
Feb., 1945 T H E ROLE OF OXYGEN IN THE MECHANISM OF VINYL POLYMERIZATION 217 

been inactivated by treatment with either of these 
aryl-mercuric reagents no longer gave a nitro-
prusside reaction6 and by the close agreement 
found between the concentration of -^-chloro-
mercuribenzoic acid necessary to inactivate the 
amylase completely and the concentration of sulf-
hydryl6 shown to be present in the untreated 
amylase solution. 

Iodoacetamide is another reagent which reacts 
with sulfhydryl groups. If the hydrogen-ion ac
tivities of the solutions are kept below pH 8, the 
reaction is considered specific for thiol groups.18 

Certain enzymes such as urease9 are irreversibly 
nactivated by iodoacetamide while the activity 

of others such as pancreatic amylase12 is not ap
preciably influenced by this reagent. 

The data given in the last section of Table II, 
are typical of the results obtained when /J-amylase 

(13) (a) C. V. Smythe, J: Biol. Chem., 114, 601 (1936). (b) L. 
Michaelis and M. P. Schubert, ibid., 106, 331 (1934). 

was treated with iodoacetamide under conditions 
reported to be specific for sulfhydryl groups.18 

The amylase was markedly inactivated under 
these conditions and the inactivation was not re
versed by subsequent treatment of the solutions 
with cysteine. ^-Amylase resembles urease in 
this respect.18 The results with iodoacetamide in
crease the evidence that free sulfhydryl groups are 
essential to the activity of /3-amylase from barley 
and from malted barley. 

Summary 
The results of experiments with a number of 

oxidizing agents and of other reagents which have 
been reported to be specific for sulfhydryl groups 
confirm and extend previous evidence which leads 
to the conclusion that free sulfhydryl groups of 
the protein are necessary to the activity of /S-
amylase from barley and from malted barley. 
NEW YORK 27, N. Y. RECEIVED NOVEMBER 15, 1944 

Mechanism of Vinyl Polymerization. I. Role of Oxygen1 

BY CARL E. BARNES2, 

It has been known since the very beginning of 
polymerization studies that light, heat and air 
are effective agents for inducing the polymeriza
tion of certain vinyl compounds.8 For example 
vinyl chloride4 and vinyl acetate6 may be poly
merized by irradiation with ultraviolet light. 
Both these substances also polymerize readily 
upon heating to moderate temperatures, and it 
has been reported frequently that oxygen, ozone 
and peroxides have a pronounced catalytic effect 
upon the rate of this thermal polymerization. In 
fact, it has been demonstrated repeatedly that in 
the complete absence of oxygen, many vinyl com
pounds either fail to polymerize altogether or the 
rate is very slow.6 On the other hand it has been 
established that oxygen acts as a marked inhibitor 
in the photopolymerization of vinyl acetate.7 

This paper is concerned with the elucidation of this 
apparent anomaly and its relation to the mecha
nism of polymerization reactions of the vinyl 
type. 

The mechanism of the catalytic action of oxy
gen is undoubtedly related to peroxide formation. 
The presence of peroxides in many vinyl com-

(1) The experimental work described here was carried out in 1939 
while the author was with the Norton Company, Worcester, Mass., 
and has now appeared in British Patent 649,234 (1942). 

(2) Present address: General Aniline and Film Corp., Central 
Research Laboratory, Easton, Penna. 

(3) Redtenbacher, Ann., 47, 113 (1S43); Baumann, ibid., 163, 
312 (1872). 

(4) Baumann, ibid., 163, 217 (1872). 
(5) Staudinger, Frey and Starck, Bn., 6OB, 1782 (1927). 
(6) Moureu and Dufraisse, Bull. soc. chim., [4] 35, 1564 (1924); 

Staudinger and Schwalback, Ann., 488, 8 (1931); B. I. du Pont de 
Nemours & Co., lnd. Eng. Chem., 28, 1161 (1936). 

(7) Staudinger and Schwalback, loc. cit.; Taylor and Vernon, 
THIS JOOKNAL, IS, 2529 (1931). 

pounds has been observed by various investi
gators.8 Moureu and Dufraisse6-9 clearly estab
lished that it is combined oxygen rather than oxy
gen itself which catalyzes the polymerization of 
acrolein. Conant10 concluded that the catalytic 
effect of oxygen in the pressure polymerization of 
isoprene is due to the formation of a peroxide. 

These conclusions of Moureu and Dufraisse and 
of Conant, et al., are undoubtedly of a very gen
eral nature. During the course of this investiga
tion no compound containing the vinyl or vinyli-
dene group has been found which does not readily 
form a peroxide upon exposure to air under ordi
nary conditions; furthermore these peroxides have 
all been found to act as polymerization catalysts. 

Less well established is the nature of the in
hibiting action of oxygen in photopolymerization. 
It seemed to the author that this apparent anom
aly might be explained very simply by assuming 
peroxide formation to occur in preference to poly
merization in accordinace with the following 
scheme 

(1) M + UVL • 
(2) (a) M* + O2 • 

(b) M* + M • 

M* 
• MO8 (preferred reaction) 
• MM* + M —»- MMM*. etc. 

where M represents the unactivated monomer 
molecule; M*, the active center and MO2, a 
peroxide. I t must be further assumed that the 
catalytic activity of the peroxide is due to its 
tendency to generate M* (or similar active center) 
and that these active centers exhibit the same 

(8) Staudinger and Lautenschlager, Ann., 488, 1 (1931); Prates! 
and Celeghini, Gait. chim. HaL, 66, 365 (1936). 

(9) Moureu and Dufraisse, Chemistry &• Industry, 47, 828 (1928). 
(10) Conant and Tongberg, THIS JOURNAL, S3, 1666 (1930); Con

ant and Peterson, ibid., 54, 628 (1932). 
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preferential reactivity with oxygen as those 
formed by the action of ultraviolet light.11 

This theory requires (a) that peroxides be 
formed in vinyl compounds by the action of ultra
violet light and (b) that, in the presence of excess 
oxygen, polymerization be either greatly re
tarded, or entirely prevented. Both these re
quirements have been substantiated experi
mentally in the following manner. Two Pyrex 
tubes were filled half way with carefully purified, 
peroxide-free, vinyl acetate. One of these tubes 
was evacuated, boiled for a moment to free it of 
air, cooled and then sealed under vacuum. The 
other tube was flushed with oxygen and then con
nected to a large flask filled with oxygen to ensure 
a plentiful supply. Both tubes were immersed 
horizontally in a water-bath maintained at 0° 
and than irradiated with ultraviolet light. After 
twenty-seven hours the material in the evacuated 
tube had become viscous. Precipitation with 
methanol showed the presence of 13% polymer. 
The liquid in the tube under oxygen contained no 
polymer but a test with a potassium iodide solu
tion indicated the presence of 0.005 mole % per
oxide. Similar results have been obtained with 
methyl acrylate and methyl methacrylate. There
fore, when sufficient oxygen is present, peroxides 
are formed exclusively under conditions otherwise 
favorable to photopolymerization. 

If the foregoing explanation of the action of 
oxygen .s valid for photopolymerization, then it 
should apply to thermal polymerization as well. 
In this case it is a well known fact12 that the 
catalytic activity of the peroxide is due to its 
tendency to generate active centers. These ac
tive centers then should exhibit the same prefer
ential reactivity with oxygen as those formed in 
the photopolymerization. Furthermore, the per
oxide should be formed from the monomer and 
oxygen by the action of heat. Both these require
ments have been fulfilled experimentally. 

In one experiment, for example, a sample of 
methyl methacrylate was heated at 65° in the dark 
in contact with an oxygen reservoir bearing a 
manometer. During a period of twenty-six hours 
the monomer absorbed oxygen at a steadily in
creasing rate. At the end of this time it had ab
sorbed twice its volume of oxygen (at 65°) and 
had not visibly increased in viscosity. A portion 
of the sample, at this point, was placed in a tube 
under nitrogen and another portion was placed in 
a similar tube under oxygen. The portion under 
nitrogen polymerized to a solid within a few hours 
while no visible change took place in the sample 
under oxygen. The ordinary benzoyl peroxide 
catalyzed thermal polymerization is likewise in
hibited by oxygen as shown in Table IV. 

(11) I t is also possible that oxygen may attack a growing chain at 
the dimerpr trimer stage, i. e., MM* or MMM*. 

(12) Schultz and Husemann, Z. physik. Chem., BS9, 248 (1938); 
Cuthbertson, Gee and Rideal, Proc. Roy. Soc. (London), A170, 300 
(1939); Melville, Ann. Repts. Chcm. Soc, SS, rtl (1939): Price and 
KTeIl. T m s JoORNM., 63 , 2708 ( !94S] . 

Thus the inhibiting action of oxygen (or more 
accurately, preferential peroxide formation in the 
presence of oxygen) appears to be of a very gen
eral nature, applying to virtually all polymerizable 
vinyl compounds and to thermal as well as photo
polymerization. 

I t may be pointed out that it is this preferential 
reactivity of the activated monomer with oxygen 
which accounts for the erratic induction period 
observed when pure monomer is polymerized in 
the presence of air. The length of this induction 
period depends upon the amount of oxygen pres
ent which in turn depends upon such customarily 
uncontrolled factors as the design of the container, 
the extent to which it is filled, whether or not it is 
sealed,13 etc. 

If a polymerization is carried out in a vessel 
open to the air the two competing reactions of 
peroxide formation from active centers14 and per
oxide generation of active centers eventually reach 
a delicate balance. As the concentration of per
oxide builds up the oxygen available may no longer 
be adequate to react with all the active centers 
generated; therefore the surface layers of the 
monomer exhaust the oxygen supply allowing the 
lower portion to polymerize under essentially 
oxygen-free conditions, catalyzed by a rela
tively large amount of peroxide. This explana
tion is consistent with the commonly observed 
soft or sometimes fluid layer at the surface of 
an otherwise hard mass of polymer formed by 
the polymerization of such monomers as vinyl 
acetate or methyl methacrylate in contact with 
air. 

Experimental 
Peroxide Test—For this work a reliable sensitive test 

for peroxide in monomer was required. Several common 
reagents were tried and none proved entirely satisfactory. 
Ferrous thiocyanate was found to be much too sensitive 
and rapidly oxidized by air. The liberation of iodine from 
acidified potassium iodide was found to vary markedly 
with different batches of the salt, being very sensitive to 
variations in the iodate content. By using a neutral solu
tion of potassium iodide, most of these difficulties were 
avoided, and the test finally adopted was as follows: 

To 4 cc. of a freshly prepared saturated solution of 
reagent grade neutral potassium iodide (containing less 
than 0.0001% iodate) in a 15 X 150 mm. test-tube was 
added 10 cc. of the liquid containing the peroxide. The 
contents of the tube were then shaken vigorously for one 
minute. A quantitative Estimation of the peroxide present 
was obtained by comparison of the yellow color of the 
liberated iodine with that liberated from known solutions 
of recrystallized benzoyl peroxide in the particular (per
oxide-free) monomer. Although a definite end-point is 
reached, the eventual deepening of the color (caused by the 
slow liberation of more iodine in the light) made it de-

(13) II a polymerization (either photo- or thermal) is carried out in 
a sealed tube under air it is very easily demonstrated that oxygen 
is used up. Upon opening the tube under water when polymeriza
tion is complete, one-fifth the original air space will be filled with 
water. 

(14) It is not contended in the case of thermal polymerization that 
peroxide is formed only from active centers. It is contended, how
ever, that in this case also the active centers, whether they be formed 
directly from the monomer or generated by the peroxide, do react 
preferentially with oxysren, providing it is present in adequate 
amount. 
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sirable to employ as secondary standards, solutions of 
potassium dichromate which could be diluted to match the 
iodine color very accurately. A series of these standards 
was made up and matched to the colors produced in the 
above manner from solutions of known concentration 
(ranging from 0.0001 to 0.01%) of recrystallized benzoyl 
peroxide in peroxide-free methyl methacrylate. Higher 
concentrations were determined directly, owing to the dif
ficulty of matching the color of these solutions with di
chromate. I t is easily possible to detect less than 0.0001% 
benzoyl peroxide by this test. 

Purification of Monomers.—The methyl methacrylate 
used was obtained from du Pont and carefully distilled 
under reduced pressure to remove the hydroquinone (added 
as an inhibitor) as well as any other impurities. The 
columns actually used were of the type developed for 
preventing the formation of polymer in the column, a de
sign which is essential for the distillation of such easily 
polymerizable compounds as methacrylic acid and metha-
crylic anhydride. These columns were one inch in diame
ter and three feet long and are packed with copper cloth.1* 
(It had been previously established that the distilled ma
terial exhibited the same polymerization activity as tha t 
distilled through an eight-foot column of one-half inch bore, 
packed with glass helices.) Boiling points obtained at 
various pressures are 49° (120 mm.), 43° (90 mm.), 39° 
(73 mm.), and 24° (32 mm.). The material used for the 
following tests was found to be completely free of peroxides 
by the above test. 

The vinyl acetate used was obtained from Carbide & 
Carbon Chemicals Corp. and was distilled in the same man
ner. I t was kept dry to avoid hydrolysis and used in 
peroxide-free condition. 

Formation of Peroxides.—It was found that such mono
mers as methyl acrylate, methyl methacrylate and vinyl 
acetate could be stored in the dark a t 0° for several days 
in contact with air without developing an appreciable 
peroxide content. Under ordinary room conditions (i. e., 
uninhibited monomer stored in a colorless bottle at room 
temperature in diffuse daylight) a measurable amount of 
peroxide is present in less than a day. Both light and heat 
contribute to the formation of the peroxide under these 
conditions as shown by Table I. Fa rmer" has shown, 
since this work was done, that heat, light and catalysts 
aid the formation of peroxides from olefins and oxygen. 

TABLE I 

FORMATION OP PBROXIDB IN METHYL METHACRYLATE 

EXPOSED TO AIR AT 27° 

Peroxide, mole % . 

Time, 
days 

1 
2 
3 
5 

Exposed to a 
100-watt bulb 

at one foot 

0.0003 
.0010 
.0035 
.030 

Dark 
Less than 0.00005 

.00005 

.0001 

.00015 

By irradiating a t 0° a peroxide may be formed by the 
action of light alone. A comparison of the rates of forma
tion of peroxide by light and by heat is given in Table I I . 
I t wilTbe observed that under the conditions of this experi
ment, heat was more effective than light in causing the 
formation of peroxide in methyl methacrylate while the 
reverse was true with vinyl acetate. 

An at tempt was made to isolate the peroxide formed 
from the two samples of vinyl acetate. Upon evaporation 
of the monomer under reduced pressure about 0.005 mole % 
of a yellow oil was obtained from the tube under ultra
violet light and a smaller (unweighed) quantity of a yellow 
oil was obtained by evaporating the sample which had 
been heated in the dark. Both these oily residues liber
ated iodine rapidly from potassium iodide. A small 

(lfi) U. S. Patent 2,241,175 (1941). 
(16) Farmer, Bloomfield, SundralinKham and Sntton, Tratts. 

Farattay Sor.. 38, 848 (194 2). 

T A B L E I I 

RELATIVE E F F E C T OF LIGHT AND H E A T ON PEROXIDE 

FORMATION" 

Peroxide content, mole % 
Monomer 

Methyl methacrylate 
Vinyl acetate 

UVI-, O0C. 

0.002 
0.004 

Dark, 60c 

0.03 
0.001 

a Treated for seventeen hours in Pyrex tubes connected 
with a 2-liter oxygen reservoir. Heated tubes were kept 
dark by Wrapping completely with tinfoil; illuminated 
tubes were immersed horizontally in water maintained at 
0° by refrigeration and irradiated at a distance of 15 inches 
with a G. E. type A-H4 mercury arc lamp with outer glass 
removed. 

amount of the yellow oil on a spatula was placed in a flame; 
it exploded in much the same manner as does benzoyl 
peroxide on similar treatment. 

Other vinyl compounds in which peroxides were ob
served to form are as follows: methyl and ethyl acrylates; 
ethyl, «-propyl, isopropyl, w-butyl, isobutyl, allyl, meth-
allyl and cyclohexyl methacrylate; methyl a-chloroacry-
late; methyl a-bromoacrylate; acrylonitrile; vinyl iso
butyl ether; vinyl re-propyl ether; methyl vinyl ketone; 
and butadiene. 

Inhibition of Polymerization by Oxygen.—The inhibiting 
action of oxygen in photopolymerization is shown in 
Table I I I . The amount of polymer was determined 

TABLE I I I 

INHIBITING ACTION OF OXYGEN IN PHOTOPOLYMERIZATION" 

Peroxide 
concn., Polyrier, 

Monomer Atmosphere mole % % 
Methyl methacrylate O2 0.0025 None 
Methyl methacrylate Vacuum . . . . 5.48 
Vinyl acetate O2 0.005 None 
Vinyl acetate Vacuum . . . . 13.0 

• Samples were placed in Pyrex tubes which were im
mersed horizontally in a water-bath maintained at 0° 
and irradiated for twenty-seven hours at a distance of 8 
inches with a type A-H4 G. E. mercury arc lamp with outer 
glass removed. The evacuated tubes were sealed and 
those under oxygen were connected with a 2-liter reservoir. 

by precipitation with methanol and drying. The inhibit
ing action of oxygen in thermal polymerization is shown in 
Table IV. 

TABLE IV 

INHIBITING ACTION OF OXYGEN IN THE THERMAL (CATA

LYZED) POLYMERIZATION OF M E T H Y L METHACRYLATE" 

Sample Atmos-
no. phere 

Benzoyl 
peroxide, % Viscosity 

1 N8 0.01 Solid polymer 
2 O2 0.01 Viscous liquid 
3 O2 None No polymer but 0.001 

mole % peroxide 
0 All three samples were taken from the same batch of 

peroxide-free monomer, and Samples 1 and 2 were pre
pared as one solution and divided. All were heated at 65° 
for four and one-half hours in the dark. 

A c k n o w l e d g m e n t . — T h e a u t h o r w i s h e s t o 
t h a n k L o r i n g C o e s , J r . , of N o r t o n C o m p a n y for 
h e l p w i t h t h e e x p e r i m e n t a l w o r k . 

S u m m a r y 

A n e x p l a n a t i o n h a s b e e n g i v e n for t h e f r e q u e n t l y 
o b s e r v e d i n h i b i t i n g a c t i o n of o x y g e n o n t h e p h o t o -
p o l y m e r i z a t i o n of v i n y l c o m p o u n d s a n d s o m e a d d i -



220 ROBERT L. BURWELL, JR. Vol. 67 

tional data are presented. It has been shown that 
oxygen exerts a similar inhibiting action on ther
mal polymerization as well, and that Loth these 

The racemization of optically active s-butyl 
alcohol by sulfuric acid was recently reported.2 

In this paper further data on this reaction are pre
sented and a hydrogen exchange reaction is re
ported which accompanies the racemization when 
sulfuric acid-rfu is employed. The interrelations 
among these and the other accompanying reac
tions, dehydration of the alcohol to butylene and 
formation of s-butylsulfuric acid are considered. 

Experimental 
Materials.—The preparation of d- and J-2-butanol has 

been reported as has the origin and analysis of the sulfuric 
acid.2 The rotation of the alcohol in equilibrium with a 
saturated solution of potassium carbonate dihydrate will 
be denoted by (3. Such an alcohol contains 3 .3% water 
and its rotation is 92.7% of tha t of the corresponding an
hydrous alcohol.2 

Sulfur trioxide was distilled from 60% fuming sulfuric 
acid. 

Deuterium oxide (99.5%) was purchased from the Ohio 
Chemical Company. 

Commercial dioxane was refluxed with 6 M hydrochloric 
acid. After separation by potassium hydroxide and drying 
with potassium carbonate, final drying and purification 
were effected by fractionation in a 12-plate column of the 
Fenske glass-helix type. 

Preparation of Barium </-s-Butyl Sulfate 
Preparation from Sulfur Trioxide in Dioxane Solution.8 

—Into 20 cc. of dioxane cooled in ice, 0.0538 mole of sulfur 
trioxide was distilled from fuming sulfuric acid. To this, 
0.0545 mole of d-s-butyl alcohol (/325D +5.29°) was added 
at room temperatures. After ten minutes, the reaction 
mixture was poured into a suspension of excess barium 
carbonate in water. After filtering, the solution was 
placed in a distilling flask in water at 35° and aspirated for 
six hours during which the volume was reduced from 70 
to 18 cc. To this, 14 cc. of water was added and the 
volume was reduced from 70 to 18 cc. To this, 14 cc. of 
water was added and the volume reduced again to 23.6 
c c , (226D +1.91° . Rotations refer to a one dm. tube 
save where otherwise noted. One cc. was evaporated and 
ignited to yield a residue of 0.2306 g. of barium sulfate, 
whence the yield of barium s-butyl sulfate was 0.02345 
mole or 87% and [a]%> +4.34° (on the anhydrous salt). 
Upon adding water to the solution and reevaporating, 
a similar specific rotation resulted, thus demonstrating 
the absence of d-s-butyl alcohol. 

Hydrolysis of Barium i-s-Butyl Sulfate.—To 22.25 cc. 
of the solution obtained above was added a solution of 
2.4 g. of sulfuric acid in 30 g. of water. The precipitated 
barium sulfate was removed by centrifuging. The clear 
solution was transferred to a small fractionation apparatus 
and so heated that the alcohol-water azeotrope distilled 

(X) Presented at the Buffalo meeting, September, 1942. 
(Ia) Present address, Naval Research Laboratory, Washington, 

D. C. 
(2) Burwell, T H I S JOURNAL, 6*, 1025 (1942). 
(3) Suter, Evans and Kiefer.t&iiJ., 60, 538-540(1938). The writer 

is indebted to Dr. C. M. Suter for suggesting this reaction. 

processes involve peroxide formation in prefer
ence to polymerization. 
EASTON, P A . RECEIVED SEPTEMBER 28,1944 

as the alcohol was produced. This process required about 
one and one-half hours. Upon its completion, steam was 
passed through the residue to carry over any unrecovered 
alcohol. The outlet of the apparatus led to a gas buret. 

The alcohol, isolated over saturated potassium carbon
ate solution, amounted to 3.09 cc. or 0.0328 mole; (325D 
+ 1.56°. 137 cc. (27°, 730 mm.) of butylene was evolved 
or 0.00535 mole. Of the original 0.0426 mole of s-butyl-
sulfuric acid, 76.7% was recovered as alcohol, 12.6% as 
butylene. 

Unacidified barium s-butyl sulfate was negligibly hy-
drolyzed in one hour at 100°. 

Preparation from Chlorosulfonic Acid.—To 6.5 cc. of 
ethylene dichloride, 0.0169 mole of <Z-2-butanol (/326D 
+5.29°) was added. To this mixture, kept at - 1 0 ° , 
0.0167 mole of chlorosulfonic acid was added. Hydro
gen chloride was evolved slowly and in an hour a lower 
layer separated. The reaction mixture was processed 
like that resulting from the mixture of sulfur trioxide, alco
hol and dioxane to yield 5.0 cc. of an aqueous solution of 
barium s-butyl sulfate, a26D +0.15° . A one-cc. sample 
was hydrolyzed at 100° with the addition of 6 M hydro
chloric acid and barium chloride to yield 0.3158 g. of bar
ium sulfate. The direct addition of sulfuric acid to one 
cc. of sample gave 0.2536 g. of barium sulfate, whence there 
was 4.1 X 1O -4 mole of barium chloride per c c , and 6.75 X 
10""* mole of barium s-butyl sulfate per cc. Whence, the 
yield was 40%, [aJ26D +0.50. In an experiment in which 
dioxane was substituted for ethylene dichloride as the sol
vent, reaction was found to begin only at 100° and to lead 
to a yield of but 7% in an hour and a half, affiD 0.00°. 

Preparation from Sulfuric Acid.—A mixture of 1-2-
butanol (/325D —2.09°) and sulfuric acid was prepared 
in the same way as in earlier racemization studies2 (moles: 
alcohol, 0.0525; acid, 0.0538; water, 0.0128). After 1.45 
hours at 26.9° the reaction mixture was poured into a sus
pension of barium carbonate in water. The resulting mix
ture was filtered and the filtrate was evacuated. During 
both processes the exhaust line led through a liquid air 
trap. The initial volume was 60 cc. The final volume 
was 24.3 cc. 

The condensate in the t rap was distilled to isolate the 
alcohol which was recovered over a saturated solution of 
potassium carbonate, 0.0292 mole; /3%> —1.77°. 

Five cc. of the barium s-butyl sulfate solution was 
evaporated and ignited to yield 0.3607 g. of barium sulfate. 
The rotation of the solution was determined in a 2 dm. 
tube, <*2SD —0.105°. Whence the yield of barium s-
butyl sulfate was 32%, Ea]25D - 0 . 3 8 ° , and the recovery 
of the alcohol was 56%. 

Exchange Reactions 
Procedure.—To prepare heavy sulfuric acid, an all-

glass apparatus was constructed consisting of a bulb 
containing sulfur trioxide connected to one outlet of a 
manifold by a valve patterned after that of Willard.* 

(4) Willard, THIS JOURNAI., 57, 2328 (1935). Willard's valve was 
opened by melting and blowing out a Pyrex capillary enclosed withm a 
quartz tube. It was closed by heating the quartz and thus fusing the 
Pyrex capillary lip. In the present research it was found difficult to 
get a vacuum-tight seal at the tip of the Pyrex capillary. When, by 
a Pyrex-soft glass seal, a soft glass capillary was substituted, excell
ent results were obtained. 
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