamnose 
( R R H ) ,  a t  the rates 1.25, 1.59, and 1.98 (solvent (b)). They gave yellow orange 
spots with the 9-anisidine spray. The fastest inoving material was present in 
traces only. 5-keto-D-Gluconic acid had X, 0.95 in solvent (a). 

Methyl L-Sorbofzcranoside and L-Sorbose 

The methyl ester methyl glycoside (2 gm.) was dissolved in water (10 ml.) 
and sodium borohydride (0.5 gm.) added. The solution became warm and 
changed color from pale yellow to  pale green. After 24 hr., excess of acetic 
acid was added and the solution was deionized on Amberlite resins lR120 and 
lR4B. On concentration a sirup (1.28 gm.) remained which contained five 
components. These materials moved on the chromatogram relative to rham- 
nose a t  the rates 0.38, 0.91, 1.07, 1.87, and 2.12 (solvent (b)). The slowest 
moving component which reduced Fehling's solution was identified as sorbose, 
and results probably From the hydrolytic action of the acidic resin on the 
methyl furanoside. Thecomponents with RnH 0.91 and 1.07 behaved like methyl 
sorbofurailoside whilst the fastest two components which were present in trace 
amounts only were not identified. The mixture was heated with N sulphuric 
acid for three hours a t  100°C., cooled, neutralized (BaC03), and filtered. The 
filtrate on concentration gave crystalline L-sorbose, which was recrystallized 
from methanol. The product (0.71 gm.) had m.p. 165OC. not depressed on 
admixture with an authentic specimen, moved on the chromatogram a t  the 
same rate as sorbose, and had [a]D -41" (c, 1.1). Found: C, 40.1; H, 6.9y0. 
Calc. for C6H1206: C, 40.0, H, 6.7y0. 

ACKNOWLEDGMENT 

The authors are grateful to  the National Research Council for financial 
assistailce. 

REFERENCES 
1. BERTRAND, G. Compt. rend. 126: 762. 1898. 
2. COOK, E. \V. and MAJOR, R. T. J. Am. Chern. Soc. 57: 773. 1935. 
3. HART, J. P. and EVERETT, M. R. J. Am. Chem. Soc. 61: 1822. 1939. 
4. LOCIWOOD, L. B., TOBENKIN, B., and WOOD, G. E. J. Bacterial. 42: 51. 1941. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
4/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



MERCURY PHOTOSENSITIZED DECOMPOSITION OF ETHYLENE 
OXIDE1 

ABSTRACT 

Some aspects of the mercury photosensitized decomposition of ethylene 
oxide a t  room temperature have been reinvestigated. At  least two, and probably 
more than two, distinct primary steps occur. The previously assumed major 
primary formation of hydrogen by a molecular process is shown to occur to  a 
relatively small extent only. Hydrogen atoms play an important role in the 
process, as well as the follo~ving radicals: CHI, CHO, CHzCHO, and CzH,, and 
probably to  a lesser extent also CHZ. The products formed are CO, HZ, C2H6, a 
little CH2CO and CzH.,, and large amounts of aldehydes. The presence of h~gher  
aldehydes has been demonstrated. While there is a general similarity to  the 
other modes of decomposition of ethylene oxide, a unique and unambiguous 
solution of the complete reaction mechanism is a t  present not possible. 

In a previous publication ( 5 )  an investigation of the reaction of oxygen 
atoms with ethylene has been reported. The primary step of the readily 
occurring reaction is believed to  be a direct addition of the oxygen atom to 
the double bond in ethylene. Very little or no ethylene oxide is found, however, 
and a variety of products is formed instead, presumably as a result of further 
reactions of the initially produced energy rich molecule 

C 2 H 4 + 0  -+ C?H40'" [I] 
CzH40* -+ products. 

A support for this view is found in the similarity of the products formed in 
this process with those reported in the literature for the thermal, photolytic, 
and mercury photosensitized decomposition of ethylene oxide. All these 
processes appear to be quite complex and are difficult to treat in an unambig- 
uous manner. While their courses cannot be expected to be identical, the 
over-all similarity suggests that a comparative study may yield useful infor- 
mation regarding the more important features of the respective mechanisms. 

An investigation of the mercury photosensitized decomposition of ethyle~le 
oxide was reported in 1948 by Phibbs, Darwent, and Steacie (12). The observed 
products were CO, Hz, CHXCHO, and a polymer, as well as smaller amou~lts 
of CHI, HCHO, and of a fraction indicated as "C2 hydrocarbons" but not 
further analyzed. I t  was postulated that initially an energy rich ethylene 
oxide molecule was formed and that it was capable of isomerizing to acet- 
aldehyde or splitting in the following manner 

C2H40* -+ H2+CO+CH2. [a] 
Only a small portion of the primary process was considered t o  proceed by 

the reaction 
CpH40+Hg* -+ CzH30+H+Hg [31 

(Hg* refers to Hg 6 ( 3 P ~ )  atoms). All the hydrogen is, therefore, supposed to  

'Manuscript received J u l y  18, 1955. 
Contriba~tion from the Division of Applied Chemistry, National Research Council, Ottawa, 

Canada. Issued as N.R.C. No. 37'41. 
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CVETANOVIC: DECOMPOSITION OF ETHYLENE OXIDE 1685 

be formed by a molecular process and a very minor role is ascribed to hydro- 
gen atoms. 

Direct photolysis of ethylene oxide in the far ultraviolet was reported in 
1950 by Gomer and Noyes (8). The products formed were CO, HZ, CHI, 
C2H6, smaller amounts of HCHO and CHBCHO, and almost certainly some 
CzHSCHO. The authors were led to  assume for the primary step the reaction 

followed by (or simultaneous with) 

HCO -+ H+CO. [51 

A considerable amount of work has been done on thermal decomposition 
of ethylene oxide. A recent investigation was conducted by Lossing, Ingold, 
and Tickner (10) who were able to  observe directly by a mass spectrometer 
the products of the pyrolysis a t  800 to 1000°C. They found CO, H2,  CHI, 
CZH6, CH2C0, and an abundant formation of methyl but no methylene 
radicals. Propane, formaldehyde, and acetaldehyde, reported previously a t  
lower temperatures, were not formed. Mueller and Walters (11) found that a t  
400°C. acetaldehyde, ketene, and some formaldehyde were formed but not 
propionaldehyde, a t  least not in amounts comparable t o  those of acetaldehyde. 

Both Lossing and his co-workers and Mueller and Walters find it necessary 
to  ascribe an important role in the thermal decomposition of ethylene oxide 
to the primary splitting into CHB and HCO, analogous to the reactions [4] 
and [5] proposed by Gomer and Noyes, and to abandon the classical view of a 
primary formation of methylene radicals and formaldehyde. The well-known 
use of ethylene oxide as an excellent source of methyl radicals is thus made 
more easily understandable. In the reaction of oxygen atoms with ethylene 
the products formed (CO, paraffinic aldehydes, Hz, CHI, CzH6, C3H8, and 
probably some CHzCO) suggest a somewhat similar mode of decomposition 
of the initially formed intermediate. The mechanism proposed for the mercury 
photosensitized decomposition, on the other hand, is very different. The  
present work has been carried out, therefore, in order ( I )  to obtain further 
information on products formed in the mercury photosensitized decomposition 
of ethylene oxide, (2) to  test the postulated molecular production of hydrogen 
and other features of the previously proposed mechanism, (3) to  attempt to  
correlate the main features of this process with the other modes of decomposi- 
tion of ethylene oxide, and (4) to attempt, by analogy, to  formulate the more 
important of the secondary reactions following the addition of oxygen atoms 
to  ethylene. 

EXPERIMENTAL 

The reaction was studied a t  room temperature using a conventional type of 
apparatus, including a cylindrical quartz reaction vessel (5 cm. in diameter, 
10 cm. long). The apparatus and the analysis of products have been described 
in detail previously (3, 5). 

Ethylene oxide was obtained from Matheson Co., Inc., ethylene was supplied 
by Ohio Chemicals Canada, Ltd., and butene-1 was a Phillips reagent grade 
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product. All the three reagents were further purified by repeated bulb to  bulb 
distillation in  vacuo. Deuterated ethylene oxide was kindly supplied by Dr. 
D. J. Worsfold of these laboratories. 

The  quantum yields of reaction products were determined relative to the 
formation of hydrogen by mercury photosensitized decomposition of 200 mm. 
of n-butane, and taking 0.50 for the value of +Hz, as found by Bywater and 
Steacie (1). 

RESULTS 

The pressure dependence of the quantum yields of formation of some of 
the products in the mercury sensitized decomposition of ethylene oxide is 
shown in Fig. 1. The trends in the H z ,  CO, and CH4 formation are in agree- 

0 100 200 300 

PRESSURE ( M M )  

FIG. 1. Pressure dependence of the quantum yields of formation of some of the products 
in the mercury photosensitized decomposition of ethylene oxide (static experiments, exposure 
90 min., mean I, = 3.27 X quanta set.-I). 

ment with those established by Phibbs, Darwent, and Steacie (12). The "CZ 
fraction" reported by these authors is seen to  consist mainly of C2H6 and CSHs. 
Small amounts of ketene (identified and estimated by mass spectrometer) 
are separated out with the propane. In addition very small amounts of C4H10 
are usually found with the propane and there is indication that traces of 
ethylene accompany ethane. In this series of experiments no determinations 
of aldehydes nor of ethylene oxide consumption were attempted. Determina- 
tions of these quantities were reported previously (12). 

The effect of the addition of very small amounts of ethylene to ethylene 
oxide is shown in Table I for static (A) and circulating (B) experiments and 
for the latter also in Fig. 2. The inhibiting effect of ethylene is extremely 
pronounced; hyclrogen production is strongly suppressed and to a somewhat 
smaller extent the production of carbon monoxide and methane. On the 
other hand, the amount of propane formed is much increased. The figures for 
ethane are uncertain since small amounts of this coillpound were determined 
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CVETANOVIC: DECOMPOSITION OF ETHYLENE OXIDE 1687 

TABLE I 
THE INHIBITING EFFECT OF ETHYLENE 

(Exposure 90 rnin.) 

Quantum yields 
Run C2H40, Mean 

mm. CzHr/ CO Hq CH.1 CzH' C3Hs HP-C~HZ -ACzH4 
C?H4O 

- 
A .  Slatic experime?tls (meart I, = 2.95 X 1015 quanta set.-I) 

49 200.0 - ,278 ,217 .034 .043 ,043 Not Not 
detd. detd. 

48 199.2 .00567 .I49 ,046 ,012 ,010 .083 Not Not 
detd. detd. 

45 201.1 ,0160 ,121 ,028 .015 .022 .078 Not Not 
detd. detd. 

47 199.3 .0206 ,109 ,026 ,013 ,014 ,083 Not Not 

B. Circulating experinte?tts (ntean I, = 3.27 

8 99.8 - .284 ,220 
11 199.0 .00261 .170 ,053 
10 198.5 .00584 ,146 .036 

Not 
detd. 
.067 

-9 
,037 
.075 
Not 

detd. 
Not 
detd. 
Not 
detd. 

.220 
,051 
Not 
detd. 
.023 
.027 

detd. 
Not 
detd. 
ICTot 
detd. 

,342 
Not 
detd. 

. - - - - - 

in the presence of excess ethylene. Large amounts of ethylene are consumed 
in the process. Determination of eventual butane formed proved not to be 
feasible in the presence of a huge excess of ethylene oxide. For this reason a 

FIG. 2. The inhibiting effect of ethylene (circulating experiments, exposure 90 min., mean 
I, = 3.27 X 1016 quanta set.-I). 
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series of experiments was performed using butene-1 instead of ethylene as the 
inhibitor. The results are presented in Table I1 and the effect shown is very 

TABLE I1 

EFFECT OF ADDITION OF DUTENE-I TO 100 MM. OF ETHYLENE OXIDE 
(Mean I, = 3.67 X 1015 quanta set.-I) 

Irradn. Q ~ ~ a n t l ~ n l  yields 
Run CjHa-1, tir?e, 

min. mln. CO Hz CH, CZHG C2H4 C3Ha Total Room 
RCHO temp. 

fraction 

2 - 90 ,291 ,222 ,037 ,043 Trace ,039 Not Very 
detd. small 

74 2 .8  100 ,138 ,033 ,021 ,020 ,044 .001 ,175 Not 
detd. 

75 2 .4  150 .I55 ,038 .023 ,021 .034 Not ,225 Not 
detd. detd. 

76 5 .5  150 ,100 ,022 ,017 ,018 ,030 Trace ,178 .14 
78 5 .2  150 ,100 ,021 ,017 Not Not Not Not .13a 

detd. detd. detd. detd. 

"Composed lnainly of higher satz~rated aldehydes (propa?zal lo hexanal) alzd octane (probably 
S,4-dimetkylherane). 

much the samc as with ethylene. The following distinctions, however, are t o  
be noted: propane is nearly completely suppressed, appreciable amounts of 
ethylene are produced, and appreciable quantities of less volatile substances 
("room temperature fraction") are formed. By a combination of mass- 
spectrometer analysis and the removal of the aldehydes by polymerization on 
solid KOH, this fraction is found to be quite complex, being composed mainly 

TABLE I11 

PRODUCTS OF ~ I E R C U R Y  SENSITIZED DECO~IPOSITION OF 100 MM. OF ETHYLENE OXIDE ALONE AND 
O F  100 MM. O F  ETHYLENE OXIDE WITH 3.45 MM. ETHYLENE ADDED 

(Mean I, = 4.93 X 1015 q ~ ~ a n t a  set.-I, 25&1°C.) 

Irradn. Mean Quantum yields 
Run time, C2H4, 

inin. mm. CO H1 CHI C?HG C3Hs CH2CO H z - C ~ H ~  RCHO 

A. Ellzylene oxide alone 

55 30 - ,287 ,217 ,044 .048 .030 ,010 ,217 ,169 
59 60 - ,295 .223 ,043 ,044 ,027 ,016 .223 ,166 
53 90 - ,294 ,226 ,041 ,042 ,026 ,008 ,226 Not 

detd. 
6 1 90 - ,297 ,224 ,041 ,040 Not Not ,224 ,139 

detd. detd. 
57 120 - ,295 ,216 ,042 ,041 ,026 .009 ,216 ,084 

.248 
Not 
detd. 

54 90 2.84 ,129 ,042 ,014 .044 ,045 .021 ,027 .236 
58 120 2.71 ,132 .040 .015 ,038 ,045 .020 .027 ,225 
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CVETANOVIC: DECOMPOSITION OF ETHYLENE OXIDE 1689 

of higher paraffinic aldehydes (propanal to hexanal) and of higher paraffins 
(up to octane). 

In order to establish in greater detail the effect of ethylene,addition on the 
formation of various products, alternate experiments were performed with 
100 mm. of ethylene oxide alone and 100 mm. of ethylene oxide with 3.45 mrn. 
ethylene added. The time of exposure was varied and the results are given 
in Table 111. In addition to  the already indicated suppression of Hz,  CO, and 
CHI, and the increase of C3Hg production on addition of ethylene, it is also 
seen that lcetene and especially aldehyde formation is much increased. Alde- 
hyde was determined by infrared absorption measurement on the basis of 
calibrations with acetaldehyde (in the presence of analogous quantities of 
ethylene oxide). The quantities for aldehyde obtained in this manner are 
approximate because besides acetaldehyde its higher homologues appear to be 
present in quite appreciable quantities. This was evident from the details of 
the infrared absorption spectra and also from a partial separation, by the use 
of gas-liquid partition chromatography (2), of some higher aldehydes from 
the huge excess of ethylene oxide and their subsequent identification by mass 
spectrometer. A few determinations of HCHO were made in the manner 
described previously ( 5 ) .  Only very small amounts of this substance were found. 
There might have been, ho~vever, an appreciable loss of this compound by 
polymerization. 

The inhibiting effects of C2Ha and C4Ha-1 indicate that  in the uninhibited 
reaction most of the hydrogen is formed through action of hydrogen atoms. 
In the inhibited reaction hydrogen production is not completely suppressed, 
suggesting that it may be formed by a molecular rather than an atomic 
process. In order to test this possibility several experiments were carried 
out with mixtures of C2H4O ancl C2D4O. The results are given in Table IV. 
In the uninhibited reaction (run 64) such mixtures form large amounts of 
HD, while in the inhibited reaction (runs 62 and 61) HD is suppressed to the 
level that appears when C2D4O is used in the absence of CTHIO (runs 63 and 
65). In the inhibited reaction, therefore, hydrogen is formecl by a molecular 
process. The interpretation of the ratios of the isotopic methanes formed is 
somewhat more difficult because the figures for CI-13D and CH4 may be 
subject to large errors. The ratios CD4 to CD3H shoulcl, on the other hand, be 
accurate and the indications are that both in the inhibited and uninhibited 
reaction, methane is probably formed predominantly, but possibly not entirely, 
from free methyl radicals. 

I t  is of interest also that  there are pronounced isotopic effects in the ra tes  
of hydrogen formation, both the abstraction and the molecular formation of 
deuterium taking place less readily than those of hyclrogen. This is in agreement 
with the observations of other worlters in abstractions of the two isotopes of 
hydrogen and explains the fact that in the uninhibited decomposition of the 
1 :  1 C2D40-C2H40 m i x t ~ ~ r e  (run 64) the relative rate of HD formation is not 
as large as ivould be expected on probability grounds. An isotopic eflect in a 
inolecular reaction has recently been found in the mercury photosensitized 
decomposition of ethylene (6). 
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> 
TABLE IV z 2. 

EXPERIMENTS WITH CzH40 AND C2DaO tl 
(hlIean I, = 2.34 X 10'6 quanta set.-l) 2 

Z 
LI 

Initial pressures (mm.) Irradn. Quantum yields o 
Run time, e 

0 
C2H40 C?DaO C?H4 CaH8-1 min. CO Total Total H? HD Dz CDI CD3H CHaD CHI 3 

Hz methane r 

- 
0 

49 200 - - 90 ,278 ,217 ,034 ,217 - - - - - 
- - 

.034 " 
64 100 100 120 ,259 ,168 .026 ,075 ,071 .022 ,008 ,007 ,004 ,007 $ 
43 200 - 6.3 90 ,104 ,025 .012 ,025 - - - - - ,012 
62 100 100 5 .4  - 

- 
300 .I16 ,022 ,012 ,014 ,003 ,005 ,004 ,003 ,0015 ,005 

57 100 - - 120 ,295 ,216 .042 ,216 - - - - - -042 
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DISCUSSION 

The quenching efficiency of ethylene is 10 times greater than that of ethylene 
oxide (4) and even for the largest ratios of ethylene to  ethylene oxide used in 
the present experiments the fraction of the exciting radiation quenched by 
ethylene is small and cannot be responsible for the large inhibiting effects 
observed. I t  appears safe to conclude that the inhibition is due to the addition 
of H-atoms to  ethylene or butene-1. In the former case the increased ethyl 
radical concentration leads to an increased propane formation, by combination 
with methyl radicals, which also leads to some decrease in methane formation. 
With butene-1 propane is not formed a t  all, but higher paraffins instead. 
The experiments with butene-1 show that  quite appreciable amounts of 
ethylene are formed in the decomposition of ethylene oxide but, in the absence 
of excess butene, H-atoms add on to  it  readily; the ethyl radicals thus formed 
explain the production of propane in the "uninhibited" reaction. 

An inspection of the magnitude of the inhibiting effect produced by ethylene 
and of the large consumption of this compound shows that large quantities 
of H-atoms are formed in the sensitized decomposition of ethylene oxide. 
This finding rules out the previously suggested (12) formation of hydrogen 
by a molecular process as the major primary step. The  amounts of CH4, 
C2H6, and C3H8 produced indicate that  substantial quantities of methyl 
radicals are also formed. Formation of methane a t  room temperature by 

I abstraction of hydrogen indicates that a relatively loosely bound hydrogen 
atom is available. All these considerations point to  a primary step of the type 

I suggested by Gomer and Noyes (8) for the direct photolysis: primary produc- 
tion of CH3 and HCO radicals, the latter readily decomposing into H and CO. 

I In order to explain the formation of higher aldehydes it  is then necessary to  
I assume also the occurrence of the reactions 

R+HCO (+NI) 4 RCI-IO (+M) [GI 
in addition to 

R+HCO --t RH+CO [71 

and H+IICO 4 H2+C0.  Dl 
The major features of the process are then qualitatively readily explainable. 
When ethylene is added, reaction [8] is suppressed and a t  the same time large 
quantities of C2H5 are formed which, through an  increase in aldehyde forma- 
tion, lead to more rapid removal of I-ICO radicals and therefore their decreased 
decomposition to  yield CO. Thus, a drastic suppression of I lz ,  partial suppres- 
sion of CO, and a large increase in aldehydes is observed. A slight pressure 
dependence of reaction [GI could explain the pressure dependence of CO 
formation. Alternately, there may be a slight collisional deactivation of an 
initially produced excited ethylene oxide molecule. The very slight increase 
in the yield of hydrogen with increasing pressure may be due to pressure 
dependence of reaction [5], as suggested by Horner, Style, and Summers (9). 

I t  would appear, on the basis of the foregoing conceptions, that H-atoms 
undergo preferentially reaction [8], CH3 radicals both reactions [GI and [7], 
and C1H5 and any higher radicals predominantly reaction [GI. These differences 
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may be due to different availability of degrees of freedom for a distribution 
of the heat of the reaction. It  should be pointed out a t  the same time that a 
combination of CH3 and CHO radicals to give acetaldehyde is, on the basis of 
the existing experimental information, indistinguishable from a direct primary 
isomerization to this compound without decomposition. The formation of 
higher aldehydes, on the other hand, would seem to  require the occurrence of 
reactions [6]. 

While a primary split into CH3 and CHO may explain in a qualitative way 
the major features of the process, it is evident that a t  least one more primary 
process has to be considered. The experiments with mixtures of C 2 H 4 0  and 
C2D40 show that a small fraction of hydrogen is formed by ' a primary 
molecular process possibly by reaction [2] or by the similar reaction 

I t  appears, therefore, to be reasonably certain that  there are a t  least two 
primary processes. A primary molecular formation of methane, if it occurs a t  
all, does not seem to be very important. A primary split into H-atoms and 
CzH30 radicals, (reaction [3]), on the other hand, is very likely in view of the 
seemingly largely saturated character of the ethylene oxide molecule. The 
properties of the C2H30 radicals have been investigated by Gomer and Noyes 
(8) and it appears that there is about equal probability of decon~position of 
these radicals into CH3 and CO and of their stabilization by isomerization, pre- 
sumably to  CHzCHO radicals. The latter could then lead to aldehyde forma- 
tion. I t  can be seen that the qualitative consequences of such a primary step, 
followed by a number of feasible secondary reactions, are similar to those of a 
primary split into CHS and HCO. Attempts to  exclude the latter primary 
step, however, lead to quantitative difficulties. Complete and unambiguous 
stoichiometric and kinetic treatment is a t  present impossible because of the 
lack of detailed quantitative information on the aldehydes formed and a very 
limited knowledge of the relative values of rate constants of the different 
reactions involved. Some conclusions, on the other hand, can be drawn from 
a comparative analysis of the various modes of decomposition of ethylene 
oxide. 

The stoichiometry of the reaction of oxygen atoms with ethylene (5) can 
be approximately represented by 

Of1.38 C2H4 -+ .50 C0+.15 CH3CH0+.20 C,HsCHO+.05 C,I-ITCI-IO 
f .03  CzH40f.04 CHZCOf.09 HZf.11 CH4 
f .17 CJIef.17 C3Haf.03 (C2H40-polyi~ler). 

A stoichiometric balance of the likely processes involved can be written as 
follows : 

.03 polymer 

.03 CzH40 
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CVETANOVIC: DECOMPOSITION OF ETHYLENE OXIDE 1693 

.10 CzH3O + .05 CHzCH0+.05 CH,+.OS CO 
.05 CHz+.05 CH3 + .05 CzH,+.OS H 

.32 CH3 + .16 CzHc 
. l l  CH3+.11 HCO + . l l  CH4+.11 CO 
.17 CH3+.17 CzH5 + .17 C3H8 
.15 CH3+.15 HCO + .15 CH3CHO 

.28 HCO + .28 H + .28 CO 
.43 H+.43 C?H4 + .43 CzIH5 

.20 CzH5+.20 HCO + .20 CZH5CHO 

.O1 C2H,+.Ol HCO + .O1 CzHc+.Ol CO 
.05 C2H5+.05 CHzCHO + .05 C3H7CHO. 

The  proposed scheme involves some simplifications and for some of the  
steps alternative reactions may be written. The  small primary split into H 
and C2H30,  in particular, is suggested only in order to explain the formation 
of C3H7CH0 and may prove to  be unnecessary if  this compound is found to  
arise by some other type of radical combination. Regardless of these uncer- 
tainties, in its main outline, the scheme appears feasible on the basis of the 
present knowledge. Considering the reactions 

CH,+CH, + CzHc [lo] 
CH3+CH0 + CH,+CO [ I l l  
CH3+CH0 + CH3CHO [111] 

and CHO -+ H+CO [51 

it is likely tha t  reactions [ I l l  and [111] have each a collision efficiency of about 
0.5. Assuming tha t  (1) the collision efficiency of reaction [lo] is unity and of 
reaction [ll] 0.5, (2) the collision diameters of CH3 and HCO have the 
same value of 3.5 A, (3) the effective reaction volume is 10 cc., and (4) k5= 1013 
exp(-EJRT), a value of 14.4 kcal./mole can be calculated for E5 from the 
observed rate of reaction [lo] and the ratio of the rates of reactions [5] and [ I l l  
a s  given in the foregoing stoichiometric balance (.28/.11). Even with a n  
ample allowance for uncertainties in the assumptions made, E5 remains within 
the range of the values for the same quantity quoted in the literature (13). 

Inasmuch as  the primary decomposition of ethylene oxide in the mercury 
photosensitized reaction follows the same course, the relative amounts of the  
products formed when ethylene is present should be very much the same as  
in the reaction of 0-atoms with ethylene. A comparison of the rates of 
formation of all but some of the minor products detected is given in Table V. 
T h e  figures given should be regarded as  approximate since there is an appreci- 
able uncertainty in some of the analytical results, particularly those for the 
total aldehydes and ketene. Nevertheless, it is clear tha t  there is a broad 
similarity, a s  evidenced by the values reduced to  equal CO production. 
There are also some important differences. In the mercury sensitized decom- 
position of ethylene oxide in the presence of ethylene less fragmentation 
products (CO, CH4, CzHs, C3H8) and more aldehydes are formed, and also, 
relative to  equal CO formation, there is less methane while propane remains 
about the same. These differences are qualitatively explainable by a decreased 
initial split into CH3 and HCO and a considerably increased primary split 
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TABLE V 
COMPARISON OF THE RATES OF FORMATION OF THE MAIN PRODUCTS IN THE MERCURY SENSITIZED 
DECOMPOSITION OF ETHYLENE OXIDE AND I N  T H E  REACTION OF OXYGEN ATOMS WITH ETHYLENE 
(For ethylene oxide decomposition the rates are relative to the  total number of moles of products 
containing oxygen, i.e., to the sum of CO, total aldehyde, and CHzCO; the braclceted figures 
are relative to CO taken as 0.50. For the reaction of osygen atoms with ethylene, the rates are 

expressed per osygen atom consumed) 

CO Hz CH4 CzH6 C3H8 CHzCO RCHO CzHd 

Ethylene oxide alone .60 .46 .10 .10 .07 .03 .37 Small 
Ethylene oxide .35 .07 .04 .10 .12 .06 .59 Not 

+C?H4 { (.50) ( . lo)  (.I61 (. 14) ( 7  (.08) (-85) detd. 
Ethylene oxide .34 .07 .05 .06 .002 .01 .65 .10 

+C.Ha { (.50) ( . lo)  (.08) (.09) (.002) (.02) (.89) (.15) 
O atoms+CtH4 .50 .09 .ll .17 .17 .04 .40 Not 

detd. 

into H and CzH3O radicals. The CHzCHO radicals, formed from C2H30, 
could be visualized as being responsible for increased aldehyde formation by 
combination with free radicals. While this view seems to fit better all the 
experimental observations, it is also possible that the increased aldehyde 
formation could be due to a direct primary isomerization to acetaldehyde. 
An analysis of the material balance of the process, which could remove much 
of the ambiguity, is impossible until detailed and accurate determinations of 
the aldehydes formed are available. 

An observation arising from the butene-1 inhibited experiments is that some 
ethylene is formed in the mercury sensitized decomposition of ethylene oxide. 
Two ways of formation of this compound appear possible: a primary split 
into C2H4 and an 0-atom, or some reaction involving CH2 radicals. In connec- 
tion with the latter possibility it is of interest that some preliminary work of 
Gesser (7) indicates that CzH4 is formed in the reaction of CH2 radicals with 
ethylene oxide. 

The results of the experiments reported in the literature and in the present 
work indicate that there is a significant similarity between the different modes 
of decomposition of ethylene oxide: the thermal, photolytic, mercury photo- 
sensitized, and the decomposition of the energy rich molecule formed in the 
reaction of oxygen atoms with ethylene. The differences observed appear to 
be largely of a quantitative rather than a qualitative character and may be 
ascribed to a variation in the relative importance of the different primary 
processes and, in the case of thermal decomposition, also to a variation with 
temperature of the stability and the reactivity of the intermediate free 
radicals and atoms formed. 
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SOLUBILITY CRITERIA FOR THE EXISTENCE OF 
HYDROXYAPATITE1 

ABSTRACT 

The solubilities of synthetic basic calcium phosphate precipitates in carbon 
dioxide free aqueous systems were studied over a wide range of conditions. The  
pH of the suspensions and the calcium and phosphate concentrations in the 
solutions were determined both after precipitation atid after dissolution of the 
solid phases. Solubility criteria applied to  these measurements indicated that  
hydroxyapatite has a definite solubility product. 

INTRODUCTION 

Although hydroxyapatite is generally considered t o  be one of the stable 
basic calcium phosphates in nature, its existence as a compouild with a fixed 
crystalline form and a unique solubility is controversial. Neumail~l and his 
co-workers (6, 7) considered the basic calcium phosphate system t o  be a solid 
phase of variable compositioil so that  the principle of solubility product would 
not apply. In contrast to  this opinion, the thermodynamic properties of crys- 
talline hydroxyapatite have been reported by the Chemical Engineering 
Division of the TVA (8). Since in a previous paper solubility criteria were pro- 
posed as a means of establishing the existence of calcium phosphate compounds 
in soils (2), it was considered desirable to  resolve the contrasting views on the 
solubility of hydroxyapatite in order to  evaluate the validity of this approach. 
The object of the work reported here was to  determine whether hydroxyapatite 
possesses a definite solubility product over a wide range of conditions. 

EXPERIMENTAL 

The solid phase calcium phosphates used for the solubility measurements 
were prepared by reacting dilute solutions of and H3P04 a t  different 
temperatures for various periods of time while Nz  (COz free) was passed through 
the systems. Following reaction a t  elevated temperatures, the flasks containing 
the suspensions were placed in a water bath a t  2j°C. for 96 hr. and the pH 
was measured with a glass electrode in the presence of N2. The suspe~lsions 
were filtered rapidly and phosphate and calcium determinations were made 
on the filtrates by the molybdenum blue (4) and the verseile (I) methods, 
respectively. The activities of the ions were estimated by means of the Debye- 
Huckel equation (5). 

In some cases, the precipitates were separated from the solutions and re- 
dispersed a t  25OC. in COZ-free water through which N z  was passed. After 24 hr., 
the pH was measured and calcium and phosphate determinations were made 
on these suspensions in the manner described above. 

'Manuscript  received J u l y  28, 1955. 
Contribution No .  685, Chemistry Division, Science Service, Department o j  Agriculture, Ottawa, 

Canada. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

4/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CLARK: SOLUBILITY CRITERIA 1697 

RESULTS AND DISCUSSION 

In preliminary experiments, it was found that  reproducible solubilities could 
not be obtained in the presence of COB even after reaction for long periods a t  
relatively high temperatures. For this reason, a COB-free atmosphere was 
used in all experiments. I11 addition, it was found that,  although satisfactory 
results were obtained by rapid mixing of the Ca(OH)2 and HzP04 solutions 
below a final pH of about 7.8, it was necessary to combine the reacting solu- 
tions slowly above this pH in order t o  obtain equilibrium. 

The solubility measurements made on precipitates which had reacted a t  
90°C. for 120 hr. are reported in Table I ,  and those obtained by redispersing 
some of these precipitates in water are presented in Table 11. The values for 

TABLE I 
SOLUBILITY OF HYDROXYAPATITE MEASURED AFTER PRCCIPITATIOIT 

- 
pHlPO4 pR,, = lOpCa 

No. pH pCa pHzP01 pP01 pH-:pCa +:pCa +6pP01+2pOH 

1 5.04 2.66 2.24 11.69 3.71 3 57 114.66 
2 5.10 2.79 2.48 11.81 3.70 3.88 116.56 
3 5.29 2 87 2.50 11.45 3.85 3.94 114.82 
4 5.37 3.03 2.65 11.44 3.85 4.17 116.20 
5 5.40 3.05 2.55 11.28 3.87 4.08 115 38 
6 5.42 2 97 2.54 11.23 3.93 4.03 114 24 

*Appro.z-inlate Ca++ act iv~ty.  
TABLE I1 

pHzPO4 pK,, = lOpCa 
No. pH pCa pHzP0.1 pPO4 pH-4pCa + + P C ~  
- 

+6pPOl+2pOH 

D2 6.31 3.75 3.41 10.32 4.43 5.29 114.80 
D6 5.62 3.22 2.85 11.14 4.01 4.46 115.80 
D8 6.36 3.90 3.41 10.22 4.41 5.36 115.60 
Dl5 7.13 4.28 4.43 9.70 4.99 6.57 114.74 
D20 7.56 4.50 5.05 9.46 5.31 7.30 114.64 
D24 6.94 4.28 4.22 9.87 4.80 6.36 116.14 
D27 8.48 4.76 6.83 9.40 6.10 9.21 115.04 
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FIG. 1. Solubility diagram. 
Legend: 0 Solubility measured after precipitation. 

@ Solubility measured after dissolution. 

pH-4pCa and pHXPO.l++pCa in these tables are plotted on the solubility 
diagram in Fig. 1. Details with respect to  the construction and interpretation 
of the diagram were presented in earlier publications (2, 3). The regression line 
relating pH-$pCa and pHJ'O*++pCa was calculated from the data  and the 
corresponding value for the negative logarithm of the solubility product was 
115.5. The slope of the regression line was similar to  that for hydroxyapatite 
(actual slope 2.26 as compared with a theoretical value of 2.11) indicating that,  
although the calcium concentration varied from to  lo-", the phosphate 
concentration from lop3 to  lop6 Af ,  and the pH from 5 to  9, hydroxyapatite 
possesses a definite solubility product. 

To  ascertain if heating to  90°C. for 120 hr. was sufficient to  establish equi- 
librium, solubility measurements were made with precipitates that were pre- 
pared by reaction for 24 and 120 hr. a t  40°C., 8 and 120 hr. a t  60°C., and 4 
and 120 hr. a t  90°C. The solubilities, measured after equilibration a t  25OC., are 
plotted on the enlarged section of the solubility diagram in Fig. 2. I t  is seen 
from Fig. 2 that  increasing the reaction temperature decreased the solubilities 
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REGRESSION 

2 LINE FOR 

40°c. 24 H R .  

4 0 ° C ,  120 HR. 
6 I I 

3 C 4 - 

FIG. 2. The influence of reaction tern- FIG. 3. The effect of errors in the 
perature and time of reaction a t  a given measurement of pH on the calculated 
temperature on the solubility of hydroxy- solubility product of hydroxyapatite. 
apatite. 

of the precipitates. The solubilities were also decreased by increasing the 
length of the reaction period except a t  90°C. The solubility after 4 hr. a t  90°C. 
was as low as that  after heating for 120 hr. a t  this temperature, and it is noted 
further tha t  the solubility was only slightly higher after heating for 120 hr. a t  
60°C. Thus, heating for 120 hr. a t  90°C. evidently was sufficient to produce 
stable conditions in these basic calcium phosphate systems. 

As it was possible that  the systems which had reacted a t  temperatures 
below 90°C. were in a state of supersaturation, the precipitates were separated 
from the solution and dispersed in water a t  25°C. and the solubility measured 
24 hr. later. The solubilities of precipitates formed a t  90°C. were measured in 
this way and showed good agreement with the values obtained by precipitation 
(compare Tables I and 11). On the other hand, after the solid phase of the 
system which had reacted for 24 hr. a t  40°C. was redispersed in water the value 
obtained for pH-4pCa was 5.14 and that  for pHsPO4++pCa was 6.10. 
Comparing these values with those for the corresponding precipitated system 
in Fig. 2, it is seen that the solubility did not decrease, indicating tha t  the 
solution was not simply supersaturated. Similarly, when the other precipitates 
formed below 90°C. were redispersed in water, the solutions remained a t  the 
same degree of apparent supersaturation as in the original precipitated system. 
Increasing the reaction temperature and the length of the reaction period 
apparently served to  age the precipitates producing better defined crystals 
with a lower solubility. Although the rate of precipitation and aging of hydroxy- 
apatite is slow, its rate of dissolution is rapid since stable conditions were 
reached in 24 hr. when the precipitates were dispersed in water. These experi- 
ments on the dissolution of hyclroxyapatite support the contention that a state 
of virtual equilibrium had been attained by heating to  90°C., and they indicate 
that the nature of the solid phase was not changed by heating. 
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In the light of these experiments on the effect of reaction time and tempera- 
ture on the solubility of hydroxyapatite, i t  is improbable that  the variability 
of the solubility products reported in the last columns of Tables I and I1 was 
caused by the failure t o  obtain stable conditions. The variability can be 
attributed to  a great extent t o  the influence of analytical errors in the calcula- 
tion of the solubility product where the ion activities are raised to  such high 
exponents. As illustrated in Fig. 3, relatively small errors in pH may have a 
marked effect on the value of the calculated solubility product. Considering 
the effect of possible errors in the measurement of pH, the discrepancies 
observed in the pK,, values do not appear serious. 

In  these unbuffered systems, errors in the measurement of pH coupled with 
errors in the determination of calcium and phosphate concentrations were 
probably sufficient t o  account for the observed differences in the values ob- 
tained for the solubility products. Further refinements in experimental tech- 
nique would be necessary to obtain an accurate experimental value but  these 
experiments were adequate to  demonstrate that,  within accountable errors, 
hydroxyapatite has a definite solubility product over a wide range of condi- 
tions. 
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PERIODATE-PERMANGANATE OXIDATIONS 

I. OXIDATION O F  OLEFINS1 

BY R. U. LEMIEUX~ AND E. VON RUDLOFF~ 

ABSTRACT 

I t  was discovered that olefinic double bonds are readily oxidized in an  aqueous 
solution of periodate which contains only catalytic amounts of permanganate. 
The data suggest that  in the effective pH range of 7 to  10 the permanganate is 
not reduced a t  once beyond the manganate state and that  it is regenerated from 
this state by periodate action. Evidence was obtained that  the main course of the 
oxidation of an  olefin of type -CH=CH- involves first permanganate oxida- 
tion to  hydroxyketones which are then rapidly cleaved by periodate to  products 
which may subsequently be oxidized by the permanganate. 

INTRODUCTION 

The use of a mildly alkaline solution of periodate containing permanganate 
as a reagent for the detection of carbohydrates on paper chromatograms was 
described by  Lemieux and Bauer (6). This communication deals with the 
ability of the reagent to  oxidize olefins smoothly. 

d 

" 
I I I I 1 I 1 I I 
0 I 2 3 4 

T I M E ,  (hours)  

FIG. I.  Plot 1: Periodate (0.0197 AI) - permanganate (0.00034 i l l )  oxidatioil of oleic acid 
(0.0025 ill) in the presence of potassium carbonate a t  p H  7.7 and 20°C. (atoms of oxygen 
consumed per oleate ion). Plot 2: Aldehyde formed during the oxidation of oleic acid (plot I ;  
moles per oleate ion). Plot 3: Acids formed during the oxidation of oleic acid (plot I ;  moles per 
oleate ion). Plot 4: Osidatioll of 9 , lO-dihydro~~stear ic  acid and 9,lO-keto hydroxystearic acids 
under the conditions of plot I ,  but  without the permanganate (atoms of oxygen consumed per 
stearate ion). 

'Manziscript received Azigzcst 9 ,  1955. 
Contribz~tion froliz the National Researclz Coz~ncil of Canada, Prairie Regional Laboratory, 

Saskatoon, Saskatchewan. Issued as Paper No. 205  on the Uses of Plant Prodzicts and as N.R.C. 
No. 3742. Presented i n  part at tlzeSccond Western Regional Conference of the Chernical Institute of 
Canada, Vancoziver, B.C., Septeltzbcr 9-11, 1954. 

2Present address: Department of Chemistry, University of Ottawa, Ottawa, Ontario. 
3iVational Research Cozi?~ciL of Canada Postdoctorate Fellow, 1953-54. 
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The data presented in Fig. 1 (plot 1) show that a reagent consisting of 0.0197 
M periodate and 0.00034 M permanganate a t  pH 7.7 and 20°C. efficiently 
oxidized 0.0025 M oleate ion with the consumption of the amount of oxidant 
theoretically required t o  cleave the olefin to  carboxylic acid. 

The fact that after 20 hours' reaction time these conditions gave a product 
from which azelaic and pelargonic acids were isolated in quantitative yields 
shows that  the oxidation was specific for the olefinic linkage. Periodate alone 
did not oxidize the olefin. Therefore, the ability of the reagent to  bring about 
complete cleavage of the olefin must depend on an ability of the periodate ions 
to regenerate permanganate from its reduced state. We have observed that the 
addition of sodium meta-periodate to  an alkaline solution of manganate ion (11) 
resulted in the immediate formation of permanganate ion. This observation 
provided a satisfactory explanation for the regeneration of the permanganate 
in the above periodate-permanganate oxidation since Drummond and Waters 
(2) have recently produced evidence that  olefins and other organic compounds 
do not reduce permanganate a t  once beyond the manganate stage. This con- 
clusion was supported by the effect of pH on the ability of the reagent to oxi- 
dize substances stable toward periodate. The data presented in Fig. 2 show 
that,  in acidic media, the oxidation of mesityl oxide did not go to  completion 
and that the extent of oxidation was least when the pH was lowest. The cessa- 

T I M E ,  (hours) 

FIG. 2. Experimental rates for the oxidation of mesityl oxide (0.0025 A<) a t  20°C. Relative 
molar concentrations: mesityl oxide, 1 ;  sodium nzeta-periodate, 7.9; potasslum permanganate, 
0.13; potassium carbonate, 0 (plot I ) ,  0.125 (plot 2), 0.25 (plot 3), 1 (plot 4), 10 (plot 5). 
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LEMIEUX AND RUDLOFF: PERIODATE-PERMANGXNATE OXIDATIONS. I 1703 

tion of oxidation was accompanied by precipitatioil of manganese dioxide. I t  
is well known that  manganate ions disproportionate into manganese dioxide 
and permanganate ions in acidic media. Since periodate does not oxidize 
manganese dioxide t o  permanganate in alkaline media, the oxidations which 
had ceased t o  operate in acidic media did not resume when the solution was 
rendered alltaline. The  periodate oxidation of a-glycols usually becomes very 
slow in strongly alltaline media (1, 10). Since this is a step in the periodate- 
permanganate oxidation of olefins, high pH's are not favorable. Furthermore, 
strongly alltaline media lead t o  disappearance of the typical permanganate 
color. Therefore, i t  was concluded that  the most favorable pH range for the 
periodate-permanganate reagent is from 7 to  10. 

Permanganate has been widely used to  hydroxylate olefins. Treatment of 
oleic acid with an alltaline solution of permanganate yields racemic erythro- 
9,lO-dihydroxystearic acid (3, 5). The  reaction results in a green solution 
containing manganate ion. However, when the oxidation is carried out near 
neutrality and an  excess of permanganate is avoided, the main product is a 
mixture of 9-lteto-10-hydroxy and 9-hydroxy-10-lteto-stearic acids (3). 9,lO- 
Dihydroxystearic acid is formed only in smaller amounts. Since Icing (3) was 

I unable t o  prepare the ltetohydroxy acids by a similar oxidation of the 9,lO- 
dihydroxy acid, i t  was evident that  the mechanism of the permanganate oxi- 
dation of olefins is strongly dependent on pH. 

The  periodate-permanganate oxidation of oleate ion described in Fig. 1 was 
I carried out a t  pH 7.7, i.e. in the pH range where the main product of the per- 

manganate oxidation of oleate ion is the mixture of ketohydroxy acids. If this 
I product was also intermediate in the periodate-permanganate oxidation, then 

it could be concluded tha t  the initial stages of the periodate-permanganate 
I oxidation involve true permanganate oxidation. Direct evidence that the keto- 

hydroxy acids were in fact intermediates was obtained by oxidizing oleate ion 
(0.0025 M)  a t  pH 7.7 using a relatively high concentration of permanganate 
(0.000806 M)  t o  speed up the initial stage of the reaction and only a relatively 
small amount of periodate (0.00106 M) .  The reaction was stopped by the 
addition of bisulphite a t  the first indication tha t  the permanganate was not 
being regenerated as evidenced by the appearance of manganese dioxide. This 
procedure restricted the reaction to  the conditions which prevail in periodate- 
permanganate oxidation. The product contained the mixture of ltetohydroxy- 
stearic acids in near quantitative yield based on the amount of periodate added. 
Elaidic acid was also in part converted to the ltetohydroxystearic acids and 
10-undecenoic acid was oxidized in part to  10-lteto-11-hydroxyundecanoic acid 
under similar reaction conditions. Since 9,lO-epoxystearic acid was not oxidized 
under these conditions, the intermediate formation of epoxides was ruled out. 

Furthermore, the periodate-permanganate oxidation of ethylene resulted 
in the formation of only about one mole of formaldehyde on the consumption 
of oxidant equivalent to  four oxygen atoms. Had ethylene glycol alone been 
produced in the first stage of the reaction, a consumption of oxidant equivalent 
t o  only two oxygen atoins would have yielded two moles of formaldehyde. 
Therefore, i t  seems clear tha t  the periodate-permanganate oxidation of a n  
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olefin in the pH range 7 t o  8 has a strong tendency to  proceed by way of an 
acyloin. I t  is noteworthy in this respect tha t  the permailganate oxidation 
under near neutral conditions may prove to  be a useful means for converting 
certain olefins to  acyloins. 

The products isolated after different reaction times in the course of the oxi- 
dation of oleate ion under the conditioils described in Fig. 1 were analyzed for 
their aldehyde and carboxylic acid contents. The results, plotted in Fig. 1 
(plots 2 and 3), form a picture of the reaction sequences involved in terms of the 
isolable products. Since periodate alone rapidly oxidized the 9,lO-dihydroxy 
and ketohydroxystearic acids (plot 4), the concentration of these substances 
must always have been relatively small. The fact that the amount of aldehyde 
passed through a maximum a t  0.52 mole per gram ion of oleate ion oxidized 
supports the above conclusion that  the ketohydroxystearic acids were inter- 
mediates in the over-all reaction. 

Thus, in terms of the isolable organic products, the periodate-permanganate 
oxidation can be considered to  take place in three stages. The first stage appears 
t o  be a complex sequence of reactions which involve permanga~late ion in one- 
electron exchanges leading, near neutrality, mainly to  hydroxyketone. The 
rapid periodate cleavage of the hydroxyltetone (and any diol which may have 
been formed) can be considered as the second stage. This property of the 
periodate-permanganate reagent is undoubtedly that  mainly responsible for 
the high specificity of the over-all reaction. The oxidatioil of the products 
formed in the periodate cleavage through permanganate action call be con- 
sidered as the third stage. I t  is noteworthy that  the fact that the reagent 
requires only mildy alltaline conditions is conducive to  the oxidation of an 
aldehyde without degradation. 

I I I I I I I 
o eo 40 60 

TIME,  (minutes) 

FIG. 3. Effect a t  20°C. of pH on the rate of periodate (0.02 Ad) - perrnanganate (0.00034 $1) 
oxidation of oleate (0.0025 116). 
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Although the periodate-permangallate reagent is limited in application to  
the oxidation of compounds which are soluble in slightly allialine media, the 
high yields obtained and the convenience of operation render it likely that  the 
reagent will find application for degradative and analytical purposes. Thus, 
for example, the oxidation of 10-undecenoic acid gave sebacic acid and form- 
aldehyde in excellent yield. The fact that  formaldehyde resisted oxidation 
suggests the use of the reagent for determining terminal methylene groups (7). 
The oxidation of mesityl oxide a t  pH 7.7 gave a quantitative yield of acetone. 
This result forms a convenient basis for the determination of terminal iso- 
propylidene groups and will be described in a later commu~licatio~l (12). 

In view of these possible uses for the reagent, a study was made of the effect 
of certain variables on the rate of reaction using oleate ion as substrate. The 
data plotted in Fig. 3 show that  the rate of the over-all reaction increases with 
increase in pH. The effect of temperature on the rate of reaction is illustrated 
in Fig. 4. The plots of Fig. 5 show clearly that  permanganate is involved in the 
rate controlling stages. The results presented in Fig. 6 show that an increase 
in the periodate ion concentration has a retarding effect on rate of reaction. 
This interesting effect was not t o  be expected. Nevertheless, these results serve 
as further evidence that  in these oxidations the steps which involve periodate 
ion are fast as compared to  those which involve permanganate ion. I t  should be 
noted in this respect that  the periodate cleavage of glycols is strongly depen- 
dent on pH in basic media with the rate of reaction decreasing with increasing 
pH (1, 10). This fact may account for the slower rate of the second stage of 
periodate-permanganate oxidation of oleate ion on going from pH 8.8 to 9.8 
(see Fig. 3). 

TIME (hours)  

FIG. 4. Effect of temperature on the rate of periodate-permanganate oxidation of oleate 
using the conditions of Fig. 1, plot 1, except for temperature. 
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FIG. 5. Effect of the permanganate concentration on the rate of periodate-permanganate 
oxidation of oleate using the conditions of Fig. 1, plot 1, except for the permanganate con- 
centration. 

I I I I I I I I I 
0 10 20 30 40 50 60 70 

TIME, (minutes) 

FIG. 6. Effect of the periodate concentration on the rate of periodate-permanganate 
oxidation of oleate using the conditions of Fig. 1, plot I, except for the periodate concentration. 
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EXPERIMENTAL 
iMethods 

The following procedure was used to follow the rates of oxidation. The re- 
quired amounts of olefin and potassium carbonate were dissolved in water and 
the solution was made up to 100 ml. The periodate-permanganate reagent was 
made up freshly before use by mixing the required amounts of standard 
solutions of sodium meta-periodate and potassium permanganate and diluting 
to 100 ml. At zero time, 5-ml. volumes of the two solutions a t  the desired 
temperature were mixed in a glass-stoppered flask. The reaction was stopped 
by rapidly adding about 0.5 gm. sodium bicarbonate, a measured volume of 
standard arsenite solution, and a few crystals of potassium iodide. After this 
solution was l d t  for a t  least 10 min., the excess arsenite was determined by slow 
titration of the stirred solution with standard iodine solution to the starch 
end point. The difference between the titers for a run and a reagent blanlc was 
taken as equivalent to the oxidant consumed. The  pH values reported were 
measured soon after the reaction mixture was made up. In some experiments, 
potassium hydroxide was added to achieve the desired pH. The following pro- 
cedure was used to determine the amounts of aldehyde and acid present in the 
reaction mixture (see Fig. I) .  After a given reaction time, the oxidailt was 
destroyed and the solution rendered strongly acid by the addition of an excess 
arsenite solution and 10yo sulphuric acid. The resulting mixture was extracted 
continuously with ether. The extract was filtered and concentrated to  a small 
volume. The acid content in the residue was determined by titration with 
standard methanolic sodium hydroxide to  the phenolphthalein end point. The 
aldehyde content was determined by the hydroxylamine procedure of Siggia 
(13). 

Runs with mixtures of heptanal, azelaic acid, and oleic acid showed the 
method reliable to within =t2% for the acid content and to within f 10% for 
the aldehyde content. Formaldehyde was determined colorimetrically using 
chromotropic acid (4, 7). The acetone liberated in the oxidation of mesityl 
oxide was removed from the oxidation mixture by distillation and determined 
by iodometric titration (9). 

Oxidations of Oleic Acid 

A reaction mixture, 400 ml., which contained initially 0.2824 gm. (1 mM.) 
of pure oleic acid, 3 mM. of potassium carbonate, 8 mM. sodium nzeta-periodate, 
and 0.134 mM. potassium permanganate was kept a t  20°C. for 20 hr. The 
solution was rendered strongly acid by addition of lOyo sulphuric acid and 
extracted with ether. The extraction yielded 0.354 gm. of material which on 
trituration with petroleum ether gave 161 mgm. of an oil with neutral equi- 
valent 164. The oxidation would theoretically yield 0.158 gm. of pelargonic 
acid and 0.188 gm. of azelaic acid. The oil was distilled in vacuo and then gave 
a hydrazide of m.p. 93.5-945°C. (undepressed by pelargonic acid hydrazide 
n1.p. 94-95°C. (8)). The residue from the trituration melted a t  102-104.5"C. 
(unclepressed by azelaic acid m.p. 106.5-107.5"C.) and was pure azelaic acid 
after recrystallization first from water and then from ethyl acetate. 
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A reaction mixture, 200 ml., was made up a t  20°C. which contained 0.1412 
gm. (0.5 mM.) oleic acid, 1.5 mM. potassium carbonate, 0.162 mM. potassium 
permanganate, and 0.2 mM. sodium meta-periodate. The initial pH was 7.7. 
Discoloration of the permanganate began in about three minutes and a large 
excess of sodium bisulphite was immediately added. The precipitate which 
formed on acidification was filtered off and triturated with cold petroleum ether 
to yield 35 mgm. of a substance, which was recrystallized from petroleum ether. 
The melting point, 60-62"C., of the material, 31 mgm., was not depressed by 
the mixture of Itetohydroxystearic acids, m.p. 62-63.5"C., prepared by the 
method of King (3). 

Almost exactly the same result was obtained when elaidic acid, m.p. 42.5- 
43.5"C., was oxidized under the above conditions except that the low solubility 
of the elaidate ion required that  the reaction mixture be 2.5 times more dilute. 

Oxidations of 10- Undecenoic Acid 

10-Undecenoic acid was oxidized in the maililer described above for oleic 
acid (Fig. 1, plot 1). Commercial undecenoic acid was distilled in  vacuo to 
give a product of about 96% purity (iodine value 132) ; 0.190 gm. of the dis- 
tilled acid yielded 0.192 gm. petroleum ether illsoluble material, m.p. 126- 
131°C. Recrystallization from water and ethyl acetate yielded a product of 
m.p. 131-132.5"C. (undepressed by sebacic acid, m.p. 132-133°C.). The yield 
of formaldehyde was 73y0 (7). 

The following procedure for preparing 10,ll-dihydroxyundecanoic acid is 
similar t o  that described by Lapworth and Mottram (5) for the preparation of 
9,lO-erythro-dihydroxystearic acid. 10-Undecenoic acid, 0.68 gm., was dis- 
solved with 1 gm. sodium hydroxide in 100 ml. of water and the solutio~l was 
diluted to 800 ml. with ice-cold water. A 1% solution of potassium permangan- 
ate, 80 ml., was added with stirring. The mixture immediately changed in 
color to a dark green and was decolorized with sodium bisulphite after five 
minutes' reaction time. The solution was concentrated to 150 ml., made 
strongly acid with sulphuric acid, and extracted with ether. Evaporation of the 
dried ether extract t o  small volume led to  the deposition of 0.50 gm. of a crys- 
talline solid, m.p. 72-78°C. The material was recrystallized alterilately from 
ethyl acetate and water to yield a substance, m.p. 6749°C. Upon rapid 
recrystallization from acetone a t  -20 to -30°C. an acid was obtained, m.p. 
83-84"C., which was undepressed in admixture with and possessed the same 
infrared spectrum as l0,ll-dihydroxyundecanoic acid (m.p. 83-85°C.) pre- 
pared by the method of Swern et al. (14). The high and low melting forms could 
be readily iilterconverted by crystallization and both gave a P-bromophenacyl 
ester of m.p. 105-106°C. The material gave a negative 2,4-dinitrophenyl- 
hydrazine test, consumed oxidant equivalent t o  two atoms of oxygen on 
periodate-permanganate oxidation (as described above) with the for~natioil 
of a mole of formaldehyde, and possessed the neutral equivalent (218) expected 
for l0,ll-dihydroxyundecanoic acid (calc. 218.29). 

10-Undecenoic acid (0.924 gm., 5 mM.) and potassium carbonate (5 mM.) 
were dissolved in 500 ml. of ice-cold water. An ice-cold solution of 5 mM. 
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potassium permanganate and 10 mM. sodium meta-periodate in 500 ml. water 
was added with stirring. After one minute, an excess of sodium bisulphite was 
added. The solution was concentrated t o  about 200 ml., cooled to  about 2"C., 
and made strongly acid with cold 10% sulphuric acid. After the mixture had 
stood in the cold for 15 to  20 mill., the precipitate was collected and dried, 
m.p. 83-89°C. Recrystallization from chloroform raised the melting point t o  
89-94°C. The  followiilg observations established the substance to  be sub- 
stantially pure 10-lteto-11-hydroxyundecanoic acid. The infrared spectrum 
showed two bands in the carbonyl region and the material gave a positive 
2,4-dinitrophenylhydrazine test. The  material, neutral equivalent 220, liber- 
ated 1 mole of formaldehyde on periodate oxidation with the liberation, by  
titration, of 0.84 equivalent of acid per mole of periodate consumed. In a 
separate experiment, periodate oxidation gave a quantitative yield of crude 
sebacic acid, m.p. 119-129°C.; after two recrystallizations the compound had 
m.p. 130-132°C. 

Oxidation of Ethylene 
Ethylene, about 0.13 mM., was admitted t o  200 ml. of solution containing 

0.034 mM. potassium permanganate, 1.97 mM. sodium meta-periodate, and 
0.25 mM. potassium carbonate kept in a nitrogen atmosphere. Highly erratic 
results were obtained when the reaction was performed in air. These results 
were probably due t o  the ability of permanganate t o  catalyze autoxidation 
(15). After it  was shaken for 18 hr., the solution, pH 7.6, was analyzed as 
described above for oxidant content and for formaldehyde (7). Since the con- 
sumption of oxidant equivalent to  0.402 milliatoms of oxygen resulted in the 
formation of only 0.11 mM. formaldehyde, i t  is apparent tha t  glycollic alde- 
hyde is the first product of the reaction. I t  was established (7) that  formalde- 
hyde is oxidized only very slowly under these conditions. 
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PERIODATE-PERMANGANATE OXIDATIONS 

11. DETERMINATION O F  TERMINAL METHYLENE GROUPS' 

ABSTRACT 

The periodate-permanganate oxidation of a terminal methylene (CH-C:) 
group can be made to produce formaldehyde in high although not quantitative 
yield. Since the yields compare favorably with those obtained by ozonolysis, the 
reagent can serve as the basis for a convenient micromethod for the estimation 
of terminal methylene groups. The less than theoretical yields of formaldehyde 
are believed mainly due to the conversion of the olefin in part to a-hydrosyalde- 
hyde in the initial stage of the reaction. 

INTRODUCTION 

Results were reported in our first communication in this series (12) which 
indicated that the periodate-permanganate oxidatioil of a terminal methylene 
group (I) produces, simultaneously, in the first stage of the reaction, glycol (II),  
ketol (111), and hydroxyaldehyde (IV). Subsequent periodate oxidation of 
these substances produces formaldehyde from I1 and I11 but not from IV. 
Glycol formation did not appear extensive in wealtly alkaline media since the 
oxidation of ethylene gave very nearly one mole of formaldehyde. However, 
oxidation of 10-undecenoic acid gave a 73% yield of formaldehyde (12). I t  
was therefore evident that the ltetol formation can be the preferred route and 
since the oxidant attaclted formaldehyde only very slowly, i t  was apparent 
that  the reagent deserved attention as a means for the semiquailtitative 
estimation of terminal methylene groups. 

We now wish to  report on evidence that  any attempt to  obtain a ~naximum 
yield of formaldehyde in the periodate-permanganate oxidation of a terminal 
methylene group should consider: (a)  the effect of pH on the reaction route, 
(b) the effect of pH on the rate of the periodate oxidation of glycols and acy- 
loins, (c) the effect of pH on the rate of the permanganate oxidatioll of formal- 
dehyde, and (d) the solubility of the compound in aqueous media. 

Evidence has been obtained (12) that  hydroxylatioil of the olefin is favored 
a t  a pH of 9-10 with acyloiil formation predominating a t  a slightly lower pH. 
On this basis, it would appear desirable t o  operate a t  a high pH. However, the 
periodate-permangallate reagent does not operate above about pH 10 (12). 
Also, even a t  pH 10, the periodate oxidation of glycols is relatively slow (3, 14). 

1Manuscript received A U ~ Z L S ~  9 ,  1955. 
Contribzttion from the National Research Coz~ncil of Canada, Prairie Regional Laboratory, 

Saskatoon. Saskatchewan. Issued as Paper No. 203 on the Uses o f  Plant Prodztcts and as N.R.C. 
No. 3743. 

2Present address: Department of Chemislry, University of Otlawa, Ottawa, Ontario. 
3National Research Council of Canada Postdoctorate Fellow, 1955-54. 
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Furthermore, as seen in Fig. 1, formaldehyde is oxidized fairly rapidly a t  pH 10. 
Therefore, it is evident that should the pH of the media be maintained at  a pH 
about 10, loss of formaldehyde would result from the oxidation of the formal- 
dehyde and degradation of the glycol by the permanganate. Also, the use of 
allialine media can be expected to give rise to formaldehyde from the en01 

FIG. 1. Effect of pH on the rate of the oxidation of formaldehyde by the pzriodate-per- 
manganate reagent. 

form of methyl lietones thus complicating the results. On the other hand, the 
maiilteilance of the medium a t  near neutrality can be expected to  result in the 
formation of appreciable amounts of hydroxyaldehyde. As a compromise to 
these conflicting effects, it was decided to carry out the oxidation for a short 
period of time a t  pH 10 and then to adjust the pH to ilear neutrality for com- 
pletioil of the reaction. The data listed in Table I show that this expedient gave 
in most cases a much improved yield of formaldehyde over that obtained when 
near neutral conditions were maintained throughout the reaction. 

The yields of formaldehyde listed in Table I mere determined colorimetri- 
cally using the chromotropic acid reagent according to the procedure of 
Lambert and Neish (10). The formaldehyde can also be cletermined by pre- 
cipitatioil as the methone derivative (10, 13). In this case, larger samples are 
required and it is best to isolate the formaldehyde by distillatioll of the acidified 
reaction mixture before carrying out the precipitation. The present procedure 
should prove of value since it is easier to use than the standard methods of 
ozonolysis (4, 5), obviates the need of an expensive ozonizer, appears t o  provide 
higher yields of formaldehyde in many instances (see Table I ) ,  and may prove 
to be more reliable (6, 9, 15). The latter point is of importance since the 
detection of a terminal methylene group by infrared spectral ailalysis (2) must 
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TABLE I 
TERMINAL METHYLENE GROUP ESTIMATIONS 

(Maximum ~ i e l d s  (per cent of theory) of formaldehyde obtained a t  pH-7 and a t  pH-10 
with subsequent lowering to pH-7) 

Moles of CH?O 
Compound expected per pH-7 pH-10 --, pH-7 Refer- 

mole of compound ence 

10-Undecenoic acid 
Itaconic acid 

Quinine 
Gelsemine 
Isoatisine 
Hydroxylactone 

Vinyl acetate 
Allyl acetate 
Allyl alcohol 
Allyla~nine 
Diallyl ether 
Allyl ethyl ether 
1-Allyl-2-thiourea 

Methacrylamide 
Acrylonitrile 
3-Butenenitrile 
3-Bromopropene 
Styrene 

~Ozonolys i s  gave a 46% yield. 
bOzonolysis gave a 24% yield. 
~Ozonolysis  of a vinyl group and nzetltyl ~nethacrylate gave only 5 y 0  yields. 
dOzonolysis gave a 3070 yield. 

be checked by chemical means. The method in its present form is restricted 
in scope by the fact that  water is used as solvent. This limitation is not great, 
however, since only extremely low concentrations are required. 

EXPERIMENTAL 

The  followiilg procedures were used t o  determine the da ta  listed in Table I 
and plotted in Fig. 1. 

The compound, 0.005 mM.,  was dissolved in 5 ml. (or less) water contained 
in a 25 ml. volumetric flask. A quantity of 0.1 N potassium carboilate solution 
was then added t o  give the final solution a pH of 7 t o  7.6. At zero time, 10 ml. 
of a solution of 0.02 M sodium meta-periodate and 1 ml. of 0.005 M potassium 
permanganate solution were added. The solution was made up to  volume. 
Aliquots, 5 ml., were then transferred t o  10 ml. volumetric flasks and after the 
desired time intervals, 15, 30, and 60 mill., the reaction was stopped by the 
addition of 2 ml. of 1 M sodium arsenite solution and 2 ml. of 2 N sulphuric 
acid to  a flask. The resulting solutioils were then analyzed for their formalde- 
hyde contents as described below, following the procedure of Lambert and 
Neish (10). 

When it  was desired to  carry out the oxidation a t  higher pH's, 0.1 N potas- 
sium hydroxide was added to the solution before the addition of the oxidant. 
If it  was desired to  lower the pH back to near neutrality after a given period 
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LEMIEUS AND RUDLOFF: PERIODATE-PERMANGANATE OXIDATIONS. I1 1713 

of oxidation, an equivalent amount of hydrochloric acid was added before the 
solution was made up to volume. The data listed in Table I for pH about 10 
with return to pH about 7 were obtained by adding 5 ml. of 0.1 N potassium 
hydroxide solution followed by 5 ml. of 0.1 N hydrochloric acid after about 
one minute's reaction time. 

After the oxidation had been stopped, the solutiolls were allowed to stand 
for about 15 min., made up to volume (10 ml.), and 1-ml. aliquots were trans- 
ferred to 25 X 200 mm. test tubes. Chromotropic acid reagent (1 gm. chromo- 
tropic acid in 100 ml. water, filtered and the filtrate made up to 500 ml. with 
2:l v/v concentrated sulphuric acid -water mixture), 10 ml., was added and 
the mixtures heated in a boiling water bath for 30 min. After the contents were 
cooled to room temperature, they were transferred to cuvettes for measure- 
ment of the per cent transmission a t  570 mp when compared to a reagent blank. 
Erythritol was used as standard for the production of known amounts of form- 
aldehyde (2 moles of formaldehyde per mole of erythritol) in the setting up 
of a standard curve. 
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PERIOD ATE-PERMANGANATE OXIDATIONS 

111. D E T E R M I N A T I O N  O F  I S O P R O P Y L I D E N E  G R O U P S 1  

ABSTRACT 

The reaction of the periodate-permanganate reagent with olefinic double bonds 
was applied t o  the  determination of isopropylidene groups. The oxidation of 
colnpounds containing such groups gave a quantitative yield of acetone which 
could be readily determined by known iodometric and colorimetric procedures. 
Use of aqueous solutio~ls of pyridine or dioxane as solvent permitted analysis of 
water-insoluble compounds. The colorimetric determination of acetone was then 
preferred. This method also allowed a simultaneous estimation of termi~lal methy- 
lene groups. The content of isopropylidene groups of commercial samples of three 
terpenes of the geraniol type was determined. 

INTRODUCTION 

The oxidation of olefinic double bonds with the periodate-permanganate 
reagent was described in part I of this series (2). From the general characteris- - - 

tics of this reaction the oxidation of an isopropylidene group would be expected 
to  proceed as follows a t  pH 7-8: 

CH3 CH3 CHa CH3 
\ /  

C-OH 
\ / 

C-OH 
I1 - I + I + 
CH CH-OH C=O 

I I 
0 

I I I 

each isopropylideile group yielding one molecule of acetone. At neutrality the 
acetone formed by the oxidation of mesityl oxide did not appear to react 
further with the reagent (2). The yield of acetone could, therefore, be used as 
a convenient measure of isopropylidene groups in general. In conjunction 
with the semiquantitative estimation of terminal methylene groups, described 
in part I1 (3), such a procedure should also malie it possible t o  distinguish 
readily between these two positions of unsaturation, which would be of special 
interest in the study of terpenes and resin acids. 

RESULTS AND DISCUSSION 

In preliminary experiments the effect of pH on the stability of acetone in the 
oxidation mixture was determined. Table I shows the amount of oxidant con- 
sumed when acetone was oxidized a t  varying pH values with five times the 
amount of oxidant used in the standard procedure (2). 

Since the hydroxylation and cleavage steps are relatively fast reactions (2), 
it is safe to assume that  the amount of acetone lost owing to  oxidation will be 
insignificant a t  a pH below 8.0. 

Acetone can be conveniently determined both iodometrically ( 5 )  and colori- 

l~lfanzcscript received Azigust 9 ,  1955. 
Contribzitiolz from the National Research Council of Canada, Prairie Regional Laboralory, 

Saskatoon, Saskatchewan. Isszced as Paper No. 204 on the Uses of Plant Prod~icts and as N.R.C. 
No. 3744. 
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RUDLOFF: PERIODATE-PERMANGANATE OXIDATIONS. 111 1715 

TABLE I 
OXIDANT CONSUMED BY ACETONE 

Atoms oxyg.en/mole of acetone 

After 70 hr. 0 0.03 0.04 0.05 0.10 0.40 
After 142 hr. 0 0.06 0.07 0.10 0.19 0.78 

metrically (7). In the former method the acetone was distilled from an allraline 
solution after the excess oxidant had been destroyed with sodium arse~lite 
so lu t io~~.  This method could not, however, be used when volatile com~ounds  
were present which react with iodine or allcaline iodine solution, unless these 
were removed by prior oxidation. The colorimetric method proved to  be less 
accurate (the error was f 2 y 0 ) ,  but it had the advantage that  aliquots could 
be used directly from the reduced reaction mixture. In addition, the color 
reaction is more specific and no interference was obtained when formaldehyde 
was present in concentrations more than twice that  of acetone. 

Water-soluble Compounds 
From experiments using mesityl oxide as test substance the followi~lg con- 

clusio~ls were drawn: 
I ( I )  The amount of oxidant should be a t  least twice the theoretical amount 
1 required for complete oxidation as deduced from the above reaction scheme. 

(2) Increasing the amount of permanganate in the periodate-permanganate 
I 

reagent increases the rate of reaction (2), but too high a permanganate con- 
centration results in a more rapid oxidation of the acetone formed. 

(3) If other volatile compounds, such as  aldehydes, are formed during the 
oxidation, these may be removed from the distillate by dichromate oxidatio~l 
(4) in acidic medium a t  room temperature. Acetone itself is not oxidized under 
these conditions, but a second distillation step is then illtroduced into the 
procedure. As an alternative, the more convenient, though slightly less accur- 
ate,  colorimetric determination of acetone may be used. 

Under optimum collditio~ls the yield of acetone was 95 to  96y0 of the theo- 
retical. This represented a practically quantitative result, since the sample of 
mesityl oxide used gave after oxidation a yield of about 2y0 formaldehyde, 
indicating the presence of 2 to  3% of the isomer having the double bond in the 
4,3-position. The  presence of this isomer in mesityl oxide has been reported 
before (I) .  

Because of the possible interference with the iodometric determination by 
volatile reaction products or unreacted starting material from the oxidation 
of mesityl oxide, 3-methyl-2-butenoic acid appeared to  be a more satisfactory 
test substance and was co~lsequelltly prepared by hypochlorite oxidation of 
mesityl oxide (6). On oxidation this acid would be expected t o  yield acetone, 
oxalic acid, and carbo~lic acid, with glyoxylic acid ancl formic acid as inter- 
mediates. The only distillable product a t  any stage of the periodate-perman- 
ganate oxidation from an alkaline reaction mixture would therefore be acetone. 
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1716 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 33 

The rate of oxidation of 3-methyl-2-butenoic acid was similar to that  of 
mesityl oxide, e.g. a t  pH 7 the amount of oxidant consumed was equivalent to 
2.08,3.09,3.65, and 3.88 oxygen atoms after 0.05,0.5,3, and 70 hr. respectively. 
A formaldehyde determination indicated the presence of up to  2% of the A3- 
isomer. The yield of acetone was determined iodometrically after different 
reaction times (from 5 to  360 min. a t  5 to  10 min. intervals) with the reagent 
containing the normal and twice and four times the 11ormal amount of potas- 
sium permanganate. A practically quantitative yield was .obtained (98.8, 
98.8, and 98.4 &0.4% respectively) within one hour of reaction time, and this 
yield did not appear to drop during a further period of two hours. 

Water-insoluble Cornfiounds 
When the above procedure was applied to terpenes of the geraniol group, 

difficulty was encountered because of their insolubility. A study was therefore 
made of certain organic solvents which, when added to  the aqueous reaction 
mixture, would increase the solubility sufficiently without interfering with the 
periodate-permanganate oxidation. Of the solvents tested only pyridine and 
dioxane proved suitable. Reagent blanks containing these solvents, especially 
dioxane, consumed appreciable amounts of iodine in excess of the aqueous 
reagent blank (Table 11), but the oxidation of mesityl oxide appeared to  be 
little altered in rate and degree by their presence (Table 111). When pyridine 

TABLE I1  
TITRATION OF REAGENT BLANKS CONTAINING 25y0 ORGANIC SOLVENTS 

TAKING COMPARATIVE AQUEOUS BLANKS AS 0 
MI. 0.025 N iodine solution 

- 

Time (hr.) 
Medium 

1 1 
i i 1 3 24 

25% Pyriridine solution 0.10 0.15 0.22 0.36 0.72 
25y0 Dioxane solutio~l 1.34 1.36 1.39 1.54 3.58 

TABLE I11 
OSIDANT CONSUMED (ATOMS OSYGBN/MOLE) BY MESITYL OXIDE IN VARIOUS 

MEDIA UNDER STANDARD CONDITIONS 

Time (hr.) - ~ \~~~ , 
Medium PH 

1 1 1 
TH 6 i 1 3 22 46 72 

-- 

Aqueous 7 . 2  3.0 3.05 3.20 3.50 3.75 3.97 4.00 4.04 
Aqueous 7.7 3.05 - 3.28 3.56 3.82 3.98 4.02 4.06 
25y0 Pyridine 8 . 4  3.12 - 3.24 - 3 .48  3.90 4.05 4.11 
25%Diosane 7 . 3  2.94 3.22 3.44 - 3.84 - - - 

was used the pH of the reaction mixture was 8.4 and the addition of potassium 
carbonate was therefore omitted. The reaction mixture containing 25% 
dioxane decolorized overnight and the reaction stopped. This may have been 
due to the regeneration of permanganate by periodate being slowed down to  a 
critical value. When 30% or more solvent was used, this phenomenon was 
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RUDLOFF: PERIODATE-PERMANGA~ATE OXIDATIONS. III 1717 

noticed a t  an earlier stage. However, the early part of the reaction involving 
the formation of acetone is relatively fast and a quantitative yield of acetone 
could still be obtained. 

Difficulties were experienced when the iodometric method for determining 
acetone was used since most of the solvent distilled over with the acetone. With 
dioxane the error introduced was not large, but when pyridine was used the 
procedure had to  be modified by introducing a secoild distillation step. After 
the acetone and pyridiile froin the first distillation was collected, excess 10% 
sulphuric acid (20-25 ml.) was added and the acetoile was redistilled. Although 
the results obtained by this modification were satisfactory, the procedure was 
cumbersome and the colorimetric method ivas preferred. The latter method 
gave results similar to those with aqueous solutions as loilg as the reagent blank 
and reference samples contained the same amount of solvent. 

3-Methyl-2-butenoic acid was oxidized il l  the different solveilt systems under 
the usual conditions, and aliquots were analyzed colorimetrically after various 
reaction times. The time required t o  reach a maximum yield of acetone was 
different for each medium, but the maximum values were maintained for 
5 to 10 min. After this period the yield dropped somewhat faster than mould 
be expected from the rate of oxidation of the acetone (in an aqueous medium) 
alone. The results obtained were: 

(1) in aqueous solution = of theoretical (maximum after 10 mill.), 
(2) solution containing 25% pyridine = 100% (maximum after 30 mill.), 
(3) solution contaiiliilg 25y0 dioxane = (maximum after 20 min.). 

The foregoing results show that  the procedures outlined should be of value in 
both structure determination aiid routine analysis, especially since as little as 
0.01 mNI. of a substance was sufficieilt for quantitative results. The use of the 
reagent for determining the position of double bonds in unsaturated fatty 
acids and related compou~lds will be the subject of a future communication. 

The method was applied to  the analysis of three commercial samples of 
terpenes. Each compound gave the maximum yield of acetone (see Table IV) 

TABLE IV 
YIELDS OF ACETONE* FROM TERPENES 

Per cent of the theoretical -- -- 

Terpene 
M e d i ~ ~ n ~  - 

' Geraniol Citronellol Citronella1 

Solution containing 
25% pyridine 88 79 77 

Solution containing 
30% diosane 89 81 79 

'Color in~ctr ic  procedztre. 

already after 5 to 10 min. These results show that in each of the terpenes the 
isomer having the isopropylidene grouping is the major component. The same 
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reaction mixtures were also analyzed for their content of formaldehyde resulting 
from the presence of terminal methylene groups. The maximum yields for 
geraniol, citronellol, and citronellal were 43y0, 4%, and 8.50jo respectively. 

EXPERIMENTAL 
Apparatus 

The condeilser was constructed of capillary glass-tubing surrounded by an 
ordinary cooling jacket. The tubing extended into the receiver so that  the 
distillate was collccted under 10 to  15 ml. of water. The receiver was sur- 
rounded by ice water. The connection t o  the distillation flask was through a 
standard glass joint. 

The colorimetric measurements were carried out with a Coleman electro- 
photoi~leter (Junior 6A). 

Reagents 
Analytical grade reagents and solvents were used. Mesityl oxide (Eastman 

Kodak) was redistilled through a Podbielnialr fractionating column. Pyridine 
and dioxane were further purified by treating with weak alkaline permanganate 
solution for 16 hr. a t  room temperature and redistilling over solid potassium 
hydroxide after the excess permanganate had been reduced. 

3-Methyl-2-butenoic acid was syiithcsized by hypochlorite oxidation of 
mesityl oxide (6) and was purified by recrystallizatioil from water and light 
petroleum, m p. 67-6S°C. (reported m.p. GG-67.S0C.); neutralization equi- 
valent found 100.7, calc. 100.1. The terpenes were of techilical or practical 
grade (Eastman Icodak) and were not purified further. 

Periodate-Permanganate Oxidant 
The stock solution of the oxidant contained 20.980 gm. (98.33 m31.) sodium 

meta-periodate and 167 ml. 0.01 114 (1.67 niM.) potassium permanganate per 
liter. In experiments using t$o or four times the concentration of permangan- 
ate, the amount of periodate was reducecl in order to  maintain the total con- 
centration of oxidant a t  100 mM. per liter. 

Standard Procedz~re of Oxidation 

The substance t o  be oxidized, 0.5 mM., was dissolved in distilled water, or 
where necessary, in the required amount of organic solvent, and the solution 
was made up to  100 ml. with distilled water. To  50 ml. of this solutioil sufficient 
potassium carbonate was added (about 25 mgm. for a neutral substance) to  
give the final reaction mixture a pH of 7.2 t o  7.5. To  this solution 20 nil. stock 
oxidant solutioil was added with shalriiig, the time of addition being noted, 
and the solution was quickly made up to  100 ml. Aliquots of 10 ml. were 
analyzed a t  the desired time intervals by the method described in part I (2). 

Periodate-Perma7tganate Oxidation and Iodometric Acetom Determi7zatio1z 
Aliquots of 10 ml. of the ovidatioll mixture were placed in 100 ml. flasks 

a ion was having ground glass joints. At the required time interval the oxid t '  
stopped by adding to  each aliquot 1 ml. 1 M sodium arsenite, 1 ml. 2 N NaOH, 
and 10 to  15 ml. water. About half the volume of this solutioil mas distilled, 
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RUDLOFF: PERIOD.4TE-PERMANGANATE OXIDATIONS. 111 1719 

the distillate being collected in 10 to  15 ml. ice-cooled water. Five milliliters 
2 N sodium hydroxide and 5.0 ml. 0.1 N iodine solution were added to  the 
distillate and this solution was allowed to stand out of contact with direct 
sunlight for 10 t o  15 min. Five milliliters 10% sulphuric acid was then added 
and the liberated iodine was titrated with 0.025 N sodium thiosulphate to the 
starch end point. When dioxane was present 10-15 ml. sulphuric acid had to  be 
added. When pyridine was present the distillate was treated with excess 10% 
sulphuric acid (approx. 20 ml.) and redistilled. In this way the iodometric 
determination could be carried out without interference from the pyridine. 

Periodate-Permangunate Oxidation and Colorimetric Acetone Determinafion 
The solution of the compound to  be oxidized, 2.0 ml., was pipetted into a 

25 ml. volumetric flaslc and 2.0 ml. 0.1 N potassium carbonate, 10 ml. water, 
and 8.0 ml. stock oxiclant solution were added. The solution was made up to  
25 ml. after noting the time when the oxidant was added. Aliquots of 5.0 ml. 
of this reaction mixture were pipetted into 10 ml. volumetric flasks and after 
5, 10, 20, or 30 min. reaction time 2.0 ml. 1 M sodium arsenite and 2.0 ml. 
2 N sulphuric acid were added. The solutions were allowed to  stancl for 15 to  
30 min., when 0.4 ml. 10 N sodium hydroxide (enough to  neutralize the solu- 
tion) was aclded to  each sample, and these were then made up to  10 ml. These 
solutions could be ltept for several hours before colorimetric analysis. Aliquots 
of 2.0 ml. of each sample were pipetted into a 25 X 200 mm. test tube and 
3.0 ml. distilled water was added. When all samples, reagent blanlts, and 
reference standards were thus prepared, 4.0 ml. 10 N sodium hydroxide was 
added with a syringe and finally, with mixing, 1.0 ml. of salicylic aldehyde 
solution. The salicylic aldehyde solution ( I  volume of the aldehyde and 4 
volumes ethanol) was used within five t o  six hours after preparation. The test 
tubes were immediately placed in a water-bath a t  50°C., ltept a t  45-50°C. for 
20 mill. and then a t  room temperature for 30 min. The contents were trans- 
ferred to  19 mm. cuvettes for immediate measurement of the percentage trans- 
mission a t  530 mp as compared t o  a reagent blank. 

Formaldehyde Determinations 
Aliquots of 1.0 ml. from the reaction mixture in the 10 ml. volumetric flasks 

could be used directly and these were analyzed as described in part 11 (3). 
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OZONOLYSIS O F  1-SUBSTITUTED CYCLOOLEFINS1 

ABSTRACT 
Extension of an aliphatic chain by five, six, or seven carbon atoms Inay be 

achieved by adding to it a 5-, 6-, or 7-membered olefinic alicycle and subse- 
quently breaking the double bond. .Addition of the ring is achieved by a Grignard 
reaction between an all;ylrnagnesi~~m bromide and a cyclic ketone, and the 
resulting 1-alkylcycloolefin is opened by ozonolysis. The end product is a 5-, 6-, 
or 7-keto acid. 

Methods for extension of the aliphatic chain fall into two main groups; those 
in which one or two carbon atoms are added, and those in which the starting 
material and added fragment are of comparable chain length. To  the former 
class belong the familiar cyanide and malonic ester syntheses. These are 
regarded as inferior in long-chain work because end products and starting 
materials have similar chain-lengths (and thus similar physical properties) and 
are difficult to  separate from each other. Methods of the latter class include the 
Robinson ( 5 ) ,  Noller and Adams (4), and Blaise (1) syntheses, in which a 
large increment is added in one step and end product is easily separated from 
relatively short-chain starting materials. These methods suffer from the 
limited accessibility of such necessary chain-extending reagents as w-bromo, 
-cyano, or -aldehyde esters or w-carballtoxy acid halides. 

Extension using an alicyclic fragment which is subsequently opened to 
become part of the chain is a tempting approach. Fieser and Smuszltovicz (2) 
showed that 1-substituted cycloalltai~ols (fram cycloalltanones and a Grignard 
reagent) may be oxidized to lteto acids by chromic acid a t  30' in the presence 
of large amounts of anhydrous acetic acid. ICelliar, Phalnikar, and Bhide (3) 
encountered difficulty in an attempt t o  malte a keto acid from a 1-alltylcyclo- 
hexene by strong oxidation. Schneider and Spielman (7) concluded that 
chromic acid oxidation of a 1-alkylcyclohexene was inferior to  the alltylzinc 
sy~lthesis of a lteto acid. In all investigations there was evidence of concurrent 
reactions. If linkages other than those intended are attacked, as may well 
happen when oxidizing agents of poor selectivity are employed, the same 
problem of separation of end product from lower homologues may be encoun- 
tered. 

In  the present investigation, opening of the alicyclic system was achieved by 
ozonolysis and the resulting keto aldehydes were oxidized by performic acid 
to  the corresponding keto acids. These are "clean" reagents of high specificity 
and the end products in all cases were nearly white and reasonably pure. A 
prerequisite for success of the synthesis is unambiguity of location of the 
olefinic linkage. IVallach (10) has show11 that ,  in general, dehydration of a 
1-alkylcyclohexanol gives the olefin with the cyclic rather than the semi- 
cyclic double bond. During ozonolysis of the olefins of this investigation, no 
evidence of alkylidenecycloalltanes was encountered. 

'Manuscripl  received Jz11y I S ,  1955. 
Contribz~tion front tlze Department of Chentistry, Royal Mil i tary College, Kingston, Ontario. 
2Department of Chemistry, Royal Military College. 
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/"-\.I? CH- 

The use of cyclohexanone is illustrated above in the exte~lsion of a chain by 
six carboil atoms giving a 6-keto acid. I t  is also found that  a 5-keto acid may be 
obtained from cyclopentanone and a 7-keto acid from cycloheptanone. Yields 
in the two-step synthesis are indicated in Tables I and 11. 

TABLE I 
OLEFINS 

C and H, % 

Name 
Yield, B.P., 71" Calc. Found 

%* OC./mm. D 

C H C H  

*Rased on  cyclic ketone. 
t2b0. 

TABLE I1  

Semicarbazone 

Name 

5-Ketononanoic acid 
6-Ketodecanoic acid 
5-Ketodecanoic acid 
7-Ketoundecanoic acid 
6-Keto-8-metl~yldecanoic acid 
5-Benzoylpentanoic acid 
6-Ketododecanoic acid 
6-Ketotetradecanoic acid 
4-Ketotridecane-1.13-dicarboxylic acid 

Yield, 
% 

M.p., Acid equivalent 
OC. 

Calc. Found 

44 
46-17 
57 
51 .552  200 202 
33-34 200 204 
78 
62.5-63 214 216 
66 242 246 
108 286 286 

M.P., N analysis, % 
OC. 

Calc. Found 

Losses in the synthesis of 1-alkylcycloolefins are attributable (cf. 6, 8) to two 
main causes, "coupling" of the Grignard reagent giving a paraffin hydrocarbon 
and reduction of the cyclic ketone giving an olefin and cycloall~anol. "Coupling" 
appears to be more serious when higher alkyl halides are employed, and reduc- 
tion appears t o  be favored by branching of the Grignard reagent and by 
increase in the size of the alicycle. I t  was found to be least in the reaction 
involving phenylmagnesium bromide. 
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EXPERIMENTAL 

Synthesis of I-Substituted Cycloolejins 
The procedure outlined below in the synthesis of 1-n-butylcyclohexene from 

cyclohexanone and n-butylmagnesium bromide is typical for all olefins listed 
in Table I (cf. Signaigo and Cramer (8)). Cyclohexanone (47 gm., 0.48 mole) 
was added during eight and one-half hours to  the Grignard reagent from 
n-butyl bromide (71 gm., 0.52 mole) and magnesium (12 gm., 0.50 mole) in 
200 cc. of dry ether, cooled with solid carbon dioxide to maintain an internal 
temperature of -40 to  -20°C. Next day, the mixture n7as added t o  ice and 
hydrochloric acid in excess, and the ethereal solution was washed with water, 
three times with a saturated aqueous solution of sodium bisulphite (to remove 
cyclohexanone), and with potassium carbonate solution before it was dried 
over sodium sulphate. The product, a tertiary alcohol, was not purified, but 
used directly in the next stage. 

Dehydration of 1-n-butylcyclohexanol was achieved by heating with iodine 
(0.2 gm., cf. 11) a t  reflux in an apparatus provided with a water separator. 
The theoretical quantity of water was collected in one and one-half hours, and 
the liquid remaining was fractionally distilled through a 15 cm. Widmer column. 
T o  avoid overheating during dehydration of higher tertiary alcohols it was 
found desirable t o  add xylene as a diluent. 1-n-Butylcyclohexene (26 gm., 4070) 
boiled a t  71-73O a t  17 mm. and had ntO 1.4592. On standing in air, the liquid 
darkened somewhat, became more viscous, and had a higher refractive index. 
This was taken t o  indicate polymerization, and the olefin was utilized as soon 
as possible in the next step. 

Oxidation of I-Substitzited Cycloolejins to Keto Acids 
The general procedure employed is described here for the case in which 

1-n-butylcyclohexene was converted, by ozonolysis, t o  6-ketodecanal, and this 
aldehyde was oxidized t o  the corresponding acid by performic acid, generated 
in sitz~. A slow stream of oxygen containing approximately 6% of ozone was 
passed into 1-n-butylcyclohesene (20 gm., 0.15 mole) in acetic acid (20 cc.) 
until a test sample failed t o  decolorize bromine and for 10 min. afterward. A 
technique similar t o  that  of Noller and Adams (4) was used t o  decompose the 
ozonide as  follows: The viscous solution was diluted with an equal volume of 
ether, cooled in ice, and treated cautiously with several cubic centimeters of 
water and 1 gm. (0.01 mole) of zinc dust. There ensued a violent reaction after 
an induction period, and next day the solutioll was filtered and separated. The 
ether solution was washed with water, and then 20 cc. of hydrogen peroxide 
(30y0, 0.2 mole), 25 cc. of formic acid (goy0), and 1 gm. of ammonium acetate 
were added. After 24 hr. a t  room temperature the mixture was diluted with 
ether and water and separated. The ethereal layer was shaken with several 
portions of aqueous ferrous sulphate until free from peroxides, and the acidic 
product was freed from neutral impurities using potassium carbonate solution 
in the usual manner. After removal of ether, 6-ketodecanoic acid was recrystall- 
ized from petroleum ether; the yield was 61-68y0 in several runs and the acid 
melted a t  46-47'. 

A simplificatioll of the oxidation procedure was made possible by the obser- 
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DIAPER: OZONOLYSIS 1723 

vations that  formic acid may replace acetic acid as  an ozonization solvent and 
tha t  performic acid oxidation appears to  be unaffected by the presence of zinc 
salts. In  the modified procedure, 21 gm. of 1-n-butylcyclohexei~e in an equal 
volume of formic acid was treated with ozonized oxygen as before except tha t  
care was necessary in using the bromine test as the formic acid gradually 
decolorized bromine. After treatment with zinc, water, and ether, the reaction 
mixture was filtered but not washed before treatment with a further 20-cc. 
portion of formic acid and 20 cc. of 3070 hydrogen peroxide. The yield of lreto 
acid was 16.5 gm. (58%). 

A neutral fraction was obtained in varying quantity after performic acid 
oxidation of 6-lcetodecanal. I t  was shown t o  contain unchanged aldehyde, as a 
seco~ld treatment with performic acid gave some 6-lretodecanoic acid. There 
remained, however, a residual neutral fraction, corresponding t o  10-15% of 
the starting material, which was not an aldehyde and showed evidence of 
unsaturation. This material will be further studied. 

Ozonolysis of I-Phenylcyclohexene 
A modified procedure was employed in the ozonolysis of the aromatic hydro- 

carbon 1-phenylcyclohexene. By a technique similar to  tha t  of Dawson (9) 
this substance was ozonized in ethyl acetate a t  -70' under conditions designed 
to  avoid over-ozonization with attack of the benzene nucleus. Following 
catalytic hydrogenation of the ozonide, the ethyl acetate solution containing 
5-benzoylpentanal was treated with performic acid as previously described. 
From 11.4 gm. of starting material, the yield of 5-benzoylpentanoic acid was 
10.3 gm. (69%), melting a t  75'. 

Undecenyl Bromide 
1-Bromoundec-10-ene (undecenyl bromide) made by the action of phos- 

phorus tribromide upon the corresponding alcohol must be freed from unchanged 
alcohol before use in the Grignard reaction. This cannot be achieved by distil- 
lation, as the two colnpouilds have similar boiling points. The  crude bromide 
(80 gm.) was talten up in dry ether (150 cc.) and treated with 20 gm. of phos- 
phorus pentoxide. Next day, a further 20-gm. portion of phosphorus pentoxide 
was added, and the mixture was frequently s11al;en during the next four hours 
and then decanted into 250 cc. of 50y0 aqueous methanol. Concelltrated 
aqueous ammonia was quiclcly added until the mixture was alkaline t o  phenol- 
phthalein, and after it was washed with a similar portion of aqueous-methan- 
olic ammonia and with water, the ether solution was dried and distilled. 
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NOUVELLES SYNTH~SES DE L'ACIDE GLUTARIQUE, 
DE LA GLUTARIMIDE ET DE L'ACIDE GLUTAMIQUE 

PR~~PARATION DE LA N-BROMOGLUTARIMIDEI 

RBSUMB 
La monoamide de I'acide glutarique a CtC obtenue par condensation du 

cyanure de potassium avec la 7-butyrolactone, suivie de neutralisation e t  
d'hydrolyse partielle du sel de potassium du nitrile intermkdiaire. Cette 
monoamide a CtC facilement hydrolyste pour donner quantitativement I'acide 
glutarique. La glutarimide a CtC obtenue avec un excellent rendement, en 
cyclisant par chauffage, la monoamide de I'acide glutarique. L'ester Cthylique 
monobromC de I'acide glutarique, prCpar6 A partir de I'acide glutarique, a Ct6 
condense avec la phtalimide de potassium par chayffage dans la dimCthylforma- 
mide. L'hydrolyse de ce dCrivC phtalimidC a don& 1 acide glutamique avec un bon 
rendernent. La N-bromogl~~tarimide a CtC prCpar6e A partir de la glutarimide 
par brom~~rat ion en prdsence d'hydroxyde de potassium. Cette N-bromogluta- 
rinlide s'est comportCe, dans les qnelques essais effectuts A date, comme un bon 
agent de bromuration, comparable i la N-bromosuccinimide. 

Les synth&ses de l'acide glutarique et  de la glutarimide sont assez nom- 
breuses. On s'est servi comme produits de d6part de l'acide L-glutamique 
nature1 (6), du dicyanure de trim6thyl&ne (16, 21), de la cyclopentanone (14), 
de la 6-hydroxyval6raldChyde (3) de l'acrylonitrile et  des esters /3-c6toma- 
loniques (17), du dihydropyranne (8), et enfin de la piphidine (27). 

Les produits de dkpart des principales synth&ses de l'acide glutamique sont 
aussi nombreux : acide lCvulique (25), acide p-aldC11ydopropionique (12), 
acide a-~Ctoglutarique (13, 15, 24), ester acylaminomalonique (7, 9, 22). 

Toutefois peu de ces synth&ses sont pratiques, soit B cause des faibles rende- 
ments, soit A cause de la rareti: relative des produits de depart. 

R6cemment Pichat, Baret et  Audinot (18) ont montrC que la p-mCthyl- 
butyrolactone s'ouvrait facilement en pr6sence de cyailure de potassium A 
une tempkrature de 280°C. pour donner le sel de potassium du mononitrile 
correspondant. Ce sel de potassium leur a permis d'obtenir avec d'excellents 
rendements l'acide P-m6thylglutarique et la 8-mCthylglutarimide. 

Dans le but d161aborer une synth&se simple et facile de l'acide glutarique et  
de la glutarimide, nous avons repris cette synth&se et  I'avons appliqu6e B la 
y-butyrolactone, produit facilement accessible. 

La y-butyrolactone a 6t6 condensbe avec le cyanure de potassium A 190°C. 
Le sel de potassium du mononitrile form6 n'a pas CtC is016 mais imm6diat.e- 
ment neutralisi: par l'acide chlorhydrique concentrC, soit A une tempkrature de 
25°C. pour donner la monoamide de l'acide glutarique avec un rendement de 
800/0, soit B 0°C. pour donner le mononitrile de I'acide glutarique avec un 
rendement de 65%. Par hydrolyse de ces deux derniers produits, l'acide 
glutarique a 6tC obtenu avec un rendement quantitatif dans le cas de la 
monoamide et un rendement de 80% dam le cas du mononitrile. 

lilIa?zz~scr~t reGu le 25 jziillet, 1955. 
Contribution dzi Dhfiartement de Biochimie, Faculte' de Me'decine, Universitt Laval, Qukbec, 

Qzihbec. 
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PARIS ET AL.: NOUVELLES SYNTHESES 1725 

La glutarimide est formhe avec un rendement de 84% par cyclisation de la 
moiloamide de l'acide glutarique A une tempCrature de 210°C. 

Cette synth&se permettait de prbparer facilement et avec d'excellents 
rendements l'acide glutarique e t  la glutarimide. Ces deux produits inter- 
mCdiaires ont 6th utilisCs pour de nouvelles synth&ses de l'acide glutamique 
e t  de la N-bromoglutarimide. 

Dans une nouvelle synth&se de l'acide glutamique, nous avons d'abord 
prCparC le diester Cthylique monobromk de l'acide glutarique suivant la 
mCthode dCcrite par Ingold (11). Ce diester fut condens6 avec la phtalimide 
de potassium. Le produit de condensation fut hydrolys6 pour donner l'acide 
glutamique avec un rendement total de Soy0, calcul6 A partir de l'acide glu- 
tarique. 

La N-bromoglutarimide a C t C  prCparCe B partir de la glutarimide suivant 
une mCthode de synth&se identique A celle de la N-bromosuccinimide. Le 
reildement brut en N-broinoglutarimide est de 62%. 

La N-bromoglutarimide ainsi prCparCe semble se comporter dans les essais 
effectu6s A date comme UII bon agent de bromuration. C'est aiilsi que nous 
avoils brom6 I'acCtanilide, la triCthy1amine. Nous avons oxyd6 l'alanine e t  
finalement, nous avons effectub la bromuration allylique du mCthylcrotonate. 
Les rendements obtenus se comparent avantageusement avec ceux dCcrits 
pour la N-bromosuccinimide. 

il4onoamide de l'acide glutarique 
011 ajoute du cyanure de potassium (17 g., 0.26 mole) A de la 7-butyrolactone 

(20.9 g., 0.24 mole) e t  on agite mCcaniquement. On Cl&ve rapidement la tem- 
pCrature du  mClange e t  on la maintient A 190°C. pendant trois heures apr2.s 
quoi on refroidit la solution. Le solide form6 est repris A l'eau (50 ml.) e t  
neutralis6 avec un Cquivalent d'acide chlorhydrique (ou d'acide sulfurique 
concentrC) A une tempCrature de 25°C. On ajoute un lCger exc6s d'acide 
chlorhydrique (19.5 ml. ell tout) et on laisse reposer quelque temps. On 
extrait la monoamide A 1'Cther. L'Cther est sCchC sur du sulfate de sodium 
anhydre, puis CvaporC A sec sous pressioil rCduite. L'huile rksiduelle brungtre 
p&se 25.5 g. Rendemeilt brut:  80%. 

Par distillation fractionnCe de cette huile, on obtient la monoamide con- 
tamin6e par un peu de la glutarimide formCe par chauffage lors de la distillation, 
lequel mClange distille A 150-155°C. sous 4.5 mm. La moiloamide pure est 
extraite A llCther. Point de solidification 14-15"C., nzo = 1.450. CalculC pour 
C6H9O3N: N, 10.69y0. TrouvC: N,  10.6070. 

Acide glutarique 

( a )  A partir de la monoamide 
On dissout la monoamide brute ( 5  g., 0.038 mole) dans 50 ml. d'eau et on 

ajoute 50 ml. d'acide chlorhydrique concentrC. Le mClange est chauffC Q 
reflux pendant une heure. On Cvapore la solution A sec sous pression rCduite. 
On dissout le rCsidu dans l'eau chaude et on le dCcolore au iloir animal. L'eau 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1726 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 33 

est 6vaporCe sous pression rCduite. Par recristallisation du chloroforme 
bouillant, on obtient I'acide glutarique, dCbarrass6 du chlorure d'ammonium 
insoluble. Le rendement est quantitatif: 5.02 g. P. f .  98-99°C. Litt: 97.5"C. 
(16). 

( b )  A partir d z ~  mononitrile 
Le mononitrile (5 g., 0.04 mole) est hydrolysk de la meme fason sauf que 

la d u d e  de I'hydrolyse est portCe de une B trois heures. Rendement: 4.67 g., 
80%. P. f.  98-99°C. Litt: 97.5"C. (16). 

Mononitrile de l'acide glutarique 
La neutralisation lente B 0°C. avec un Cquivalent d'acide chlorhydrique 

concentrC (19 ml.) du produit de condensation obtenu en traitant la y-buty- 
rolactone (lG.5 g., 0.19 mole) par le cyanure de potassium (13 g., 0.20 mole) 
donne le monoilitrile correspondant. On extrait le nitrile B 1'Cther lequel est 
skchi: sur du sulfate de sodium anhydre, puis Cvapori: A sec sous pression 
rCduite. Le nitrile ainsi obtenu est recristallisi: d'un petit volume d'Cther pour 
enlever les traces de monoamide prbsente laquelle est beaucoup plus soluble. 
Rendement: 14.1 g., 65% P. f. 41-42°C. Litt:  45°C. (5). CalculC pour CSHI- 
OzN: N,  12.39%. Trouvi.: N,  12.42%. 

Glz~tarimide 
( a )  A partir de la monoamide 
Dans un ballon de 50 ml. B u11 col surmontb d'un rCfrigCrant B air, on place 

la monoamide brute ( 5  g., 0.04 mole). On Cl&ve rapidement la tempkrature 
et on la maintient B 210-215°C. pendant trois heures. La solution est refroidie, 
apr6s quoi on dissout le residu dans l'eau chaude et on le dCcolore au noir 
animal. L'eau est CvaporCe sous pression rCduite. Le rCsidu est recristallisC 
de l'alcool Cthylique. Rendement 3.G g., 84%. P. f .  154°C. Litt: 154.5"C. (27). 
CalculC pour CSHlO2N: N, 12.38%. TrouvC: N, 12.39%. 

(b )  A partir de l'acide glz~tarique 
Le chauffage de l'acide glutarique en prksence d'ammoniaque concentri: 

suivant la mCthode habituelle (I) donne la glutarimide avec un bon rendement 
quoique le rendement total, calculC A partir de la y-butyrolactone, soit infCrieur 
B celui obtenu en passant par la monoamide. 

Diester e'thylipue de l'acide 9-bromoglutaripue 
Le diester Cthylique de l'acide 2-bromoglutarique est prCpari: A partir de 

l'acide glutarique par traitement au chlorure de thionyle, bromuration et 
reaction avec l'alcool Cthylique, suivant la mCthode dCcrite par Illgold (11). 
Le rendement a toutefois Ctb augment6 de 50% '0 8 0 4 5 %  en effectuant la 
bromuration avec I'aide de rayons ultraviolets. 
Acide  glutamipue 

Dans un ballon '0 trois cols, muni d'un agitateur e t  d'un rCfrigCrant surmontb 
d'un tube de chlorure de calcium, on ajoute de la phtalimide de potassium 
(18 g., 0.097 mole) A un mClange du diester Cthylique de l'acide 2-bromo- 
glutarique (25 g., 0.094 mole) et de 100 rnl. de dirnCthylformamide. On agite 
une heure B la tempbrature d'Cbullition de la dimCthylformamide (152-154°C.). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



PARIS ET AL.: NOUVELLES SYNTHESES 1727 

La solution est refroidie. On filtre le pritcipit6 de bromure de potassium (9.5 g., 
thitorie 11.1 g.). On itvapore la solution A sec sous pression ritduite et on ajoute 
de l'acide chlorhydrique concentrit. On chauffe & reflux pendant 15 h. puis 
on itvapore B sec. 011 reprend & l'eau et,  aprits refroidissement, on filtre l'acide 
phtalique (15.5 g., thkorie 16.1 g.) La solution est concentr6e A faible volume, 
amenite A un pH de 3.2 au moyen de NaOH lo%, e t  placite A la glaciitre pendant 
plusieurs heures. Uile premi6re fraction (8.5 g.) prkcipite. Au bout de plusieurs 
jours on obtient une seconde fraction (2 g.). Rendement brut en acide glut- 
amique: 10.5 g., 76%. Aprits recristallisatioil de l'acide aminit de l'alcool et de  
l'eau le p. f. est de 180-185°C. Litt.: 198°C. (26). CalculC pour C5Hg04N: N,  
9.52%.Trouvit: N,  9.48%. L'acide glutamique fut'identifiit par chromatographie 
sui- papier ascendante et circulaire avec la pyridine A SOYo comme solvant: 
Rf 0.21. De plus l'acide glutamique, ittant un acide aminit monoamink di- 
carboxylique, a 6th analysk par klectrophoritse sur papier (pH 8.6, 4 ma., 200 
volts). La bailde obteilue aprits rkvitlation & la ninhydrine correspondait 
exactemeilt avec celles d'itchantillons commerciaux d'acide glutamique. 

L'acide glutamique fut aussi pritpare & partir du diester kthylique mono- 
bromk de l'acide glutarique en prksence d'ammoniaque sous pression. La 
prksence de sels d'ammonium interf6re toutefois dans l'isolement de I'acide 
libre. 

N-Bromoglutarimide 
On ajoute avec agitation rapide de la glutarimide (5 g., 0.044 mole) A une 

solution d'hydroxyde de potassiuln (2.78 g. de KOH dans 10 cc. d'eau) main- 
tenue & -5°C. Au bout d'une minute, on ajoute rapidement e t  en une seule 
addition 7.1 g. de brome. Le solide form6 (5.3 g., 62y0) est filtrit, lave & l'eau 
froide, e t  recristallisk immitdiatement de l'eau chaude. Reildement de la 
N-bromoglutarimide: 4.4 g., 52y0; p.f. 185-190°C. d. Calculit pour C5HG02Y 
Br: C,  31.40%; H ,  3.14%; N,  7.13%; Br, 41.62%. Trouvit: C, 28.60%; H ,  
3.02y0; N,  6.30%; Br, 44.08%. On peut aussi recristalliser la N-bromoglu- 
tarimide de l'acide acittique glacial. 

Lorsqu'on solubilise la glutarimide dans une solution d'hydroxyde de 
potassium au lieu d'une solution d'hydroxyde de sodium, la N-bromogluiari- 
mide obteilue est plus pure e t  plus facile & recristalliser, quoique les rendements 
obtenus lors de la bromuration soient infkrieurs. 

Xe'actions efectue'es ci l'aide de la N-bromoglutarimide 
(a) p-Bromoace'tanilide 
La mkthode est identique B celle ditcrite par Buu-Hoi' (4) pour la N-bromo- 

succiniinide. Le rksidu obtenu est recristallisit d 'un mklange d'alcool e t  d'eau. 
Le rendenlent en 9-broinoacittanilide est quantiiatif. P. f. 167°C. Litt:  167°C. 
(10). Calculit pour C8H80NBr: N, 6.5%; Br, 37.4%. TrouvC: N,  6.5%; 
Br, 37.5y0. 

(b) Bromhydrate de la trie'thylamine 
La mkthode est la m&me que celle ditcrite par Braude et Waight (2) pour 

la N-bromosuccinimide. On ajoute en faibles portions de la N-bromoglu- 
tarimide B une solution de triitthylamine dans du  tittrachlorure de carbone 
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refroidie B 0°C. Le solvant est kvapork. La glutarimide est extraite B 1'acCtone. 
Le bromhydrate fond A 245°C. Litt: 245-246°C. (2). 

(c) De'rive' 2,d-dinitroplze'nylhydrazone de l'ace'taldthyde, obtenu h Partir de 
I'alanine 

La mbthode est la m&me que celle dkcrite par Schonberg et collaborateurs 
(23) pour la N-bromosuccinimide. On ajoute de la N-bromoglutarimide A une 
solution aqueuse d'alanine. Apr&s 10 min., on refroidit la solution et  on ajoute 
du chlorhydrate de la 2,4-dinitrophenylhydrazine. Apr&s recristallisation de 
I'alcool le dGivC fond B 146°C. Litt: 147°C. (19). 

(d) y-Bromom&tlzylcrotonate 

La mkthode est la meme que celle dCcrite par Ziegler et collaborateurs (28) 
pour la N-bromosuccinimide. On ajoute de la N-bromoglutarimide B un grand 
execs de mkthylcrotonate et on chauffe B reflux pendant une heure. La solutioll 
est ensuite refroidie et  la glutarimide formCe est filtrke. Le y-bromombthyl- 
crotonate distille B 65"-68°C. sous 4.5 mm. n ~ o  = 1.495. Litt: n19 = 1.498 
(20). 
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NOTES 

A QUARTZ SPIRAL-TORSION MICROBALANCE* 

During a study of the adsorption of vapors and gases on porous powders 
with a Gulbransen type (1) torsion balance it  was found that the instrument 
(at least the particular one available) lacked stability over a range of pressures 
and temperatures. A McBain-Bakr (2) quartz spiral balance had the necess- 
ary stability but had inadequate load capacity for a spiral with sufficient 
sensitivity. This note describes a null-point microbalance in which a torsion 
wire supports the load and the increase in weight during adsorption is 
determined with a highly sensitive quartz spiral. 

A practically self-explanatory schematic diagram of the complete balance 
assembly is shown in Fig. 1. I t  has been found an advantage to have suitable 

n 

arrests (E) on the balance frame to limit the movement of the beam and 
thereby reduce the possibility of damage to the beam or the spiral. The  quartz 
spiral is attached, as shown, from a hook on the counterpoise, A, a t  the opposite 
end of the beam from which the sample is suspended. Access to the balance 
may be had through B. The tension in the spiral is varied by winding or 
unwinding a very thin silk thread, which hangs from the lower end of the 
spiral, on a glass rod fitted through a ground glass joint C. Increase in weight 
during adsorption is determined from the extension of the spiral necessary to  
bring the beam to a null-point in the field of a microscope focused through 
the window D. 

This type of balance has the calibration characteristics of the spiralf 

"Financial assistance was provided by the National Research Council of Canada. 
?Graduate student, Izolder of National Research Council Studentship. 
fQzlartz spirals are obtainable from: Houston Technical Laboratories, $424 Branard Street, 

'Houston 6 ,  Texas, U.S.A. 
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employed. The balance used in this laboratory gave a linear weight-extension 
relation over a t  least 30 mm. extension of the spiral, in the temperature range 
-80°C. to 65°C. and the pressure range mm. to atmospheric pressure, 
and the sensitivity was 0.1634~ 0.002 mgm./mm. 

1. CULBRANSEN, E. A. Rev. Sci. Instr. 15: 201. 1944. 
2. MCBAIN, J. W. and BAKR, A. M. J. Am. Chem. Soc. 48: 690. 1926. 

THE VISCOSITIES OF AMMONIUM NITRATE SOLUTIONS AT 180°C. 

BY A. N. CAMPBELL AND G. H. DEBUS* 

Because of our interest in the Robinson-Stokes conductance equation (4), 
which requires a knowledge of the viscosity in order to calculate the equivalent 
conductance for any given concentration, we have determined the viscosities, 
a t  180°C., of ammonium nitrate solutions ranging in concentration from 
0.80% by weight up to 100yo (molten salt). The conductances of these 
solutions had previously been determined in this laboratory (2). After obtaining 
the viscosities, however, we realized that not even a reasonable guess could 
be made a t  the value of A,, the limiting conductance, a t  180". Elsewhere, 
we have made such guesses for temperatures of 35", 95", and even 110°C. 
(1) but the more the temperature is removed from 25"C., the only temperature 
a t  which AD is known experimentally, the greater the uncertainty. We therefore 
feel that our viscosity figures should be published a t  this time. 

I t  is apparent that, if as much importance is attached to the Robinson- 
Stokes equation by others as by us, this must result in a stimulation of work 
in the dilute region a t  temperatures other than 25°C. The data might then be 
profitably treated by Stoltes' simplified equation (3) to obtain no. A rigorous 
test of the Robinson-Stokes equation could then be made a t  temperatures 
other than 25", since good data on conductances of concentrated solutions are 
beginning to accumulate. 

EXPERIMEKTAL 

The method used has been described elsewhere (1). We express our results 
to the third decimal, the third decimal being uncertain. The viscosity is given 
as relative viscosity only, since the absolute viscosity of water is not known 
with great accuracy a t  180.0°C. 

RESULTS 

The results are contained in Table I. 
*Nalional Research Council Posldoclorale Fellow. 
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employed. The balance used in this laboratory gave a linear weight-extension 
relation over a t  least 30 mm. extension of the spiral, in the temperature range 
-80°C. to 65°C. and the pressure range mm. to atmospheric pressure, 
and the sensitivity was 0.1634~ 0.002 mgm./mm. 
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Because of our interest in the Robinson-Stokes conductance equation (4), 
which requires a knowledge of the viscosity in order to calculate the equivalent 
conductance for any given concentration, we have determined the viscosities, 
a t  180°C., of ammonium nitrate solutions ranging in concentration from 
0.80% by weight up to 100yo (molten salt). The conductances of these 
solutions had previously been determined in this laboratory (2). After obtaining 
the viscosities, however, we realized that not even a reasonable guess could 
be made a t  the value of A,, the limiting conductance, a t  180". Elsewhere, 
we have made such guesses for temperatures of 35", 95", and even 110°C. 
(1) but the more the temperature is removed from 25"C., the only temperature 
a t  which AD is known experimentally, the greater the uncertainty. We therefore 
feel that our viscosity figures should be published a t  this time. 

I t  is apparent that, if as much importance is attached to the Robinson- 
Stokes equation by others as by us, this must result in a stimulation of work 
in the dilute region a t  temperatures other than 25°C. The data might then be 
profitably treated by Stoltes' simplified equation (3) to obtain no. A rigorous 
test of the Robinson-Stokes equation could then be made a t  temperatures 
other than 25", since good data on conductances of concentrated solutions are 
beginning to accumulate. 

EXPERIMEKTAL 

The method used has been described elsewhere (1). We express our results 
to the third decimal, the third decimal being uncertain. The viscosity is given 
as relative viscosity only, since the absolute viscosity of water is not known 
with great accuracy a t  180.0°C. 

RESULTS 

The results are contained in Table I. 
*Nalional Research Council Posldoclorale Fellow. 
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CAMPBELL AND DEBUS: AMMONIUM NITRATE SOLUTIONS 1731 

'I'ABLE I 
VISCOSITIES OF AMMONIUM NITRATE SOLUTIONS AT 180.0°C. 

- 
No. Wt. % Density, grn./ml.* Relative viscosity 

1 0.80 0.892 1.011 
2 8.51 0.928 1.093 
3 16.06 0.957 1.168 

*Calculated by interpolatio?~ of earlier reszclts (2). 

1. CAMPBELL, A. N., DEBUS, G. H., and I~ARTZMARK, E. M. Can. J. Chern. 33: 1508. 1955. 
2. CAMPBELL, A. N., I~ARTZMARK, E. M., BEDNAS, M. E., and HERRON, J. T. Can. J .  Chem. 

32: 1051. 1954. 
3. ROBINSON, R. A. and STOKES, R. H. J. Am. Chem. Soc. 76: 1991. 1954. 
4. WISHAW, B. F. and STOKES, R. H. J .  Am. Chem. Soc. 76: 2065. 1954. 

T H E  D E T E R M I N A T I O N  O F  H Y D R O G E N  C H L O R I D E  I N  
T I T A N I U M  T E T R A C H L O R I D E *  

INTRODUCTION 

Titanium tetrachloride, as prepared by the chlorination of titanium oxide 
in the presence of carbon, generally contains appreciable quantities of dissolved 
hydrogen chloride. The hydrogen chloride may form during the chlorination 
owing to  the presence of moisture or hydrocarbons. Unlike the other impurities 
present (Clz, COC12, VOCla, SiC14, etc.) it is not completely eliminated during 
subsequent purification procedures. Also, since titanium tetrachloride is 
strongly hydroscopic, additional amounts of hydrogen chloride form and 
contaminate the product during handling in moist air. 

When titanium tetrachloride is reduced to metallic titanium, the presence 
of HC1 causes embrittlement of the metal due to hydrogen absorption. Hence, 

*Published by per?izission of the Acti?t,o Deputy Minister, Department of Mines and Technical 
- . .  

Surueys, Ottawa, Canada. 
tMetallur,oist, Extractive Metallur,oy Sec:ion, Division of Mineral Dressing and Process Metal- 

lurzy, Mines Branch, Ottawa, Canada. 
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No. Wt. % Density, grn./ml.* Relative viscosity 

1 0.80 0.892 1.011 
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T H E  D E T E R M I N A T I O N  O F  H Y D R O G E N  C H L O R I D E  I N  
T I T A N I U M  T E T R A C H L O R I D E *  

INTRODUCTION 

Titanium tetrachloride, as prepared by the chlorination of titanium oxide 
in the presence of carbon, generally contains appreciable quantities of dissolved 
hydrogen chloride. The hydrogen chloride may form during the chlorination 
owing to  the presence of moisture or hydrocarbons. Unlike the other impurities 
present (Clz, COC12, VOCla, SiC14, etc.) it is not completely eliminated during 
subsequent purification procedures. Also, since titanium tetrachloride is 
strongly hydroscopic, additional amounts of hydrogen chloride form and 
contaminate the product during handling in moist air. 

When titanium tetrachloride is reduced to metallic titanium, the presence 
of HC1 causes embrittlement of the metal due to hydrogen absorption. Hence, 

*Published by per?izission of the Acti?t,o Deputy Minister, Department of Mines and Technical 
- . .  

Surueys, Ottawa, Canada. 
tMetallur,oist, Extractive Metallur,oy Sec:ion, Division of Mineral Dressing and Process Metal- 

lurzy, Mines Branch, Ottawa, Canada. 
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to control the embrittlement due to hydrogen, it is necessary to have a con- 
, venient analytical method for determining the amount of HCI dissolved in 

TiC14 and for following its removal by vacuum distillation. With the exception 
of an infrared spectroscopic determination recently published by the U.S. 

1 Bureau of Standards (I) ,  little attention appears to have been given to this 
I 

determination. 
EXPERIMENTAL 

Apparatus 
Since the freezing points of HCI and TiCI4 differ widely (-112°C. and 

-30°C. respectively), and since i t  was found that HCl was readily liberated 
from cold Tic14 solutions under vacuum, a method was developed to measure 
the pressure developed by a known volume of HCl liberated from Tic14 
solutions. The apparatus is shown diagrammatically in Fig. I. 

I 
I 
i FIG. I. Apparatus for determining HCI in TiCl,. 

The apparatus was constructed entirely of pyrex glass. Stopcocks were 
greased with Dow-Silicone stopcock grease. I t  was found that under the 
experimental conditions used in HCI determinations, no protection was 
required for the mercury in the manometer, or its alternative, a McLeod 
Gage. Volumes of all sections of the apparatus were determined before assembly 
by filling with water. 

Procedure 
The apparatus was thoroughly evacuated and flushed, using a mechanical 

pump and helium. With the apparatus a t  atmospheric pressure, an entry was 
blown into the TiCl4 bulb and a specified (25.0 ml.) quantity of TiC14 admitted 
by pipette against a gentle countercurrent of helium. Helium was chosen 
because of its low condensation temperature. The apparatus was then resealed, 
the Tic14 sample frozen with liquid air, and the helium evacuated from the 
apparatus. As a precaution against attack of the stopcock grease by HCI, the 
capillary section C was then sealed, thus isolating the system. 

I 
I 

When the liquid air was removed from the TiC14 container, the TiC14 
melted slowly with a visible liberation of gas. When the TiC14 had melted 
completely, but  had not been heated sufficiently to develop an appreciable 
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INGRAHAM: DETERMINATION OF HYDROGEN CHLORIDE 1733 

vapor pressure, it was refrozen with a slurry of COz in a CC14-CHC13 mixture. 
This reduced the vapor pressure of TiCl, in the system to a very small value 
but did not alter the pressure developed by the HCl. 

RESULTS 

From the pressure of HCl developed in the system, and the known volume 
of the system, the quantity of HCl originally dissolved in the Tic14 was cal- 
culated assuming the Ideal Gas Law. 

I t  was found that no change took place in the original pressure when the 
Tic14 was repeatedly refrozen and remelted. I t  was also shown that once a 
sample had been degassed by this procedure, the removal of HCI was virtually 
complete, as indicated by a zero HCl content when the determination was 
repeated on the same sample. Repeat determinations on previously degassed 
samples also showed that  the helium used did not dissolve in or become 
mechanically trapped in the TiC14 during the determination. 

Examination of the evolved gas with an infrared spectroscope has shown 
that HCl was the only constituent present. 

The following results were obtained from triplicate samples of reagent grade 
TiC14: 

Sample % HCl 

When a sample of Tic14 a t  room temperature had been saturated with HCl 
a t  atmospheric pressure, it was found to contain 0.11770 HC1. 

CONCLUSIONS 

The proposed method yields reproducible results for HCI within the range 
usually found in Tic14 (less than 0.1%). 

1. JOHANNESEN, R. B., GORDON, C. L., STEWART, J. E., and GILCHRIST, R. J. Research Natl. 
Bur. Standards, 53: 4, 197. 1954. 
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THE ACTION OF PYRIDINE ON D-MANNITOL HEXANITRATE' 

ABSTRACT 

From a 0.368Msolution of D-mannitol hexanitrate in pyricline a t  3 0 f  5'C. a gas 
consisting of nitric oxide, nitrous oxide, and nitrogen was evolved and D-mannitol- 
1,2,4,5,6-pentanitrate and pyridinium nitrate were recovered after d i l~~ t ion  with 
water. The amount and composition of the gas mixture were sensitive to  traces 
of moisture in the pyridine. Establishment of a material balance for the reaction 
indicated that approximately two moles of pyridine s~~ffered ring cleavage while 
0.25 11lole of hexanitrate was completely denitrated and 0.75 mole of pentanitrate 
was formed. Some features of the tnechanism of the denitration reaction are 
discussed. 

In earlier papers it was shown that pyridine caused selective partial denitra- 
1 tioil of dulcitol (22) and D-mannitol (18) hexanitrates; the correspoilding 

pentailitrates were recovered in 67-73% yield and identified as the 3-hydroxy 
derivatives in each case. Elrick and collaborators have recently confirmed these 
results with D-mannitol hexanitrate and have also shown that treatment with 
an aqueous acetone solution of ammonium carbonate gave a similar yield of 
the same D-mannit01 pentailitrate (11). 

The ppridiile denitratio11 amounted to the replacement of nitronium ion 
by a proton a t  the oxygen atom of carbon 3 in the hexitol hexailitrates since 
no racemizatioil or iilversioil of the asymmetric centers occurred. In the present 
research the ilonhexitol products of the reaction of pyridiile with D-mannitol 
hexailitrate were explored in an attempt to reveal further details of this 
unusual selective reaction (32). 

Pure D-mannitol hexanitrate dissolved readily in pyridiile in a molar ratio 
of 1:34 to give an initially colorless solution which rapidly turned yellow and 
then deep red while external cooling was required during the first hour to 
inaintaiil the temperature below 35°C. When the reaction was carried out i11 an 
ope11 vessel (Runs F and G), small bubbles of gas rapidly rose through the 
solutioil and a red-brown vapor collected in the upper part of the flask. After 
the solution was left for 24 hr. a t  room temperature a thin film of colorless 
crystals was observed on the iilner walls of the flask above the so lu t io~~.  This 
material was collected and identified as pyridinium nitrate. In  other runs 
(A to E), contact with the atmosphere was avoided during the reaction and the 
temperature maintained a t  30+2OC. by combi~ling the reactants in the 

' ~ l l n n z ~ s c r l p t  received A z ~ g z ~ s t  15, 1,955. 
Co~rtribzat~o7~ fro112 the Depnrlnle71t of Chetntstry, University of British Colz~?~zbra, Vancoz~ver, 

B.C. TILLS Pnber is  bahed on n thesis subttzitted by J .  R .  Brown i u  bnrtlcll tlllfillnre7~t o f  the reuzlLre- 
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0 4 0 80 120 160 200 
MINUTES 

FIG. 1. Gas evolved in the denitration of D-mannitol hexanitrate with dried (:I, B) and with 
moist (C, D, E )  pyridine. 

Toricellian vacuum of a water-cooled du Pont nitrometer, and in these cases 
the gas evolved was colorless and no crystals of pyridiiliuin nitrate appeared. 

The volume of the gas evolved in the nitrometer was measured a t  intervals, 
corrected for the vapor pressure of pyridine (34), and plotted against time 
(Fig. 1, Runs A and B). Extrapolation of the nearly linear, later portion of 
these rate plots to zero time indicated the production of about 1.33 moles of 
gas per mole of hexanitrate in the initial vigorous reaction. The addition of 
small amounts of water to the pyridine considerably reduced the ainount of 

TABLE I 
CO~IPOSITION OF THE GAS EVOLVED FROM A 0.368 111 SOLUTION OF D-BIASIUITOL HESIXITR.Y~E 

1X I'YRIDISE A T  :?d)OC. 

Time of Composition of the gas evol\ccl 
l i ~ ~ n  reaction ---- --- 

(win.) "/, N?O (A KO C/, Nn % Pyricline 

"Pyridi?re was  freshly distilled oiler hnriirii~ oxide. 
*Dried pyridilre was  exposed to the laboratory atmosplzere for three nzinz~tes before use. 
~ W n t e r ,  0.17% by weight, was  added to tlze pyridine. 
dWater ,  0.3470 by weight,  was added to the pyridine. 
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BROWN AND HAYWARD: PYRIDINE 1737 

gas evolved (Fig. 1, Runs C,  D, and E). The compositions of the gaseous 
products collected during four hours in each of Runs A to E are compared in 
Table I. 

Chemical (20) and mass-spectrometric (17) methods for determining 
nitrous oxide, nitric oxide, and nitrogen in admixture have but recently been 
reported; the procedure developed in the present case appeared to be new and 
although probably less accurate, was considel-ably more straightforward than 
the above. Nitric oxide was determined ill the evolved gas by mixing i t  with 
an excess of pure oxygen and exposing the mixture to a fine stream of mercury 
droplets until it became colorless and constant in volume. Previous reports of 
this reaction (10, 23, 24) were qualitative in nature; our experiments with 
samples of the pure gases showed the reaction to be quantitative and to be 
represented by the following equation a t  room temperature: 

After removal of the nitric oxide the remaining gas was analyzed for nitrous 
oxide, carbon dioxide, and the ltnotvn excess of oxygen in an Orsat apparatus 
(28) and for nitrogen by gas-density measurements on the ilonabsorbable 
residual gas (19,28). Appropriate corrections were made for the pyridine vapor 
and its coabsorption with the nitrous oxide. The over-all accuracy of the 
method was assessed a t  1.5y0 with known samples of the individual gases. 

Crystalline D-mannitol-1,2,4,5,6-pentanitrate was recovered from the 
pyridine solutions as previously described (18) when these were diluted with 
water; the yields obtained a t  different reaction times are sholvn in Table 11. 

TABLE I1 
YIELD OF D-MAXNITOL-1,2,4,5,6-PENTANITRATE WITH 

DRIED AND WITII hlOlST P Y R I D I N E  

Run Titne of reaction yo Yield 
(min.) 

-- 

"TVa ter~uas  added t o  the pyr id l~ze  before rec~ction, see Tczhle I.  
" T h e  rec~ctro7~ ~)lrxtzlre w a s  exposed Lo a i r  (18). 

An orange-brown, partially crystalline residue, 42Y0 of the weight of the 
hexanitrate used, was obtained by careful evaporation of an aliquot of the 
yellow aqueous filtrate, and crystalline pyridinium nitrate (31y0 of the residue) 
was isolated from this solid by adsorption of the colored material on charcoal. 
Paper chromatography of the aqueous filtrate indicated about 14 components 
to be present, but no clear-cut separation of these substances could be achieved 
by fractional crystallization, solvent partition, dialysis, adsorption chromato- 
graphy on silica gel, or by treatment with an anion exchange resin. Attempts 
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to separate pyridiile quantitatively from the residue by precipitatioil from 
acetic acid solution as the perchlorate salt (4) or from aqueous solution as the 
copper thiocyanate complex (30) were unsuccessful and nitrogen analyses for 
nitrate were hampered by the presence of pyridine. 

Potentiometric titration of aliquots of the aqueous pyridine filtrate first 
with alkali and then with acid revealed the concentration of bound and of free 
pyridine. The accuracy of this method was assessed as 1.1% with suitable 
aqueous solutions containing pyridine and pyridinium nitrate. Bozlnd pyridine 
was recorded as equivalent to nitrate ion and the sum of bound and free 
pyridine as unreacted pyridine. These assumptions were supported by the 
actual isolation of 0.41 mole of pyridinium nitrate per mole of hexanitrate 
and by the agreement between the pH values measured potentiometrically a t  
the beginning of the titration (7.57) and a t  the equivalence points (10.1, 4.2) 
and those calculated from the apparent ionization constant (pKb 7.82) (26) 
measured in the known solution (initial pH, 7.55; calculated a t  equivalence 
points: 10.0, 3.3). A summary of the analyses of the four-hour runs C, D, and 
E is given in Table 111. 

TABLE I11 
CO>~PONENTS I N  THE REACTIOK OF PYRIDINE WITH D-MANNITOL HESANITR.ITE 

Run C Run D Run E 

Reactants (nzoles) 
~-manni to l  hexanitrate 1 .oo 
Pyridine 40 .5  

7 .  

Water 1 race 

Prodlicls (111oles) 
D-mannitol pentanitrate 0.73 
Pyridine unreactecl" 38.4 
Nitrous oxicleb 1.24 
Nitric oxicle 0.30 
Nitrogen gas 0 .30 
Nitrate ion 1.G3 

flCorrecled jbr losses rt1 r i tnnzpl[ lnl~ot~s .  
"Incllldi?zg nilrozts oxide drssolwed i?a [he pyr idine  (28).  

As shown in Table I11 the total nitrogen and oxygen content of the reactants 
was accounted for, within the experimental error, as mannit01 pentanitrate, 
nitrogen, nitrogen oxides, nitrate ion, and unreacted pyridine. The mannitol 
hexanitrate not represented by the pentanitrate recovered, an average of 0.25 
mole, was therefore completely denitrated in the aqueous solution. One mole 
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BROWN A N D  HAYWARD: PYRIDINE 1739 

of hexanitrate yielded on the average 0.75 mole of pentanitrate while approxi- 
mately 2.0 moles of pyridine disappeared. That  some of this pyridine suffered 
ring cleavage in the initial vigorous reaction was certain since, in Runs A, B, 
and C,  the total nitrogen content of the pentanitrate and gases isolated, 
excluding that of nitrate ion and pyridine, exceeded the nitrogel1 content of 
the original amount of hexanitrate by 0.88, 1.19, and 1.03 gm-atoms per mole 
respectively. In Runs D and E these figures were substantially lowered 
(0.45 and -0.35) by the presence of water in the pyridine. The material 
balance calculated for the three runs (Table 111) indicated that the unidenti- 
fied, water-soluble, and dialyzable products were probably nitrogen-free and 
approximated to the composition C,H,(OH), of a mixture of unsaturated 
aldehydes and alcohols of low molecular weight. A possible major component 
was glutaconaldehyde (I and 11), C~HGO?,  which has been shown by Zinclte 
and others (5, 13, 14, 36, 37) to be formed by ring opening of pyridine under 
salt-forming and oxidizing conditioils and to have indicator properties, 
existing in basic media as the dark red enolate'ion (I) and in acid solution as 

/-\ 
CH CH-OH 
I I  I 

CH CH 
\ /  

CH 

I1 

the yellow-brown dialdehyde (11). The aqueous pyridiile denitration solutions 
showed a reversible change in color from pale yellow to orange with alteration 
of pH from 4 to 10, but attempts to isolate the dianilide of glutaconaldehyde 
(12) were unsuccessful and were hampered by the presence of pyridinium 
nitrate. Evaporation of the aqueous pyridine solution in the presence of excess 
potassium hydroxide left a dark, tarry, pyridine-free substance. Steam distilla- 
tion of an alkaline solution of glutaconaldehyde was show11 by Baumgarten 
and Glatzel (6) to cause decomposition of the dialdehyde to acetaldehyde, 
formic acid, crotonaldehyde, and other fragments. 

Since several reaction products, amounting to 4 to 5% of the carbon and 
hydrogen content of the reactants, remained unidentified, the over-all 
mechanism for the denitration reaction was not obvious; some salient features 
of the reaction, however, were indicated: 

(a) The source of the proton substituted for llitronium ion in the nitryl- 
oxy-fission (3) appeared to be traces of active hydrogen remaining in the  
pyridine after distillation from barium oxide. Nitroilium ion substitution on 
carbon atoms of the pyridine nucleus was ruled out as the source of the proton 
since pyridiile has been shown to stubbornly resist such substitution (16, 27). 
Tanberg (33) showed that samples of pyridine distilled from barium oxide 
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contained 0.013 to 0.028% by weight active hydrogen and Zerewitinoff (35) 
considered that this active hydrogen might have been present as dihydro- 
pyridine formed in the drying operation. The yield of pentranitrate obtained 
in Run C would require 0.028% active hydrogen to be retained in the pyridine; 
in Runs A and B the pyridine was exposed to the moist laboratory air for 
shorter periods of time and the yield of peiltanitrate was lowered (Table 11). 
Addition of small amounts of \vatel- (0.17 and 0.34% by weight) in Runs D and 
E coilsiderably reduced the amounts of gas evolved but only slightly increased 
the yield of pentanitrate. 

(b) Nitrogen cleaved from the pyridine ring in the anhydrous reaction 
appeared in part in the gaseous form, the proportion so evolved decreased 
with increasing moisture content although the amouilt of pyridine ring- 
opened was only slightly reduced by added water. Freytag (14, 15) showed 
that l~ygroscopically absorbed moisture reacted with pyridine to form pyri- 
dinium hydroxide which subsequently suffered ring opening, slowly in the 
dark, more rapidly in sunlight and in the presence of nitrate ion, to give the 
colored ammonium salt of the enolic glutaconaldehyde (I), "photopyridine". 
Lane (21) has reported colored polymeric material to be formed in addition 
to pyridinium nitrate and allceiles when pyridine was treated with some 
simple alkyl secondary and tertiary nitrate esters a t  reflux temperature. 

(c) Nitrogen dioxide, if released from the hexanitrate, could be expected 
to form first an addition compound with the pyridine of the type described by 
Spencer (31) and others (1, 9) and this complex would then undergo oxidation- 
reduction reactions (9) to give the gaseous products observed. 

( d )  The 0.25 mole of hexanitrate not recovered in the form of pentailitrate 
was rendered soluble in water and, from the nitrogen balance (Table 111), 
was probably denitrated to a tetranitrate stage in the first vigorous reaction 
with dried pyridiile and then completely saponified during the titration of the 
aqueous pyridine solutioil with 0.2 N alliali. 

I t  is of interest that in the partial denitration of other polynitrates (19, 28) 
the preseilce of free hydroxylamine in the pyridine inhibited the color forma- 
tion, caused the evolution of gaseous ilitrogeil only, and increased the rate of 
reaction. The formation of the colorless dioxime of glutaconaldehyde (7) 
might account for the very slow development of color in those reactions. 

EXPERIhIENTAL 

Materials and Methods 
Pure ~-rnannitol-1,2,3,4,5,fj-hexanitrate was prepared as described previously 

(18). The usual precautions (18, 19, 22) were observed in handling this high 
explosive and its derivatives. 

Analytical reagent grade pyridiile supplied by the British Drug Houses was 
dried by distilling over anhydrous barium oxide with care to avoid exposure 
to moist air. 

Gas Evolved from D-Mannitol ElTexanitrate and Pyridine 
Pure, finely divided mannitol hexanitrate, 2.500 gm., was placed in the cup 
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of the reaction vessel of a du Pont nitrometer which was fitted with a thermo- 
meter well and water-cooling jacket and connected to two gas burettes by 
a three-way stopcock. The nitrate was quickly washed into the reaction 
chamber with pyridine, 15.0 ml., with care to  prevent the entry of air, and the 
volun~e and temperature of the colorless gas evolved were noted a t  two to  
four minute intervals. The rate plots with the most carefully dried pyridine 
were closely grouped (Fig. 1, Runs A and B) and were corrected for the vapor 
pressure of pyridine (34). Similar experimellts were carried out with pyridine 
to  which water had been added from a graduated pipette (Fig. 1, Runs D and 
E) and with pyridiile previously exposed to the moist air of the laboratory for 
three minutes before use (Fig. 1, Run C). 

Admission of air or oxygen to a sample of the evolved gas caused the 
immediate appearance of red-brown ~litrogeu dioxide inclicating nitric oxide 
to  be present. The brown gas reacted slowly with the surface of the co~lf i~l i~lg 
mercury forming a gray to white powder. When a continually renewed, fresh 
surface of mercury was exposed to the gas mixture by adjusting the lnercury 
levelling bulbs so that  a fine stream of mercury droplets flowed through it, 
the color of the gas disappeared and the residual volume became constant in 
about two hours a t  room temperature. T o  test the value of this reaction as a 
means of determining nitric oxide, 16.20 ml. of nitric oxide was generated by 
the nitrometer reaction from pure potassium nitrate and mixed with 16.40 ml. 
of dry oxygen (99.0T0 soluble in alkaline pyrogallol) a t  757.0 mm. and 20.5"C. 
The  mercury stream was passed through this mixture and the residual volume 
of colorless gas was 0.30 ml. after two hours indicating that the reaction was 
99.4y0 complete. The grayish white powder trapped by the mercury against 
the walls of the gas burette partially dissolved in water to give an  acid solution. 
I t  dissolved readily in dilute nitric acid and appeared to  be mercurous nitrate 
(23, Vol. 4, p. 987). 

After four hours' reaction time the pyridiile denitration solutio~l was 
removed from the nitrometer chamber which was flushed with pyridine 
(3.00 ml.) and then with water (10 ml.) and dried with acetone. Dry oxygen, 
approximately one half the volume of the evolved gas, was then admitted 
through the chamber to the burette and the mixed gases were treated with 
mercury as before. The volume of the colorless residual gas became constant in 
about two hours and the gas was then a~~a lyzed  in an Orsat apparatus equipped 
with pipettes containing 95Yo ethanol, 40y0 potassium hydroxide, and a1l;aline 
pyrogallol solutions for absorption of nitrous oxide (28), ethanol vapor and 
carbon dioxide, and oxygen respectively. The percentage of nitrous oxide was 
given by aVz/Vl-p 100/P, of nitrogen by bVz/Vl, and of nitric oxide by  
100- (a+b) V2/'1/Tlr where a and b were respectively the percentage of the 
mercury-and-oxygen-treated gas absorbed by ethanol and 40y0 potassium 
hydroxide, and the percentage of the no~labsorbable gas. Vl was the volume 
of the gas before admission of oxygen, V2 the volume of the gas after treatment 
with oxygen and mercury, p the vapor pressure of pyridine (34), and P the 
atmospheric pressure. The nonabsorbable gas was found to have a nlolecular 
weight of 29 .15  0.5 (average of six experiments) by the method of Daniels, 
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Mathews, and Williams (8) and was assumed to be nitrogen (19, 28); any 
carbon monoxide present in the evolved gas would have bee11 oxidized a t  
room temperature to the dioxide by the nitrogen dioxide. In  the ailalysis of 
the oxygen-and-mercury-treated gas a repass through the ethanol pipette 
established that the loss in volume of the gas (<1.5%) on passage through 
the potassium hydroxide solution was probably due to  absorptioil of ethanol 
vapor and not to  acid gases. The  results of these analyses are shown in Table I. 
A sample of commercial nitrous oxide was found to  be 98.5y0 soluble in 95% 
ethanol, the absorption requiring 90 min. 

Isolation of D-Mannitol-1,2,4,5,6-pentanitrate 
The reaction mixture removed from the ilitrometer was poured into water, 

200 ml., contained in a ground-glass stoppered flask. The pyridiile and water 
washings were added and after the solution had stood for two hours the 
precipitatioil of solid material was complete. The crystalline, nearly colorless 
product was recovered on a fritted glass crucible, washed thoroughly with 
water, and dried in vacuo. After two recrystallizatioils from aqueous ethanol 
the pure D-mannitol-1,2,4,5,6-pentanitrate melted correctly a t  81-82'C. 
(11, 18). This melting point was not altered by further recrystallizatioil from 
carbon tetrachloride. The specific rotation in alcohol was +47.7' (c, 4.426).* 
The  yields of crude pentanitrate obtained a t  several different reaction times 
with dried and moist pyridine are given in Table 11. 

The Aqueous Pyridine Solution from the Denitration Reaction 
The  combined filtrate and washings from the denitration of 5.00 gm. of 

hexanitrate (Run F) were evaporated to  dryness in vacuo. The solid, odorless, 
orange-brown residue contained some crystals and weighed 2.61 gm. From 
Run G 2.1 gm. of the residue was similarly obtained. This material was readily 
soluble in water, methanol, ethanol, and acetic acid and to  the extent of about 
75y0 in boiling acetone. I t  was slightly soluble in ether, benzene, and petroleum 
ether. 

A portioil of the solid residue, 0.78 gm., dissolved in 50 ml. of water was 
heated to boiling with 1 gm. of activated charcoal and filtered through 
Kieselguhr. Evaporatioil of the slightly yellow filtrate aild recrystallization of 
the residual product from acetone gave 0.24 gm. of colorless, odorless needles 
melting a t  115.0-116.2'. The substance was pyridiilium nitrate since it im- 
mediately produced a strong odor of pyridine on contact with caustic solution 
and did not depress the melting point (115.5-117.2') of authentic pyridinium 
nitrate prepared from pyridiile and yellow fuming nitric acid (2, 25). Crude 
pyridinium nitrate, 0.12 gm., was also recovered in Run G from the inner 
walls of the reaction flask which had been exposed to the laboratory atmos- 
phere during the denitration. Further small amounts oE pyridinium nitrate 
were obtained by fractional crystallization of an acetone extract oE the residue. 

Other attempts to fractionally crystallize or partition the residue with a 
variety of solvents gave only highly colored amorphous products. A sample 
of the residue (ca. 5 mgm.) was chromatographed on paper For 24 hr. by the 

*An i~zcorrect value of i-43.6' was  reported earlier (18). 
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descending technique with butanol-water-ethanol-ammonia (40: 49: 10: 1) as 
irrigating solvent. The dried chromatogram was inspected under ultraviolet 
light, which revealed 14 distinct spots ranging in color from pink to blue with 
R, values from 0.02 to 0.90. D-Mannitol pentanitrate and pyridinium nitrate 
did not fluoresce under the same conditions. Adsorption chromatography of 
the acetone extract of 0.8 gm. of residue on a column of unactivated silica gel 
(80-115) mesh, 1.3X52 cm.) with acetone followed by methanol as eluting 
solvents gave six separate fractions detected by diphenylamine reagent, each 
of which was amorphous and yellow to orange in color and was not investigated 
further. 

To 0.62 gm. of pyridinium nitrate dissolved in 10 ml. of glacial acetic acid 
was added a 1 N solution of perchloric acid in acetic acid until precipitation 
of the colorless pyridinium perchlorate (14) was complete. The dried precipi- 
tate (0.75 gm.) represented 98% of the pyridinium nitrate. An attempt to 
precipitate pyridinium perchlorate from a glacial acetic acid solution of the 
residue (0.70 gm.) gave a dark colored solid product (0.73 gm.) which was not 
investigated further. Dialysis against water of a solution of 0.80 gm. of the 
residue in 100 ml. of water contained in a cellophane bag caused all but 0.01 
mgm. of the residue to  move into the dialyzing liquid in 24 hr. The brown 
product from the evaporated dialyzate could not be crystallized. Amberlite 
I-R-45 anion exchange resin, 20 gm., completely removed nitrate ion (diphenyl- 
amine test) from a solution of 1 gm. of pyridinium nitrate in 100 ml. of 
water. When 0.68 gm. of the residue was treated in a similar manner with 
the exchange resin, and the treated solution was evaporated to dryness, 0.11 
gm. of a hard, amorphous, dark brown solid remained which gave a paper 
chromatogram similar to that  of the untreated residue, but showing only nine 
separate spots under ultraviolet light. 
A portion of the residue, 1.31 gm., was dissolved in anhydrous methanol, 

50 ml., treated with sodium hydroxide pellets, 0.4 gm., and warmed with 
stirring on the steam bath for five minutes. When all the hydroxide had 
dissolved the solution became turbid and a fine brown precipitate separated 
while the solution gave off a distinct odor of pyridine. Concentrated hydro- 
chloric acid (1.70 ml.; d., 1.18) was then added with stirring and the solution 
once more became clear and yellow in color. Aniline, 2.00 ml., was added and . 
the solution gradually became deep cherry-red in color. Evaporation of the 
solution left a large amount of colorless crystalline product covered with a 
sticky, deep-red sirup which could not be induced to crystallize. N-(2,4- 
Dinitro-)-phenylpyridinium hydrochloride in ethanol solution gave an immed- 
iate precipitate of the dianilide hydrochloride of glutaconaldehyde (12) as 
cherry-red needles (44% of theory) when treated with hydrochloric acid and 
aililine under the same conditions. 

Titrimetric Estimation of Pyridine and Nitrate in the Reaction Products 

Twenty-five-milliliter aliquots of a 250 ml. aqueous solutioil containing 
1.340 gm. of pyridinium nitrate and 18.2 gm. of pyridine were titrated first 
with 0.2 N potassium hydroxide solutioil for estimatioil of nitrate ion and then 
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with 0.6 N sulphuric acid for estimatio~l of total pyridine (free pyridine added 
plus bound pyridine released from the pyridinium nitrate). The end points, 
detected with a Beckman model G pH-meter, occurred a t  pH 10.23 for the 
alkali titration and a t  pH 4.13 for the acid titration and had a sharpness of 
about 0.16 pH units per 0.20 ml. a t  the maxima. Found: pyridinium nitrate, 
0.134, 0.135 gm. (100.3y0) ; pyridine, 1.81, 1.81 gm. (99.5y0). 

Each filtrate from the isolatiou of D-mannitol pentanitrate in Runs C, D,  
and E was combined with the water washings and made up to 250 ml. and 
aliquots of these solutions were titrated by the above procedure. The value 
from the alkali titration was recorded as nitrate ion concentration and that 
from the acid titration as concentration of unreacted pyridine in Table 111. 
Losses of pyridine in the manipulations were estimated a t  l . lyo  by carrying 
out the procedure of dellitration with a pyridine blank. 

Evaporation of 25-ml. aliquots of the denitration solutions from Runs C, 
D,  and E after addition of a measured excess of potassium hydroxide left 
0.097, 0.046, and 0.102 gm. of dark amorphous residues respectively. 
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INTENSITY IN THE RAMAN EFFECT 
IV. RAMAN INTENSITY SUM RULES AND FREQUENCY ASSIGNMENTS FOR 

CH,CN, CDjCN, CH3CC13, AND CD3CCl3' 

ABSTRACT 
The standard intensities of the Raman bands of CH3CN, CD3CN, CH3CCI3, 

and CD3CCI3 have been obtained for the liquids with a photoelectric, gratlng 
spectrometer. The intensity sum rules for isotopic homologuesare valid within the 
experimental error. The infrared spectra of CDICN and CD?CCI3 have been 
obtained in the liquid phase and in the vapor phase. A definitive assignment of 
vll(e) has been made for methyl chloroform. 

In  Paper I11 ( I )  of this series the theoretical rules relating the intensities of 
vibrational Raman bands in isotopic molecules were applied to  benzene and 
its deuterium substituted homologues. Witllin the experimeiltal uncertainty 
the rules were found to  be valid. Further intensity data have been obtained 
and tests of the rules have been made for CH3CN and CDaCN and for 
CH3CC13 and CD3CCl3. 

The vibrational spectra of the two deuterium substituted molecules have 
not been reported previously, but methyl cyanide (10, 11) and methyl chloro- 
form (8) have been studied extensively. However, there are available only 
qualitative values for the depolarization ratios of the Raman bands of CH3CN 
(3) and only 10 of the 12 fundamental modes of CH3CC13 are well-established. 
Of the two remaining modes one is inactive in both Raman and infrared, while 
the other has beell assigned differently by various authors (8). The  Raman 
spectrum of CD3CC13 ellabled this last difficulty to  be resolved. 

ESPERIMEKTAL 

The CHaCN and CH3CC13 were Eastman Icodak samples; they were frac- 
tionally distilled. The methods of preparing the deuterium substituted com- 
pounds will be described: CD3CN (6), CD3CC13 (7). 

A White, grating Raman spectrometer with photoelectric recording (12) 
and a Perlciil Elmer model 112 double pass spectrometer were used to  record 
the spectra. Depolarization ratio measurements were made ( 5 )  and corrected 
for convergence error (9). Standard intensities of scattering per inolecule 
referred to  the 458 cm.-I band of CCla were obtained (2). 

The  observed Raman spectra and the corrected depolarization ratios for 
CH3CN and CD3CN are summarized in Table I ,  and the infrared data for 
CD3CN are given in Table 11. Figs. 1 and 2 illustrate the spectra. The doubtful 
Raman band reported a t  1124 cm.-I in previous iilvestigations on CH3CN was 
not observed here. In  CDBCN, v l ,  v s ,  2 v 3 ,  and 2 v G  appear to  be in Fermi reson- 

1Manuscript received Azigust 16, 1955. 
Contribution from the Division of Pure Clzemistry, National Researclt Council, Ottawa, Canada. 

Issued as N.R.C. No. 3758. Presented i n  part at the Synzposiunt on iltolecr~lar Structzire, Columbus, 
Ohio, J u n e  1.955. 

W . R . C .  Postdoctorate Researclt Fellozi, 1953-55. 
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EVANS AND BERNSTEIN: RAMAN EFFECT. IV 

TABLE I 

Assignment 
Corrected Corrected 

cm.-l depol. ratio cm.-' depol. ratio 

V G ( ~ )  3001 0.86 -2258 Overlapped by v2 

In this  and  in the other tables, wave nz t~nber  valzces are corrected to vacuum.  
*Fernti resonance. 

FIG. 1. The observed Raman spectrum of CDaCN. The intensity of the band with greatest 
peak height is 100. Slits were 6.5 cm.-' i l l  the 3000 cm.-' region and 7.5 cm.-' in the region 
0-1600 cm-l. 

100 
I 

I 

75 

L 

50 

ance. Several minor features in the infrared spectrum of CD3CN remain to be 
explained. The band a t  1375 cm.-I in the vapor was not observed in the liquid 
spectrum while the band a t  2692 cm.-I in the liquid has no simple explanation. 
The band a t  1246 cm.-I in the vapor and one of the two bands a t  1266 and 1282 
cm.-I in the liquid seem to correspond to 4 ~ 8 .  (Some support for this assign- 
ment is that v* also shifts to higher wave number from vapor to liquid.) The 
assignments of the fundamentals and of the other observed bands are straight- 
forward. 

- 
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TABLE I1 

W a v e  n u m b e r  
-- Assignment'  

Liquid  V a p o r  

vw 3380 v2+v3 = 3361 ( A I )  
vvvr -3300 U Z + V G  = 3299 ( E )  
VVW - V I + P ~  = 3215 ( A I )  

3096 w 3115 v?+v7 = 3108 ( E )  
o r  vt+vr = 3092 ( A I )  

2263 s 2270 
(over lapped)  

2212 v v w  - 
/ 2137 

U I  +v7 = 2962 ( E )  

v?+vs = 2606 ( E )  

1945 vw 1950 V S + P ~  = 1953 ( E )  
1931 vw -1930 U ~ + Y . I  = 1937 ( A l )  
1884 q v  -1900 V?+VG = 1891 ( A l + A z + E )  

1375 w V G + P ~  = 1389 ( A l + A ? + E )  

-1246 ) 4va 1300 ( A 1  + 2 E )  

{;;:A v,+v, = 1198 ( A l + A ? + E )  

-1115 (overlapped by UG)  v d a ~ )  
Reso lved :  cen te r  1052 v d e )  

-850 (overlapped b y  vr) v l ( e )  

{Nil v . j (a~)  

670 ibi5 (overlapped by C 0 3  2vs = 696 ( A I + E )  

*Liquid  phase data  were used in cowzpuling the frequencies in the last coluntn of t h i s  
table and  Table III .  

The Raman and infrared data  for CD3CCl3 are collected in Table I11 and 
are illustrated in Figs. 3 and 4. Corresponding to the band a t  343 cm.-I in the 
liquid phase spectrum of CH3CC13, there are in CD3CC13 two bands, 335 (al) 
and 315 (e). This latter band is the controversial e-type mode which in 
CH3CC13 must be a t  343 cm.-I in the liquid and a t  350 cm.-I in the vapor. 
Pitzer and Hollenberg's suggestion (8) (which is based on the observed com- 
binatio~z tones in the far infrared) tha t  the 350 cm.-I band in CH3CC13 vapor 
is composed of an a1 type and all e-type band is therefore confirmed. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



EVANS 4 N D  BERNSTEIN: RAMAN EFFECT. IV 1749 

A 

VAPOR 
0 

0 6 -  

FIG. 2. The infrared spectrum of CD3CN. 
Liquid: a ,  capillary film; b, 0.1 mm, film; c, another capillary film; d, another capillary film. 
Vapor: e, 6 cm. cell a t  60°C.; vapor pressure-370 mm. The  remainder of the spectrum was 

obtained with a 1 meter cell a t  20°C.; vapor pressure-70 mm. 

TABLE I11 

EXPERIMENTAL DATA FOR CDsCCIa 

Raman data 
(liquid phase) Infrared data  

Corrected Assignment 
cm.-l depol. ratio Liquid Vapor 

3426 vvvw 3445 3vz = 3420 (AL) 
3301 vvw 3307 2uz+vs = 3323 (E) 

u7+vs = 3299 (Ai+Az+E) 
3233 vvw 3242 vi+va = 3269 (Ai) 

v3+v7 = 3230 (E) 
3178 vvw 3190 v ~ + v s  = 3175 (E) 

v7+v9 = 3172 ( A i + r l ~ + E )  
2v?+v9 = 3196 (E) 

3054 vvw 3064 v ~ + v s  = 3048 (E) 
2ut+u3 = 3062 (AL) 

3008 vvw Broad 2ug+vg = 3004 (Al+A?+2E) 
2974 v v i  1 ill-defined u r + ~ . i + ~ l ?  = 2994 (E) 
2929 vvw J absorption ~ P ~ + U I U  = 2937 (E) 

2277 0 .19 2280 vw - 2u2 = 2274 (AI) 
2256 0.86 2257 vw 2265 u7(e);u(CD3) 
2150 0 .24 u ~ + u g + u i ?  = 2179 ( A I + A ~ + ~ E )  

2099 0 .08 2103 vw - u?+va = 2111 (Ai) 
2068 0 .13 2072 vvw - 2,s = 2088 (A1 +E) 

1312 vw 1325 2ulu = 1314 (Ai+E) 
1280 vw 1285 u3+uii = 1293 (E) 
1260 vw - us+ui? = 1275 (Ai+As+E) 
1165 w sh 1170 ur+uiu = 1160 (E) 

1137 0 . 6 8  1140 vs [ uz (a,) ; a (cD3)  
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T A B L E  I11 (Conclztded) 

Raman data 
(liquid phase) Infrared data 

- Assignment 
Corrected 

cm.-I depol. ratio Liquid Vapor 

657 0.86 

553 v v w  P 

503 0.09 

445 vvw P? 

364 VVW P 

812 vw 
790 vvw 
727 w 

605 vvw 
580 v v w  
- 

466 w w  
- 

413 vvw - 

? { v~+v.- 1116 ( E )  

950 ~ 4 + ~ 1 ? + ~ 6 -  940 ( E )  

818 v,+v11 = 823 ( E )  
795 2viz+vs=797(A1+E) 
728 va+vi? = 736 ( E )  

700 w 2v5 = 676 ( A I )  
665 vvs  vlo (e) ; v (CC13) 

2vii = 630 (Ai+E) 
vg-vj = 581 ( E )  

- vll+viz = 546 ( A i ,  E )  

- 2v12 = 462 (AI+E)  
- v~+v i? -  440 ( E )  
- 2 ~ 6 -  420 (A,)  

vo- (vil+vt?) = 366 (Ai+A?+3E) 

In CD3CC13, 2v8, and v Z + v 3 ,  which are presumably in Fermi resonance with 
vl ,  appear in the liquid spectra but are absent from the infrared vapor spectrum. 
This may be due to  the removal or reduction of Fermi resonance by the separa- 
tion of levels which are influenced differently by intermolecular interaction. 
The band a t  2280 cm.-l in the liquid, assigned as 2v2, is also absent from the 
spectrum of the vapor. 
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EVANS A N D  BERNSTEIN: RAMAN EFFECT. IV 

FIG. 3. The observed Raman spectra of CH3CC13 and CD3CC13. In  each spectrum the band 
with greatest peak height is 100; the two scales are therefore not identical. Slits were 5 cm.-I 
in the 3000 cm.-I region and 6.5 cm.-' in the region 0-1600 cm-I. 

1 VAPOR -I 

FIG. 4. The infrared spectrum of CD3CC13. 
Liquid: a,  0.1 mm. film; b, 0.24 mm. film; c, capillary film; d, another capillary film. 
Vapor: e, 6 cm. cell a t  60°C. ; vapor pressure -500 nun. f ,  1 meter cell a t  20°C. ; vapor pres- 

sure-90 mm. g and h, 1 meter cell a t  20°C. with lower,,pressures of vapor. Slits were 
8, 4, 5 ,  3,  2,  3,  and 1.5 cm.-l in the regions 3000, 2000, 1400, 1100, 900, 700, and 400 
cm.-I respectively. 

The  theoretical product rule ratios* for both pairs of molecules have been 
calculated and, in Table IV, these values are compared with the observed 
ratios. The  agreement is satisfactory. 

*Dktensions for calct~lating motnents of inertia: CH3CN and CD3CN; C-H andC-D = 1.09A, 
C-C = 1.46A, C=N = 1.16A, angles tetrahedral (Kessler et al. Plz.ys. Rev. 79:54. 1950). 
CH3CC13 and CD3CC13: C-H and C-D = I.OBA, C-C = 1.53A, C-C1 = 1.76A, angles 
tetrahedral. 
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TABLE IV 

TELLER-REDLICH PRODUCT RULE APPLIED TO CH3CN AND CDBCN AND TO 
CH3CCI3 AND CD3CCI, 

Symmetry Observed Theoretical 
specles ratio ratio 

CH3CN 0.522 0.512 
and 

CD3CN 0.412 0.396 

CH3CCla 0.516 0.506 
and 

CD3CC13 0.375 0.371 

RAMAN INTENSITIES 

Crawford's (4) CF rule relating the intensities of the vibrational Raman 
bands of isotopic molecules may be written in the form 

if the conditions of irradiation and observation are the same for the isotopic 
molecules. Here, subscripts 1 and 2 refer to the two isotopic species; 1 1 ,  is the 
intensity of the "a"th fundamental of Raman shift Avl, in isotopic molecule 1 ,  
and 

K1, = ( v  - ~ v ~ , ) ~ ( l - - e  -l.44Avl~/T 

where v is 22,938 cm.-l, the frequency of the exciting line, and T is the absolute 
temperature. The  assumptions made in deriving the rule are: (a)  isotopic 
substitution does not change the force constants of the most general quadratic 
potential function, ( b )  nor does it change the polarizability and anisotropy 
derivatives with respect to the internal coordinates, and, (c) anharmonicity 
effects may be neglected. Assumption ( b )  is very nearly true if there is no 
rotation which changes the equilibrium polarizability of the molecule in the 
species of vibration considered. The al species of CHBCN and CH2CCl3 are 
of this type. 

Written in terms of standard intensities S ( I ) ,  the rule is 

Although the rule was derived for the vapor phase it has been applied here to 
liquid phase intensities since it is expected that illtermolecular interaction 
effects are the same for isotopic molecules. 

The rule has been applied in both forms given by equations [I] and [2], and 
the results for the a l  modes of CH3CN and CD3CN are given in Table V. There 
are several cases of Fermi resonance and in each case the total i~l te~lsi ty of 
fundamental and overtone or combination toile was taken. Correctio~l for 
overlapping of vz by v s ( e )  was also necessary for CD3CN. These bands are coin- 
cident so that the usual method of drawing symmetrical contours which is 
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EVANS AND BERNSTEIN: RAMAN EFFECT. IV 1753 

TABLE V 

C H j C N  a, species 

C D 3 C N  a1 species 

Sum 

3 i s  the integral intensity of the Raman band corrected for the spectral se?zsitivity of the phototube. 
The  unit  of the intensity scale i s  the intensity of the 458 cm.-l band of CC1.i. 
S i s  the standard intensity. 
*Correction for overlap by ~5 was necessary. 

applicable to partially overlapping bands was inapplicable here. The assump- 
tion was made that the ratio ~ , , / f l , ,  (see Table V) was unchanged by isotopic 
substitution. calculated contribution of v? was subtracted from the band 

TABLE VI 

CI-13CC13 a ,  species 
--- 

Y I  2938 0.35 7 .5  4.18 4.8 
u: 1378 0.01 0 .4  0.04 0.2 
~3 1067 0.10 4.0 0.19 1.6 
Y I  521 0.61 42.4 0.74 27.3 
Y j 343* 0.25 22.4 0 .13  11.5 

-- 
Sum 56.7 45.4 

CD3CCIa a1 species 

-- - 
Sum 83.8 50.6 

3 and S are defined i n  Table V .  
*Correctio~i for overlap by vll was necessary. 
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a t  2258 cm.-l in CD3CN to leave 8,,. Apart from being without basis, this 
assumption is complicated by the fact that v l  and v2 in CD3CN may be in 
Fermi resonance. Unfortunately, v2  malres a large coiltribution to the total 
sum and introduces a large uncertainty, probably in excess of f5%,  to this 
sum. For CHBCN conditions are more favorable, and the estimated uncertainty 
in the total sum is f 5 % .  Within f 8% the sums are the same. 

The results for CH3CC13 and CD3CC13 are presented in Table VI. One case 
of Fermi resollance involving v l  in CD3CC13 arises here, but a more serious 
uncertainty is introduced by the coiilcidence of v g  and v l l  in CH3CC13. The 
ratio 8,./8,,, was assumed to be the same for the two molecules (8,,+8,,, was 
observed to be the same and a comparisoil of the depolarizatioil ratios of the 
three observed bands suggests that the assumption is not unreasonable). I t  is 
again unfortunate that the overlapped band malres an important contribution 
to the sum, but a comparison of the total sums shows that within f 6y0 they 
are the same. 

TABLE VII 

e SPECIES 

CHaCN CDaCN 

A v  S S A v  S S 

S and S are defined in Table V.  
v7 w a s  not observed in the R a m a n  spectra. 
*Correction for overlap b y  vl w a s  necessary. 

TABLE VIII 

S and S arc defined in Table V. 
*Correction for overlap b y  v a  was  necessary. 

The experimental data for the e-type modes of CH3CN and CD3CN are 
given in Table VII and the data for CH3CC13 and CD3CC13 are collected in 
Table VIII.  Here the intensity sum rules are not expected to be valid sincc 
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molecular rotations which change the equilibrium polarizability occur. The  
quantities in equations [:I.] and [2] were however determined and are: 

For CHlCN and CDICN 
Eauation I l l :  L.H.S. 30.2 R.H.S. 36.3 
~ d u a t i o n  i2i: L.H.S. 5.76 R.H.S. 7.52 

and for CI13CC13 and CDaCCI3 
Equation [I]: L.H.S. 132 R.H.S. 130 
Equation [a]: L.H.S. 49.2 R.H.S. 50.1 

In each case, the deuterium substituted compound is on the right-hand side. 
The sum rule seems to be obeyed better for the e-type modes of the two methyl 
chloroform molecules than for the e-type modes of the two methyl cyanide 
molecules. This is proably due to the fact that the e-type rotational frequency 
changes less upon deuterium substitution in methyl chloroform than i t  does in 
methyl cyanide. 
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THE EFFECT OF ADDITION AGENTS ON CATHODE 
POLARIZATION DURING ELECTRODEPOSITION OF COPPER 

AT SINGLE CRYSTAL COPPER CATHODES1 

ABSTRACT 

The polarization-time relations for the initial ( P i ) ,  maximum (P,,), and 
pseudo-steady-state (P , )  polarizations on copper single crystals in the absence 
and presence of gelatin and gelatin plus chloride ion were found to  depend upon 
crystal orientation. The P i  and P,,, in the absence of gelatin, the Pi  in its pre- 
sence, and the static potentials were all similarly related to the reticular density. 
The P i  increased, and the time to masimum polarization (t,,,,) decreased, with 
increase of current density; the relations between these quantities showed 
marlced differences for the different crystals. The variation with reticular density 
of Pi and P,,, in the absence of addition agents and of Pi in its presence prob- 
ably represents differences in activation overpotential a t  the various crystal 
faces. The adsorption of gelatin on different crystal faces was also found to be 
markedly different. Polarization in the presence of gelatin was decreased by small 
amounts of chloride ion; a linear relation for all the crystals used was obtained by 
plotting the increase in polarization caused by gelatin against the decrease caused 
by 2 mgm./liter chloride ion in the presence of gelatin. In the absence of addition 
agent, change of acid concentration from 50 to 200 gm./liter had no effect on P i  
and addition of chloride ion had no effect on P ,  a t  single crystal cathodes. 

INTRODUCTION 

A number of papers from this laboratory have discussed the changes in 
cathode polarization a t  polycrystalline cathodes during electrodeposition of 
copper from acid copper sulphate electrolyte containi~lg addition agents. 
Since the earliest of these studies (4), it has been of interest to examine the 
behavior with single crystal copper cathodes under similar conditions. Ample 
evidence exists that  sigilificailtly different lattice energies are associated with 
different crystal faces of a single crystal, and such differences might be expected 
to influence not oilly the adsorption of an addition agent, hence the polariza- 
tion in its presence, but  perhaps also the polarization values in the absence of 
addition agent. The  present paper represents a re-examination with single 
crystal cathodes of the more prominent features found previously to charac- 
terize the polarization behavior with polycrystalline cathodes. 

EXPERIMENTAL AND RESUL'TS 

Crystals 14 in. X 4 in. X $ in. were purchased from Horizons Inc., Cleve- 
land, Ohio. Their orientations were specified to be ( I l l ) ,  (loo),  (110), (211), 
(410), and (322), referred to the longitudinal axis. 

The  interplanar spacings shown in Table I were calculated from the relation 
(3) : 

d = s/l/(h2+k2+L2) 

where h, k ,  and 1 are the Miller indices and s is a term which for a face centered 
'iMa?zrrscript received Ju ly  28,  1955. 
Contribzrtio7t from the Physical Chewzistry Laboratory, ~McGill University, i16ontrea1, Qzrebec, 

with jinancial assistance f r o ~ ~  the International Nickel Company of Canada, atzd the National 
Research Coz~ncil. 

2Holder of a n  I?ttcrnational Nickel Company Graduate Research Fellowsltip 1952-1955. 
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EKLER AND WIXKLER: EFFECT OF ADDITION AGENTS 1757 

cubic lattice, e.g. copper, is equal to 0.5 if one or two indices are odd; otherwise 
it is unity. 

I t  should be noted that although two lattice planes of different Miller 
indices may have the same interplanar distances, e.g. (410) and (322), hence 
the same reticular densities (2), examillation of a space lattice model readily 
revealed tha t  the environment of a given atom in the two cases is quite dif- 
ferent. 

The polarization measuremeilts were made in a modified Haring cell as 
described previously (4). 

Prior to every experiment after the first one with a given crystal, deposited 
copper was carefully removed with a succession of files of decreasing rough- 
ness. A special guide was designed to ensure uniform removal of the deposit 
and thus preserve the original orientation of the crystal face. A rectangular 
groove was milled along a 10 in. brass bar to accommodate interchangeable 
files, while the crystal to be ground was placed in a slot milled into a brass 
block 2 in. long. When the bloclc was inverted over the bar, and allowed to  
slide on it ,  the deposit of copper was removed while retaining parallelism 
of the crystal faces as indicated by micrometer measurements. The  crystal 
was ground finally on metallographic papers 0 to  4/0 after which it was 
transferred to  a suitable holder and all of the crystal surface coated with 
paraffin wax except the face under examination. The dimensions of the exposed 
area were determined with a table cathetometer so tha t  the current could be 
adjusted to  the desired apparent current density for the next operatioil of 
electropolishing. Chemical etching did not allow reproducible polarization 
values to  be obtained. 

The electropolishiilg bath consisted of 42.57, orthophosphoric acid (6). 
T o  nli~limize gassing, a copper cathode of area approximately 20 times tha t  
of the crystal was used. The potential between the electrodes was 4 volts and 
the spacing approxiinately three and one-half inches. The  crystal was anodi- 
cally polished for eight ininutes a t  a starting current density of 12 amp./dm2. 
An increase of polishing time to 20 min. gave identical results. Pitting of the 
surface was largely avoided by dislodging gas-bubbles as  soon as their for- 
mation was detected. 

After it  had been electropolished, the crystal was rinsed with distilled water 
and immediately placed in a Haring cell containing electrolyte in presence of 
air a t  25=k0.1°C. Unless otherwise stated the electrolyte contained 125 gm./ 
liter Merck's reagent grade copper sulphate pentahydrate and 100 gm./liter 
Baker's C.P. sulphuric acid in freshly distilled water. I t  was not stirred during 
polarization measurements. 

Potentials were measured with a recording potentiometer (Brush Develop- 
ment Co., Cleveland, Ohio, Recorder BL 201, DC-Amplifier BL  932) and a 
potentiometer (Tinsley, Type 3184 D).  

A reproducibility within =k5 millivolts was required and generally obtained 
without difficulty. 

For all experiments in the absence of addition agents the cathode was 
allowed to remain in contact with the electrolyte for 10 min. before starting 
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1758 CANADIAN JOURNAL OF CHEMISTRY. VOL. 33 

electrolysis. An increase of this immersion time to 30 min. gave identical 
polarization values. When addition agent was present in the electrolyte the 
immersion time was 15 min. An increase from 15 to 120 min. did not show any 
detectable polarization changes. 

(i) No Addition Agent Present 
The polarization-time relations for the various crystals a t  2 a m ~ . / d m . ~  are 

shown in Fig. 1. From the original tracings of these curves on the recording 

0 2 4  6 8 l 0 1 2 0 2 4  6 8 1 0 1 2  

T I M E  MIN. 

FIG. 1. Polarization-time relations a t  single crystal cathodes. 

potentiometer, values of the initial (Pi) and maximum (P,,,) polarization 
respectively were obtained and are recorded for the six crystals in Table I.* 

The relative static potentials of the crystals are also shown in the table. T o  
obtain these values, each crystal was immersed in the standard electrolyte in 
the presence of air and the electrode potential measured relative t o  a capillary 
probe filled with the same electrolyte in contact with a calomel half-cell 
through a closed, ungreased stopcock. Potential measuremei~ts were taken 
every five minutes until a steady state was obtained after 70 to 120 min. 

The initial polarization and times required to attain the maximum polariza- 
tion values for current densities from 0.2 to 4.0 a m ~ . / d m . ~  are summarized 

*While variozrs quantities ?nay be graphically represented i n  relation to the d-valzres, it  should be 
noted that d i s  not a "running para?neter", hence szcch plots are of doubtfzcl significance. 
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EKLER AND WINKLER: EFFECT OF ADDITION AGENTS 1759 

TABLE I 
INITIAL (Pi) AND MAXIMUM (P-,) POLARIZATION VALUES, AND STATIC POTENTIALS, AT SINGLE 

CRYSTAL CATHODES I N  THE ABSENCE OF ADDITION AGENT 

Interplanar 
Crystal distance (d) * Pi pro, Static potential 

(Miller indices) (A) (mv.1 (mv.1 hv.1 

*Referred to edge of unit cube. 

in Fig. 2. (For clarity the curves for only four crystals are shown; the other two 
are similar.) The  latter quantity for a given crystal shifted systematically to  
lower values as the current density was increased. 

I 2 3 4 5 6  

C.D. A M  P./DM? 

FIG. 2. Variation with current density of initial polarization (Pi) and time to maximum 
polarization (t,,). 

The  concentration polarization for the (100) face a t  2 a m p . / d m . h a s  
determined with an oscilloscope (11) (Dumont 304H) and was found to  be 
17f 2 mv. This is comparable with the value (20 mv.) observed for poly- 
crystalline copper under similar conditions. 
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An attempt was made to study perpetuation of the base structure a t  0.5 
and 0.2 amp./dm2. The deposition was interrupted after 10 min. and the polari- 
zation allowed to dissipate. The current was then turned on again and the 
second recorded pattern compared with the original. I t  was noted that a t  0.5 
amp./dm.? only the (11 1) face seemed to repeat the original pattern; all the 
other crystals gave somewhat higher initial polarization values in the second 
pattern. At 0.2 arnp./dm.? the values of the initial pattern appeared to be 
repeated in the second pattern only with the (111) and (410) crystal faces. 

At  2 ainp./dm.? microscopic examination of the deposits showed islands of 
varying reflectivity, indicative of polycrystallinity after deposition times of 
three mirlutes or less. 

Change of the sulphuric acid concentration of the electrolyte from 50 to  
200 gm./liter resulted in no proilouilced or systematic changes of polarization, 
as indicated by the following values: 
- 

Polarization values for crystal faces 

(1 10) (111) (410) 
Acid COIIC. (gm./l.) 

Pi Pm*, Pi P,,,,, Pi Pm,, 

1 2 3  1 2 3  
TIME MIN. TIME MIN. 

MGMY'L. GELATIN MGM/L.CHLORIDE 

FIG. 3. A: Polarization-time relati011 a t  a single crystal cathode in the presence of gelatin. 
B: Polarization-time relation a t  a single crystal cathode in the presence of gelatin 

and chloride. 
C: Relation between initial polarization a t  a single crystal cathode and gelatin 

content of the electrolyte. 
D: Relation between steady-state polarization a t  a single crystal cathode and chloride 

content of the electrolyte in the presence of gelatin. 
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(ii) Addition Agent Present 

An experiment in the presence of addition agent was usuallv made following 
an experiment in the standard electrolyte, after removiilg the previous copper 
deposit and preparing the crystal anew by electropolishing. 

In the presence of gelatin (25 mgm./liter), the single crystal cathodes gave 
polarization-time curves similar to those observed previously (9) with poly- 
crystalline cathodes (Fig. 3A). The initial polarizations (Pi) for the six crystals 
varied from 265 to 365 mv., while the steady-state polarization (P,)" showed 
a variation with orientation ranging from 200 to 270 mv. The curve relating 
initial polarizatioil (Pi) to gelatin concentration was similar in shape for the 
six crystals (Brush oscillograph). Typical of the behavior is the plot shown in 
Fig. 3C, for the (100) crystal. However the polarization values for a given 
amount of gelatin differed for the different crystal faces, as shown in Table 11. 

TABLE I1 
RELATION BETWEEX INITIAL POLARlZATlON AND GELATIN CONTENT OF THE ELECTROLYTE 

Initial polarization (mv.) 
Gelatin conc. - 

(mgm./l.) (111) (100) (110) (211) (322) (410) 

. .- - - -  -. 

50 284 370 287 292 296 356 
200 304 387 290 300 307 366 

Adsorption (7%) fro111 electro- 18 38 7 7 25 2 1 
Iytecontai;lTng 1.5 mgm./I. 
gelatin 

Illterplallar spaci~lg (d-value) 0.5774 0.5000 0.3536 0.2041 0.1213 0.1213 

I t  is interesting to note that Pi changes with interplanar spacing in a similar 
manner for all the systems, including that which contained no gelatin. 

The dependence of Pi on d-value in the presence of gelatin prompted an 
attempt to determine the relative extents of adsorption of gelatin on the six 
crystals. A calibration curve was first established, to relate P, measured a t  a 
polycrystall~ine cathode (which had been given a steady-state surface) to the 
gelatin concentration in the electrolyte (up to 2 mgm./liter). Electrolyte con- 
taining 1.5 mgm./liter gelatin and a polycrystalline cathode with a steady- 
state surface were then placed in the Haring cell and the single crystal of copper, 
with known area exposed, was immersed during one hour with constant agita- 
tion but no passage of current, to permit adsorption of gelatin on the crystal. 
The crystal and stirrer were then removed from the cell and the value of P, 
in the gelatin-depleted electrolyte determined. The corresponding gelatin 

* T h i s  really corresponds only  to a psezldo steady state for the short deposition t imes involved. 
Had  deposition been continued for a szcficiently long tinze, i t  i s  probable that the true steady-state 
valzies wo~i ld  all  have been sin2ilar at tlze eventual polycrystalline szirfaces. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

4/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1762 CANADIAN JOURNAL OF CHEMISTRY. VOL. 33 

concentration remaining in the electrolyte could then be obtained from the 
calibration curve, and the extent of adsorption of gelatin calculated. Adsorp- 
tion of gelatin on the cell walls and polycrystalline cathode was eliminated as a 
factor by allowing the cell to stand with the appropriate electrolyte for 10 min. 
before each experiment, after which fresh electrolyte was introduced. All 
conditions used in establishing the calibration curve were reproduced as 
precisely as possible in the adsorption experiments; the only difference was 
immersion of the single crystal in the latter. The procedure gave values for 
adsorption oil a given crystal that were reproducible within' &4%. The 
relative extents of adsorption a t  the different crystal surfaces are show11 in 
Table 11. I t  will be noted that the variation of per cent adsorptioil with 
d-value parallels rather closely corresponding changes in P i .  

When chloride (2 mgm./liter) was added to the electrolyte in the absence 
of gelatin the polarization behavior was substantially the same as that in the 
standard electrolyte. This was true for immersion times of 1 to 30 min. With 
polycrystalline cathodes the addition of chloride to  the electrolyte had little 
effect with the immersion time of one minute but  caused about 15 mv. in- 
crease in polarization when the immersion time was increased to 30 min. 

The results reported so far were obtained on the six crystals of known orien- 
tation. A second group of crystals available in this investigation coilsisted of 
25 crystals, each 3 in. X $ in. X 2 in., grown from melts of spectroscopically 
pure copper without benefit of seed crystal.* As a consequence the Miller 
indices of most of these crystals were quite complex and not suitable for esti- 
mation of interplanar distances. 

With these single crystals, as with the ones previously used, the addition of 
chloride (2 mgm./liter) to electrolyte containing gelatin (25 mgm./liter) had a 
pronounced effect on P,, though not 011 P,,, (cf. Figs. 3A and 3B as typical). 
There appeared to be no significant effect of immersion time (up to 120 mill.) 
on P,,, or P, in such systems. Experiments with two of the single crystals 
showed that  the relation between P, and chloride concentration (Fig. 3D) in 
the presence of gelatin (25 mgm./liter) was similar to that observed with 
polycrystalline cathodes. 

When all the available da ta t  for the various crystals were considered, i t  was 
found that the decrease in P, caused by the chloride in the presence of gelatin 
(-APcl) was correlated with the increase in P, caused by the gelatin alone 
(APgel) (Fig. 4A; line drawn by least squares). 

In  the above experiments, a given amount of chloride appeared capable of 
nullifying polarization increments which differed because of different cathode 
surfaces. This suggested that  a similar study be made in which the polarization 
increments a t  a given cathode face were varied by addition of different amounts 
of gelatin. For this purpose, steady-state polycrystalline cathodes were used (5) 
and the behavior was examined not only with a constant amount of chloride 
(2 mgm./liter) (broken line, Fig. 4B) but  with the amount of chloride deter- 

* W e  are indebted to Mr. C. CZLPP, Dcfiart~izent of il6etallnrgy, U~zirrersity of Toroxto, for fire- 
paring these crystals and deternzining their orientatio~as. 

t With most of the crystals data were obtained for two orientations corresponding to two faces of the 
crystal at riglat angles. 
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HKLER A N D  WINKLER: EFFECT OF ADDITION AGENTS 

- - 
0 20 40 60 80 100 120 140 160 I80 

AP,,, MV. 

FIG. 4. Relation between decrease (-APcl) in steady-state polarization caused by chloride 
in the presence of gelatin and the increase (AP,,l) i n  steady-state polarization caused by 
gelatin alone. 

Top: Single crystal cathodes, with 25 mgm./liter gelatin, 2 mgm./liter chloride. 
Bottom: Polycrystalline cathodes with amounts of gelatin (mgm./liter) shown on  

figure. 

mined experimentally (8) that gave the minimum polarization for each gelatin 
co~lcentratioil (full line, Fig. 4B). 

When the effect of chloride (2 ingm./liter) in the presence of gelatin (25 
mgm./liter) was examined for the six crystals of 1;nown orientation, the values 
of - A r c ,  were fouild to relate in much the same way as Pi to the d-values for 
these crystals. 

DISCUSSION 

The results of the present study in the absence and presence of addition 
agents denlollstrate rather marked differences in behavior of the cathode 
polarizatioil with the changes in crystal orie~ltatio~ls and changes from single- 
to poly-crystallinity. A polycrystalline metal surface coilsists of an array of 
crystal faces of diverse orientations, edges, corners, and boundaries. Each 
type of orientatioil has its characteristic arrangement of atoms which influences 
the surface free energy of the crystal face. The properties of the polycrystalline 
surface therefore depend upon the properties of these individual parts. In 
some cases, e.g. cold rolled metal, there may be a prepoilderailce of certain 
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preferred orientations and the properties of the surface therefore may be 
weighted in one direction or the other. 

(i) No Addition Agent Present 

The initial polarization on electropolished Polycrystallirte copper, in the 
absence of addition agent, lies between the values for single crystals; this 
is reasonable because of the composite nature of the former. The value, 85 inv., 
is biased towards the lower values for the crystals investigated. This might be 
attributed to  a preponderance of certain orientations on the rolled poly- 
crystalline copper cathodes. The static potential for the polycrystalline cath- 
ode, 73.7 mv., is similarly related to the static potentials of the crystals, prob- 
ably for a like reason. 

The maxima observed in the polarization-time relations for the six crystals 
of specified orientations indicate that  opposing processes are involved in the 
polarization changes. I t  seems reasonable that these processes inight be: 

(a) Increase of total polarization due to  build-up of concentration and 
hydrogen-ion interference polarizations. 

(b) Increase of polarization due to  deposition of nuclei of orientations dif- 
ferent from that of the base crystal, such that  discharge of atoms requires a 
higher activation polarization than on the original base matrix. 

(c) Decrease of total polarization due to increase of true surface area of the 
cathode, hence decrease of true current density. 

The  pseudo-steady-state value might be expected when the single crystal 
base eventually becomes overgrown with nuclei of diverse orientations to  such 
an extent that  the increase of true surface area, with the attendant decrease of 
true current density, hence of polarization, finally predominates. 

As expected, f,,, decreased systematically with an increase in current 
density, owing in all probability to increased rate of nucleation with conse- 
quent increase in rate of surface roughening. 

The  values of the initial polarization, i.e. in the absence of significant con- 
centration polarization, must contain an activation overpotential and pre- 
sumably also an ohmic component due to hydrogen ion interference. In the 
present study, no effect of increased acid concentration on this initial polariza- 
tion a t  three different crystal cathodes was observed in the range of 50 to 
200 e m . / l i t e r  acid. On the other hand, with polycrystalline cathodes, a linear 
increase of polarization with acid concentration was previously observed in 
this laboratory (10). The extent of the increase mas the same in the absence 
and presence of addition agent (cystine), and the opinion was expressed that 
adsorption of hydrogen ion was probably not involved. However, there seems 
no alternative to  assuming optimal adsorption of hydrogen ion on the single crys- 
tal cathodes over the range of acid conceiltrations studied, to  account for the 
absence of an  acid effect with these cathodes. The  behavior with polycrystal- 
line cathodes might then be ascribed to  an adsorption which is less than 
optimal, if it is further assumed that the adsorption-concentration relations 
for hydrogen ion and cystine are comparable in the ranges of concentrations 
concerned. 
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If, as seems reasonable, the contribution to the polarization a t  single crystal 
cathodes due to hydrogen ion is comparable with or less than that at  poly- 
crystalline cathodes (30), the dzfferences in the hydrogen ion effect at  the 
different single crystals would be less, probably much less than 30 mv., and 
the observed differences in P; may be talreil to reflect mainly differences in 
activation overpotentials a t  different crystal faces. 

The differences in PI,,,, might also be due largely to differences in activation 
overvoltage for the different crystal orientations, but it must be remembered 
that by the time P,,,,, occurs, the single crystal surface might have undergone 
considerable change due to the formation of nuclei with orientations other than 
that of the crystal base. 

The variation of P; and P,n,, with d-value for the crystal might reasonably 
be expected to 1-eflect changes in the surface free energy, which in turn should 
presumably be associated with the different static potentials of the crystals. 
In general, the P; and P,,, values appear to be related to the reticular density 
in much the same way as the static potentials. However, there is not a linear 
relation between either Pi or P,,,, and the static potentials when all the data 
are considerecl. I t  would appear therefore that polarization is not determined 
solely by the surface lattice energy. I t  is interesting to note, however, that the 
plot of Pi-values against static potentials may be considered to yield a roughly 
linear relation for five of the six crystals used; the Pi value for the (110) face 
only seems to deviate to an unacceptable extent from the relation. For the 
dynamic conditions that prevail in polarizatioil measurements, it seems likely 
that the spatial distribution and density of atoms in the lattice may play a 
part which is not reflected in the contributioil of these factors to a thermo- 
dynamic quantity such as the static potential. 

(ii) Addition Agent Present 

A satisfactory explanation of the P,-time pattern observed in the presence 
of gelatin seems to be possible along the lines suggested by Parsons and 
Winlrler (9). The rise in polarization to the early maximum is readily explained 
by cataphoretic migration of cuprous-gelatin complexes to the cathode when 
the circuit is completed, thus increasing the amount of addition agent on the 
cathode with consequent increase of polarization. Simultaneously, slight 
depletion of the gelatin ill the inlinediate neighborhood of the cathode must 
occur. UThen deposition is initiatecl, new copper surface is laid down (either 
with growth of the existing crystal or as new nuclei) in an environment of 
electrolyte partially depletecl of gelatin, such that adsorption of gelatin on the 
newly formed surface is hinclered and the true current density decreases with 
increase in extent of cathode area free froin addition agent. The polarization 
therefore tends to decrease again, and a maximum is observed in the polariza- 
tion-time curve. Eventually, of course, the supply of gelatin a t  the cathode 
face is replenished by convection and the polarizatioil passes through a mini- 
mum to a steady-state value. The effect of immersion time on the polarization 
pattern with polycrystalline electrodes was attributed to corrosion which would 
serve to expose different crystal faces and change the true, surface area until 
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a steady state was reached. The  absence of any effect of immersion time when 
single crystals were used may reasonably be attributed to  the absence of such 
change in true surface area due to corrosion. 

The  value of Pi in the presence of gelatin consists probably of an activation 
overpotential, an  ohmic component due to  adsorbed cuprous-gelatin com- 
plexes, and possibly some componeilt due to  hydrogen ion interference. The  
observatioil that  the presence of gelatin makes no substantial change in the 
relation between d-value and Pi suggests that  the activation overpotential 
in the presence and absence of gelatin is the same, and corresponds to the 
deposition of aquo-complexes in both cases, while the ohmic and hydrogen ion 
compoilents of the polarization are practically coilstailt for the different 
crystals. This latter condition, in turn, would probably prevail if all the 
crystals were almost completely covered by adsorbed cuprous-gelatin com- 
plexes. 

The  effect of chloride ion in reducing the polarization is readily explained by  
assuming that  the chloride ion acts as  an electron bridge as  suggested by Hey- 
rovsliy (7). Consideration of Fig. 4B indicates that  a limit is reached, perhaps 
when the cathode becomes so heavily overladell with adsorbed complexes 
that  access of the chloride ion to  effective positions is virtually precluded. This 
view would gain support from the polarization - gelatin concentration curve, 
from which it would appear that  a plateau, presumably corresponding t o  
essentially complete coverage of the cathode by gelatin or its copper com- 
plexes, occurs in the neighborhood of 75 mgm./liter gelatin. 

In  the presence of gelatin plus 2 mgm./liter chloride the polarizatioil gradu- 
ally decreased from Pi t o  P, with no miilimum ill the polarization-time curve. 
This behavior seems reasonable enough since, after the maximum is passed 
and new surface is laid doxvn in the presence of chloride ion, any tendency for 
polarization to  increase again because of adsorptioil of complexes should be 
offset by the facilitated electroil transfer effected by the chloride ion. Hence, 
as depositioil coiltinues and the polycrystalli~le character of the cathode sur- 
face is increased, the polarizatioil should merely decrease t o  that  correspollding 
to  deposition on a polyci-ystalline surface in the presence of gelatin plus 
chloride. 

With single crystals, 2 mgm./liter chloride ion (no gelatin present) had no 
effect on the pseudo-steady-state polarization, whereas with polycrystalline 
cathodes the steady-state polarizatioil was increased about 15 mv. (8). Adameli 
has suggested tha t  this increase be associated with migration of atoms into 
lattice positioils following their deposition ill out-of-lattice positioils in the 
presence of chloride by the dismutatio~i reaction ( I )  

Failure t o  observe the increase with single crystals might be expected on 
this basis, since deposition on the single crystals until the pseudo steady state 
was established presumably consisted largely of ilucleus formation, with 
limited crystal growth, and dismutation could occur freely on the crystal face 
without subsequent migration of atoms into an established lattice. 
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THE TERTIARYBUTYLBENZENES 

111. THE SYNTHESIS OF 214,6-TRI-t-BUTYLBENZOIC ACID AND THE 
DISSOCIATION OF DI- AND TRI-t-BUTYLBENZOIC ACIDS1 

ABSTRACT 

2,4,G-Tri-t-b~t~lbromobe~~ze~~e, m.p. 177-177.5", was prepared by the bromina- 
tion of 1,3,5-tri-t-butylbetlzene in the presence of silver nitrate. The reaction of 
2,4,G-tri-t-but)~lbro11iobenzene and n-butyllithium gave 2,4,6-tri-t-butylphenyl- 
lithium, which on carborlation yielded 2,4,G-tri-t-b~rtylbenzoic acid, m.p. 297'. 
A solution of this acid in fuming sulphuric acid yiclclcd a methyl ester, m.p. 9G- 
9S0, urllcn it \\.as poured into absolute nlctha~lol. Similar treatment of 1,4-di-t- 
butylbenzene with bromine gave 2,5-cli-t-butyIbro1nobe11ze11e, which on reaction 
with n-butyll~thiuln and subsequent carbonation gale  2,5-di-t-butylben/oic 
acicl. Thc reaction of 1,3,5-tri-t-butylbe11ze11e with acetyl chloride in thc presence 
of aluminurn chloride gave a licluid lietone, and hypohalide osiclatioll of this 
ketone yielclcd 3,5-tri-t-butylbcnzoic acid. The ultraviolet absorption spectra 
of thc two brorno compounds and the three acids were measured and are dis- 
cussed. The considerable acid-wealcening ellect in 2,4,G-tri-t-butylbenzoic a:id is 
attributed to  steric hindrance to the formation of the carbovylate anion. 

We have been interested in the synthesis of derivatives of 1,3,5-tri-t-butyl- 
benzene required in a study of the influence of two bulky ortho t-butyl groups 
on aromatic functional groups. The present communication describes the 
synthesis of 2,4,6-tri-t-butylbenzoic acid. As a preliminary study of steric 
hindrance in such a structure, the ultraviolet spectrum and apparent dissoci- 
ation constant of this acid are measured and compared with those of 3,5-di-t- 
butyl- and 2,5-di-t-butyl-benzoic acids. 

1,3,S-Tri-t-butylbe11zene, prepared by the alliylation of 1,4-di-t-butyl- 
benzene with t-butyl chloride ( I ) ,  was brominated with bromine in the presence 
of silver nitrate by a procedure similar to the one used by Derbyshire and 
Waters (7) for the bromination of chloro- and bromo-benzenes. The 2,4,6-tri-t- 
butylbromobenzene prepared by this method was identical with 2,4,6-tri-t- 
butylbromobenzene prepared by the Sandmeyer reaction on 2,4,6-tri-t- 
butylaniline. Attempts to react 2,4,6-tri-t-butylbromobenzene with magnesium 
were unsuccessful. 

2,5-Di-t-butylbromobenzene was prepared by the addition of bro~nine to  
1,4-di-t-butylbenzene in the presence of silver nitrate. The procedure of Thiec 
(15) was used to prepare 2,5-di-t-butylbenzoic acid from 2,5-di-t-butylbromo- 
benzene by refluxing with n-butyllithium and carbo~lation of the resulting 
2,5-di-t-butylphenyllithium. Similar treatment of 2,4,6-tri-t-butylbromoben- 
zene with n-butyllithium gave 2,4,6-tri-t-butylphenyllithium, which on hydroly- 
sis gave 1,3,5-tri-t-butylbe~~zene or on carbonation gave 2,4,6-tri-t-butyl- 
benzoic acid, n1.p. 297'. The  methyl ester, m.p. 96-98', of 2,4,G-tri-t-butyl- 
benzoic acid was prepared from the acid by the procedure of Newman (11). 

'Manuscript received August 18, 1855. 
Contribution from the Department of Chelnistry, i t fou~ t  Allison University, Sackuille, IVEW 

Rrunswick. 
2Recipient of a National Research Council of Canada Bursary. 
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BETTS AND BARCLXY: TERTI.~RYBUTYLBENZENES. III 1769 

The reaction of 1,3,5-tri-t-butylbenzene with acetyl chloride in the presence 
of aluminum chloride for two hours a t  room temperature gave a brown liquid 
ketone, 3,5-di-t-butylacetophenone, whose 2,4-dinitrophenylhydrazone melted 
a t  212-214". Hypohalide oxidation of this ketone gave an acid, 3,5-di-t-butyl- 
benzoic acid, m.p. 173-174'. Carpenter and Easter (6) report 3,5-di-t-butyl- 
benzoic acid, m.p. 169.5-170.5', by oxidatioil of a hydrocarbon described as 
3,4-di-t-butyltoluene by Capeller (5), but  given the 1,3,5 configuration by 
Schlatter (14). No collclusive evidence has been given for the structul-e of this 
acid. Brown (4) has shown that inherent strain in an o-di-t-butyl configuration 
makes the existence of such a structure highly improbable. On this basis, and 
from con~parison of the absorption spectrum and ionization constant with 
those of 2,5-di-t-butylbenzoic acid, we have assigned the structure 3,5-di-t- 
butj~lbenzoic acid. This product requires a replacenlent of a t-butyl group by  
an acetyl group during the Friedel-Crafts acetylation of 1,3,5-tri-t-butyl- 
benzene. This result is analogous to  the ailomalous acetylations obtained by 
Nightingale and Hucker (12) where p-di-t-butylbenzene yielded p-t-butyl- 
acetophenone. 

The ultraviolet absorption spectra of 2,4,6-tri-t-butylbromobenzene and 
2,5-di-t-butylbromobenzene (Fig. I ) ,  and of 2,4,6-tri-t-butylbenzoic, 2,s-di-t- 
butylbenzoic, and 3,5-di-t-butylbenzoic acids (Fig. 2) were measured in cyclo- 
hexane with a Beclanan DU spectrophotometer. In Fig. 1, 2,5-di-t-butyl- 

FIG. 1. Ultraviolet spectra i n  cyclohexane: FIG. 2. Ultraviolet spectra in  cyclohexane: 
-- 2,5-di-t-butylbrornobenzene - 2,4,6-tri-t-butylbei~zoic acid 

(b.p. 150' (12-13 mrn.)) ; (rn.p. 297'); 
-- 2,4,6-tri-t-butylbromobenzene -- 2,5-di-t-butylbenzoic acid 

(m.p. 177-177.5"). (m.p. 128"); 
- - - -  3,5-di-t-butylbenzoic acid 

(rn.p. 173-174'). 

bromobenzelle shows slight absorption a t  2750 and 2670 A, while 2,4,6-tri-t- 
butylbromobeilzene has no bands. The  presence of the second t-butyl group 
ortho to  the bromine in 2,4,6-tri-t-butylbromobenzene evidently blots out 
resonance interaction between the bromine and the benzene ring. A similar 
effect of the bulky t-butyl groups is more noticeable in the spectra of the t- 
butylbenzoic acids (Fig. 2). In the case of the di-t-butylbenzoic acids a shift of 
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a t-butyl group from a meta position, as in 3,5-di-t-butylbenzoic acid, to a posi- 
tion ortho to the carboxyl group removes the K-band near 2360 A. In addition, 
the benzenoid "fine structure" absorption of 3,s-di-t-butylbenzoic acid (2800- 
2950 A) is replaced by wealter general absorption a t  2700 A. When two 
o-t-butyl groups are present this effect is very pronounced-so much so that 
2,4,6-tri-t-butylbenzoic acid has no characteristic absorption maxima, only 
rising absorption towards shorter wave lengths. 

The relative dissociation constants of benzoic, 2,5-di-t-butylbenzoic, 3,5-di- 
t-butylbenzoic, and 2,4,6-tri-t-butylbenzoic acids (Table I) were measured by 
potentiometric titration in 50% methanol-water using a Becltman pH meter, 
with a glass electrode and a calomel reference electrode. The results for benzoic 
acid agree well with that of pK, 5.15 obtained by Bright and Briscoe (3) but  
not with the value of 5.62 recently obtained by Hammond and Hogle (9). 
Other workers (8) have used aqueous dioxane media. Although our procedure 
yielded reliable comparative pK, values the necessity for some standard tech- 
nique is apparent. 

T A B L E  I 

P K ~  

Acid ($ point) ($ point) (2  point) 

Benzoic 5.19 5.21 5.20 
2,5-Di-t-butylbenzoic 5.03 5.05 5.05 
3,5-Di-t-butylbenzoic 5.78 5.80 5 .84 
2,4,6-Tri-t-butylbenzoic 6.25 

A number of effects can be brought into play in the steric effect of ortho- 
substituted beilzene derivatives. These effects have been discussed by Ingold 
(10) and recently summarized by Hammond and Hogle (9). Ingold explains 
that aromatic coiljugation weakells a benzoic acid and that the often-observed 
acid-strengthening effect in o-substituted benzoic acids is due to a twistiilg of 
the carboxyl group from the plane of the benzene ring. I11 the case of 2,5-di-t- 
butylbenzoic acid this acid-strengthening effect is greater than the hindering 
effect of one t-butyl group to the formation of the anion and the acid-weakening 
effect of electron-repelling t-butyl groups. The latter effect is important in 
3,s-di-t-butylbenzoic acid where there is a considerable rise in the pK, value. 
2,4,6-Tri-t-butylbenzoic acid is a much weaker acid than benzoic. We attribute 
this to the controlling hindering effect of two o-t-butyl groups which decrease 
the stability of the carboxylate ion. 

EXPERI MENTAL3  

2,4,6- Tri-t-bzctylbromobenzene 
(a) By Direct Bromination 
1,3,5-Tri-t-butylbenzene, m.p. 74" (2.46 gm., 0.01 mole), was dissolved in 

3A6eelling points are uncorrected. 
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30 ml. of glacial acetic acid in a 100 ml. round-bottom flask. T o  this solution was 
added 0.60 ml. (a slight excess of 0.01 mole) of bromine, solutions of 5 ml. of 
concentrated nitric acid in 10 ml. of water and of 1.7 gm. of silver nitrate in 

I 5 ml. of water, the addition of the last solution taking one half-hour. Another 
20 ml. of glacial acetic acid was added and the reaction mixture heated on the 
steam cone for an hour with occasional shaking, a loose cork being placed in 
the mouth of the flask to prevent excess escape of bromine. At the end of the 
hour most of the bromine color had disappeared and the oil which had appeared 
on the solution when it was first heated had solidified. The hot reaction mixture 
was poured into 200 ml. of water, a little sodium sulphite added to destroy 
excess bromine, and then 5y0 sodium hydroxide until the solution was approxi- 
mately neutral. The cooled solution was extracted three times with ether, the 
ether extracts washed with water, and most of the ether removed by distilla- 
tion. The yellow solid, which separated from the residue on cooling, was 
collected on a filter paper, water was added to the filtrate and more product 
was collected (total yield 1.7 gm., 50%). After four recrystallizations from 
ethanol, the shining white plates melted a t  177-177.5'. In a subsequent bro- 
mination the yield was 67%. Anal. Found: C, 66.52, 66.57; H, 9.09, 8.86; 
Br, 24.51, 24.40. Calc. for C18H29Br: C, 66.46; H ,  8.98; Br, 24.57. 

I 
( b )  B y  the Sandmeyer Reaction 

1,3,5-Tri-t-butylbenzene was nitrated by the addition of 6.1 gm. of fuming 
nitric acid (sp. gr. 1.5) to 22 gm. of the hydrocarbon dissolved in a solution of 
30.5 ml. of acetic acid and 23.6 ml. of acetic anhydride. The yellow precipitate, 
2,4,6-tri-t-butylnitrobenzene, which was isolated 45 min. later by filtration, 
melted a t  204-206' after recrystallization from petroleum ether (yield 80%). 

2,4,6-Tri-t-butylaniline, m.p. 146-148', was prepared by the reduction of 
2,4,6-tri-t-butylnitrobenzene using the procedure of Bartlett and co-workers 
(2). 

Three grams of 2,4,6-tri-t-butylaniline was added to 30 ml. of glacial acetic 
acid, 15 gm. of 48y0 hydrobromic acid was then added, the suspension warmed 
until solution was complete and then cooled with stirring to 0'. The slow addi- 
tion of a solution of 1.5 gm. of sodium nitrite in 7.5 ml. of water caused the 
formation of a yellow precipitate. This was added to a solution of 5 gm. of 
cuprous bromide in 30 gm. of 48% hydrobromic acid. After it was left for two 
hours a t  room temperature, the purple reaction mixture was heated on the 
steam cone for 30 min., cooled, water added until the reaction mixture was 
yellow, then concentrated hydrochloric acid until it was clear. The organic 
layer, which was a semisolid mass on the bottom of the flask, was removed, 
washed with water, and placed on a filter paper. A yellow oil was drawn off 
with suction, leaving colorless needles, m.p. 100-176' (wt. 0.370 gm.). After 
two recrystallizations from ethanol the reaction product, in the form of shining 
plates, melted a t  177.5-178' and did not depress the melting point of the 
2,4,6-tri-t-butylbromobenzene prepared by direct bromination. The ultra- 
violet absorption spectra of the two samples were identical. 
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Attempts to react 2,4,6-tri-t-butylbromobenzene with magnesium or sodium 
in absolute ether failed. 

2,5-Di-t-butylbromobenzene was prepared by the addition of bromine to  
5.7 gm. (0.03 moles) of 1,4-di-t-butylbenzene using the same procedure as for 
the direct bromination of 1,3,5-tri-t-butylbenzene. The reaction mixture was 
heated for eight hours on the steam cone and the product was distilled in  vacuo 
to give 1.7 gm. (21% yield) of 2,5-di-t-butylbromobei~zene, a yellow liquid 
(b.p. 150' a t  12-13 mm.). 

d,5-Di-t-butylbenzoic Acid 

An approximately 0.1 molar n-butyllithium solution was prepared by the 
procedure given in Organic Reactions (13). 

2,5-Di-t-butylbromobenzene (1 gm.), 5 ml. of the n-butyllithium solution, 
and 10 ml. of absolute ether were refluxed in an atmosphere of dry nitrogen for 
40 min. Dry carbon dioxide was passed over the surface of the reaction mixture 
for four hours a t  room temperature. Dilute sodium hydroxide was added to  
the reaction mixture, the resulting solution warmed, and the aqueous layer 
filtered. Acidification of the filtrate with hydrochloric acid gave a precipitate 
which, after standing overnight, was collected on a filter paper (0.25 gm., 
about 35% 3~ield). The 2,5-di-t-butylbenzoic acid after repeated recrpstalliza- 
tions from ethanol-water melted a t  128' (lit. (15), 128"). Anal. Neutralization 
equivalent found: 237. Calc. for 2,5-di-t-butylbenzoic acid: 234. 

The Synthesis of 2,,4.,6-Tri-t-butylbenzoic Acid 

2,4,6-Tri-t-butylbrornobei~zene (1.4 gm.), 12 ml. of 0.1 molar n-butyllithiuin 
solution, and 25 ml. of absolute ether were refluxed together for one hour. 
Hydrolysis of a small amount of the reaction mixture with 10yo hydrochloric 
acid gave a white crystalline product, which did not depress the melting point 
of authentic 1,3,5-tri-t-butylbenzene. 

Dry carboil dioxide was passed over the reaction mixture for three hours. 
Sodium hydroxide (loyo) was then added, the resulting solutioll warmed, 
filtered, and the filtrate acidified with llydrochloric acid. The mixture was 
allowed to stand overnight, then filtered (0.5 gm., 40% yield). The 2,4,6-tri-t- 
butylbenzoic acid, which crystallized from petroleum ether in thick white 
needles, melted a t  297'. In a subsequent preparation a GOYo yield was obtained. 
Anal. Found: C,  78.83, 78.75; H ,  10.40, 10.53; N.E., 296, 292. Calc. for 
tributylbenzoic acid: C,  78.57; H ,  10.41; N.E., 290. 

2,4,6-Tri-t-butylbenzoic acid (0.1 gm.) was dissolved in 2.5 ml. of fuming 
sulphuric acid and after several minutes this solutioll was added slowly to 
25 ml. of absolute methanol. &lost of the methanol was removed underreduced 
pressure, 6 ml. of water added, and the remaining methanol removed, leaving a 
white precipitate. Water (100 ml.) was added to the residue and the solid 
methyl ester of 2,4,6-tri-t-butylbenzoic acid was isolated by filtration, washed 
with water, dried, and recrystallized from ethanol, m.p. 96-98' (yield 0.08 gm., 
about 80y0). 
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BETTS AND BARCLAY: TERTIARYBUTYLBENZENES. I11 1753 

When 0.01 gm. of the methyl ester of 2,4,6-tri-t-butylbenzoic acid was 
dissolved in fuming sulphuric acid and the resulting solution added to ice, the 
starting acid was regenerated. 

S,5-Di-t-butylbenzoic Acid 

A 500 ml. three-neck flask was fitted with a dropping funnel, stirrer, and gas 
trap. Aluminum chloride (7.3 gm.) and 10 ml. of carbon disulphide were placed 
in the flask and cooled with ice-salt to -10'. A solution of 15.6 gm. of 1,3,5- 
tri-t-butylbenzene in 8.5 gm. of acetyl chloride was added with stirring over a 
45 min. period. The reaction mixture was then allowed to warm to room tem- 
perature and after two hours it was decomposed by adding it  to water Th., 

2' 
organic layer was separated and the solvent removed by evaporation, .leaving '\,~ 

a semisolid reaction product. This was cooled to - 10' and filtered immediately. !, 

The white solid (0.4 gm.) thus isolated after recrystallization from ethanol 
melted a t  69-72'. A mixed melting point with authentic 1,3,5-tri-t-butylben- 

i 
zene showed this to be the starting material. 

The  filtrate from the filtration of the reaction product was a brown liquid, 
3,s-di-t-butylacetophe~lone (wt. 4.2 gm.). The 2,4-dinitrophenylhydrazone of 
the ketone was prepared and after recrystallization from ethanol the derivative 
melted a t  212-214'. 

One gram of 3,5-di-t-butylacetopheilone was dissolved in 20 ml. of dioxane, 
10 ml. of lOOjo sodium hydroxide added, then iodine - potassium iodide solu- 
tion until the dark color of iodine remained for over five minutes a t  60'. The 
dark color \\;as removed by the addition of a little 1OY0 sodium hydroxide, 
water was then added until no more cloudi~less appeared, and after 15 min. the 
solution was filtered and the filtrate acidified. The  precipitate, which formed 
in the filtrate on stalldillg overnight, was isolated by filtration. After two 
recrystallizations from ethanol-water the 3,s-di-t-butylbenzoic acid melted a t  
173-174'. Carpenter and Easter (6) report 169.5-170.5' as the melting point 
of their 3,s-di-t-butylbenzoic acid prepared by the oxidation of 3,s-di-t- 
butyltoluene. Allal. Found: N.E., 234. Calc. for dibutylbenzoic acid: N.E., 234. 

Measz~rement o j  the Ionization Constants 

The io~lizatio~l constants (Table I) were measured by the  neth hod of Ham- 
molld and Hogle (9) in 50 volume Yo methanol-water solution a t  21' using a 
Becltmail pH meter with calomel and glass electrodes, standardized against 
buffer solutions of pH 4 and 10. About 0.01 meq. of the acid was dissolved in 
10 ml. of 60Y0 methanol and titrated with 0.0095 N methanolic NaOH. In  the 
case of 2,4,6-tri-t-butylbenzoic acid, a saturated solutioll of the acid in joy0 
methanol was used. 
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HEAT O F  HYDROLYSIS O F  URANIUM (IV) IN 
PERCHLORIC ACID SOLUTIONS1 

ABSTRACT 

The heat of hydrolysis of uranium (IV) in perchloric acid solution has been 
measured by a spectrophotometric technique. A value of 10.7f  1 kcal. per mole 
was obtained, in good agreement with a previous value determined by a calori- 
metric method. The entropy of association of uranium (IV) with hydroxyl ion is 
$52 e.u. 

INTRODUCTION 

In  a kinetic study of the oxidation of uranium (IV) by iron (111) (I),  a value 
was required for the heat of hydrolysis of uranium (IV). This quantity, AH, 
is related to the temperature variation of the hydrolysis constant IC for reaction 
[ I ]  according to d(ln K) /dT = AH/RT". 

U4++H?0 S UOH3++H+ 

The hydrolysis constant K is defined by: 

(UOH3+)(H+)/(U4+) = K ,  

where the brackets indicate concentrations in gram-ions per liter. 
A value of 11 kcal./mole has been reported for A H  (2). This result is based 

on the difference between the measured heats of solution of solid uranium 
tetrachloride in 0.5 M perchloric acid and in water. The  accuracy of the value 
obtained by this method depends on the assumptions that :  

(i) UOH3+ is the only species of uranium (IV) in very dilute acid solutions, 
(ii) U4+ is the only uranium species in 0.5 Ad perchloric acid solution, and 

(iii) chloride ion does not form complex ions with uranium (IV). 
However, Kraus and Nelson (3) have shown in a careful study of equilibrium 
[ l ]  a t  25OC. that  none of these assumptions is strictly correct. Further, the pre- 
cision of the value of I 1  kcal./mole depends on a single measurement of the 
heat evolved when uranium tetrachloride is dissolved in water (2). 

In the present work, the value of A H  has been calculated more directly from 
measurement of the hydrolysis constant I< as a function of temperature. The  
method used depends on measurement of the changes in optical density of 
partially hydrolyzed uranium (IV) solutions with temperature, and is based 
on the technique described in Reference (3). The pri~lciple of the method may 
be summarized. 

The  optical density D for a 1-cm. thickness of solution containing U4+ and 
UOH3+ as the only light-absorbing species is 

D = (Ut+)E4+ (UOH3+)E3, [3 I 
where E3 and E4 are the extinction coefficients of UOH3+ and U4+, respectively, 

'Manuscript received Az~gust  4 ,  1955. 
Contribution front the Chemistry and iMetallurgy Division, Atonzic Energy of Canada Limited, 

Chalk River, Ontario. Isszced as A.E.C.L. No. 235. 
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for the wave length used. If the total concentratioil of uranium (IV) is a molar, 
then the hydrolysis constant R is given by: 

K = (H+) (E?-Eobs)/(Eobs-E3), [4 I 
where Eobs = observed extinction coefficient 

= D/a. 
I t  follows from equation [4] that if E 4  and E3 are kno~vn, measuremeilts of 
Eobs and (H+) permit the calculation of K.  Icraus and Nelson (3) have shown 
that their data a t  648 mp (the wave length a t  the maximum of a characteristic 
U4+ absorption peak) are best described by E4 = 60.0 and E3 = 6.1, independ- 
ent of ionic strength. 

The principal assumption made in the applicatioil of this method to the 
present work is that the activity coefficient terms, which are implicit in the 
definition of the hydrolysis constailt by equation [2], are unaffected by changes 
in temperature between 15.2"C. and 247°C. The assumption, although not 
strictly correct, is frequently made in other studies of similar equilibria (see, 
for example, Reference (4)). A second assumption is that the extinction co- 
efficients E3 and E4 are temperature-independent. Further discussion bearing 
on this latter assumption is given below. 

EXPERIMENTAL 

Solutions of UIV of the desired coilcentration and acidity were prepared 
by dilution of weighed portions of a stock solution 0.0787 &I in UIV, 1.010 iM 
in perchloric acid. Other details of the preparation and analysis of the solutions 
are given elsewhere (1). 

Two series of experiments have been made. (i) The first set were carried out 
with 2.44 Ad perchloric acid. At this coilcentration of acid, the hydrolysis of 
U4+ is very largely suppressed (K 0.01 a t  25°C. (3)). Such measurements 
served therefore to fix the value of E4, the extinction coefficient of U"+. (ii) The  
second set of experiments, made with 0.104 M perchloric acid, provided the 
values of Eob, required for the calculation of K as a function of temperature. 

The  optical measurements were made with a Beckman DU spectrophoto- 
meter. The  instrument was adapted to permit coiltrol of the temperature of 
solutioils in the cell compartment to  &0.05"C. in the temperature range used 
here. The  optical density a t  648 mp was read vs. a blank cell coiltaining either 
0.10 M or 2.44 M perchloric acid. The two 1-cm. cells used were matched to 
=tO.lyo trailsmission a t  this wave length. 

The optical density for solutions 2.44 M in perchloric acid showed no tend- 
ency to drift with time. However a slight decrease with time was noted for 
the solutions 0.104 M in perchloric acid, presumably as a result of slow air 
oxidation of UIV which is known to occur more readily in solutions of low 
acidity. For these samples, the readings of optical density vs. time were extra- 
polated back to the time of preparation of the samples. These extrapolated 
values never differed by more than 0.5% from the optical density first recorded. 

RESULTS AND DISCUSSION 

Tables I and I1 give the relevant data  for solutions 2.44 iM and 0.104 M in 
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BETTS: HEAT OF HYDROLYSIS OF UR.4NIUM (IV) 1777 

perchloric acid. The  excellent agreement of our value of 59 .9 f  0.05 for E4 a t  
2Z°C. with the value of 60.0 (3) is to be noted (Table I).  However, the apparent 
dependence of E4 on temperature (-0.2% per degree) shown in Table I is 
unexpected. T o  account for this relatively large change in the optical density 
on the basis of hydrolysis alone, it would be necessary to  assume that  the true 
value of E4 is 63 or 64, and that  K = 0.14 a t  25OC. Such a value of K is 10 to 
15 times higher than one would expect from the careful work of Icraus and 
Nelson. A more reasonable explanation is that I< is indeed of the order of 0.01 
a t  25"C., and that  the extinction coefficient of U4+ is temperature dependent. 
This uncertainty in interpretation fortunately does not appreciably alter the 
value of AH calculated from the experimental results. (See below.) 

T A B L E  I 
EXTINCTION COEFFICIENTS:~ OF U R A N I U ~ I  (IV) 

I N  2.44 ilf PERCHLORIC ACID 

Temp.,  O C .  M UIV (X103) En En (average) 

24.7 8.56 50.0 
24.7 8.57 60.0  50.05 

20.4 8.47 60.4 
20.1 8 .52 60.6 60.5 

15.2 8.51 61.  I t  
15.2 8.49 61.3 61.2  

Ionic slrengtlz = 2.55. 
"For X = 648 7np. 
tThis  sanzple was healed Lo 24.7OC., and gave E4 = 59.9. On 

cooling again lo 15.2OC., E., = 61.5, indicating a reversi6le change. 

T A B L E  I1 

EST~NCTION COEFFICIENTS* OF URANIUM ( I V )  
I N  0.10-i nf PBRCNLORlC ACID 

Temp.,  O C .  ilf UIY ( X  lo3) E01~4 Eohs (average) 

Ionic strength = 0.19 (inclzbding contri6z~tion from U(C104)n). 
*For X = 648 ?np. 

Table I11 gives the values of the hydrolysis constants calculated from the 
experimental results by means of equation 141. Since Eobs >> E3, an error of 
~ 2 0 %  in Es has only a small effect on AH, and the Kraus and Nelson value of 
6.1 (3) has therefore been accepted for this constant. Because of the uncertainty 
regarding possible variatio~ls of E4 with temperature, K has been calculated 
using three sets of values for Ed. The second and third columns of Table I11 
give the values of K based on E4 = 64 and 63 respectively. In  the last column 
are shown values of K deduced on the basis that  E4 is temperature-dependent. 
In this case, the appropriate value of E4 for each temperature is given in 
Table I. The  values of AH listed in Table I11 were calculated from a plot of 
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T A B L E  111 
VALUES FOR THE EQUILIBRIUM CONSTANT AND AH FOR 

HYDROLYSIS O F  URANIUM ( I V )  

Temp. ,  "C. K* K t  K t  

24.7 0.0810 0.0778 0.0680 
20.4 0.0619 0.0591 0.0519 
15.2 0.0450 0.0424 0.0378 

AH, kcal./mo!e = 10.5 10.9 10.6 

Ionic strengllz . = 0.19. 
*Assuming Ed = 64. 
tAssuming E4 = 63. 
SAsszlming E4 is  temperature-dependent. 

log K vs. l /T°K. (Fig. 1). The values of A H  obtained from these three sets of 
values of K are identical within experimental error, i.e., 10.7f 1.0 kcal./mole. 

I / T O  K. I X  lo5) 

FIG. 1. Dependence o f  t h e  hydrolysis constant o n  temperature (Table 111). 

The agreement of this result with that  found earlier (2) is striliing, in view of 
the completely different experimental methods employed; however the almost 
exact coincidence of the two values must be regarded as fortuitous.* 

Table I11 shows that K is about 0.075 a t  24.7OC., the exact value depending 
on the value of Eq assumed. For comparison, the Kraus and Nelson result (3) 
is 0.05 a t  25OC., for ionic strength 0.19. This agreement is as good as can be 

*NOTE ADDED IN PROOF: I n  a paper pt~blished after complelion of present nzanuscript, 
Kraus and lVelson ( J .  A m .  Cl~em. SOC. 77:372?1. 1955) report AH=l1.7 kcal./n7ole for heal of 
I~ydrolysis of z~ranium ( I V )  z12 perchlorale media, i n  agreement wilhvalue obtained i n  present work. 
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BETTS: HEAT OF HYDROLYSIS OF URANIUM (IV) 1779 

expected, since in the present study, uranium (IV) perchlorate contributes 
almost 50% of the total ionic strength a t  p = 0.19, whereas the value of 0.05 
applied to solutions in which sodium perchlorate and perchloric acid were the 
principal electrolytic components. 

The entropy of association of U4+ with a hydroxyl ion can now be estimated. 
For this purpose the hydrolysis constailt a t  zero ionic strength, I<,, must be 
used- 0.21k0.02 a t  25OC. (3). Using the relation AFO = - R T  In I<,, and 
AFO = AH0-TASO, AS0 and AFO a t  25OC. are found to be f 3 3  e.u. and 
f0.92 kcal./mole, respectively. These values refer to reaction [ I ]  above. This 
result may be combined with the dissociation equilibrium of water (4) t o  
derive the thermodynamic constants for the association reaction proper: 

AF", AH", ASo, 
kcal. kcal. e.u. 

The large positive value of AS0 for the association reaction is in qualitative 
agreement with the suggestion of Rabinowitch and Stocltmayer (4), viz., the 
partial neutralization of charge which occurs releases water molecules from the 
hydration shells around the separated ions, and thereby increases the disorder 
(and hence the entropy) of the system as a whole. 
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KINETICS O F  THE OXIDATION O F  URANIUM (IV) BY 
IRON (111) IN AQUEOUS SOLUTIONS OF PERCHLORIC ACID' 

ABSTRACT 

The kinetics of oxidation of uranium (IV) by  iron (111) in aqueous solutions 
of perchloric acid have been investigated a t  four temperatures between 3.1°C. 
and 24.8"C. The reaction was followed by measurement of the amount of ferrous 
ion formed. For the conditions (Il+) = 0.1-1.0 iM, ionic strength = 1.02, 
(FelII) = 10-'-10-5 hf, and (UIV) = lO-'-lO-6 ill, the observed rate law is 
d(FeZ+)/dt = -2d(UIV) /dt 

- 
K1 and Kn are the first hydrolysis constants for Fe3+ and U4+, respectively, and 
K'and K" are pseudo rate constants. At 24.8"C., K' = 2.98 sec.-I, and K" = 10.6 
mole liter-' sec-'. The corresponding temperature coefficients are AH' = 22.5 
kcal./mole and AH" = 24.2 kcal./mole. The kinetics of the process are consistent 
with a mechanism which involves, as a rate-controlling step, electron transfer 
between hydrolyzed ions. 

INTRODUCTION 

Oxidation-reduction reactions between cations in aqueous solution have 
been thought until recently t o  proceed very rapidly, and the term "instan- 
taneous" has frequently been used to characterize their rates. However recent 
studies with radioactive tracers have shown that even such elementary reac- 
tions as electron transfer between iron (11) and iron (I 11), or between Ce (I 11) 
and Ce (IV), do not proceed instantaneously (18, 8). Such results have 
reawakened interest in the whole subject of both isotopic and ilo~lisotopic 
electron transfer reactioils between cations in solution. Some kinetic infor- 
mation is now available relating to the reactioils between the nonisotopic pairs 
Sn (11) - Fe (111) (5), T1 (111) - Fe (11) (2), and Np (IV) - Fe (111) (10). 
Several review articles have recently appeared in which the current status 
of theory and experiment have been summarized for both isotopic and non- 
isotopic clcctron transfer reactioils (1, 14, 19). The proceedings of a symposium 
held in 1954 on this subject have also been published (12). 

As a further example of this type of reaction, the present paper describes 
experiments relating to the kinetics of the oxidatioil of uranium (IV) by iron 
(111) in aqueous acidic media. Perchloric acid and sodium perchlorate were 
chosen as the principal electrolytes, since amongst the common inorganic 
anions, perchlorate has the least tendency to form ion-pairs with cations. T o  
bring the rate of reaction into a range suitable for study, i t  has been necessary 
to work with solutions to 10-5 M in uranium (IV) and iron (111). 

The  course of the reaction has been followecl by measurement of the rate of 
formatioil of iron (11). Such measurements, in conju~lction with a knowledge 
of the stoichiometry of the reaction, were sufficient to enable a kinetic analysis 
of the results to be made. I t  would have been useful, as confirmatory evidence, 

lMa?zz~script received August 4, 1955. 
Contribution froin the Chenlistry and ~Melallzcrgy Di-Jisiotz of Atol~~ic  Energy of Canada, 

Limited, Chalk River, Ontario. Issued as A.E.C.L. No. 256. 
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BETTS: KINETICS OF OXIDATION OF UR:\NIUM (IV) 1781 

to measure also the rate of disappearance of uranium (IV). However no 
method could be devised which was specific for uranium (IV) a t  the low con- 
centrations involved. 

EXPERIMENTAL 

A .  Reagents 
Doubly distilled water was used in the preparation of all reagents and in all 

experiments in the present investigation. 
Uranyl perchlorate was prepared by dissolvirlg reagent grade uranium 

trioxide in an excess of standard perchloric acid. An aqueous solution of 
uranium (IV) perchlorate was prepared from this solution by electrolytic 
reduction of the uranium a t  a mercury cathode in a two compartment cell. 
The uranium (IV) content was determined by titration with standard potas- 
sium permanganate. 

Sodium perchlorate, which was used to adjust the ionic strength of solutions 
as required, was prepared from reagent grade stock by two recrystallizations 
from water. 

A stock solution of iron (111) perchlorate was prepared by methods described 
previously (4). Solutions of iron (11) perchlorate, which were required for 
sta~ldardizatio~l of the analytical procedures used in the kinetic experiments, 
were made by dissolving iron (11) ammonium sulphate in 1.0 M perchloric 
acid, and were standardized against potassium permanganate. 

All other chemicals used were reagent grade, and were not further purified. 

B.  Procedure 
Unless indicated otherwise, all experiments were made with solutions of 

ionic strength 1.02. 
The  kinetic experiments were carried out in glass-stoppered flasks which 

were suspended in a water bath a t  the desired temperature. All of the reagents 
except uranium (IV) were added to the flask, after which the required amount 
of this reactant was added carefully by micropipette. The reaction was started 
by inverting the flask, and mixing thoroughly the added uranium (IV) with 
the rest of the solution. 

'I'he course of the reaction was followed by measurement of the amount of 
iron (11) formed as a function of time. For this purpose, 4 to 5 ml. samples 
were withdrawn a t  measured times, and run rapidly into a mixture which 
stopped the reaction, and which also served as a means for analysis of ferrous 
ion formed (see below). Generally eight samples were taken during each 
experiment, together with two more when the reaction had gone to completion. 
The purpose of the last two samples was to give an i~ ldepe~lde~l t  measure of the 
initial conce~ltratio~l of either uranium (IV) or iron (111), depending on which 
of these two was in excess initially. In most of the experiments, iron (111) was 
in large excess over uranium (IV), and hence the final measurement of ferrous 
ion formed was used as a measure of the initial concentration of uranium (IV) 
ion. Confirmatory evidence regarding the validity of this procedure is given 
later. 

The  quenching mixture referred to above consisted of 5 ml. of an aqueous 
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solution of o-phenanthroline; it contained also an equimolar mixture of 
ammonium fluoride and ammonium acetate in sufficierlt quantity to  raise the 
pH of the final reaction mixture to  4.0. At  this pH, o-phenanthroline reacts 
immediately with ferrous ion to  form the highly colored complex Fe (0-phen) 3++. 

The concentration of this complex was determined by measurement of the 
optical density a t  511 mp of portioils of tlie quenched mixture with a Beckman 
D U  spectrophotometer. The  exact dilutioil of the reacting mixture by the 
quenching solution was calculated from the weight of the latter before and 
after addition of tlle sample for analysis. 

Tlle analytical scheme was calibrated by addition of known amounts of iron 
(11) perchlorate to solutions similar to those used in the kinetic studies. A 
small blank was observed which depended on the total amount of iron (111) 
present. This was taken into account as required. The presence of either 
uranium (IV) or uranium (VI) had no measurable effect on the analysis. 
Separate experiments showed that  the quenching agent did not induce the 
oxidation of uranium (IV) by iron (111); it was also shown that ferrous ion 
has no tendency to form in quenched solutions containing both uranium (IV) 
and iron (I I I). 

The detailed mechanism of the quenching action of this mixture is not com- 
pletely understood. However, the omission of ammonium fluoride from the 
mixture completely destroys the quenching action; it is probable therefore 
tha t  the reaction is stopped by fluoride ion complexing of the reactants a t  
pH 4.0. 

C. Experimental Reszdts 
(i) Stoichiometry of the Reaction 
Table I presents the data for seven experiments relating to the stoichiometry 

of the reaction. The  initial concentrations of reactants in each experiment were 
calculated from the amounts of standardized stocl~~solutions used. In column 
four is given the final concentrations of iron (11) found when the reaction had 
gone to  completion. Each value in this column is based on a t  least two con- 

TABLE I 
STOICHIO~TETRY OF THE REACTION 

KUII (UrY)o, (Ferrr)o, Fez+, IM X lo5 
NO. M x 105 IM x 105 Found Calc. 

cordant analyses which were made on samples taken several hours apart. 
Values of iron (11) concentrations given in coluinil five are those calculated 
according to 

2Fe11'+U'V = 2Fe1'+UV1. 111 

The slight differences between the corresponding values in columns four and 
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BETTS: KINETICS OF OXIDATION OF URANIUM (IV) 1783 

five of Table I are not greater than the combined probable errors involved; 
it is concluded therefore that Equation [ I ]  represents the stoichiometry of the 
reaction. 

(ii) Kinetic Order of the Reaction 
Experiments which were made to deduce the kinetic order of the reaction are 

summarized in Table 11. These experiments were carried out a t  a perchloric 
acid concentration of 1.021 M, a t  24.8'C. The second order rate coilstant 
ko shown in the last column of Table I1 is defined by Equation [ 2 ] :  

The constant ko was calculated from the results in the following way. If (UIV)o 
and (Fe l l l )o  represent the total concentrations of these species a t  time zero, 

TIME IN  SECONDS 

160 320 480 640 800 960 1120 1280 
I 1 I 

1.001 I I I I I I 
40 60 80 100 I20 140 

lao 
20 

TIME IN SECONDS 160 180 

FIG. 1. Plot illustrating second order behavior of t he  reaction. 

and i f  (FeI1)t is the concentration'~f iron (11) measured a t  time t ,  then the 
corresponding concentrations of reactants are given by: 

Substitution of Equations [3] and [4] into [2] and integration in terms of 
(Fe I I) leads to 

2.303 ( W I G B ,  
kot = 

(Fe1")0 - 2 (U Iv)0 log (UIV) [51 

I where B is an integration constant related to the (arbitrary) initial concen- 
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trations of uranium (IV) and iron (111). Equation [5] implies that  a plot of 
log (FeIII)/(UIV) vs. t should give a straight line if the reaction is of first 
order in both iron (111) and uranium (IV). Fig. 1 shows such plots for the 
data of Runs 1, 2, and 9 of Table 11. In these cases, and for all experiments in 
this study, such plots gave good straight lines up to a t  least 80% completion 
of the reaction. Table I1 shows also that the value of ko deduced from the slope 
of these plots is unaffected by a 30-fold variation in (UIV)o, and a 40-fold 
variation in (Fe ' I I) 0. We conclude therefore that a t  constant hydrogen-ion 
concentration, the reaction is first order with respect to both uranium (IV) 
and iron ( I l l ) .  

TABLE I1  
VALUES O F  SECOND ORDER RATE CONSTANT AT 24.g°C. 

(HClOr) = 1.021 M ;  p = 1.02 
- 

Run (Fe1I1)0, (UIV)o, ko 
No. M X lo5 M X lo5 (mole-' liter1 see.-') 

Fig. 1 also gives some idea of the reproducibility of the kinetic experiments. 
Evideiltly the slope of the log (Fe1I1)/ (UIV) vs. t plot can be reproduced to 
~ 2 % .  However the derived rate constant is not known with this precision, 
since it also depends on the difference (Fe111)o-2(U1V)o. Judging from the 
spread of results in Table 11, an over-all uncertainty of &4-5% is associated 
with the rate constants obtained in this work. 

(iii) Dependence of the Rate on Hydrogen-ion Concentration 

Table 111 summarizes the results for experiments a t  varying concentrations 
of hydrogen ion, for each of four temperatures. The ionic strength of each 
solution was maintained a t  1.02 by addition of sodium perchlorate as required. 
For each run a good straight line was observed when log (FelI1)/(UIV) was 
plotted vs. t .  From the slope of such plots, the corresponding second order rate 
constants shown in Table 111 were calculated. 

TABLE 111 
VALUES OF SECOND ORDER RATE CONSTANT ko AS A FUNCTION OF 

AClDITY AND TEMPERATURE 

HCIOI, 1l.I 
Temp., 

"C. 1.021 0.821 0.6167 0.4125 0.2083 0.1045 

24.8 12.3* 19.2 30.7 64.7 233 - 
16.8 4.16 6.57 10.4 21.8 74 304 
7.8 1.17 1.81 2.92 6.15 22.4 80 
3 .1  0.54 0.82 1.36 3.01 10.3 33.6 

*Average of 10 valz~es listed in Table XI. 
T h e  units of ko are ~~zole-'. liter+'. sec-'. 
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BBTTS: KINETICS OF OXIDATION OF URANIUM (IV) 1785 

The apparent order of the reaction with respect to hydrogen ion a t  each 
temperature has been calculated from these results by using the following 
empirical rate expression : 

Rate = 2kf[H+]" [UrV][Fe1I1]. 161 

In Equation [6], kl[H+]" is to  be identified with ko for each experiment. The  
value of n can therefore be deduced from a plot of log [H+] vs. log ko for each 
temperature. These plots are show11 in Fig. 2, from which it was found that  n 

-0.4 
I I I I I I 
0.0 -0.2 -0.&G(H+50.6 -0.8 -1.0 

FIG. 2. Variation of the observed rate constant ko  with temperature and acidity. 

has a value of - 1.81~!~0.02, independent of temperature. This result implies 
that the rate of oxidation of uranium (IV)  by iron (111) is dependeilt on very 
nearly the inverse second power of the hydrogen-ion co~lcentration. 

( i v )  Effect of Ionic Strength on the Reaction 
A few experiments were made to determine the effect of an inert electrolyte 

(sodium perchlorate) on the rate of the reaction. The results of these experi- 
ments are summarized in Table IV. Evidently, the rate of the reaction increases 
slowly with ionic strength in the region p = 0.4 to  C( = 1.02. 
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TABLE IV 

NaClO4, ka 
M P (mole-' liter+' set.-I) 

-- 

DISCUSSION 

Stoichiometry and Kinetic Order of the Reaction 
The kinetic order of the reaction a t  constant acidity and the stoichiometry 

of the process are most simply accounted for by the following scheme: 

UIV+Fe1I1 % UV+Fe", slow and rate-controlling, [7] 
UV+FelI1 + UV1+FelI, fast. [g I 

UV represents an undetermined form of pentavalent uranium (11). These 
equations have not been balanced with respect to hydrogen ion, nor are the 
ionic configurations of the reactants specified. These aspects are discussed 
further below. Assuming that d(Uv)/dt = 0, this scheme leads directly to the 
observed rate expression (Equation [2] above). The  factor 2 in Equation [2] 
arises from the fact that  for every Fe(I1) formed in Reaction 171, a second 
Fe(I1) is formed by Reaction [8].* 

The absence of terms like (U1V)2 or (Fe111)2 in the empirical rate expression 
rules out any significant contribution from dimeric ions, e.g., (FeOHFe)+5; 
this ion is known to be present a t  very low concentration in aqueous solutions 
of ferric salts (9, 15). 

Effect of Hydrogen-ion Concentration 
The appearance of the nonintegral order [H+]-1.81 in the rate expressioil 

suggests that  a t  least two paths involving hydrolyzed ions contribute to the 
slow stage of the reaction. The  slight departure of this exponent from -2.00 
points to  the principal path as one involving two hydroxyl groups, with some 
minor participation from reactions involving only one hydroxyl group. 

The  principal hydrolyzed species present in solution are FeOH2+ and UOH3+ 
(15, 17, 13), which exist in equilibrium with the parent fully hydrated ions 
according to: 

The doubly hydrolyzed ion Fe(OH)2+ is also present a t  very low concentration 
(8, 9, 16, 17): 

*A rapid disappearance of UV by disproportio?ration according to: 2 Uv -+ UV1 + UIV would 
also satisfy the observed stoiclziometry and kinetic order. T h i s  reaction i s  known to be rapid in 
solutions of high acidity (11). However the low concentration of UV makes i t  ultlikely that this 
nzeclmnism would compete favorably with Reaction [8] above. 
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BETTS: KINETICS OF OXIDATION OF URANIUM (IV) 1787 

Although there is no quantitative information available, it is reasonable to 
assume, by analogy with the chemistry of iron (111), that the ion U(OH)2++ 
also is present a t  very low concentration: 

K4 
I U4++2H20 U(OH)2+++2H+. [I21 
I 

The rate-controlling step (Equation [7] above) may therefore consist of the 
following competitive reactions: 

UOH 3++ FeOH2+ % Fez++ UV, [I51 

Fe(OH)2++U4+ 3 Fe2++UV, [I61 

U(OH)2+++Fe3+ $ Fe2++UV. ~ 7 1  

Reactions [13] and [14] involve one hydroxyl group and are of course ltinetically 
indistinguishable. The remaining reactions, which involve two hydroxyl 
groups, are also kinetically equivalent. These two groups of processes are 
referred to below as the 1-OH and the 2-OH processes, respectively.* 

I The following rate expression is derived on the basis of these postulated 
I reactions : 

Equation [IS] is based on the assumption that the concentrations of the 
species U(OH)2++ and Fe(OH)2+ are negligible in comparison to the total 
concentration of uranium (IV) and iron (111). In this equation: 

Equation [IS] describes the variation of the observed rate constant ko with 
acidity (Table 111) provided : 

If the denominator on the right-hand side of Equation [23.] is represented by 
D, then 

koD = K' [H+]+Kr'. [22I 

The left-hand side of Equation [22] can be calculated from the results in Table 
111 together with a ltnowledge of the hydrolysis constants IT1 and I<z .  The 
appropriate values of K1 and K2 for each temperature were calculated from 

* I n  reactions [ I S ]  to [I71 the products have been written as Fez+ and Uv; i f ,  as i s  probable, uraniz~nz 
( V )  exists i n  solufiion a s  UOz+, one or ?nore rapid hydrolyses m a y  take place following electron 
transfer between the reactant ions indicated in the L.H.S. of these equations. It i s  not possible to 
specify the exact seqz~ence of these hydrolytic reactions, nor for the present purpose, i s  it necessary. 
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data in the literature (17, 15, 3 ,  6, 13), and are given in Table V. A test of 
Equation [22] can therefore be made, since a plot of koD vs. [H+] should give a 
straight line, with a finite intercept. Fig. 3 shows the data from the present 

FIG. 3. Applicatio~l of Equatioil [22] to  the experimental results. 

work treated in this manner. Within experimental error, Equation [22] 
describes the results a t  each temperature, and lends support to the suggestion 
that a duality of mechanism is involved in the rate-controlling step of the 
process. 

TABLE V 

Temp., K I ,  K?, 
"C. mole liter-' (X103) mole liter-' (X103) 

*Valzie at 25.0°C. fro111 Rcf. (15), for p = 1.02. 
t Valz~e  a f  25.'OC. from Ref. ( I S ) ,  for p = 1.02. 
Values at other trmperatzrres calculatrd from 

AH1 = 12.3 kcal./nzole (17) 
and AH? = 10.6 kcal.)?~~ole (3)' 

according to d 111 K / d t  = A H / R T 2 .  
K I  a ~ t d  Kp are dejined by  Eqziatio~zs [9] and [lo] in the text. 

Values of the constants K' and K" a t  each temperature can be obtained 
from the slopes and intercepts, respectively, of the lines in Fig. 3. These values 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BETTS: KINETICS OF OXIDATION OF URANIUM (IV)  1780 

are given in Table VI. The variation of these pseudo rate constants with tem- 
perature is shown in Fig. 4, in which are plotted log K' or log I<" vs. l /TaK.  

FIG. 4. Variation of the pseudo rate constants K' and K" with temperature. 

From the slopes of these lines, values of the corresponding temperature co- 
efficients AH' and AH" were found to be 22.5 and 24.5 kcal./mole, respectively. 
These AH terms may be thought of as the apparent energies of activation for 
the 1-OH and 2-OH processes. 

TABLE VI 

K' apzd K" are dejipzed by Eqz~a t ions  [19] and [20] t n  tlze text.  

The relative contributions of the 1-OH and 2-OH processes call be assessed 
from the values of I<' and K". For example, a t  24.gaC., in 1.021 M perchloric 
acid, the mechanisms involving two hydroxyl groups malie up 78% of the total 
reaction. 

The positive identification of the constants K' and K" with the rate constants 
for the individual processes shown in Equations [13] to [17] cannot of course 
be made with any certainty. This is evident from Equations [19] and [20] which 
define I<' and I<". However, two points emerge from a more detailed examina- 
tion of the results. 
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(i) A possible assumption would be that since Fe(OH)2+ and U(OH)2++ 
are present in very low concentration, they contribute nothing to the reaction, 
i.e., k4 and kg = 0. The apparent energy of activation AH" for the 2-OH 
process would then be: 

AH" = 24.2 Itcal. = E3+ AHl+ AH?, [231 

where AH1 = heat of hydrolysis of iron (111), 
AI I2  = heat of hydrolysis of uranium (IV), 

and E3 = true energy of activation for the electron transfer reaction be- 
tween UOH3+ and FeOH2+ (Reaction [15] above). 
Since A H 1  = +12.3 kcal./mole (17) and A H 2  = +10.6 Itcal./mole (3, 6), 
then E3 could not be more than 1 or 2 Itcal./mole. This is an extraordinarily low 
value for the activation energy of an electron transfer reaction between cations 
in solution (19). I t  is suggested therefore that the main contribution to the 
2-OH process is not that indicated by Reaction [Is], and that Reactions [16] 
and [17], involving Fe (OH)2+ and U (OH) 2++, are the principal contributors 
to the 2-OH process. 

This admittedly qualitative method of distinguishing between kinetically 
I equivalent paths cannot be extended to the other 2-OH processes, since we have 

insufficieilt ltnowledge of the thermodynamics of formation of either U(OH)z++ 
I or Fe(0H) 2+. 

(ii) We finally coilsider the relation between K' and the individual rate 
constailts k1 and kz for the 1-013 processes. The maximum values of these rate 
coilstants can be calculated from the experimeiltal results in the following way: 

(a)  If k ?  = 0, the whole of the 1-OH contributioll is carried by Reaction 
[13] : 

UOH3++Fe3+ % , and k~(,,,, = Kf/Ko. 

( b )  Similarly, if kl = 0, then kz(mnx) = K1/K1. 
Table VII gives the maximum values for kl and k2 derived in this way, together 
with the corresponding energy and entropy of activation terms (E,,, and AS', 
respectively). The EaCt terms in Table VII were calculated from the value of 
A H '  and either A131 or AH?, in a manner similar to that shown in Equ a t' ion 
[23]. Values of AS$ were calculated from the data in columlls two aud three 
of Table VII by reaction rate theory (7). 

TABLE VII 
MAXIMUM VALUES OF RATE COSSTANTS kI AND k~ AT 2j°C. 

Condition Rate constant, Eact, AS:, 
assumed mole+' liter-' sec.-l Itcal./rnole e.u./mole 
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Perhaps the most significant feature of the results in Table VII is that 
for either process is -10 to 12 kcal./mole. Most of the simple cationic electroil 
transfer reactioils which have been examined in any detail yield values be- 
tween 8 and 11 kcal./mole for this factor (19). 

CONCLUSION 

The principal conclusion of the present work is that the rate of reaction 
between iron (111) and uranium (IV) is controlled by the concentration of 
hydrolyzed forms of the reactants. Two independent paths appear to be pre- 
sent, the predominant one involving two hydroxyl groups. The experimental 
evidence suggests, but does not prove, that the reactioils Fe(OH),++U4+ + 
and Fe3++U(OH)22+.+ predominate over the kinetically equivalent 2-OH 
path involving FeOH2+ and UOH3+. The energy of activation for the 1-OH 
path is in qualitative agreement with other data for similar systems, and in 
this respect the result is unexceptionable. 

The marked reactivity of hydrolyzed species in this system has also been 
observed in the other studies already cited. For example, the oxidation of 
neptunium (IV) by iron (111) requires the participation by three hydroxyI 
groups (10). Also, the conclusions we have reached regarding the presence of 
two concurrent paths for reaction find a counterpart in several other systems. 
Thus, the isotopic electron transfer reaction between iron (11) and iron (111) 
proceeds in perchlorate media via the pairs Fe2+-Fe3+ and Fe2+-FeOH2+; the 
rate constant for the reaction involving FeOH2+isabout 1000-fold greater than 
that  for the reaction between the fulIy hydrated ions (18). 
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THE VIBRATIONAL SPECTRA OF CHZ=CHCl AND CH2=CDCl' 

ABSTRACT 

The infrared and Raman spectra of CHFCDCI and the Rarnan spectrum of 
CHFCHCI have been obtained and depolarization ratios of the Raman bands 
have been measured. The spectra of the two molecules have been correlated. 

While the vibrational assignment of vinyl chloride has been satisfactorily 
made with the aid of the observed envelopes of the infrared absorption bands 
(8), the vibrational spectrum of CH%=CDCl has not previously been exa- 
mined. Since a sample of the latter compound was available in this laboratory, 
its vibratioilal spectrum was examined and correlated with that of vinyl 
chloride. Furthermore, since previous Raman studies (6) did not include 
depolarization measurements, the Raman spectrum of viilyl chloride was 
obtained and depolarization ratios measured. 

EXPERIMENTAL 

Samples of both compounds were provided by Mr. J. Francis and Dr. L. C. 
Leitch. A commercial sample (Matheson Co.) of vinyl chloride was distilled. 
The preparation of the deuterium substituted compound will be described (3). 
This sample coiltained a small amount of vinyl chloride which was detected 
spectroscopically. 

The spectra were obtained with a Per1;in-Elmer Model 112 double pass 
infrared spectrometer and a White, grating Raman spectrometer with photo- 
electric recording (9), using 4358 Hg as exciting line. The infrared spectrum of 
CH?=CDCI in the vapor phase was measured using LiF, CaF2, NaCl, and 
CsBr optics and the Raman spectra of both compouilds in the liquid phase 
were obtained a t  - 100"C.~k5~C. A low temperature cell, in which the sample 
tube was cooled by a controlled stream of air passed through liquid nitrogen, 
was used. The cooled central part of the cell was surrouilded by an evacuated 
jacket which in turn was surrounded by an outer jacket containing saturated 
aqueous sodium nitrite solution. The filter and the low temperature inhibited 
polymerization of the samples. Depolarization measurements were made by 
wrapping polaroid film around the entire cell, first with its axis parallel to the 
length of the sample tube and then a t  right angles (2). The observed ratios 
were corrected for convergence (7). 

The Raman and infrared data for the two molecules are collected in Tables 
I and 11. The Raman spectra are reproduced in Fig. 1, and Fig. 2 illustrates 
the infrared spectrum of CHFCDCI. 

'1Manuscript received Septenzber 6 ,  1956. 
Contribz~tion from the Division of Pz~re Chemistry, iVational Research Cozrncil, Ottawa, Canada. 

Issz~ed as N.R. C. No. 3761. 
ZNational Research Coz~ncil Postdoctorate Research Fellow 1953-1955. 
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EVANS AND BERNSTEIN: VIBRATIONAL SPECTRA 

T A B L E  I 
RAMAN SPECTRUM OF CH-CHCI ( L I Q U I D )  

Approximate 
Assignment description cm.-' Peorr. 

- \  , 
V I  v,, (CHz) ; a' 3112 0.75 
v 2  v ( C H )  ; a' 3079 0.46 
v3 

vj+vG+v, = 3033 ( A ' )  
v,+v, = 2966 ( A ' )  

v4 
v l l + v 1 2  = 1523 ( A ' )  

v5 

YG 

2v1: = 1246 ( A ' )  
v7 

CH2 def . ;  a' 
CH rock. ; a' 

CHI? rock. : a' 

3027 * 
3014 sh. \ 

\ -  - ,, . - . - 

Y I Z  Torsion; a" 623 
8 (C=C-Cl) ; a' 396 

DP 
vg  0.52 
vlo, at  942.5 cm.-I in the  infrared, was not observed. 

T A B L E  I1 

T H E  I N F R A R E D  ASD RAMAN SPECTRA OF CH-CDCI 

Infrared spectrum Raman spectrum 
(vapor phase) (liquid phase) 

Corrected 
depolarization 

cnl.-' T y p e  rlssignment cm.-I ratio 

3535 i 3186+385 = 3571 ( A ' )  
3430 - 1  a' 3034+385 = 3419 ( A ' )  
3410 

i 2 X 1593 = 3186 ( A ' )  3168 0.24 

VI: vZl8 (CI-12) 3110 0.77 
3111 

: ;  v.: o f  CI-Iz=CI-ICI impurity 3079 -0.55 

v:: va (CH2) 3020 
3024 
2980 ? 2308+714 = 3022 ( A ' )  2985 P 
2464 
2453 1117+1358 = 2476 (A ' )  
2445 
2319 
2308) a' VZ: v (C-D) 2300 0.47 
2299 

1812 
,7981 ar  2 X 900 = 1800 ( A ' )  
1791 

-1730 ? 1358+385 = 1743 ( A ' )  
or 2x866 = 1732 ( A ' )  

2x803 = 1606 ( A ' )  1603 -0.7 
or CHz=CHCl impurity 
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1794 CANADIAN JOURNAL OF CHEMISTRY. VOL. 33 

TABLE I1 (Concluded) 

Infrared spectrum Raman spectrum 
(vapor phase) (liquid phase) 

Corrected 
depolarization 

cm.-I Type Assignment cm.-I ratio 

- ,  
861+697 = 1558 (A') 1530 

1498 
P J  

1487 1 a' 385+1117 = 1502 (A') 1493 P 
1478 J 

1427 sh. 587+861 = 1448 (A") 1437 
1406 2 X 714 = 1428 (A') 
1367 
1358) a' v b :  CH2 def. 1349 0.50 
1347 

C H h C H C l  impurity 
1270 '" t 

2 X 587 = 1174 (A') 
1165 

} a t  v7: CHFCD rocking 
1104 

385+587 = 972 (A") 
CH-CHCI impurity 

a" vlo out-of-plane 905 -0.83 

vg:  CHFCD rocking 86 1 0.63 

W4} a'' v l l  out-of-plane 803 -Dp 

::: a' v s :  v (C-CI) 
702 

587 ] a" v12: torsional 590 DP 

* Fermi resonance; slz. shoz~lder. 

TABLE I11 

TELLER-REDLICH PRODUCT RULE RATIOS 
FOR CH-CHCl AXD CH-CDC[ 

Species a' a'' 

Observed 
ratio 0.518 0.812 

Theoretical 
ratlo 0.516 0.807 
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EVANS AND BERNSTEIN: VIBRATIONAL SPECTRA 1'795 

FIG. 1. Raman spectra of CHZ=CHCI and CHz=CDCI in the liquid state. Temp. -100°C. 
h5"C. Volume of sample 6 ml. Slit widths:-'7.5 between 300 and 1600 cm.-l;-6.5 cm.-' 
in 3000 cm.-' region. The scales are diecrent in the two spectra. In each case the band with 
highest peak is 100. 

FIG. 2. Infrared spectrum of CHz=CDCI in the vapor state. 10 cm. cell a t  20°C. Vapor 
pressures: a, '760 mm.; b, 3'70 mm.; c, 75  mm.; d, 19 mm. Slit widths: 8, 3, 3, 4, 3, 3, and 2 cm.? 
in the regions 3000, 2000, 1600, 1300, 1000, '700, and 400 cm.-l respectively. 
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DISCUSSION 

Both molecules have the same symmetry, Cs, (5) and all twelve modes of 
each should be infrared and Ramail active. The  nine planar modes, species a', 
and the three out-of-plane modes, species a", should give rise to polarized and 
depolarized Ramail bands respectively. 

Little need be said about the Raman spectrum of CH2=CkIC1. The depolari- 
zation ratios confirmed the assignment, based on the observed envelopes of the 
infrared bands of the vapor, which was made by Thompson and Torkington 
(8). The a" mode a t  042.5 cm.-I in the infrared was not observed in the 
Raman spectrum. 

For CH2=CDC1 the bands were readily separated into the a' and a" species 
by means of the depolarization ratios in the Ramail spectrum and the vapor 
band contours in the infrared. The molecule approximates to a symmetric 
rotator* with momeilts of inertia C = 18.7; and A = B = 149X10-.10 gm. 
~ m . ~ .  The a" modes are essentially perpeildicular modes and should give rise 
to infrared bands with strong central pealis. The three bands with such a 
structure correspond to three depolarized Kaman bands. The PR separation 
calculated using Gerhard and Dennison's formula (4) for parallel bands of a 
symmetric rotator with momeilts of inertia of 18.7 and 149.5 is approximately 
20 cm-l. Most of the infrared bands have a triplet structure with two strong 
outer peaks separated by -20 cm.-l, and a very weak central peak. The 
fundamental modes were readily identified. One mode, the a' mode a t  861 
cm.-I in the Kaman, was not observed in the infrared spectrum probably 
because it was obscured by the strong a" band a t  900 cm-I. 

The  agreement between the theoretical and observed product rule ratios 
was satisfactory. The  results are collected in Table 111. 

When a correlation of the fuildamentals of CH2=CHC1 and CHZ=CDCl 
is attempted using the approximate descriptions of the modes given in Table I, 
it is apparent that an unexpected change has occurred. Two bands, that arising 
from the in-plane roclting mode of the CH group (1274 cm.-l) and that arising 
from the in-plane rocking mode of the CH2 group (1026 cm.-I), have shown 
major changes upon deuterium substitution. The explanation for the large 
change ( > ~ ' 2 )  in the former band's position and the anomalous increase in 
frequency of the latter must presumably be loolted for in the coupling, in 
CH2=CDCl, of vibrational modes which, in CH2=CHCl, are well separated, 
thus allowiilg only a small interaction. A closely similar situatioil occurs in the 
corresponding bromo compounds where the following tentative assignment 
was made (1) : 

CH2=CI-IBr CHFCDB~ 
CH2 rocking 1006 1091 
CH, CD rocking 1256 841 

More data are available for the bromo compounds where all the possible 
hydrogen-deuterium homologues of vinyl bromide have been examined (1). 

*Using the dinzensions (5): C-CZ = 1.73A, C=C = 1.33i%, C-H = ~.osA, C-C-CL 
= 122", C-C-H = 120°, the moments of inertia were calczclated to be: 

Id = 18.7, IB = 140.2, IC = 158.9X10-d0 gfn. cmz. 
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I.)VASS A S D  BERNSTEIS:  VIBRATIONAL SPECTRA 1797 

Comparison of the spectra of CDZ=CHBr and CD2=CDBr shows that the 
CD roclting mode lies just below 1000 cm-I. Deuterium substitution a t  the 
CH2 group has only a relatively small effect upon the CH roclcing mode as is 
shown by the band positions in CHZ=CHBr (1256 cm.-') and in CD2=CHBr 
(1239 cm.-I). So i t  is not unreasonable to assume that the CI j2  roclting mode 
will also be relatively unaflected by deuterium substitution a t  the other carboil 
atom. On this basis, both the CH2 rocking and the CD roclting modes in 
CH2=CDBr would be expected near 1000 cm-I. I t  is probable that strong 
coupling of the modes occurs, giving rise to two new vibrational levels a t  
841 cm.-I and 1091 cm-I. These modes cannot therefore be described simply 
as CH2 rocking and CD roclting. 

For the two vinyl chlorides the argument is the same; only the band posi- 
tions dilier. The remaining a' modes in the two molecules may readily be 
correlated in accordance with the approximate descriptioils in Table I.  

One of the a" modes, the torsional mode, is easily identified in both molecules 
but the correlation of the other two out-of-plane modes is uncertain. In  
CH2=CHC1 they are about 40 cm.-I apart while in CH2=CDC1 the separa- 
tion is increased to about 100 cm-I. 
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THE MESOMORPHIC BEHAVIOR OF ANHYDROUS SOAPS 
PART 11. DENSITIES OF ALKALI METAL STEARATES' 

BY D. P. BENTON,~ P. G. H O W E , ~  R. FAKNAND, AND I. E. PUDDINGTON 

ABSTRACT 

The densities of the series of allcali metal stearates and of a number of sodium 
stearates having substit~lents in the hydrocarbon chain have been measured over 
a temperature range of 25-380°C. Discontinuities in the density-temperature 
relationships indicate the transitions between the various mesomorphic fornls in 
which these soaps exist and the results are compared with transition data ob- 
tained by an optical method, described in Part  I of this series. i\/Iesomorphism is 
found to be much less pronounced in the substituted stearates examined than ill 
the normal soaps. 

INTRODUCTION 

In the extensive and varied studies that  have been made of the meson~orphic 
behavior of salts of the long chain fat ty acids, dilatometric measurements have 
been found particularly useful, since many of the thermal tra~lsformations 
between successive phases are accompanied by conspicuous changes in specific 
volume (2, 4, 5, 7, 8). 

This paper presents the results of a study of the density-temperature rela- 
tionships of the series of alkali metal stearates and of a number of sodium 
stearates having substituents in the hydrocarbon chain. The work parallels 
the previously reported transition data, obtained by an optical method, for 
the same soaps (I). T o  facilitate comparison of the data for the different soaps 
and for use in connection with electrical conductivity and viscosity data, to be 
presented in subsequent papers in this series, the density measurements have 
been made 011 an absolute basis. 

EXPERIMENTAL 

The sources of materials and methods of preparation of the soaps used in 
this work were as described previously (I).  J-shaped, weight dilatometers were 
used. A weighed quantity of soap, previously fused under vacuum to remove 
last traces of water and alcohol (I) ,  was introduced to the dilatoineter before 
sealing to the capillary. The apparatus was then evacuated to a pressure not 
exceeding 10-5 mm. Hg, a t  a temperature above the final melting point of the 
soap and, after cooling, mercury was admitted to fill the dilatoineter. A 2 
meter length of 0.5 mm. diam. capillary was sealed to the capillary outlet and 
the dilato~neter was set in an air thermostat so that  the long capillary protruded 
vertically. The thermostat consisted of heavily lagged, hollow dural block 
which was heated electrically and controlled by a well-distributed mercury 
regulator. Calibrated complete immersion thermoineters were used within the 
air bath and temperature control was better than f 0.5OC. over the range 
25-335°C. 

The upper ends of the capillaries were bent over and dipped below the 

llltanuscript received J z ~ l y  25, 1955. 
Contribzition front the Division of Applied Citemistry, Natiozal Research Council, Ottawa, 

Cnnada. Issued as N.R.C. No.  3770. 
2National Researcit Cou?zcil Postdoctorate Fellow, 1953-55. 
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s~irface of mercury in small weighing bottles. The weights of mercury expelled 
from the dilatometers as the temperature was raised were determined a t  
5-10' intervals. Not more than two determinations were made per day, thus 
allowing a time found to ensure attainment of equilibrium values. The use of 
the 2 meter length of capillary gave a total pressure of about four atmospheres 
on a soap sample and appeared to prevent vac~iole formation within the 
sample on cooling (6). Using this device, reproducible values of the weight of 
mercury expelled a t  a given temperature were obtained in every case on passing 
through the cycle of melting to isotropic liquid and cooling to room tempera- 
ture. 

After completion of the above measurements, the capillary was broken a t  
the point of exit from the thermostat and the dilatometer, containing soap 
and mercury, was weighed. The dilatometer was then emptied, cleaned, and 
weighed and finally weighed when completely filled with mercury. The  den- 
sity of a soap a t  temperature T was calculated using the equation 

density of soap a t  temp. T = W , / [ W O / ~ ~  - (bV,,,- WT)lpT] 

where bV, = weight of soap, Wo = weight of mercury required to  fill dilato- 
meter a t  temperature t ,  W.&, = weight of mercury in dilatometer with soap 
a t  temperature t ,  WT = weight of mercury expelled a t  temperature T (WT=O 
when t = T), pi and pT = densities of mercury a t  t and T. The assumptions 
thus made are that  the expansion of the glass dilatometer and the expansion 
of the small quantity of mercury in the capillary outside the thermostat are 
negligible. 

In order to check the accuracy of the absolute density values, some subsi- 
diary measurements were made in the higher temperature regions, by means of 
a different experimental method. A sinall glass bulb, of approximately 0.25 ml. 
capacity, was formed a t  the end of a uniform, calibrated 2 mm. capillary and 
the bulb calibrated. This container was balted out a t  3S0°C. under vacuum, 
let down under dry nitrogen, and the required amount of soap weighed in. 
The apparatus was evacuated, the soap melted, and dry nitrogen introduced 
into the tube above the soap. An amount of soap was used so that ,  a t  about the 
melting point, the meniscus lay somewhere near the center of the capillary. 
The  apparat~is  was mounted in a dural bloclt furnace, fitted with a glass covered 
viewing slot. The slot was illuminated a t  one side and readings of the height 
of the meniscus made with a telescopic cathetometer thi-ough the other, after 
equilibration a t  various temperatures. An etched ring on the capillary tube, 
used for the volume calibration, was used as a reference point for readings. 
i\/Ieasuren~ents below the final melting points of the soaps could oilly be made 
in some cases where the soap-glass adhesion was sufficiently low. However, 
this method provided a checli on the values obtained a t  the highest teinpera- 
tures with the mercury dilatometers and allowed observations to be extended 
to  about 3S0°C. 

RESULTS AND DlSCUSSlON 

Results for the series of alkali metal stearates are shown graphically in Fig.1. 
The curve for lithium stearate shows only three transitions, a t  22g0, 176", and 
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D E N S I T Y  GM./ CC. 

FIG. 1. Densities of alkali metal stearates. 1. Lithium stearate. 2. Sodium stearate. 
3. Potassium stearate. 4. Rubidium stearate. 5. Cesium stearate. 

115°C. This is similar to the behavior of lithium palmitate (8), which exhibits 
transitions a t  223", 190°, and 103°C. Supercooling occurred a t  the final melting 
point, cf. Part I (1). 

The density-temperature curves for the four other alltali metal stearates 
may each be divided into three major portions, viz., the linear region A, the 
second linear region B, and the remaining region C. 

(1) The linear region A. These regions contain the neat phase and iso- 
tropic liquid in each case. The temperatures a t  the terminations of regions A 
agree closely with the subneat-neat transition temperatures for the four soaps, 
determined by the optical method (1). The final melting points of these four 
soaps are not manifested by sufficiently substantial discontinuities in the 
density-temperature relatioilships to produce noticeable deviations from 
linearity in the graphs. 

(2) The linear region 13. The next break in the curve for sodium stearate 
occurs a t  190-200°C. This is doubtless a manifestation of the trailsitioll which 
caused a major discontinuity in the light trallsmission - temperature curve 
for this soap a t  188°C. (1) aild ascribed to the change from the subneat to the 
superwaxy phase. The correspollding terminations of the linear regions in 
potassium, rubidium, and cesium stearates occur a t  160-165"C., 160°C., and 
about 170°C. respectively. I t  is noteworthy that these are close to the tem- 
peratures a t  which these soaps were found to become opaque (1). I t  is sug- 
gested that these changes indicate transitioils in potassium, rubidium, and 
cesium stearates corresponding to the subneat-superwaxy transition in sodium 
stearate. 

The regions B would thus represent the subneat phases of this series of soaps. 
We may note that the optical studies (1) indicated minor transitions within 
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the subneat phases a t  220°, 242", and 222°C. for sodium, potassium, and 
rubidium stearates respectively. However, it would appear from dilatometric 
measurements that no radical changes in molecular packing occur within this 
region. 

(3) The region C. The curve, in region C,  for sodium stearate is seen to 
show an irregularity a t  about 165"C., corresponding to the discontinuity 
found by light transmission (1) a t  this temperature. At 132OC., the tempera- 
ture ascribed to  the trailsition waxy-subwaxy soap (7), a large density change 
commences and proceeds in an apparently continuous manner to  that of the 
room temperature crystalline soap. The contilluous nature of the density- 
temperature relationship for sodium stearate in this range, 25-132"C., has 
been observed previously (2, 6) in spite of very considerable precautions to  
ensure attainment of equilibrium values, although it  has been shown by 
differential thermal analysis (7) that  a t  least two thermal transitions, a t  ap- 
proximately 90" and 117"C., do in fact occur. 

The curves in region C for potassium, rubidium, and cesium stearates are 
seen to  be basically of similar form to that for sodium stearate. However, by 
consideration of the property of density alone, a choice of possible interpreta- 
tion into corresponding phases is afforded. The lowest temperature regions a t  
25-70°C., 25-75"C., and 25-70°C., in the curves for potassium, rubidium, and 
cesium stearates respectively, may correspond to the 25-132°C. region for 
sodium stearate. In this case the discontinuities a t  90°, 130°, and 100°C. pre- 
sumably would correspond to  that a t  165°C. in sodium stearate. On the other 
hand, the regions 25-90°, 25-130°, and 25-100°C. in potassium, rubidium, and 
cesium stearates may correspond, as a whole, to  the 25-132°C. region in sodium 
stearate. If this is the case, then discontinuities within these regions might 
correspond to the transitions in sodium stearate that become apparent by 
reason of their heats of transition. 

Consideration of the behavior of the soaps in dispersion in oil is of interest 
in this connection. The  transition a t  117°C. in sodium stearate is close to  the 
temperature a t  which an unsheared dispersion in oil, of this soap, precipitates 
soap on cooling from a higher temperature or, conversely, close to the swelling 
temperature of the soap in oil (3). Loosening of the interactions in the hydro- 
carbon tail-tail planes of the soap lattice is believed to  be involved a t  this 
temperature. Although observation of the like phenomenon with potassium, 
rubidium, and cesium stearates is rendered more difficult, by virtue of the 
greater difficulty of their initial dispersion by application of heat alone, com- 
parable precipitation of these soaps appears to occur a t  about 70°C. This 
observatioil would appear to  favor the second of the alternative interpretations 
postulated above. However, X-ray studies in the temperature ranges in ques- 
tion may be desirable before a choice is made between the two interpretations. 

T o  supplement the graphical presentation of the density data, the numerical 
values within some of the phase ranges are given in Table I.  This table also 
shows the density values for the isotropic liquids determined by the supple- 
mentary experimental method. Agreement between results obtained by the  
two methods is within 0-2%. 
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The molecular volumes of the series of alkali metal stearates, as functions of 
temperature, are shown graphically in Fig. 2. I t  is seen tha t  the magnitudes of 

0 1 I I I I I I 1 
2 8 0  3 0 0  3 2 0  3 4 0  3 6 0  3 8 0  4 0 0  4 2 0  4 4 0  

M O L A R  V O L U M E  C C .  

FIG. 2. Molecular volumes of alkali metal stearates. 1. Lithium stearate. 2. Sodium stear- 
ate. 3. Potassium stearate. 4. Rubidium stearate. 5.  Cesium stearate. 

D E N S I T Y  G M . I C C .  

FIG. 3. Densities of substituted sodium stearates. 1. Sodium 12-hydroxystearate. 2. So. 
dium 10-methyl stearate. 3. Sodium 9-keto 10-methyl stearate. 4. Sodium 9(10)-phenyl 
stearate. 
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this property increase from lithium stearate to cesium stearate, although the 
values for potassium and rubidium stearates in the subneat and neat phases 
and in the isotropic liquid are virtually identical. 

Results of density determillations for the substituted sodium stearates are 
shown graphically in Fig. 3. I t  is apparent that  the introduction of these sub- 
stituent groups into the hydrocarbon chain of sodium stearate has greatly 
reduced the gross discontiiluities in the density-temperature relationship. 
In the case of the phenyl stearate this relationship is virtually linear. A definite 
specific volume change is indicated a t  the final melting point, 250°C., of this 
soap. 

The curves for sodium 9-CO-10-Me stearate and sodium 10-Me stearate also 
show only small departures from linearity. In the former case small discon- 
tinuities provide support for the minor trailsitioils a t  195' and lGO°C. and the 
final melting point a t  21G°C. (I).  The 10-Me stearate shows several slight 
deviations from a linear relationship a t  the lower temperature regions but the 
most conspicuous discontiiluous specific volume change occurs a t  255-260°C., 
in good agreement with the temperature a t  which this soap exhibited the 
major change in translucency (I).  

The density-temperature curve for sodium 12-OH stearate is less linear than 
those for the other substituted soaps. Definite discoiltinuities occur a t  185- 
195OC., and 225-230°C., again conformiilg with the results obtained by the 
light transmission technique (1). 

Table I1 gives some numerical density data for the substituted stearates. 

TABLE I1 
- -- 

Soap 'Temp. Density 

Sodium 10-Me stearate 25-255" 0 . 9 4 0 . 7 9  
265-355" 0.78-0.73 

Sodium 9(lO)-Pli stearnte 25-245" 0.975-0.86 
255-280" 0.85-0.84 

Sodium 9-CO-10-Me stearate 25-155" 1.005-0.915 
160-190" 0.90-0.885 
195-215" 0.88-0.87 
220-280" 0.86-0.825 

Sodium 12-OH stearate 25-180" 1.20-0.905 
195-225" 0.875-0.855 
235-280" 0.84-0.81 

Fig. 4 shows the molecular volumes of the substituted stearates plotted as a 
function of temperature. Progressive increase in molecular volume is exhibited 
as the size of the substituent group is increased. I t  is to be noted that the size 
of the substituent hydrocarbon group is indicated to  be of primary importance 
in the effect on the nature of the crystal packing. Perhaps surprisingly, the 
further introduction of the polar keto grouping into the 10-methyl stearate 
does not substantially affect the molecular volume. Also, on comparing the 
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MOLAR VOLUME C C .  

FIG. 4. 1LIolecular volumes of substituted sodium stearates. 1. Sodium 12-hydroxy stearate. 
2. Sodium 10-methyl stearate. 3. Sodium 9-keto 10-methyl stearate. 4. Sodium 9(10)-phenyl 
stearate. 

molecular volume curves for sodium stearate and sodium 12-OH stearate, it is 
found that the effect of the polar hydroxyl group is less pronounced than that  
of the hydrocarbon substituents. 

The density-temperature relationships of these substituted stearates indi- 
cate that  the relative balance of polar and van der Waals interactions has been 
modified to a great degree and the stepwise structural changes of the normal 
soap, on heating, reduced in number or virtually eliminated. These substituted 
soaps appear to be very useful in grease preparation and 1il;ely to give lubri- 
cating materials with much more uniform behavior, over a range of operating 
temperatures, than those prepared with normal soaps. 
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THE POLAROGRAPHY OF MALEIC HYDRAZIDEl 

ABSTRACT 
Maleic hydrazide was fo~ind to be similar to  maleic acid in its polarographic 

behavior. Two pairs of double waves are produced, one in the region around 
pH 5.9 and the other around 8.2. The theory that the double waves are a result 
of the reduction of the ~lndissociated acid followed by that of its anion a t  a 
higher negative potential appears to explain the first of these double waves but 
fails to explain the second. 

INTRODUCTION 

The polarographic behavior of maleic hydrazide (MH) was studied with the 
intention of using the polarographic method to follow some of the reactions 
of MH. I t  was also hoped that some information concerning the tautomeric 

forms of MH might be obtained. The pyridaziile ring in structures I11 and IV 
should make these forms highly aromatic with a possible similarity to hydro- 
quinone. No anodic wave was found in the voltage range available to the 
dropping mercury electrode however, but a well-defined cathodic wave was 
produced. This cathodic wave is probably the result of the reduction of the 
carbon-carbon double bond of structure I.  M H  might then be expected to be 
polarographically analogous to maleic acid (MA), and since no illformation 
on the polarography of M H  appears to have been published, reference will be 
made to the work on MA. 

Elving and Teitelbaum (4) obtained waves for MA over the pH range of 
0.7 to 12, and found a complicated relationship between E+ and pH. 4 double 
wave occurred in the region of pH 5.9 but with increase in buffer concentration 
to one molar the two waves merged. The double wave was considered to be the 
result of insufficient buffering and all subsequent work was done at  a buffer 
concentration of one molar. Elving and Rosenthal (3) reinvestigated MA using 
buffer concentrations ranging from 0.1 to 1.0 M and confirmed the existence 
of the double wave. These waves did not appear to be normal however, show- 
ing characteristics attributed to adsorption and kinetic control. A value of 4 
was found for the polarographic constant I d  = id/Cm2/3 t1f6 for the first wave 

lManuscript received J u l y  22, 1965. 
Contribution 67, Science Service Laboratory, Canada Departnzeat of Agricriltz~re, University 

S u b  Post Ofice, London, Ontario. 
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MILLER: POLAROGRAPHY OF MALEIC HYDRAZIDE 1807 

in the pH range 0 to  4. As the pH increased beyond this range however Id 
decreased reaching 0 a t  pH 6.5. Id for the second wave increased as the first 
decreased, becoming equal to  it  a t  pH 6, and then passing through a maximum 
a t  pH 7 became 0 a t  pH 10. Similar results were found with fumaric acid. 

Double waves having equal heights a t  pH 5.8 were reported for pyruvic 
acid by Miiller and Baumberger (G), while Brdicka (I) showed that phenol- 
glyoxylic acid produced a double wave but its ethyl ester and ethyl pyruvate 
produced only single waves. This would indicate that  the two waves are a 
result of the reduction of the free acid followed by the reduction of its anion a t  
a more negative potential, a theory which received quantitative treatment by  
Brdicka and Wiesner (2) for moilobasic acids and by Hanus and Brdiclta (5) 
for dibasic acids. I t  was shown (2) that the pH a t  which the double waves are 
of equal height could occur several pH units higher than the pK, for the acid, 
provided the formation of the free acid from its anion is fast enough. 

EXPERIMENTAL 

Polarograms were obtained with a Sargent Model X X I  Recording Polaro- 
graph. Applied e.m.f. and pH measurements were made with a Beckman 
Model "G" pH meter. A saturated calomel electrode was used as reference in 
an  H-cell maintained a t  25f 0.05OC. The resistance of all solutions was mea- 
sured by an a-c. bridge and correction for IR drop applied where necessary. 
Reagent grade chemicals were used as  supplied except for the M H  which was 
recrystallized from water. All polarograms were obtained on solutions of 
5.0 X 10-4.1M with respect to M H  except where otherwise noted. 

- E vS.  S.C.E. 

8 0 0  

8 0 0  900 1000 

FIG. 1. Top: Polarographic curves of M H  in 0.01 M HCI with KC1 added to give indicated 
salt concentration ( - E  in mv.). 

Bottom: Log i / ( i d - i )  vs. -E for above. 

-I 

-2 

- SALT CONCENTRATION: ,/ 0.05M 
0.1 M 

- A 0.3 M 
1.0 M 
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RESULTS 

The effect of salt concentration on the polarographic waves was first investi- 
gated. Fig. 1 shows the results of increasing the salt concentration of a solution 
of M H  in 0.01 M HCl (pH 2.19) from 0.05 ill to 1.0 ill using KCl. The top of 
Fig. 1 shows the polarograms and the bottom the log i/(id-i) VS. -E plot. 
Both plainly show distortion a t  salt concentrations in excess of 0.1 Af .  Similar 
results were obtained with other buffer solutions whether KC1 or the buffer 
itself was used to increase the salt concentration. In some cases Eq was also 
found to be altered. As a result of these findings all subsequent polarograms 
were made 011 solutions of approximately 0.1 M with respect to the salt com- 
ponent. A list of the buffer systems used is given in Table I. Elving and 

TABLE I 

COMPONENTS AND APPROSIAIATE CONCENTRATIOliS OF BUFFERS 

DH Buffer svstem 

1.21 0.1 1M IlCl 
2.19 0.1 M ICCI and 0.01 ill HCI 
3.50 0.1 A!f sodium formate and 0.1 &I formic acid 
4.89 0.05 pyridine and 0.1 A4 pyridine hydrochloride 
5.21 0.1 ill  pyridine and 0.1 116 pyridine hydrochloride 
5.51 0.1 M KH?P04 a n d  0.005 M IC?HPOd 
5.80 0.1 114 ICHPPOI and 0.01 M I<2HP04 
6.15 0.1 116 ICHzPOi and 0.02 Ad I<?HP04 
6.85 0.1 d l  KH2PO.i and 0.1 M IC2HPO.j 
7.40 0.1 M Triethanolamine (TEA) and 0.1 AT TEA.HC1 

7.87-8.88 0.1 iMNIIiCl titrated with NHlOH 
9.18 0.1 A l  NH,,Cl and 0.1 AT NH.1OH 

10.80 0.1 ilF KTI-IPO.~ titrated with ICOH 
11.70 0.1 116 KC1 and 0.01 d l  I<OIl 

Rosenthal (3) reported anomalous results from the use of acetate buffer and . .  - 
since similar difficulties were encountered in this work it  was decided to avoid 
the use of acetate using pyridine in its place. The polarograms obtained for 
R4H over the pH range 1.2 to 11.7 are shown in the top of Fig. 2. Three dis- 
tinct waves are apparent. The  first wave (I),  existing a t  the lowest pH,  ex- 
hibits a constant height up to about pH 5, beyond which it gradually dkcreases 
being replaced by a second wave (11) which is in turn replaced a t  higher pH 
by a third wave (111). 

A plot of log ;/(id-;) vs. -E for each of these waves is shown in the lower 
section of Fig. 2. Where double waves occur, a separate plot is made for each 
wave. In all cases the straight line plots obtained indicate that the waves are 
of normal shape. One ailomaly is apparent, however, in that  the theoretical 
number of electrons (n = 2) iilvolved in the electrode reaction, as obtained 
from the slope of these plots, is only realized in the lowest pH range. The slope 
of the remaining lines indicates a change to one electron (see column six, Table 
11) which must be fictitious since no reduction in I d  occurs simultaneously. 

The half wave potentials (-E+) and polarographic constants (Id) of the 
three waves are given in Table I1 and plotted against pH in Fig. 3. The curves 
for Id VS. pH (top of Fig. 3) show a striking similarity to  those of Elving and 
Rosenthal for MA, the addition of the third wave (111) being the only essential 
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difference. I t  should be noted that in both cases curves start a t  Id equal to 4 
a t  pH 0 and that the crossover point of curves I and I1 occurs at  pH 5.9. The 
-E i  vs. pH plots for waves I and I1 (bottom of Fig. 3) are generally similar 
to those for MA. Both show a straight line portion for wave I at  low pH but 
tend to become parallel to the pH axis as the crossover point is approached, 
while wave I1 appears more or less sigmoid. 

FIG. 3. Top: Polarographic constant I,, of MH vs. pH. 
Bottom: Half wave potential of MH vs. pH. 

The three curves for MH could be the result of the existence of three species. 
According to the theory of Brdicka et al. these species should be the free acid, 
its singly charged anion, and its doubly charged anion. There must therefore 
be two PIC, values for MH, the first being less than 5.9 (the first crossover 
point) and the second less than 8.2 (the second crossover point). An attempt to 
determine these by titration with NaOH gave a value of pICnl e q ~ ~ a l  to 5.67 
but no value for pK,, was found although the titration was carried to pH 12. 
The ultraviolet spectra of MH were the11 recorded a t  various pH values be- 
tween 0.92 and 12.10. Two changes occurred with increasing pH as shown in 
Fig. 4. The height of the peak at  217 mp (A in Fig. 4) increased and the position 
of the peak a t  300 mp shifted to 330 mp (B in Fig. 4). These changes were 
plotted against pH in the usual way giving for pK,1 a value of 5.61 from A and 
5.65 from B. No change in the spectra was noticeable from pH 7 to 12. Thus 
the second ionization constant, if it existed, must be greater than 12. 

A test for the constancy of I;r with ~ h a n g e  in NIH concelltration was made 
and the values of Id resulting are shown in Table 111. For any given pH there 
appears to be little change in I d  for either waves I or I1 over the collceiltration 
range 0.5 to 2.0 mM. 
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W A V E  L E N G T H ( m j 1  

FIG. 4. Ultraviolet absorption curve for MH. 

TABLE 111 

MH, 
Wave m 144 

DISCUSSION 

The polarography of MH presents two main anomalies: 
1. The apparent number of electrons (n) involved in the electrode process 

changes from two a t  low pH to one as the p H  increases (Table 11). This may 
be the result of a two step reduction, one step of which becomes irreversible 
as the pH increases. 

2. Two sets of double waves are produced. The first of these may be ex- 
plained using the concept of Brdicka et a/. Treating M H  as a monobasic acid 
HA, we may write: 

HA % H++A- and K, = [H+] [A-]/[HA]. 
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The total concentration of M H  is given by 

where [HA]B and [A-IB represent concentrations in the bulk of the solution. 
From these expressions it follows that 

At  potentials such that the diffusion current of the first wave alone has been 
reached, all HA molecules, but no A- ions, arriving a t  the electrode are reduced 
immediately and the followi~lg processes occur: 

(HA), 2-+ (HA)o ---t (HR) 
T k  

(A-)B -"--t (A-) 0 

where (MA), and (A-), represent the species in the bulk of the solutioil and 
(HA)o and (A-)o those a t  the electrode interface, R is the diffusion rate con- 
stant which is assumed to be approximately the same for HA and A-, k is the 
rate constailt for the association, and HR the reduced form of HA. In a well- 
buffered solution the hydrogen ion coilcentration can be assumed to be the 
same in the bulk and a t  the interface; thus if id is the diffusion current and 
Q a factor converting it to the proper units, the following steady state equations 
may be written: 

If i: is the diffusion current measured a t  large [H+] (i.e. pH = 0) so that 
[A-IB is essentially 0, then 

[5I Qi: = RC. 

From expressions [I] to [5] it can be shown that the ratio of the rate constants 
for association to that for diffusion is: 

Expressioil [6] may be checked by substituting K,  = 2.24 X 10-6 moles 
liters-', i: = 2.83 pa., and the appropriate values of id and [H+] into [6] to 
obtain k/R which should be constant over a wide range of hydrogen ion con- 
centrations. The  results obtained in this way follow: 

[H +I k / R  
1.29 X 10-6M 1.3 X lo5 liters moles-' 
6.17 X 2.6 X lo5 
3.09 X 1.9 X lo6 
1.59 X lo-" 2.2 X 106 
6.17 X lo-' 0.8 x lo6 
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Although the ratio shows some variation, probably due to errors in pH mea- 
surements to which expression [6] is sensitive, there is no definite trend with 
change in pH;  thus a value of 2 X lo5 liters moles-' can be talcen for k/R. 

By substituting id = 3i: into equation [6] the dependence of the hydrogen 
ion concentration a t  the crossover point ([H+];) on the other factors is given by 
the expression 

This equation is similar to the one obtained by Brdiclta and Wiesner for similar 
conditions ( i t  = i- in their paper). I t  must be emphasized that since R is a 
complex function of diffusion and reaction rates, no absolute values of k can 
be obtained from the above form of the equation. I t  does give a fairly adequate 
qualitative picture, however, showing that the crossover point is not only a 
function of K, but is dependent also on the relative rates of the diffusion and 
recombination processes. 

On the basis of the above theory the second crossover point would occur when 
the reduction rate of the singly and doubly charged anions is equal. The second 
ionization constant, however, mas found to be less than 10-12, which is so much 
lower than [H+Iq that substitution in [7] would result in a negative value for 
k/R.  This is of course meaningless, and the above theory must be discarded as 
an explanation of the second set of double waves. Elving and Teitelbaum (4) 
reported a double wave in the case of the diethyl esters of maleic and fumaric 
acids a t  a higher pH than for the acids themselves. This would indicate that  
the second set of waves cannot be attributed to normally ionized species but 
to some other pH dependent feature of the reduction. An explanation of these 
waves would most liltely be found in a study of the mechanism of the electrode 
reaction. I t  would also seem advisable to reinvestigate the polarography of all 
acids giving a double wave, as xvell as their esters, under conditions similar 
to those used in this work, with the view to determining which compounds give 
a seco~ld set of double waves a t  higher pH. The methyl esters of NIH are being 
investigated to this end. 
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THE REACTION OF HYDROGEN ATOMS WITH 
METHYL CYANIDE1 

ABSTRACT 
Hydrogen atoms produced in a discharge tube were found to react with 

methyl cyanide to produce hydrogen cyanide as  the main product, together with 
smaller amounts of methane and ethane. The proposed mechanism involves the 
formation of hydrogen cyanide and a methyl radical in the initial step; methane 
and ethane are attributed to  secondary reactions of the methyl radicals. 

INTRODUCTION 

The reaction of hydrogen atoms with methyl cyanide seems never to have 
been studied. A limited investigation of it has been made, partly for its intrinsic 
interest, and partly to  provide information about the possible significance of 
hydrogen atom reactions during the reaction of active nitrogen with methyl 
cyanide, which will be reported in a later communication. 

EXPERIMENTAL 

The apparatus was essentially identical with that  used for active nitrogen 
studies in this laboratory (1, 5) except for the methyl cyanide feed system. 
Methyl cyanide was stored as a liquid in a wide flat-bottomed bulb immersed 
in a thermostat regulated a t  20.25&0.05"C., and the vapor drawn directly 
from the liquid surface. The methyl cyanide flow rate was varied by placing 
jets of different sizes in a flowmeter. 

The  molecular hydrogen flow rate was 7.95 X mole/sec., corresponding 
to an operating pressure of 0.95 mm. Hg in the system. 

Methyl cyanide, "chemically pure", was purchased from Brickman and 
Company and thoroughly dehydrated by one distillation over calcium chloride, 
followed by six distillations over Py.05 (13), and a final distillation over freshly 
fused potassium carbonate (9). 

The  condensable products of the reaction were distilled into a low tempera- 
ture still of the type described by LeRoy (8). The Cz fraction was distilled off 
a t  -140°C. and by mass-spectrometric analysis* was found to contain only 
ethane. The remainder of the products were distilled into an absorber con- 
taining N / 2  I<OIq immersed in liquid air. After the solution had melted, the 
cyanide was determined by titration with silver nitrate (G). Three experiments 
were made in which the products were analyzed for cyanogen by the method 
due to Rhodes (11); the result in each case was negative. Samples of non- 
condensable products were withdrawn from the hydrogen stream by a Toepler 
pump and analyzed on the mass spectrometer. They coiltailled only methane, 

'iVanuscript received J u l y  25, 1955. 
Contributzon from the Physical Chemistry Laboratory, McGill Uniuersity, Montreal, Quebec, 

witlzjinancial assistance from the Natzonal Research Council, Ottawa, Canada. 
2Holder of the Alexander McFee Fellowship, and two National Research Cou?zcil Studentships. 
*The authors are zndebted to Dr. H .  I. Sch i f f  o f  this debartment for bermission to use the mass 

w .  

spectrometer, and to MY. G. Verbeke for the alal jses .  
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FORST AND WINKLER: REACTION OF I-IYDROGEN ATOMS 1815 

in addition to excess hydrogen. There were traces of a white solid on the walls 
of the tube leading from the reaction vessel into the first trap. 

0 4 8 12 16 
M e C N  FLOW (MOLE/  SEC X 10 ' )  

FIG. 1. Yields of hydrogen cyanide, ethane, and methane as functions of methyl cyanide 
flow rate. 

Circles: 107°C. Triangles: 237°C. 

The yields of hydrogen cyanide, ethane, and methane a t  107' and 237OC. 
are plotted in Fig. 1 as functions of the methyl cyanide flow rate. 

DISCUSSION 

The initial attack of a hydrogen atom on the methyl cyanide molecule can 
be represented in three ways: 

H+CHBCN -+ CH4+CN -2 kcal. [I] 

H+CH,CN -+ Hz+CHzCN+3 kcal. [2] 

H+CH3CN -+ HCN+CH3+10 kcal. [3] 

The heats of reaction in each case were calculated from heats of formation 
given in Reference (10). The heat of formation of the CHzCN radical was 
estimated a t  about -70 kcal., and the heat of formation of the CN radical was 

I taken as - 93 kcal. (2, 10). 
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1816 CANADIAN JOURNAL OF CHEMISTRY. VOL. 33 

If reaction [I] occurs to  an appreciable extent, some of the cyanide radicals 
formed in [I]  should, a t  least a t  low MeCN flow rates, recombine to  cyanogen. 
Since HCN but  no cyanogen was found, every cyanide radical formed in [I] 
would have to  be removed quantitatively by reactions leading ultimately to  
hydrogen cyanide. Moreover, with reaction [I]  as  initial step, there should be 
one molecule of methane produced for every cyanide radical disappearing. 
Fig. 1 shows that  no such relation exists between the formation of HCN and 
CH,. I t  would also be difficult to account for the presence of ethane in the 
products on this basis. Hence reaction [I.] must be ruled out as  a possible 
primary step. 

If reaction [2] is the initial step, it is difficult to  visualize how methane, 
ethane, and hydrogen cyanide could arise by further reactioils of the cyano- 
methyl radicals produced. While it is true tha t  recombination of the CHzCN 
radicals to  succinonitrile would account for the white deposit observed on the 
walls of the reaction vessel, this cannot be talien as  proof tha t  reaction [2] 
occurs, since CHzCN radicals may also be formed in the reaction 

which is linonrn to occur (12). While reaction [2] does not appear to be attrac- 
tive for the primary step, the present experiments do not permit its importance 
to be assessed directly. 

If reactioils [I] and [2] are considered unimportant, and the primary step is 
assumed to  be reaction [3], methane and ethane would have to  arise by sub- 
sequent reactions of methyl radicals, and a t  any flow rate of methyl cyanide 
the following relation between the products of the reaction should exist: 

2(moles of ethane)+(moles of methane) = (moles of HCN).  

Inspection of Fig. 1 shows tha t  this is approximately true, within the relatively 
large experimental error. This  agreement may,  perhaps, be talcen as  evidence 
that ,  compared with reaction [3], reactioil [2] does not occur to an  appreciable 
extent. 

The  two curves in Fig. 1 representiilg the production of hydrogen cyanide as 
a function of methyl cyanide flow rate show tha t  above a flow rate of about 
8 X 10-%nole/sec. WIeCN, further increase in MeCN flow rate does not in- 
crease the production of hydrogen cyanide. A reasonable explanation of this 
behavior seems to  be that the available supply of hydrogen atoms becomes 
exhausted. 

If the flat portion of each curve represents complete consumption of all the 
available hydrogen atoms, there is reason to expect that  the plateau should be 
higher a t  the lower temperature, since presumably more hydrogen atoms should 
be available a t  the lower temperature owing to a decreased number of collisions 
(in the gas phase and a t  the wall) leading to  their recombination. From the 
relative positions of the two plateaus in Fig. 1, the experimental results seem 
to imply tha t  the opposite is true. On the basis of a detailed mathematical 
treatment, it will be shown in a later communication tha t  the change of plateau 
values,with temperature could be accounted for on the assumption tha t  
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FORST A N D  WINKLER: RE.+XCTION O F  1-IYDROGEN ATOMS 1817 

methyl cyanide acts as an efficient third body in the recombination of hydro- 
gen atoms. 

There are four obvious possibilities for secondary reactioils of methyl 
radicals : 

Reactions [4] and [5] have low activation energies, and both probably require 
a third body. Reactions [6] and [7] are both known to have activation energies 
of the order of 10 kcal. (14, 15). On the basis of this information, reactions [4] 
and [5] should be equally likely a t  107°C. and 237"C., with reactions [6] and 
[7] becomiilg important only a t  the higher temperature. This conclusion 
appears to be borne out by the pattern of methane production shown in 

I Fig. 1. At  107°C. the amount of methane formed rises with increasing methyl 
cyanide flow rate up to a maximum which corresponds roughly to the point 
where complete consumption of hydrogen atoms occurs, and then drops off 
sharply as the methyl cyanide flow rate is increased further. This suggests a 
strong dependence of methane production on hydrogen atom supply, and 

I consequently reaction [4] must be responsible for a major part of the methane 
produced a t  this temperature. At  237°C. the decrease of methane production 
a t  MeCN flow rates corresponding to complete consumption of hydrogen 1 atoms is less pronounced than a t  107'C., and this may be talcen as evidence 
that a t  this temperature reactions [6] and [7]-in addition to reaction [4]- 
coiltribute significantly to the formation of methane, as expected. 

I t  is difficult to assess the relative importance of reactions [6] and [7]. I t  will 
be noted however that in reaction [6] a hydrogen atom is formed for each 
molecule of methane produced. If reaction [6] were the only important methane- 
producing step a t  high R4eCN flow rates, a chain reaction could conceivably 
be set up in conjunction with reaction [3], resulting in continued increase of 
hydrogen cyanide yield a t  high MeCN flow rates. Since the hydrogen cyanide 
production curve (Fig. 1) reaches a flat plateau (within experimeiltal error), 
it is very improbable that a t  high flow rates appreciable amounts of methane 
are produced in reaction [6]. 

There can be little doubt that ethane is due to recombination of methyl 
radicals, and by reference to the discussion of methane production the only 
other important reaction competing a t  both temperatures for methyl radicals 
a t  low MeCN flow rates should be reaction [4]. The fact that production of 
ethane increases markedly with a rise in temperature would then seem to be a 
matter of methyl radical concentration. The increased amount of reaction a t  
237°C. increases [CH3] relative to its value a t  107"C., and this should pro- 
foundly affect the rate of formation of ethane, which depends on the second 
power of [CH,]. The rate of formation of methane (reaction [4]) should also 
increase, though to a lesser extent. 
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Actually, a decline in the yield of methane is observed a t  237OC., and this 
appears to be attributable to a decrease in hydrogen atom concentration. A t  
low MeCN flow rates, only relatively few hydrogen atoms are removed in 
reactions [3] and [4], and in third order recombination with methyl cyanide a s  
the third body. As a result, under these conditions, an appreciable part of the 
hydrogen atoms will recombine by H-H2 collisions and a t  the wall, and, as  
mentioned, such recombination can be expected to exhibit a positive tempera- 
ture coefficient. I t  appears that a t  237OC. this hydrogen atom recombination is 
much more pronounced than a t  107OC., to the extent that i t  may offset the 
effect of the temperature increase on [CH3], hence on the rate of formation of 
methane, and lead to a reduced yield of methane a t  the higher temperature. 

The reaction of hydrogen atoms with methyl cyanide appears to be essen- 
tially similar to the reactions of methyl halides with hydrogen atoms (3, 4, 7). 
This is perhaps not surprising since in many inorganic reactions the cyanide 
group exhibits a strong resemblance to the halogens. 
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THE PREPARATION OF 0- AND p-ACETAMINOBENZALDEHYDES1 

BY J. J. BROWN' AND R. I<. BROWN 

ABSTRACT 

Treatment of N,N-diacetyl-o-toluidine with N-bromosuccinilllide followed by 
hydrolysis of the intermediate dibromo compound gave o-acetanlinobenzalde- 
hyde. The reaction was applied successfully to  N,N-diacetyl-p-toluidine, N,N- 
diacetyl-4-chloro-o-toluidine, 2,4-bis(diacetamino)toluene, and 4-acetosy-N,N- 
diacetyl-o-toluidine. 

Both o- and p-acetaminobenzaldehyde were required for synthetic work in 
this laboratory. These compoullds have been prepared in the usual way by  
the acetylation (6, 7) of o- and p-aminobenzaldehyde. However, the methods 
described in the literature for the preparation of o-aminobenzaldehyde by the 
reduction of o-nitrobenzaldehyde with ferrous sulplzate and ammonia (15) 
and for p-aminobenzaldehyde by the action of sodium polysulphide upon 
p-nitrotoluene (3) are tedious, and the products must be used immediately in 
order to  avoid self-condensation. 

A direct preparation of o- and p-acetaminobenzaldehyde was suggested by  
the hydrolysis of N,N-diacetyl-p-toluidine (16) using aqueous sodium carbon- 

I ate which gave a quantitative yield of p-acetotoluidide, and also by the work 
of Brown and Newbold (2) who used N-bromosuccinimide to oxidize 4- 

I chloromethylmeco~~in(I) to  3-formylopianic acid (11). 

I I 

CH?CI CHO 

I I1 

We found that treatment of N,N-diacetyl-p-toluidine with two moles of N- 
bromosucciilimide in carbon tetrachloride, followed by aqueous sodium car- 
bonate hydrolysis without isolatioil of the intermediate bromo compound, gave 
p-acetaminobenzaldehyde in 70y0 yield. Similarly, N,N-diacetyl-o-toluidine 
(16) gave o-acetaminobenzaldehyde in 66% yield. 

The reaction was iilvestigated further with respect to  certain 4-substituted 
N,N-diacetyl-o-toluidiiles prepared by proloilged refluxing of the toluidine or 
its acetyl derivative in acetic anhydride. N,N-Diacet~l-4-chloro-o-toluidine, 
2,4-bis(diacetamino)toluene, and 4-acetoxy-N,N-diacet~l-o-toluidine when 

1 

'Manz~script  received Az~gust  29, 1955. 
Cotztrzbutzon from tibe Departtizetzt of Cheiizistry, University of Alberta, Edmonton, Alberta. 

2National Research Coz~nczl of Canada Postdoctoral Fellow, 1954-1955. Present address: Tlze 
Converse Memorial Laboratory, Harvard University, Cambridge 38, ~IIass., U .S .A .  
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treated with N-bromosuccinimide as above gave 2-acetamino-4-chlorobenzal- 
dehyde (69%), 2,4-bis(acetamino)benzaldehyde (79y0), and 2-acetamino-4- 
hydroxybenzaldehyde ('70y0) respectively. 

The reaction was also applied to N,N-diacetyl-4-nitro-o-toluidine but the 
acetaminobenzaldehyde could not be isolated from the reaction mixture. 

EXPERIMENTAL 

Brominations using N-bromosucciniinide were carried out with irradiation 
from a Westinghouse Sulllamp (type R.S.-275 Watt) placed close to the flask. 

p-Acetofoluidide 

N,N-Diacetyl-p-toluidine (5 gm.) was treated with anhydrous sodium 
carbonate (10 gm.) and water (100 ml.) on the steam bath for one hour. Partial 
solution took place, and the solid which separated on cooling was crystallized 
froin benzene to give p-acetotoluidide as blades, m.p. and mixed m.p. 149-150'. 

p-Acetaminobenzaldehyde 
A solution of N,N-diacetyl-p-toluidine (5 gm.) in carbon tetrachloride (100 

ml.) containing 10.3 gm. of N-bromosucciilimide was heated under reflux on the 
steam bath for one hour. The filtered solution was evaporated under reduced 
pressure, and the residual red oil was heated with anhydrous sodium carbonate 
(10 gm.) in water (100 ml.) for one hour on the steam bath. The solution was 
decanted from a small amount of tar,  extracted with ether (3x100 ml.), and 
the combined extracts were dried with sodium sulphate. Removal of solvent 
under reduced pressure gave a yellow solid which was crystallized from 
benzene - light petroleum (b.p. 30-60') to give p-acetaminobenzaldehyde as 
needles (3 gm., 70y0), m.p. 152-153' (lit.(7) 154.5-155"). Oxime, m.p. 206-207' 
(lit.(7) 205-200'). Calc. for CBH902N: C, 66.2; H ,  5.6. Found: C, 66.4; 5.5%. 

o-Acetaminobenzabdehyde 
N,N-Diacetyl-o-toluidine (5 gm.) was brominated as above, with the reflux 

time extended to eight hours. After hydrolysis of the product, the dried 
(Na2S04) ethereal extract was evaporated to a dark red oil which was extracted 
thoroughly with boiling light petroleum (b.p. 30-60"). The extract was reduced 
to a small volume and placed in the refrigerator for one hour when o-acetamino- 
benzaldehyde separated as needles (2.8 gm., 6Gyo), 1n.p. 68-70'. A specimen 
recrystallized from light petroleum (b.p. 30-60") nlelted a t  70-71' (lit. (6) 
70-71"). Found: C, 66.6; H ,  5.6y0. Oxime, m.p. 193-194' (lit.(l) 194'). 

N, N-Diacefyl-4-chloro-o-toluidine 
4-Chloro-o-toluidine was prepared in good yield by the method of Hodgson 

and i\/Ioore (8). Twenty grams of -I--chloro-o-toluidine in acetic anhydride 
(50 ml.) was heated under reflus for 17 hr. The cooled solution was diluted with 
water (200 ml.) and the brown oil which separated was extracted with ether 
(3x50  inl.). The combined ethereal extracts were washed with water (2x50 
ml.), 10% sodium bicarboilate solutioil (3x50 ml.), and water (50 inl.) and 
then dried (N&so~). The red oil obtained on removal of the solvent under 
reduced pressure was distilled to give N,N-diacetyl-4-chloro-o-tol~~idine as a 
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BROWN A N D  BROWN: ACETAMINOBENZALDEHYDBS 1821 

colorless oil which rapidly crystallized as  needles (24 gm.), 1n.p. 40-42', b.p. 
154' a t  8.5 mm. Calc. for CllH1202NCl: C,  58.5; H ,  5.4. Found: C,  58.6; H ,  
5.6%. 

2- Acetamino-4-chlorobenzaldelzyde 

N,N-Diacetyl-4-chloro-o-toluidine (5 gm.) , N-bromosuccinin~ide (9 gnl.) , 
and carbon tetrachloride (100 ml.) were heated under reflux on the steain bath 
for three hours. The  filtered solutioil when evaporated gave a ~7ellow solid which 
was heated uilder reflux for 30 min. with a solution of anhydrous sodium car- 
boilate (10 gm.) in water (50 ml.). T h e  cooled reaction mixture was extracted 
with chloroform ( 3 x 5 0  ml.) and the combined cl~loroform extracts were dried 
(Na2S04). Evaporation of solvent under reduced pressure, followed by crystal- 
lization of the yellow solid from aqueous ethanol, gave 2-acetamino-4-chloro- 
benzaldehyde as  yellow blades (3 gm., 69y0), m.p. 124-125'. Calc. for 
CBH802NC1: C,  54.7; H ,  4.1. Found: C ,  54.7; H ,  4.1%. T h e  oxirne crystallized 
from aqueous ethanol as  needles, m.p. 215-216'. Calc. for CgHg02NrC1: 
C,  50.9; H ,  4.3. Found: C,  50.8; H ,  4.4%. 

2-Acetamino-4-chlorobeilzaldehyde was hydrolyzed to 2-amino-4-chloro- 
benzaldehyde by heating the former compound (1 gm.) with sodium hydroxide 
solution (40 ml., 2 N) and methanol (20 ml.) on the steam bath for 15 inin. with 
occasional shaking. T h e  solutioil was decanted from a small amount of tar,  
cooled, and extracted with ether ( 3 x 3 0  ml.). T h e  combined ethereal extracts 
were washed with water (30 ml.), dried (Na2S04), and evaporated to  a ~7ellow 
oil which soon solidified. Crystallization from aqueous ethanol gave 2-amino-4- 
chlorobenzaldehyde as  needles (550 mgm.), m.p. 86-87'. Calc. for CiHcONC1: 
C,  54.0; H ,  3.9. Found: C,  53.8; H, 3.8%. Sachs and Sichel (14) give a melting 
point of 86' for the same compound obtained by reduction of 4-chloro-2- 
nitrobenzaldehyde using titanous chloride. 

2,.4.-Bis(diacetamino) toluene 

2,4-Bis(acetamino)tol~~ene was prepared from 2,4-diaminotolueiie (11) by  
the method of Lumiere and Barbier (10). T h e  compouilcl melted a t  219-2.23' 
(lit.(9) 2.23"). 2,4-Bis(acetamino)toluene (40 gm.) and acetic anh\-clride (200 
ml.) were heated under reflux for 17 hr. T h e  acetic anhydride was removed 
under reduced pressure and water (50 ml.) was added to the residue which 
was then extracted with chloroform ( 3 x 5 0  inl.). The  combined chloroforn~ 
extracts were washed with water (50 ml.), lOyo sodiuill bicarbonate solution 
(50 ml.), and water (50 ml.) and then dried (Na2SO.i). Removal of the solveilt 
under reduced pressure gave a dark brown oil which solidified on standing. 
The  solid, which was filtered with the aid of some ether and then washed with a 
small amouilt of ether, crystallized from benzene - light petroleum (b.p. 30- 
60") to give 2,4-bis(diacetamino)toluene as prisms (20 gm.), m.p. 109-110'. 
Calc. for ClbH1804N2: C,  62.0; H ,  6.25. Fouild: C,  62.2; H ,  6.4%. 

2,d-Bis(acetamin0) benzaldehyde 
2,4-Bis(diacetamin0) toluene (5 gm.), N-bromosuccinirnide (6.75 grn.), and 

carbon tetrachloride (100 ml.) were heated under reflux oil the steam bath for 
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three hours. Evaporation of the solvent after filtration gave a yellow oil which 
was heated on the steam bath for 15 min. with a solution of anhydrous sodium 
carbonate (10 gm.) in water (50 ml.). The solid which separated on cooling 
was collected and crystallized from ethanol to  give 2,4-bis(acetamino)benzalde- 
hyde as plates (3 gm., 79%), m.p. 233-235'. Calc. for CllH1203N2: C, 60.0; 
H,  5.5. Found: C, 59.8; H ,  5.5%. Sachs and Kempf (13) give m.p. 235.5' for 
the compound obtained by treating the product of the ammonium sulphide 
reduction of 2,4-dinitrobenzaldehyde with acetic anhydride. The phenyl- 
hydrazone melted a t  252-254' (lit.(13) 246-252"). 

2-Amino-p-cresol (Me = 1) 
2-Nitro-p-toluidine, prepared in excellent yield by the method of Cohen and 

Dakin (4) for 4-nitro-o-toluidine, was converted into 2-nitro-p-cresol (17). 
Sodium dithionite (50 gm.) was added in small portions, with stirring, to  
2-nitro-p-cresol (5 gm.) in a solution of potassium hydroxide (12 gm.) in water 
(100 ml.). After 15 min. a t  room temperature, the solutioil was acidified to 
Congo red with hydrochloric acid (d., 1.16) and heated on the steam bath to  
remove sulphur dioxide. The filtered solution was neutralized with 10yo sodium 
bicarbonate, extracted with ether (4 X 100 ml.) , and the combined ethereal 
extracts were washed with water (100 ml.) and dried (Na2S04). Evaporation 
of solvent under reduced pressure yielded 2-amino-p-cresol as a brown solid 
(3 gm.), m.p. 147-150'. Copisarow (5) reports a melting point of 157-159" for 
the compound obtained by sodium sulphide reduction of 2-nitro-p-cresol. 

4-Acetoxy-N,N-diacetyl-o-toluidine 

2-Amino-p-cresol (5 gm.) and acetic anhydride (20 ml.) were heated under 
reflux for 17 hr. The cooled solution was diluted with water (100 ml.) and the 
product was isolated with ether as before. Removal of solvent gave a red oil 
which was extracted with boiling light petroleum (b.p. 30-60'). The solvent 
was reduced in volume and the remaining solution cooled in a refrigerator for 
one hour. The  4-acetoxy-N,N-diacetyl-o-toluidine separated as needles (4 gm.), 
m.p. 72-73'. Calc. for C13H1504N: C, 62.6; H ,  6.1. Found: C, 62.4; H ,  6.2%. 

6-Acetamino-4-hydroxybenzaldehyde 

4-Acetoxy-N,N-diacetyl-o-toluidine (2 gm.) and N-bromosuccinin~ide (3.15 
gm.) in carbon tetrachloride (30 ml.) were heated under reflux for two and one- 
half hours on the steam bath. The yellow oil, obtained by evaporation of the 
filtered solvent, was heated on the steam bath for 30 min. with a solution of 
anhydrous sodium carbonate (4 gm.) in water (26 ml.). The solution was 
acidified wit11 acetic acid and extracted with ether (5 X50 ml.). The dried solu- 
tion (Na2S04), freed of solvent under reduced pressure, gave 2-acetamino-4- 
hydroxybenzaldehyde as a light brown solid. Crystallization from aqueous 
ethanol gave needles (1 gm., 70%) melting a t  238-239'. Calc. for CgH903N: 
C, 60.3; H ,  5.1. Found: C, 60.2; H ,  5.4%. The  oxime crystallized from water as 
needles, m.p. 215' (decomp.). Calc. for CgHloOaNz: C, 55.7; H ,  5.2. Found: C, 
55.5; H,  5.5y0. 
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N,N-Diacetyl-4-nitro-o-toluidine 
4-Nitro-o-toluidine (20 gm.) (prepared accordiilg to Cohen and Dakin (4)) 

in acetic anhydride (50 ml.) was heated under reflux for 17 hr. The cooled solu- 
tion was diluted with water (200 ml.) and the product, a dark red oil, was 
isolated with chloroform. The  oil was dissolved in a few milliliters of benzene 
and the 4-nitro-o-acetotoluidide (5 gm.) which separated was filtered off, m.p. 
151-153" (lit.(12) 150-151"). Evaporation of the filtrate gave a dark oil which 
soon solidified. Crystallization from benzene - light petroleum (b.p. 30-60") 
gave N,N-diacetyl-4-nitro-o-toluidine as prisms (16 gm.), m.p. 81-83". Calc. 
for CiiHi20aN2: C, 55.9; H I  5.1. Found: C, 56.1; H ,  5.2%. 
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DEGRADATION OF D-GLUCOSE-~-C~~ TO 
TRIOSE-REDUCTONE-C1' 

Triose-reductone-C1.' was obtained by treating D - ~ ~ L I C O S ~ - ~ - C " '  with sodium 
hydroxide in the presence of lead acetate a t  elevated te~nperatures. Carbon 
atoms four, five, and six, as well as carbnn atoms one, two, and three, of the 
D-gl~~cose molecule are shown to contribute to the triose-reductone yield. The 
formation of triose-reductone was found not to be acconlpanied by glycerol 
formation. i\iIechanisms for fragmentation of reducing sugars are discussed in 
the light of these findings. 

INTRODUCTION 

Triose-reductone, often called "glucoreductone" or " reductone", was dis- 
covered and isolated in a crystalline state by Euler and Martius (6) when they 
treated D-glucose with strong solutions of sodium hydroxide. I t  was sub- 
sequently show11 that many reducing sugars yield triose-reductone under the 
same conditions but  the methods for its isolation have been modified only 
slightly and D-glucose still remains the only practical source. By analogy with 
the ascorbic acids triose-reductone was assigned an a-carbonyl-a-enediol 
structure (I).  This structure, though still widely accepted, cannot account for 
all of the observed properties of reductone and a resonance hybrid (11) has 
been suggested recently (12) as a more adequate alternative. 

I t  was the object of this worli to  gain information about the mechanisms of 
decompositioli of a hexose molecule to three-carbon fragments, especially 
triose-reductone, under the influence of alkali. 

Two illain n~echanisms have been suggested for this disintegration. The 
older of these, postulated by Nef (lo), involves an  alltali-induced 1,2-enediol 
iorinatioix followed by a migration of the double boild via the 2- and 3-lietose 
to yield a 3,4-enediol. Fragmentatioil a t  the double bond was then assumed to 
result in tlie formation of two molecules of glyceraldehyde, which in turn 
could undergo a Lobrp de Bruyn - Alberda van Ekenstein rearrangement to  
dih~.droxyacetone or be enolized and oxidized to give triose-reductone. How- 
ever, tlie step involving cleavage a t  the double bond has made this mechanism 
no longer acceptable since it  was shown that  the bond energy of a carbon- 
carbon double bond is much higher than of a single bond and that  cleavage of 
a carbon chain occurs preferentially in a$-position to a double bond (11, 14). 

The other theory, first suggested by Evans and co-workers (1,2),  avoids the 
shortcomings of Nef's mechanism. Again a 1,2-enediolate ion (111) initiates the 
degradation reaction. The formation of triose-reductone and elucidation of its 
structure as an enediol have actually served as evidence for the existence of a 
1,2-enediol (2) and other evidence can also be cited (7, 13), although the 
enediolic forms of the common reducing sugars themselves have never been 

'Jcfa7zl~scrifit received Azrgzrst 29, 1956. 
Contribzrtzo?t from the ~Vatio?tal Research Council of Canada, Prairie Regional Laboratory, 

Saskatoon, Saskatclzewan, Ca~zada. Issued as Paper No.  208 on the Uses uf Plant Prodzdcts and a s  
N.R.C. Noio. 3765. 
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BAUER AND TEED: DEGRADATIOS O F  D-GLUCOSE-1-ClI 1825 

isolated. The 2-ketose formed via the 1,2-enediolate call still undergo 2,3- 
enolization (IV) (16). The fragmentation to three-carbon fragments is then 
thought to occur by a reverse aldolization of the 1,2- or 2,3-enediolate between 
C-3 and C-4. The possibility of formation of a 3,4- and 4,5-enediolate to explain 
epimerizations observed on C-4 and C-3 is today regarded as very unliltely 
and the epimerizations are explained by a recombination of three-carbon 
fragments (18). A fragmentation as indicated in I11 and IV would lead to two 
molecules of triose, one being in an enolized form. Oxidation of the triose could 
then give rise to triose-reductone, a possibility that is suggested by the forma- 
tion of triose-reductone by the action of alkali on dihydroxyacetoize (17). 
According to Euler (3) a fragmentation as indicated by V would lead, however, 
directly from D-glucose to one molecule of triose-reductone and one molecule 
of glycerol. 

HC=O H C-o I '-' H.C-OH HC-GI(-' 
I 
C-013 

I !  - 
C-OH 

II - 
C-OH 

I I ! 
HC-OH j C-OH 

I 1  - 
; CHOH 

I 
CHO:H 

: ...... 1 ..... . : . . .  1 . .  . ,..\ . ....... : 

CH0:H CHOiH i CHOH 
I I ' I 
I I 
CHOH CHOIl CHOH 

I I I 

! The use of carbon-14 tracer techniques in recent studies of the action of 
I 

alltali on carbohydrates (9, 15) has provided a deeper understandiilg of some 
aspects of the degradation reactions. I t  appeared, therefore, that preparation 

I 
of triose-reductone from carbon-14 labelled sugars might likewise yield infor- 

I mation suitable for evaluating the mechallisins discussed above. D-Glucose-1- 
Cfi was dissolved in water and heated in a stream of nitrogen in the presence 
of lead acetate and small amounts of potassium cyanide (4, 6) and cupric 
acetate (5). Sodium hydroxide was then added and after the desired reaction 
time the mixture was neutralized with acetic acid. The  triose-reductone lead 
salt was analyzed for its lead content and decoinposed with the calculated 
amount of phosphoric acid. The purification was simplified and the yield of 
pure inaterial increased by the finding that the triose-reductone obtained from 
the decompositioil sublimes easily in vacuo. T o  determine the C" content of 
the triose-reductone the compound was combusted to carbon dioxide, which 
was either analyzed as such in a gas phase counter, or counted as barium car- 
boilate a t  infinite thickness in a gas flow counter (Table I).  

TABLE I 
CONTRIBUT~ON OF THE CARBON ATOMS OF D-GLUCOSE TO THE YIELD OF 

TRIOSIC-REDUCTOXE 
-- 

Activity in mpc./mRiI. CO? Contr ibut io~~ by 
-p--p-ppp 

~ - C l i l ~ ~ s e - l - C ' '  Triose-reducto~~e-C" C-1 + C-2+C-3 C-4fC-5fC-6 
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From the results of these analyses and by examini~lg the mother liquors it 
could be shown that :  

(a) Carboils 4, 5, and G of the D-glucose molecule as well as carbons 1, 2, and 
3 contribute to the triose-reductone formation. 

(6) The coiltribution of the bottom half of D-glucose to the yieId of triose- 
reductone nearly equals that  of the top half. 

(c) No glycerol is formed from D-glucose in the degradation by alkali. 
These findings strongly suggest that a fragmentation according to  Euler (4) 

is not possible and that  triose-rcductone is a secondary reaction product 
derived from a three-carbon compound possibly by a fragmentation according 
to  I11 and IV with triose-enediol as an  intermediate. The small deficiency of 
triose-reductone formed from the bottom half of D-glucose might best be 
explained by the fact that the glyccraldehyde formed on the reverse aldoliza- 
tion has first to be converted to its enediolate before being oxidized to triose- 
reductone. Since enolization is not an instantaneous reaction (13), the top 
half of the molecule, already present as enediolate before fragmentation, is 
therefore converted to triose-reductone a t  a slightly faster rate. I t  was noted 
above that  formation of triose-reductone has been taken as evidence for the 
existence of a 1,2-enediolate (111) in an  alkaline solution of a hexose (2). 
However, since the compound is also derived from the bottom half of the mole- 
cule, its formation may not necessarily serve as a direct proof of this postulate. 

EXPERIMENTAL 

Triose-reductone-C1 from D-Glucose-1 -C14 
D-Glucose-1-C'", 25 gm., was dissolved in 375 ml. of water. Lead acetate, 

13.5 gm., potassium cyanide, 3 mgm., and copper acetate (5), 50 mgm., were 
added and the solution was heated in a stream of nitrogel1 t o  92°C. Sodium 
hydroxide, 8.5 gm. in 25 ml. of water, was added and the mixture was shaken 
for two to  three minutes. I t  was then acidified with glacial acetic acid, 4 ml., 
and quickly cooled. The lead salt of triose-reductone-C14, 12.5 gm., was isolated 
by centrifuging, washed in succession with water, acetone, and ether, and dried 
in vacuo. The lead content of the salt was 58.8y0. The lead salt was suspended 
in dry acetone, 50 ml., and phosphoric acid, 4.5 ml. of 85% acid, was added 
and the mixture was shaken for 30 min. a t  room temperature. The lead phos- 
phate was filtered off and the acetone solution was concentrated in vacuo and 
cooled to  -15OC. The crude crystals obtained on filtration were sublimedat 
5 p  pressure and a bath temperature of GO-80°C. to yield 0.85 gm. of pure triose- 
reductone-C1" m.p. 153°C. 

For determination of their radioactivity the samples of D-glucose-1-C14 and 
triose-reductone-CN were combusted in an  apparatus used for carbon-hydrogen 
microdetermiilations. The carbon dioxide was converted to  barium carbonate, 
which was plated by filtration on paper disks and counted a t  infinite thickness. 
A parallel determination was always carried out by combusting a sample with 
Van Slyke solution and measuring the activity of the carbon dioxide in a gas 
phase counter. The results obtained are listed in Table I. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BAUER A S D  TEED: DEGR.-ID.-ITION O F  D-GLUCOSE-I-CII 1827 

In calculating the contributioil of the different carbon atoms of D-glucose 
to the formation of triose-reductone, the following considerations were made: 
the maximum activity possible for triose-reductone is twice the activity of the 
hexose, and this value is attained through direct conversioil of only carbons 
1 ,2 ,  and 3 to reductone. In experiment 1, for example, the maximum theoretical 
value is 38.9 X 2, or 77.8 mPc./mM. COz. The activity of the derived reduc- 
tone was 42.8 mpc./mhI. CO?. Hence carboils 1, 2, and 3 of D-glucose contri- 
buted (42.5/77.8) X 100, or;35.1% of the yield of the reductone. Dilution of the 
activity of the reductone from the maximum to the observed value was due, 
therefore, to the contributioil of carbons 4, 5 ,  and 6 (44.9%). 

Large Scale Preparation of Triose-reductone 
In general the preparation was carried out  as described for the triose- 

reductone-(2,'. For the fragmentation of lcilogram quantities of D-glucose it  
was advantageous to heat the solution by blowiilg in steam and to add the 
sodium hydroxide when the D-glucose solution had reached 87-88°C. Addition 
a t  higher temperatures was dangerous since the reaction mixture tended to 
boil vigorously. After neutralization the solutioil was cooled with crushed ice, 
2-3 kgm., and the triose-reductone lead salt isolated by allowing it to settle 
and decanting the supernatant. The  salt was washed in succession with water, 
acetone, and ether, always allowing the salt to  settle and decanting the 
supernatant. This procedure required several hours but resulted in a purer lead 
salt since a cake obtained on filtration could not be washed efficiently. The  
crude triose-reductone isolated from the lead salt was sublimed in 20-30 gm. 
batches. One thousand grains of D-glucose yielded 32-35 gm. of pure triose- 
reductone. 

Determination of Glycerol in the Reaction il&ixture of D-Glucose with Alkal i  
D-Glucose, 25 gm., treated as described for D - g l ~ ~ ~ ~ e - l - c " ,  yielded a dark 

brown solution after the lead salt of triose-reductone was filtered off. This 
solution was concentraiecl in nacz~o to a thin sirup and extracted continuously 
with ethyl acetate. The  ethyl acetate extract and the original sirup were 
examined for the presence of glycerol (8). Kone could be detected. Additioil of 
li110wn amounts of glycerol to the sirup showed that the limit of ideiltification 
(57) and the limit of coilcentratioll (1 :10,000) of glycerol was the same in the 
preseiice of sugars as in pure glycerol solutions. 

The technical assistance of J. A. Baigrlee and J. Dycli is gratefully ac- 
knowledged. 
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LIGHT ABSORPTION STUDIES 
PART 11. ULTRAVIOLET ABSORPTION SPECTRA OF SUBSTITUTED 

BENZOIC ACIDS AND PHENYL BENZOATES1 

ABSTRACT 
The spectra of a number of substituted benzoic acids, acetanilides, and phenyl 

benzoates are discussed in terms of the electronic and steric effects of substituerrts. 

INTRODUCTION 

The absorption band observed in the 230 mp region of the absorption 
spectrum, and designated by iMoser and Icohlenberg (12) as the B-band, is of 
interest in the orfho-substituted benzoic acids, since the usual explanation 
of the steric effect due to an ortho-substituent must be modified in order to 
account for the observed spectra. 

The for~nula of benzoic acid may be written in two forms, one possessing an 
intact carboxyl group (type IA), the other a hydrogen-bridged structure 
(type IB). On steric considerations alone, neither form accounts satisfactorily 

for all of the ortho-substituted benzoic acid spectra (see Table I ) .  For example, 
supposing o-toluic acid exists as structure IA (R = Me), no unusual loss of in- 
tensity should be apparent since a similar coilformation may be shown to be 
relatively insensitive to steric eflects involving excited states only in o-methyl- 
acetophenone (8), where the OH group of IA is replaced b l ~  a methyl group. 
In o-toluic acicl, however, there is observed a pronounced l~ypsocl~romic shift 
accompanied by almost complete loss of intensity of absorption as coinpared 
to p-toluic acicl. Similarly, if IB (R = Me) alone were the correct configuration, 
and one ortho-methyl substit~ient mas to produce a twist in the carbon-carbon 
linkage sufficient to accommoclate the substituent, a second methyl substituent 
in the other ortho-position would not be expected to bring about much further 
change in the observed spectrum. However, in 2,G-cliinetl~ylbei~zoic acid the 
band in this region has disappeared complete1 y (12). 

Hence it may be concl~~cled that the observed changes in the B-band of the 
spectra of substituted benzoic acids are primarily due to the electrical effects 
of substituents, which is not unexpected since an isolated C=O group is known 

lManuscript received Augz~st 9,1955. 
Contribution from the Departmelzt of Chemistry, Memorial University of Newfozlndland, 

St. John's, Newfoundland. 
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to  be relatively small. Thus  only very bulky substituents in the ortho-position 
would be espected to  malie steric overlap the  primary factor in the observecl 
changes of the spectra. 

Electrical effects may be divided into i77dz~ctive effects, and mesomeric (or 
resonance) effects. Bearing in mind the geometrically small hydroxyl group in 
benzoic acids, the indz~ctive effect would be of greater importance in the ortho- 
position. A'Iesomeric effects are generally considered to be of equal importance 
in ort/zo- and para-positions. Of the substituents discussed here, methyl groups 
have a positive inductive effect (i.e. they repel electrons) while nitro, hyclroxyl, 
and methoxyl groups, and halogens exert a negative inductive effect, the  
halogens being in the order F > C1 > Br > I. Only the nitro group exerts a 
negative mesomeric effect, while all the other groups referred to exert a positive 
mesomeric effect; the  positive mesomeric efTect of the halogens is in the  order 
I > Br > C1 > F. 

ULTRAVIOLET ABSORPTION SPECTRA 

Para-substituted Benzoic Acids 

Table I shows that  all para-substituted benzoic acids, with the esception of 
p-nitrobenzoic acid, exhibit pronounced bathochromic shifts accompaniec1 b y  
enhanced intensity of absorption which are both approximately parallel to the 
mesomeric effect of the substituent, for example I > Br > C1 > F. The  indz~c- 
t h e  effect in para-halogen compounds appears to be of secondary importance, 
since both the  bathochromic shifts and the observed intensities of absorption 
may be correlated ~ v i t h  the mesomeric effect, but  not with the ilzdz~ctive effect 
of the substituent. 111 the above-mentionecl example, the latter mould suggest, 
in both bathochromic shifts ancl intensities, an orcler F > C1 > Br > 1. 111 
this connection the reportecl value of the absorption maximum for p-bromo- 
benzoic acicl (12), i.e. A,,, 2-10 mp, E = 12,500, appeared to us to be slightly 
inaccurate with respect to  the intensity a t  maximal al~sorption and a careful 
recletermiilation gave a value of E = 16,000 a t  238.5 ~ n p ,  the wave-length of 

TABLE I 

A \ ~ ~ ~ ~ ~ ~ ~ ~ ~  SPECTR.~ OF SUDSTITUTBD R E N Z O ~ C  .~CIDS I N  .\DSOLUTE ETII WOL 
\\'a\-e-lengths ancl intensities of the B-band maxima (xnlues in italics represent inflections) 

Position of substituenL 

Acid Ortho Meta Para 

- 

Benzoic (225 11000) 
T o l ~ ~ i c *  (121 228 5000 232 9000 236 14.000 
~luorobenzbic 223 9500 225 10000 228 11[000 
Chlorobenzoic* (12) 223 5000 230 8500 234 15,000 
Bromobenzoic* (12) 224 6500 226 8500 238.5 16,000t 
Iodobenzoic 233 7000 284 9500 252 15,000 
Hydrosybenzoic* (12) 236 5500 236 6000 25 1 12,500 
Anlsic* (12) 230 6000 230 5000 249 14,000 
Nitrobenzoic -25.5 3500 255 5500 258 11,000 

* Valaalzles i l t  35y0 ethanol. 
tSee erperi?~lental. 
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maximal absorption. This value of E = 16,000, as expected, lies between the 
values for the intensities a t  wave-length of maximal absorption of p-chloro- 
benzoic acid (E  = 15,000) and 9-iodobenzoic acid ( E  = 17,000) (see Table I). 

p-Nitrobenzoic acid, because of the negative ?nesomeric effect of the nitro 
group, does not exhibit any enhanced intensity of absorption, and the spectrum 
resembles that of nitrobenzene itself (see below). 

Meta-substituted Benzoic Acids 

For meta-substituted benzoic acids, according to the above hypothesis, the 
inductive effect increases in importance, owing to the greater proximity of the 
heteroatoms and the more effective transmission of the electron release (or 
mesomeric effect) to the ortho- and fiara-positions. This will normally prevent 
the mesomeric effect of the substituent from making its contribution, and 
the molecular spectrum resembles that of the unsubstituted benzoic acid, 
but with a slightly decreased absorption intensity owing to the adverse 
inductive effect. Appreciable changes in the location of maximal absorption 
are observed only for m-iodo- and .m-nitro-benzoic acid, and this may be 
ascribed to the characteristic behavior of iodo atoms and nitro groups. In the 
iodobenzoic acids the interaction of the carboxyl group and the iodo atom is 
readily apparent. The mefa-compound, compared to the para-compound, 
exhibits appreciable loss of intensity of absorption together with a pronounced 
change in the location of maximal absorption. This is of interest since in that  
region 2-iododiphenyl also exhibits a similar unusual absorption band-for a 
compound containing an iodophenyl group-which becomes apparent under 
conditions of slight steric strain (7). In the nitrobenzoic acids, the carboxyl 
groups, from an electrical point of view, appear to be of relatively little 
consequence. The spectrum of p-nitrobenzoic acid is altered as might have 
been expected from steric considerations, namely the meta-compound exhibits 
an hypsochromic shift accoinpanied by loss of intensity of absorption, and 
neither spectrum is radically different from that of nitrobenzene ~v l~ i ch  was 
found to absorb inaximally a t  258 mp, E = 8500. A fuller discussion of these 
effects, together with a semiquantitative examination of various theoretical 
formulas to account for these effects, will be the subject of a separate coinmuni- 
cation. 

A similar explanation, that is in terms of steric factors, holds for the spectra 
of toluic acids, in which the inductive effect of the substituent is small. This 
steric effect becomes readily apparent in i?zcreasing magnitude ortlzo > meta > 
para. The increased sensitivity of benzoic acids to steric effects, compared with 
acetophenones, is ascribed to the more appreciable concentration of electrons 
in the excited state of the benzoic acid in the carboxyl group as compared with 
the acetyl group, and/or less double bond character in the carbon-carbon 
linkage. Thus the hindrance occurs chiefly in the excited state, which, as has 
previously been pointed out (8), explains the observation that the steric 
effect consists chiefly of decreased absorption intensity rather than of a pro- 
nounced hypsochromic shift of the band. The intermediate steric effect of the 
methyl group in the meta-position may be accounted for by the ltnown but- 
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tressing effect of a methyl group in tha t  position (3), that  is the methyl group 
exerting a buttressing effect on the ortho-hydrogen atom which in turn sterically 
interacts with the carboxyl group. 

T h e  spectrum of benzoic acid may now also be correlated with other spectra 
in accordance with the above hypothesis. Benzoic acid absorbs maximally with 
smaller intensity of absorption than acetophenone and this may again be 
ascribed to steric inhibition of resonance i n  the excited state due to the ortho- 
hydrogen atoms. Both acetophenone and benzoic acid from dipole moment and 
X-ray crystallographic da ta  (both of which measure grouncl state contributions 
only) appear to be planar, or nearly planar, in the ground s ta te  (4, 5, 14), 
which corroborates the postulated hindrance in the excited state. T h e  steric 
hindrance in benzoic acid would therefore be expected to give rise to recluced 
absorption intensity and a slight hypsochromic shift. I-Iowever, the ground 
s ta te  of benzoic acid is more stabilized by resonance forms than tha t  of aceto- 
phenone, because the replacement of the methyl group in acetophenone, or the 
hydrogen atom in benzaldehyde, by the hydroxyl group of benzoic acid aids 
the setting up of polar excited states because of the negative inductive effect 
of the hydroxyl group; thus the energy level of the ground state of benzoic 
acid is reduced relative to t h a t  of acetophenone, and this together with the 
relative increase in the energy level of the excited s ta te  of benzoic acid with 
respect to acetophenone gives rise to a considerably greater energy difference 
in benzoic acid between the ground s ta te  and the excited state. Thus  benzoic 
acid absorbs maximally a t  much shorter wave-length and lower intensity 
(227 mp, E = 11,000) than either acetophenone (240 mp, E = 12,500) or 
benzaldehyde (244 mp, E = 13,000). 

Ortho-substituted Benzoic Acids 

Although as  Moser and Kohlenberg (12) point out-from evidence involving 
comparisons with van der Waals radii-shifts in the wave-lengths of the  B- 
band should not be assigned only to  steric interference with coplanarity, the 
conclusion tha t  the recorded values of maximal absorption of the ortho- 
substituted benzoic acids can best be rationalized b y  consideration of the 
steric factors involved appears to us irrefutable. Also van der Waals radii 
are rather unsatisfactory as  a measure of intramolecular interference properties 
of atoms, particularly for groups containing heteroaton~s whose electro- 
negativity largely differs from tha t  of the  carbon atom. Heteroatoms may  give 
rise to appreciable mesonzeric and inductive effects, the latter especially affecting 
any  semiquantitative interpretation of the values. 

Toluic acids have alreacly been discussed. I t  is supposed that  both benzoic 
and o-toluic acid and possibly also 2,G-dimethylbenzoic acid are near-planar 
in the ground state, bu t  the permitted planar or near-planar excited states 
are sharply reduced in the order benzoic acid > ortho-toluic acid > 2,G- 
dimethylbenzoic acid. 

All the other above-mentioned ortho-substituted benzoic acids also show the 
expected hypsochromic shift of the absorption maxima accompanied by loss 
of intensity of absorption compared with the corresponding para-substituted 
compound. 
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Acetanilides 
Applying this hypothesis to the recently investigated ultraviolet absorption 

spectra of acetanilides (15; see Table 11) it is seen that  the data  correspond 
with the generalizations made. Thus acetanilide itself, to  which the steric 

TABLE I1 
ABSORPTION SPECTRA OF SUBSTITUTED ACETANILIDES IN ABSOLUTE ETHANOL ACCORDING TO 

UNGNADE (15) 
Wave-lengths and intensities of the main maxima 

Position of substituent 
- - 

Acetanilide Ortho i\/Ieta Para 

Xrnnx, ernnx Xrnnx, Ernnx Xmnx, Ern ax 

m r  m r  m r  

Acetanilide (242 14,500) 
Methyl- 230 6500 245 14,000 245 15,000 
Fluoro- 239 12500 242 15,100 240 13,000 
Chloro- 240 10500 245 14,900 249 18,000 
Bromo- 234 7500 246 14,000 252 18,500 
Iodo- Shoulder 246 13,500 254 23,000 
Methoxy- 244 10500 245 11,500 249 15,000 
Nitro- 233 17000 242 22,500 222 13,000 

considerations referred t o  under benzoic acid do not apply, absorbs maximally 
in a similar manner to  acetophenone, because of transitions involving polar 
excited states of type I1 (13). In para-substituted acetanilides, the shifts in 
the locations of maximal absorption and intensity changes again generally 

correspond to  the mesomeric effect of the substituents, for exainple I > Br > 
C1 > F. The para-nitro group gives rise to a pronounced hjrpsochromic shift 
because of the negative mesomeric effect of the nitro group and interaction 
with the NIHCOCH3 group (compare Table I for the spectrum of p-nitroben- 
zoic acid, where there appears to  be no interaction). 

For meta-substituted acetanilides, because of the ortl~o-para directive 
properties of the NHCOCH3 group, that is its powerful electron-releasing 
properties, the spectra will even more resemble that  of the unsubstitutecl 
acetanilide than was the case for meta-substituted benzoic acids. An exception 
is provided by the m-nitroacetanilicle where the combination of a negative 
inductive effect together with the negative nzesomeric effect of the nitro group 
appears to stabilize excited states of type 11, thus giving rise to considerably 
increased intensity of absorption. Steric effects also become noticeable in 
some of the compounds, particularly where the substituent is large, such as 
in m-bromo- or m-iodo-acetanilide (see Table 11). The  nitroacetanilides a s  
described above are of special interest. The  negative mesomeric effect of the 
nitro group lessens the electron density of all ring carbon atoms, but the 
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ortho- and para-positions are deactivated almost exclusively, leaving the 
meta-position with the greatest concentration of electrons. Thus the meta- 
nitro con~pound exhibits the largest absorption intensity. I t  is tentatively 
proposed that in o-nitroacetanilide the steric hindrance of the ortho-substi- 
tuents inhibits the deactivation mechanism and thus the spectrum of the 
ortho-compound reverts to a spectrum where the opposing mesomeric effect 
of the nitro group is less noticeable (see Table 11). 

In the other ortho-substituted acetanilides, steric effects play their 
expected part. This steric ortho-effect is generally striltingly similar to that 
observed in substituted benzoic acids and thus lends additional support to  
the proposed polar excited states of type 11; comparison of Tables I and I1 
indicates this, as for instance the halogen-substituted compounds, where 
the combination of mesomeric, indzcctive and steric effects gives rise to  similar 
spectra. Discussing ortho-substituted acetanilides, Ungnade (15) states that 
there are no steric effects in o-methoxpacetanilide, but we believe that a 
steric effect hypothesis accounts more satisfactorily for the observed spectrum. 
Ungnade argues that although the primary band of o-methoxyacetanilide is 
somewhat less intense than that of the meta-isomer, the order of intensities is 
reversed for the secondary bands and the wave-lengths of corresponding 
bancls in the ortho- and meta-isomers are virtually identical. In our view, the 
ortho-compound exhibits a typical steric effect of a type which has been dis- 
cussed fully elsewhere (3, 4, 8) ,  in which the location of maximal absorption 
remains approximately the same, while the intensity of absorption is reduced. 
This eflect becomes readily apparent if the ortho-compound is compared with 
the corresponding para-compound rather than with the meta-compound. This 
seems justified, since it has been shown in the study of acetophenones (4, 8)  
that the former comparison has greater validity. We would propose a similar 
steric effect for the anisidine spectra referred to b~7 Ungnade (13). Further, 
since it has been shown in a number of other examples (12, 8) that the second- 
ary band is not apparently affected by steric interference of resonance, we 
would not expect the secondary band to exhibit a corresponding steric effect. 

Aromatic Esters 

In the light of these hypotheses an examination of the spectra reported by 
Cilento (6) and the extension of this worlc to a number of other esters appeared 
to be of interest. The spectrum of phenyl benzoate we explain as follows: 
The spectrum of benzoic acid compared to acetophenone has been correlated 
by the indz~ctive effect of the hydroxyl group and by consideration of steric 
factors operative largely in the excited state of benzoic acid. This steric effect 
in benzoic acid, postulated to be due to a concentration of electrons in the 
carboxyl group, is reduced somewhat in phenyl benzoate since the phenyl 
group attached to the oxygen atom (henceforth referred to as ring B in 
accordance with Cilento's nomenclature) is an electron-attracting group. I t  
therefore removes some of the electrons responsible for the steric effect, and 
hence transitions to excited states of type I11 are aided, accounting for the 
increased intensity of absorption and the slight bathochromic shift. The  value 
for the observed absorption intensity, however, also includes some absorption 
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TABLE 111 

ABSORPTION SPECTRA OF AROMATIC ESTERS AND REFERENCE COMPOUNDS I N  ABSOLUTE ETHANOL 
Wave-lengths and intensities of the main maxima (values in italics represent inflections) 
- - 

Substituent in: Ring A band Ring B band 
Compound 

Ring A Ring B A,.,, Cmnx Xrnax, cmnx 

mP m~ 

(Benzoic acid) (227 11,000) 
Phenyl benzoate - - 230 15,000 -274 2000 
Phenyl p-chlorobenzoate P-Chloro - 242 20,000 - - 
Phenyl p-iodobenzoate p-Iodo - 259 21,000 - - 
Phenyl p-anisate (6) p-Methoxy - 261 22,000 - 
Phenyl p-nitrobenzoate 

(6) $-Nitro - 259 15,500 -305 2600 

- - 
p-hitrophen$i 

b-nitrobenzoate (6) +-Nitro +-Nitro 266 20.600 - 
p-knisyl benzoate (6j - h - ~ e t h o x ~  228 19;400 275 

- 
5000 

p-Hnisyl p-anisate (6) p-Methoxy p-3Iethoxy 261 23,500 - 
-Anisyl  

p-nitrobenzoate (6) p-Nitro 9-Methosy 258 15,500 -300 4000 
p-Chlorophenyl 

p-chlorobenzoate p-Chloro p-Chloro 249 22,000 274 3000 
p-Iodophenyl 

p-iodobenzoate p-Iodo p-Iodo 260 22,000 - - 
ni-Anisyl benzoate - m-Methoxy 225 17,000 271 

- 
3500 

?n-Anisyl p-anisate p-Methoxy m-Methoxy 259 21,000 - 
?n-rlnisyl- 

p-nitrobenzoate p-Nitro ?n-Methoxy 256.5 20,000 -295 3000 
p-Chlorophenyl benzoate - p-Chloro 232 17,500 -273 2500 
p-Iodophenyl benzoate - p-Iodo 233 23,800 -270 4000 
p-Nitrophenyl benzoate (6) - p-Nitro 235 14,100 270 14300 

Cyclohexane 
ring 

Phenyl cyclohexane- 
carboxylate - - - 25 8 2500 - 

p-Nitrophenyl 
cyclohexanecarboxylate - p-iVitro - - 268 10000 

p-Hnisyl 
cyclol~esanecarboxylate - p-Methoxy - - 275 2000 

?it-rlnisyl 
cyclohesanecarboxylate - 711-WIethoxy - - 273 3000 

due t o  ring B,  that  is, clue to  trailsitions involving excited states of type IV. 
In agreement with Cilento me ascribe bands to transitions involving either ring 
A or ring B,  although both bands will be influenced by  the neighboring ring. 

From Tables I and I11 it is seen tha t  substituents in ring A produce changes 
as might be expected from a consideration of the corresponding benzoic acid 
spectra. Since the para-substituent on account of its fnesomeric effect will 
also influence the electron density in the carboxyl group, the change due 
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to the introduction of the B-ring phenyl group will also be affected. However, 
in most cases, these additional changes from the benzoic acids to the 
corresponding phenyl esters are similar and roughly the same as between 
benzoic acid and phenyl benzoate, that is, a wave-length shift AX of about 
3 mp and intensity increase A€ of approximately $000. The greatest change is 
observed in the para-methoxy compound (AX,,, 12 mp, Ae = 8000) which 
may be ascribed to a combination of favorable mesomeric and inductive effects 
stabilizing resonance forms of type 111. The smallest change occurs in the 
para-nitro con~pound (AX,,, 1 mp), presumably because of the negative 
mesomeric effect of the nitro group. 

With a view to investigating the conjugation of the non-bonding p-electrons 
of the oxygen atom and the n-electrons of the B-ring, which Cilento considers 
to be rather weak, we may consider a number of compounds in which this 
conjugation might manifest itself. Taking phenyl p-anisate as an example 
where conditions favoring this conjugation already esist, we should expect the 
introduction of a para-nitro group in the B-ring to enhance this effect; the 
nitro group by withdrawing electrons from the B-ring should stabilize polar 
excited states of type 111. This in fact occurs, and a further bathochromic 
shift relative to phenyl p-anisate accompanied by increased intensity of absorp- 
tion is observed. Cilento (6) classifies this band separately, but this seems to us 
to be unnecessary, since we believe it  to be due to what is essentially the same 
type of transition. Introduction of a para-nitro group in the B-ring generally 
would be expected to give rise to a similar eflect, and a second example is in 
fact provided by p-nitrophenyl p-nitrobenzoate where this change is again 
observed on comparison with the parent compound, that is phenyl p-nitro- 
benzoate. In these compounds the B-band is not apparent since its maximal 

is was absorption closely approximates that of the A-band (see Table 111). Th'  
confirmed by determining the maximal absorption of p-nitrophenyl cyclo- 
hexanecarboxylate, which as expected absorbs maximally in the same region 
(A,,, 268 mp, E = 10,000). Occasionally the ester spectra exhibit the absorption 
due to the B-ring as maximal absorption, but often this occurs as  an inflection. 
I t  seclns to us unfortunate that Cilento does not record these inflections, that 
is the submerged maxima, in his table (G), even though the absorption in that 
region includes some absorption due to the secondary band of ring A. 

Reversing the substituents in the above examples has the expected effect. 
A para-methoxy group in the B-ring, because of its mesomeric effect, causes a 
slight hypsochrornic shift relative to phenyl benzoate. This is ascribed to the 
increased electron-availability in the carboxyl group, which enhances the steric 
effect in that area. The intensity of absorption does not exhibit the expected 
decrease, since the increased intensity of absorption due to ring B outweighs 
the supposed decrease accompanying the hypsochromic shift. An analogous 
effect is observed in p-anisyl p-anisate relative to phenyl p-anisate and in 
p-anisyl p-nitrobenzoate relative to phenyl p-nitrobenzoate (see Table 111). 
In B-ring para-halogen substituted compounds an intermediate effect is 
observed; the para-substituent does bring about a bathochromic shift, which, 
however, is smaller than that observed for a para-nitro substituent in ring 
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(see Table 111 for the spectra of P-chlorophenyl p-chlorobenzoate and p-iodo- 
phenyl p-iodobenzoate compared to those of phenyl p-chlorobenzoate and 
phenyl p-iodobenzoate respectively). This is readily explained by the inter- 
mediate mesomeric effects in these compounds. 

Meta-methoxy substituents in the B-ring produce a low-intensity band in 
the 270-280 mp region. This band is not appreciably influenced by an unsubsti- 
tuted A-ring as may be seen from the similar B-ring absorption bands in the 
spectra of m-anisyl benzoate ancl m-anisyl cyclol~exanecarbox)-late. Sub- 
stituents in the A-ring, however, again give rise to the preferential absorption 
of the A-ring band (see Table I11 for the spectra of m-anisyl p-anisate and 
m-anisyl p-nitrobenzoate) which masks the low-intensity absorption due to the 
B-band. 

Finally a number of other B-ring substituted esters are listed in Table 111. 
Sometimes the absorption due to the B-ring is negligible, and the absorption 
due to the A-ring almost completely predominates as in p-chlorophenyl or 
P-iodophenyl benzoates; compounds like 9-nitrophenyl benzoate, on the 
other hand, serve as examples where the two bands are of almost the same 
intensity. 

The ultraviolet absorption spectra were determined in duplicate by standard 
methods using a Unicam S P  500 spectrophotometer as described in Part I 

(8). 
i\/lelting points are uncorrected; analyses were carried out in the micro- 

analytical laboratory (Mr. J?. H .  Oliver) of the Department of Organic 
Chemistry, Imperial College, London, England, and in the nlicroanalytical 
laboratory (Mr. A. Bernhardt) of the Max-Plancl; Institut fiir Icohlenfor- 
schung, Miilheim, Ruhl-, Germany. 

Benzoic Acids 
The cornn~erciallj- available cornpoi~nds were crystallized to constant 

melting point and intensity of absorption. o-Fluoro-, nz-fluoro-, p-bronlo-, 
and 712-nitro-benzoic acids were obtained by the oxidation with permangallate 
of the appropriate toluene according to the method described by Vogel (16). 
p-Bromobenzoic acid had melting point 251-233' (Heilbron and Bunbur>- 
(10) give melting point 251-253'). Anal.: Calc. for C7H502Br: Br, 39.75%. 
Found: Br, 40.1%. Light absorptions in ethanol : see Table I. 

Phenyl Benzoates 
The esters were prepared by standard methods. Solid esters were crystallized 

froin methanol or aqueous methanol to constant melting point and intensity 
of absorption; liquid esters \Irere distilled to constant refractive index and 
intensity of absorption. 

Phenyl benzoate crystallized as prisms, melting point 70" (Heilbron and 
Bunbury (10) give melting point 71"); phenyl p-chlorobenzoate crystallized 
as plates, melting point 100" (Birkenbach and Meisenheimer (2) give melting 
point 100"); phe~zyl p-iodobenzoate cr)~stallized as plates, melting point 133". 
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Anal.: Calc. for C13H9021: C,  48.2; H,  2.8; I, 39.15%. Found: C, 47.9; H ,  2.6; 
I ,  39.0%. p-Chlorophenyl p-chlorobenzoate crystallized as plates, melting 
point 71" (Birkenbach and Meisenheimer (2) give melting point 71"); p-iodo- 
phenyl p-iodobenzoate crystallized as plates, melting point 148". Anal.: Calc. 
for C13H8O2I2: C,  34.7; H ,  1.8; I ,  56.4%. Found: C, 34.7; H ,  2.1; I ,  56.1%. 
m-Anisyl benzoate distilled a t  163", 3 mm., ni7 1.5751. Anal.: Calc. for C14H1203: 
C, 73.7; H ,  5.3%. Found: C, 73.9; H, 5.5y0. m-Anisyl p-anisate crystallized 
as prisms, melting point 102". Anal.: Calc. for C16H1404: C, 69.75; H,  5.5%. 
Found: C, 69.95; H, 5.7%. m-Anisyl p-nitrobenzoate crystallized as needles, 
melting point 126". Anal.: Calc. for C14H1106N: C,  61.5; H ,  4.1; N, 5.1%. 
Found: C, 61.4; H,  4.3; N,  4.9%. 9-Chlorophenyl benzoate crystallized as 
needles, melting point 87" (Autenrieth and i\/Iiillinghaus ( I )  give melting 
point 86"); p-iodophenyl benzoate crystallized as needles, melting point 119" 
(Willgerodt and Wiegand (17) give melting point 118.5-119.5°). 

The light absorption properties of the above-described con~pounds are 
recorded in Table I I I. 

Phenyl Cyclohexanecarboxylates 
Cyclohexanecarboxylic acid was prepared from cyclohexyl chloride according 

to the method of Gilman and Zoellner (9) and distilled a t  179", 17 mm.; 
nAO 1.4620 as a colorless liquid, which solidified on standing to a solid, melting 
point 28" (Hiers and Adams (11) give boiling point 105O, 4 mm.; n: 1.4520; 
melting point 29-30"). The esters were prepared in the above-described 
manner. 

Plzenyl cyclohexanecarboxylate distilled a t  12g0, 3 mm.; ni7 1.5107. Anal.: 
Calc. for Cl3H1~O2: C, 76.4; H, 7.9%. Found: C,  76.5; H ,  8.0%. p-Nitrophenyl 
cyclohexa?zecarboxylate crystallized as needles, melting point 53.5". Anal.: 
Calc. for Cl3Hl5O4N: C, 62.6; H,  6.1; N ,  5.6%. 1;ound: C, 62.3; H, 5.9; N, 
5.7y0. p-Anisyl cyclohexanecarboxylate crystallized as needles, melting point 
64". Anal.: Calc. for C14H1803: C ,  71.8; H, 7.7%. 170und: C, 71.5; H, 7.8%. 
m-Anisyl cyclohexa?zecarboxylate distilled a t  SO0, 3 mm.; n g  1.5460. Anal.: 
Calc. for C14H1B03: C, 71.8; H ,  7.7%. Found: C, 72.0; H, 7.9%. 

The light absorption properties in ethanol of the above-described compounds 
are recorded in Table I I I. 
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PHOTOLYSIS OF DIETHYL KETONE AT LOW PRESSURES: 
THE PRESSURE DEPENDENCY OF THE COMBINATION OF 

ETHYL RADICALSL 

ABSTRACT 

The photolysis of diethyl lcetone has been investigated in the pressure range 
0.01-30 mm. a t  10O0, 150°, 200°, and 250" with a variation in absorbed intensity 
of 1000-fold. Over this wide variation in experimental conditions the kinetics of 
the reaction show excellent agreement with the inechanisnl of Icutschke, Wijnen, 
and Steacie. Under conditions where the production of ethylene by decomposition 
of the pentanonyl radical was negligible (high light intensity and low lcetone 
pressure), the ratio of the rate of ethylene formed to the rate of butane produced 
was determined to be 0.12 independent of the temperature. These data indicate 
that both the disproportionatiori and combil~ation of ethyl radicals are homo- 
geneous and pressure independent to as low as  0.01 mm. pressure. In addition it 
is probable that the two reactions are the result of diiferent reaction intermediates 
a s  was postulated by Wijilen and Steacic. Thc abstraction reaction 

C ~ H ~ + C ~ H A C O C ~ H ~  + C ~ H G + C ~ H ~ C O C ~ H ,  
showed definite heterogeneous character a t  low pressures similar to thc analogous 
reaction of methyl radicals with acetone studied by Ausloos and Steacie. 

INTRODUCTION 

The  absolute values of the rate constant for the combination of inethyl 
radicals as determined in several independent investigations (2, 5, 10, 11) 
have differed significantly. Recent papers by Dodd and Steacie (3) and Kis- 
tialtoxvslcy and Roberts (7) treat this reaction by a pressure dependent 
mechailism, 

2CH3 + CZHC* 

C?Ho*+M -+ C?Ho+M, 

in an attempt to  reconcile these apparent discrepancies. Both studies were 
made on the photolysis of acetone a t  low pressures whereby it is possible to 
compare the rate of ethane formation by combination to  the rate of methane 
formed by the abstraction mechanism, 

The magnitude of the pressure effects on the relative rates of methane and 
ethane production can be explained for the most part by such a mechanism, 
but the lower pressure experiments of Dodd and Steacie indicate other ano- 
malies which are strongly surface dependent. These latter effects have been 
verified by similar low pressure experiments of -4usloos and Steacie (1). 

This paper reports on a similar investigation of the pressure dependency of 
the combination of ethyl radicals formed in the photolysis of diethyl ketone. 
I t  was expected that the experimental difficulties would be somewhat greater 
than in the acetone photolysis since, presumably, the more complex ethyl 

'Manuscript received Azcgust 26, 1955. 
Contribution from tlte Division of Pure Chcnzisfry, National Rcscarch Council, Ottawa, Canada. 

Issued as N .  R.C. No. 3777. 
*On leave from Departme~st of Chctnistry, University of California, Davis, California, U.S.A. 
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BRINTON A N D  STEACIE: PHOTOLYSIS OF DIETHYL KETONE 1841 

radicals would not show the effect of third body deactivation for the combina- 
tion reaction a t  such high pressures as observed for methyl radicals. On the 
other hand the disproportionation reaction of ethyl radicals into ethylene and 
ethane seemed to offer a more reliable comparison reaction than the abstrac- 
tion reaction which most certainly is partly heterogeneous a t  low pressures in 
the case of the acetone photolysis. 

EXPERIMENTAL 

The photolysis apparatus was similar to that of Dodd and Steacie (3). A 
majority of the experiments were conducted in a cylindrical silica cell of 3.9 
cm. diameter and 100 cm. length (volume = 1210 ~ m . ~ ,  surface = 1260 crn.7. 
Another cell of similar dimensions but having two concentrically mounted 
inner silica tubes (volume = 1040 ~ m . ~ ,  surface = 3580 ~ m . ~ )  was used in a 
series of photolyses a t  200' in order to  evaluate the effect of increased surface 
and shorter diffusion distance. The  method of temperature control of the cells 
was identical to that used by the above workers. I t  was possible to maintain 
the temperature along the cell's length to &lo. No correction was made for 
that part of the reaction taking place a t  the cooler end windows since these 
cold zones represent a rather small fraction of the total reaction volume. 

The light which completely filled the reaction cell in all experiments was a 
well-collimated beam from a B.T.H. ME/D 250 watt high pressure mercury arc 
operated on a regulated d-c. supply. A Corning 9-53 filter and the long wave 
length absorptioil limit of diethyl ketone limiter1 the absorptioil region to  
XX2800-3200 A. A plane alumiilized mirror was used a t  the back cell window 
to increase the light intensity in some of the photolyses and neutral density 
filters of chrome1 deposited on silica plates were used to decrease the intensity 
in other cases. 

The per cent decomposition of diethyl ltetone was limited in most of the 
experiments to  0.5 to 4y0. However it was necessary to exceed this amount in 
those photolyses a t  pressures less than 0.1 mm. pressure and some decom- 
positions were as much as 20%. In all cases the concentration of diethyl ketone 
used in the various calculations was the average over the run. A supplementary 
volume of 15 liters was used in conjunction with the photolysis cell in the photo- 
lyses under 1 mm. pressure. This additional gas supply was circulated through 
the reaction cell a t  frequent intervals during the photolysis by a mercury 
diffusion pump. Circulation was not carried out during irradiation since the 
pumping caused considerable pressure differeiltials within the cell system. 
Measurement of diethyl ketone pressure was made by a McLeod gauge. 

The analytical vacuum system and the diethyl ketone circulation system 
employed mercury cutoffs throughout, thus eliminating possible errors due 
to the absorption of diethyl ketone and reaction products in stopcock grease. 
Photolysis products were separated by use of a Ward-LeRoy still (9) into 
three fractions: (a) CO fraction (volatile a t  -210°), (b) C2 fraction (volatile a t  
- 175'), (c) C4 fraction (volatile a t  - 115'). These three fractions were ana- 
lyzed mass spectrometrically. Fraction (a) was essentially pure CO. Analysis 
showed <0.2% CH4 to  be present. Fraction (b) contained C2H6, C2H4, and 
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1842 CANADIAN JOURNAL OF CI-IEMISTRY. VOL. 33 

traces of C3H8, C3H6, and COz. Fraction (c) was predominantly C4H10 with 
small amounts of butene and propene in experiments carried out a t  high tem- 
perature and low intensity. 

Eastman ICodalr Compaily diethyl ketone was dried with anhydrous CaSO4 
and fractionated in a 15 plate column. Small portions of the fraction boiling 
from 100.8" to 101.0" (uncorrected) used as a main supply were thoroughly 
outgassed before each trial in the vacuum system. The perfluorodimethyl 
cyclohexane obtained from Halogen Chemicals Iilc., Columbia, S.C., was 
distilled and degassed in vacuo. 

EXPERIMENTAL RESULTS 

In all about 90 runs were made a t  four different temperatures. The pertinent 
data for the experiments conducted on diethyl ketone alone are shown in 
Table I ;  those shown in Table I11 refer to  the photolyses made in the presence 
of added perfluorodimethyl cyclohexane, CaF16. 

TABLE I 

L- ., 
mole ~ r n . - ~ X  lo7 mole ~ m . - ~  set.-' X 10'3 
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BKINTON A N D  STEACIE: PI-IOTOLYSIS OF DIETHYL KETOSE 18$3 

TABLE I (Conclz~ded)  
, . 
I H E  RATES OF PRODUCT FORMATION I N  THE PHOTOLYSIS OF DIETHYL KETONE 

. .. 
mole c ~ n . - ~ X  lo7 mole ~ r n . - ~  set.-'X 1013 

200" "packed cell" 

DISCUSSION 

The Photolysis Meclzanism 
Recently a detailed study of the photolysis of diethyl ketone has been made 
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1814 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 33 

by Kutschke, Wijnen, and Steacie (8). They explained their results 011 the 
basis of the following mechanism- 

PI c~H~coc~H~+~v'I"\ 2C2H5+ CO 

[21 2C2H6 % C4H10 

[31 
k 2C2Hs 3 C2H4+CzH6 

[41 
k CzHs+C2HSCOC2H6 f C2Ho+ C2H4COC2Hs 

[51 C ? H S + C ~ H ~ C O C ~ H S  kq C4H9COC2H5 

[61 2C2H4COC2H; 3 [C2H4COC2H5]2 

[71 C2H4COC2H5 5 C2H4+C2H5+C0 
If the rate of formation of a product, P, is expressed by Rp and the concen- 

tration of diethyl ketone by [Dl the following expression may be d e r i ~ e d . ~  

~ O ~ ( R ~ ; H ~ / R C ~ H ~ O )  = log(k4/kk ) +log([~1/&4~10 ) 

I /Z -l/Z I/Z 
[ D ] / R ~ ~ , ,  Mole cc sec 

FIG 1. Plot of log R : ~ ~  /Rc4Hlo VS. log [ D ] / R ~  
2 6 4 10' 

3 represents tlte rate of ethancformation by the abstraction reaction [4] to d$erentiate i t  fronz 

R g H 6 ,  tlte rate of ethane fornzed by the disproport~onation reaction [S].  Th i s  pnantity was calculated 

from the erpressiolz R::~~ = RP;;: -0.12 RCdHIO assz~nzi7tg tacitly that the ratio k3/k? = 0.12, 

i7zdependellt of experinzental conditions. Justificatioz for this procedure i s  given in the szrbseqzrent 

disczrssion. R g H e  is  greater thaz  ARC? = R?,";: -R?$, , tlrc rate calculated by Kzrtschke, W i j n e n ,  

and Steacie, by the anzount of the additional ethylene produced by the decomposition of the penla- 

nonyl radical, C,H~COC?HS, in rcactio+t [7]. I n  most cases, however, the dgerence between R&, 
and ARC? i s  sw~all. 
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BRINTON A N D  STEACIE: PFIOTOLYSIS OF DIETHYL KETONE 1845 

The results of the present investigation are shown in Fig. 1 as a plot of 
log R,$~, /R~,~, ,  VS. log [D]/R&,~I,,. Data a t  the four temperatures cover the 
pressure range 0.01-30 mm. and represent a variation in absorbed intensity of 
more than 1000-fold. The  series of straight lines of unit slope fit the experi- 
mental points well except a t  the low and high extremes of the variables. 
Deviations in the low region which occur a t  pressures under ca. 0.4 mm. are 
treated in detail in a later section; those in the high region are most pronounced 
a t  high [Dl and low absorbed intensity and are apparent a t  the two higher 
temperatures only. A reasonable explanatioil of these latter ailomalies has not 
been formulated but  it is possible that  some mode of butane formation in 
addition to reaction [2] is becoming significant under these conditions. This 
reaction seemingly must be of the type 

R+CzH6COC2H6 + C4Hlo+other products 

where R represents some radical present in the system. Production of detec- 
table amounts of 2-butene and a pentene (2-pentene probably) accompanying 
the extra amounts of butane could well be the result of the same or a closely 
related mechanism. 

I I I I I I I 
1.9 2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 

I / T X I O ~  
1 

FIG. 2. Arrhenius plot of k J / k 2 % .  

Fig. 2 shows values of log k4/k2+ calculated from the straight line portions of 
the curves of Fig. 1 plotted vs. 1/T. The  line connecting the four points shows a 
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curvature so the values of E d - $ E 2  were calculated for each of the three inter- 
vals. These activation energies are all higher than the &-+& = 7.4 ltcal./ 
mole reported by Kutschlte, \Vijnen, and Steacie. Reasons for these differences 
are not altogether clear but it may be pointed out that almost all of their 
experiments were conducted a t  ltetone pressures greater than 10 mm. In this 
region it has been indicated that the values of k 4 / k 2 '  tend to be too small a t  
higher temperatures, and hence a calculated activation energy would be low 
in value. The curvature, although not large, seems to be real and is perhaps the 
consequence of the diethyl ltetone molecules having both a primary and 
secondary hydrogen atom available for the abstraction process. Activation 
energies of these two processes would be expected to differ by several 
ltcal./mole (13) and lead to a curvature of the type observed. 

No attempt was made in the course of the study to analyze for the products 
of reactions [5] and [B], ethyl butyl ketone and bipentanonyl respectively. 
However, it is possible to calculate the rate of production of these two sub- 
stances by a consideration of the balance of the radicals involved, 

(~o ta l  raclirnl balance) 

(pen tanonyl radical balnr~ce). 
Then 

R C ~ H ~ C O C ~ H ~  LD1 k 6  R C ~ H ~ C O C ~ H ~  
- -  - k 5  

and , -- 
1 - k 4k 

R ( $ ~ H ' C O C O H ~ ) ~  RaCbZHg 6  4  R ( ; ~ H ~ C O C Z H ~ ) Z  R:41110 k6 fk?  

Ratios of rates shown in the latter two equations have been calculated for 
those experiments a t  the three higher temperatures in which the amount of 
ethylene formed by reaction [7] was large enough to justify such a procedure. 
These ratios shown in the second and third columns of Table I1 have a good 

TABLE I1 

150" (6 runs) O.GG6f 0.136 1.50Zt0.30 
200" (10 runs) 0.311Zt0.061 1.01+0.35 
250" (4 runs)  0.135Zk0.029 1 .92~k0 .35  

precision a t  each temperature considering the indirect nature of the calcula- 
tions involved. In addition E4 - E 5 + $ E 6  = 7.1 kcal./mole estimated from the 
second column ratios compares well with E d - $ &  - 8.0 ltcal./mole deter- 
mined directly while E g - $ E 6 - $ E 2  from the third column data is about zero. 
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BRINTON i\KD STEXCIE: PHOTOLYSIS OF DIETHYL KETONE 1847 

Since E*, ES, and E6 are activation energies of radical-radical combination 
reactions and are probably near zero, the agreement of the calculated values 
with those predicted by analogy to other similar mechanisms is excellent. The 
above treatment gives strong evidence that only the seven reactions enumer- 
ated by Kutschlre, Wijnen, and Steacie are required to  describe the photolysis 
of diethyl lietone adequately in the temperature range 150'-250'. The actual 
magnitude of the derived quantities must be accepted with some reservation 
because of the type of operations necessary in making the calculations. 

The  Formation of Ethylene 

The ratio R ~ ~ 4 / R , , H l o  a t  temperatures under 150' was shown by Icutschke, 
Wijnen, and Steacle to be about constant a t  -0.1. However, at higher tem- 
peratures, and especially a t  high diethyl lietone concentrations and low 
absorbed intensities, this ratio increased. I t  was this latter evidence that led 
them to add reaction [7] to  the mechailism of Dorfman and Sheldon (4). 
In  the present study the absorbed intensity and ketone concentration have 
been varied over a much wider range and the essentials of this study are shown 
in Fig. 3 where R~f~, /RC4, , ,  is plotted vs. RCo.4 I t  is evident that R ~ ~ 4 / R C 4 H 1 0  
tends toward a constant value of about 0.11-0.12 as the absorbed intensity is 

FIG. 3. Plot of R ~ $ , / R c , H ~ ~  vs. RCO. 

"The yuantz~nz yield of diethyl keto?te was careft~lly determined b y  Dorfnzan and Sheldon (4) at 
60" and 110". Tlzey found +CO = 1.0 within experimetltal error and conseyz~ently wrote reaction 
[ I ]  as given previously. Tlrzrs i t  wozrld seem that even at 60° a n y  propionyl radical formed b y  
C2H5COC2H5!!+ CZHs+C2HsCO wozlld decolnpose before appreciable participation i n  other re- 
actions causi?tg its disappearatzce. At higher tenzperatures reactions 141 and [7] constittcte a chain 
mechanisnz for CO production. flowever, a calculation from the data of Table I shows thut n o  more 
titan ca. I3yo  of the total CO i s  fornzed by readion (71 i n  even the most 147tfavorable case at $60'. 
For this reason Rco m a y  be taken as a good approxi?nation of the absorbed intensity. 
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increased. For a given intensity the deviation from this value is greater a t  
higher temperatures, and, although not indicated in Fig. 3, for fixed tempera- 
ture and intensity a higher pressure is accompanied by greater deviations. 
The values of relatively few of the ratios are shown in Fig. 3 but those of all 
the photolyses follow the generalizatio~ls just given in a very regular manner 
as may be verified by simple calculations from Table I. At 250" the ratio was 
never lower than about 0.13 even in the very low pressure region. In fact a t  
constant maximum incident intensity the minimum of 0.131 was a t  
[Dl = 0.0345 X mole ~ r n . - ~ ;  both higher and lower concentrations pro- 
duced a larger ratio. I t  is probable that the lower absorbed intensities due to 
the smaller percentage absorption a t  the concentratioils below [Dl = 0.0345 
X10V more than offset the effects of the lower concentrations of diethyl 
ketone tending to decrease the value of R ~ ~ , / R c 4 H 1 0 .  Limits on the intensity 
imposed by the B.T.H. lamp prevented a real test of this latter explanation. 

The evidence given in the preceding sections indicates rather clearly that the 
disproportionation of ethyl radicals in the photolysis of diethyl ketone in the 
3000 A region is essentially independent of experimental conditions of tern- 
perature, intensity, and pressure over a very wide range. The variation in 
Rtotnl CZH4/RC4B10 seems well explained by the production of extra ethylene formed 

by pentanonyl radical decomposition, reaction [7]. Calculation of Rz,, = 0.12 
RCIHIO made earlier in the paper is justified on the basis of such a mechanism. 
The apparent value of the disproportionation to combination for other sys- 
tems, especially in the photolysis of diethyl mercury, differs markedly from 
this value. Discussions of these other determinations are given by Ivin, Wijnen, 
and Steacie (6) and LeRoy and co-workers (121, and it  appears that all recent 
evidence is in agreement with k3/k2 = 0.12-0.15. 

The Combination of Ethyl Radicals. Third Body Efects 
The iilfluence of a third body effect on the combination of ethyl radicals in 

the photolysis process is conveniently demonstrated by comparing the rate 
of the combination reaction to the rate of some other reaction occurring simul- 
taneously. This comparisoil reaction must not be dependent on such a third 
body deactivation. Both Dodd and Steacie (3) and Kistialtowslty and Roberts 
(7) used the methyl radical abstraction of a hydrogen atom from acetone for 
this purpose. A11 arlalogous treatment in the case of the diethyl ketoi~e photo- 
lysis leads to  the equations, 

2C2H6 % C4Hl0* 

C4Hlo* 5 2C2H5 

M +C4Hl0* 3 C,Hlo+M 

Thus if [MI is limited to  diethyl ketone as a third body, the formation of 
butane should be ii~depeildent of [Dl above some low pressure. By using the 
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BRISTON -AND STEACIE: PHOTOLYSIS OF DIETI-IlrL I<ETOSE 1849 

rate of ethane formation by the abstraction reaction [4], RZ,, = k4[CzHs][D], 
as a measure of the ethyl radical concentration, equatioils [I.] and [11], 

may be derived. A t  a single temperature the first of these expressioils should 
approach a coilstant value with increasing [Dl while the latter should tend 
toward constancy a t  low [Dl values. These two functions are plotted vs. [Dl 
in Figs. 4 and 5. The  curves of Fig. 4 follow in a general way the predicted 

[ D l  MOLE CC-'X lo7 

1. 

FIG. 4. Plot of R$ ,~~ /R~ ,H, , [DI  vs. [Dl. 

trend except for the experiments a t  the highest pressures in which the absorbed 
intensity was low. A possible explailatioil of this deviation has been given 
previously. The  curves of Fig. 5 all show a decided increase in the low pressure 
region where they should be essentially constant if they were to  behave as 
predicted by equation [II]. The  dotted curve of Fig. 5 indicates that  the da ta  
obtained a t  200' in the cell with the illcreased surface area deviate to a still 
greater extent. I t  is evident that  some heterogeneous reactioil is affecting the 
variables of equations [I] and [Ill in the low pressure region. How much of the 
total defect in the low pressure values of equation [I] from the high pressure 
value of R",b,,,,/Rb4,,o [Dl is due to  surface effects and how much is due to  a 
third body deactivation anomaly is difficult to  assess by this treatment. I t  
seems significant that  the minima in the curves of Fig. 5 occur a t  lower pres- 
sures (ca. 0.1 mm.) than do the correspondi~lg ones (0.5-2 mm.) for the photo- 
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I lysis of acetone given by Ausloos and Steacie (1). Since the influence of a 
I heterogeneous reaction should not be appreciably different for the two ketones, 

the minima a t  lower pressures in the case of diethyl lietone could well indicate 
a much smaller third body effect. 

A less complex and seemingly more meaningful treatment of the third body 
effect in the case of diethyl ketone is to compare the rate of disproportionation 
to the rate of combination. Although the reactants are identical in the two 
reactions it  will be assumed that the two reactioil intermediates differ and that 
the complex for the disproportionation reaction is not influenced by a third 
body effect. The disproportionation scheme will be 

If this latter rate is combined with the expression already derived for the third 
body mechanism for butane formation, the rate of disproportionation to 
combination becomes 

R%H~ k&/ ( k s f k , )  
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BRINTON AND STEACIE: PHOTOLYSIS O F  DlETIlYL KETONE 1851 

Since it has been found that this ratio is 0.12 independent of experimental 
conditions, it must be true that  [i\iI]k, >> k b  or that  the combination reaction is 
not showing a dependency on a third body deactivation down to pressures as 
low as 0.01 mm. 

I t  is necessary to substantiate the two postulates made in the previous dis- 
cussion: (a) the reaction intermediates of the disproportionation and com- 
bination reactions differ, and (b) the disproportionation complex will not be 
third body dependent. The two complexes may be represented as 

These same complexes were postulated by Wijnen and Steacie (14) to explain 
the composition of the various deuterated ethylenes formed in the photolysis 
of 2,2'4,4' tetradeuterodiethyl ketone. Their evidencc strongly supports a 
"head to head" intermediate for the combination and a "head to toe" inter- 
mediate for the disproportionation. 

A consideration of the possible fates of the two complexes and the energetics 
involved leads to the conclusion that they should have very different response 
to a collisional deactivation. The combination of two ethyl radicals to form 
C4Hlo* produces a molecule essentially of the butane configuration which is 
"hot" by about 80 Bcal./mole compared to the final butane product. If the 
possibilities of H atom rearrangemc~lts are ruled out as seems to be the case 
from Wijnen and Steacie's results (14), the o~llp possible reactions available 
for C4EIlo* are deactivation bj- collision and dissociation into the original ethyl 
radicals. The CIHlo*" complex, on the other hand, cannot be deactivated to a 
stable molecule without an H atom shift. In addition the complex is not as 
"hot" as is C4Hlo* when it is compared to its end products, C2H4 and CzHs 
( 2 C a 5  -+ C?H4+C?HG, A H  = -50 ltcal./mole). Most important, however, is 
the ability of the two product fragments of almost equal mass to distribute 
this excess energy between them so that the 30 lical./mole carried by each 
product is far below that necessary to decompose either the ethylene or ethane. 

A further test of the role of a third body was attempted by adding pcr- 
fluorodimethyl cyclohexane to the reaction system. This gas was cllosen be- 
cause (a) its physical characteristics allowecl an easy separation lrom the pro- 
ducts of the photolysis, (b) it was transparent to the radiation used in the photo- 
lysis, (c) it was inert to the various radicals formed in the photolysis, and (d) 
the data of Dodd and Steacie indicated that  its efficiency as a third body was 
quite high. Runs were made a t  200" and 250" using essentially constant inten- 
sity and Itetone conce~itration but with varying amounts of CsFlG added. 
Experimental data and various calculated parameters for these runs are given 
in Table 111. The most significant and unexpected result of the experiments 
mas the increase in Rt,o$,/Rc,I-I l o  with an increase in CsFlc  concentration. Inas- 
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TABLE 111 

Rco R t ~ t a l  C2H4 R ~ 4 ~ l o  R e H 6  R?$4 

[Dl 
-- -- 

CEF16 
(mm.) (mm.) mole ~ m . - ~  set.-I x 1013 K ~ 4 ~ 1 0  'h4HlO [DI 

much as  the formation of butane would not be expected to be made less favor- 
able by an  added gas, the increase in the ratio must be attributed to  an en- 
hanced CzH4 formation. I t  seems likely that  the unimolecular pentanonyl 
radical decomposition, reaction [7], is in its pressure dependent region a t  
0.02 mm. of diethyl lcetone. Addition of C8F16 must aid in the deactivation of 
the pentanonyl reaction complex thus increasing the CZH, formation. 

Values of R;~~~,/R~,,,[D] in the last column of Table 111, although not 
constant to  a h ~ g h  degree of precision, show no trend with increasing C8F16 
concentration. The  poorer agreement between the values is compatible with the 
difficulty of analyzing for the photolysis products contained in the very large 
amounts of added C8F16. The lack of any  appreciable effect of even high C8FlG 
co~lce~ltrations on ~ 3 , b z ~ ~ ~ / ~ ~ ~ ~ ~ ~ [ ~ ]  may substantiate the independence of the 
ethyl radical combination to  pressure. Unfortunately this latter evidence is 
complicated by the unevaluated effect of the added gas on the heterogeneous 
formation of ethane. I t  might be expected tha t  the greater gas concentration 
would reduce the rate of radical diffusioil to the wall and in addition perhaps 
reduce the concentration of adsorbed substrate. Since both these effects would 
tend to decrease the heterogeneous ethane formation it is surprising that  the 
values in the last colum~l of Table I11 do  not decrease a t  the high CsFl6 
concentrations. 
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-- 

NOTE 
-- 

A FURTHER OBSERVATION ON THE BIOGENESIS OF HYOSCYAMINE1 

I t  has been shown previously that in mature Dalura stranzonium plants 
putrescine is not involved in the formation of either hyoscine or hyoscyamine 
(3), and that ornithine is a precursor of hyoscyamine but not of hyoscine (7, 
8). This fact has been interpreted as implying a different mode of formatioil 
for the two allialoids (8), although the conclusion that hyoscine is no longer 
synthesized in the mature plant, while hyoscyamine is, is equally plausible 
(cf. 12). 

In all cases of nitrogen methylation in plants studied so far methionine has 
always been found to act as a precursor of the methyl groups (1, 2, 4, 9) 
although formate and choline did not always perform that role (4, 9). There- 
fore, it appeared legitimate to assume that in D. stramoniz~m methioiliile would 
perform the same function. On feeding C1"methyl-labelled methionine to 
mature D. stramonium, both hyoscyamine and hyoscine should be radioactive 
because of the presence of an N-C1W3 group in each, if both al1;aloids were 
still being synthesized, albeit by different pathways. On the other hand, were 
hyoscine no longer synthesized a t  the time of the experiment, then only the 
hyoscyamine should be radioactive. 

I t  has now been found that when C14-methyl-labelled methionine was fed 
to the mature plant and the alkaloids isolated, only the hyoscyamiile but not 
the hyoscine was radioactive. There seems to be little doubt, therefore, that as 
stated by Trautner (12) hyoscine is formed a t  a coinparatively early stage in 
the development of the plant, after which hyoscyarnine is formed exclusively. 
Although it is possible that hyoscine could be synthesized from a different 
precursor, the fact that this base is no longer produced in the mature plant 
accounts for the failure of ornithine-2-Cll to give rise a t  this stage to radio- 
active hyoscine (7, 8). 

Very recently, in a study of the metabolism of glycine-2-C14 in vigorously 
growing D. ferox, Evans and Partridge (6) found that both hyoscine and 
meteloidine were radioactive, but also they observed that the labelling of the 
alkaloids varied significantly with the state of maturity of the plant. 

In reporting the results of previous experiments on feeding ornithine-2-C14 
to D.  stramonium, the radioactivity of the amino acid fraction obtained from 
the plant extract was assumed to be due to the presence of excess labelled 
ornithine (8). Examination of this fraction has now revealed that it contained 
practically no ornithine, and hence the radioactivity of this fraction must be 
attributed to other amino acids arising from the metabolism of ornithine. 

EXPERIMENTAL 

dl-C1"Methionine prepared from dl-homocysteine according to the method 
of Melville, Rachele, and Keller (10) had an activity of 1.07 X lo7 counts per 

lConstitz~tes Part X V of the series on the Biogenesis of Alkaloids. Issued as N.R.C. No. 3756. 
2National Researclt Council of Canada Postdodorate Fellow, 1954-1955. 
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min. per mgm. (1.59X109 counts per min. per millimole); and 74 mgm. was 
fed to a mature D. strarnonizlm plant as described previously (3). The methio- 
nine was rapidly talren up by the plant, over 90% having been absorbed in 
four days a t  which time it was harvested. The radioactivity then was distri- 
buted as follows in counts per min. per mgm. (before drying): roots, 1000; 
leaves, 9;  seeds, 4. The whole plant was dried a t  100' in an oven for 48 hr., and 
the crude allraloids isolated as described already (8). T o  the crude mixture of 
alltaloids 250 mgm. each of hyoscine and hyoscyamine was added and the 
mixture was dissolved in ether. The total activity of the crude solution a t  this 
stage was 6.34X106 courlts per min. (i.e. ca. 17' of the total activity adminis- 
tered). Separation of the allraloids was effected by chromatography on a ltiesel- 
guhr column as described by Evans and Partridge (5) since the method pre- 
viously used (8, 11) was found to be unreliable. The alkaloids were purified 
finally by recrystallization of the aurichlorides to constant activity. Hyoscy- 
amine was found to have an activity of 5.8X104 counts per min. per millimole, 
while that of hyoscine, although faintly positive a t  first, had dropped to zero 
after three recrystallizatioils from water. 

The N-methyl group was eliminated from the hyoscyamine in a Herzig- 
Meyer determination, the reaction being carried out as described by Dubeck 
and I<irliwood (4) up to the precipitation of the tetramethylammonium reineclt- 
ate. The precipitate was dissolved in acetone and chromatographed on alumina 
which retained the impurities while the tetramethylammonium reineckate 
passed through the column. The solution was concentrated under reduced 
pressure a t  room temperature and diluted with water. The salt crystallized as 
pale pillk leaflets, m.p. 288-289' (decamp.). I ts  activity was 5.4X104 counts 
per min. per millimole. 

As reported previously (S), D. stramonium fed with C1"-labelled ornithine 
yielded when extracted, besides labelled hyoscyamine, a radioactive amino 
acid fraction. This fraction has now been examined further by two-dimensional 
paper chromatography. I t  was fouild to contain mainly the following free 
amino acids: asparagine, glycine, alanine, proline (trace), methionine, and 
aspartic acid. Neither ornithine nor glutamic acid was present in appreciable 
concentration. 
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