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F 
OR MORE THAN three-quar te r s  of a century  the 
esterification of resin acids (rosin) has been a 
commercial ly impor tan t  process. Yet surpr is ingly  

little has been published on the subject. Commercial 
esterifications are general ly  carr ied out in concen- 
t ra ted solution ( that  is, essentially equivalent amounts 
of resin acid and polyhydrie  alcohol) at tempera tures  
between 250 and 300~ The usual esterifieation cata- 
lysts, such as sulfuric acid, cannot be used since they 
promote decarboxylation and color formation.  In-  
stead the catalysts are generally salts of metals in 
groups I and I I  of the periodic table. 

Many kinetic studies have been made of the esteri- 
fication of f a t ty  and aromatic  acids, both uncatalyzed 
and catalyzed with hydrogen-ions, and the mechanism 
is well understood. Only f r agmen ta ry  rate data how- 
ever have been published on the esterifieation of resin 
acids, and no discussion has been given of the mech- 
anism. In  this paper  are presented kinetic data  meas- 
ured over a wide tempera ture  range for  the esterifi- 
cation of resin acids in both concentrated and dilute 
solutions. Both uncatalyzed esterifieations and esteri- 
fieations catalyzed with hydrogen-ions and metallic 
salts were studied. These studies showed no funda-  
mental  difference between the mechanism for the 
esteriflcation of resin acids and of other hindered 
acids. Fo r  catalysis by metal  salts the kinetic data  
suggest tha t  the rate-controlling step is a reaction 
between metallic resinate and alcohol to form a basic 
resinate and ester. 

The kinetic studies of F lory  (1) and Hinshelwood 
(2) have shown that  an uncatalyzed esterification is 
second order in acid and first order in alcohol. When 
catalyzed by the solvated proton, SH +, esterifieations 
are first order in both acid and alcohol. I f  the water  
formed is not removed however, a correction must  
be applied, as shown by Goldsehmidt (3),  because of 
the inhibi tory effect of this water. 

Several kinetic investigations of the esterification 
of f a t t y  acids with glycerol and pentaerythr i to l  have 
been published (4, 5, 6). The kinetics are complicated 
and sometimes show fract ional  orders that  change 
with tempera ture  and extent of reaction. Similar 
effects were found by F lo ry  (1) and Davies and Hil l  
(7) in s tudying the polyesterification of dibasic acids 
with glycols. F lory  a t t r ibuted the change in order 
with the extent of reaction to a medium effect since 
the system becomes progressively less polar as the 
reaction proceeds. Fo r  esterifieations with gtycerol 
the different reactivit ies of the p r i m a ry  and second- 
a ry  alcoholic groups introduce a fu r the r  complication. 

Thus m a n y  complications might  be expected in a 
kinetic s tudy of the esterification of resin acids with 
polyhydrie  alcohols when no solvent is used and 
when the reactants  are present  in near ly  equivalent 
amounts. 

1 Presented before the Division of Paint, Plastics, and Printing Ink  
Chemistry Symposium on Naval Stores, 131st Meeting, American Chemi- 
cal Society, Miami, Fla., April, 1957. 
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Experimental 
Procedure. All esterifications were carried out in a 

constant t empera tu re  bath regulated to -+- 0.1~ as 
measured by mercury-in-glass thermometers.  Esteri- 
fications in concentrated solution were carried out in 
three-necked flasks equipped with condenser and stir- 
rer. The condenser was heated electrically to 110 
and 150~ to facil i tate the escape of the water  liber- 
ated. The stirrer was operated at a constant rate since 
it was found that the esterification rate varied slightly 
with stirring rate. Dilute-solution esterifieations were 
ordinarily carried out in the same apparatus even 
though a few experiments in unstirred, closed flasks 
gave about the same rates. Esterifications in methanol 
were made in 100-ml. volumetric flasks. 

To follow the esterification, samples were withdrawn 
periodically from the reaction mixture, dissolved in a 
carbon dioxide-free methanol--benzene solvent, and 
titrated with alcoholic potassium hydroxide to a phen- 
olphthalein end-point. When acid catalysts were also 
present, appropriate corrections were applied in cal- 
culating the amount of resin acid present. 

Materials. Resin 731S (disproportio.nated rosin, 
Hercules trademark): acid nmnber, 165; saponifica- 
tion number, 168; 50-51% dehydroabietic acid and 
0.3% retene by ultraviolet analysis. 

Pentaerythritol: monopentaerythritol, 49.5% hy- 
droxyl; maximum ash, 0.1%. 

Perhydrogenated rosin: acid number, 182; hydro- 
gen absorption 0.05-0.1%. 

Dehydroabietic acid: purity 99-100% by ultraviolet 
analysis. 

Methanol was dried by the method of Lund and 
Bjerrum (8) and distilled. The middle fraction was 
refluxed with anhydrous copper sulfate to remove 
traces of amines and then redistilled. 

Laury l  alcohol and laurie acid: Eas tman  Kodak 
Company Nos. 873 and 933 were used without fur-  
ther pur i fca t ion .  

p-Toluenesulfonie acid: recrystall ized twice f rom 
concentrated hydrochloric acid and dried in a vacuum 
desiccator in the presence of sodium hydroxide pel- 
lets to give the monohydrate.  The monohydrate  was 
converted into the anhydrous  acid by dry ing  in an 
Abderhalden pistol under  vacuum at 115~ 

Li th ium resinate was p repared  in situ by adding 
metallic l i thium to a solution of Resin 731S in lauryl  
alcohol. 

Calcium resinate was p repared  by  neutral izing 
Resin 731S with calcium hydroxide in a benzene- 
alcohol solvent, filtering, and drying the result ing 
precipitate. 

Zinc, manganese, magnesium, and cadmium resin- 
ates were p repared  by mixing an aqueous solution of 
either the metallic ni trate  or chloride with an aqueous 
solution of the potassium salt of Resin 731S, filtering 
the result ing precipitate,  and dry ing  it in a vacuum 
oven at 65~ The metal  resinates were analyzed for 
metal  content, and the concentrations present  in esteri- 
fications were based on actual  metal  content. 
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Esterifications in Concentrated Solutions 

Pre l iminary  esterifications of pentaerythr i to l  ( P E )  
with W G  wood rosin were carried out at 260, 280, and 
300~ At  260~ the reaction followed second-order 
kinetics whereas at  300~ the reaction appeared to 
be third order. At  280~ the rate  data  could be 
sat isfactori ly fitted to either the second- or third-  
order rate  equation. Second-order rate  constants were 
calculated at 260 and 280~ f rom the integrated rate  
equation, and an initial  second-order constant was 
computed at 300~ f rom the th i rd-order  constant. 
F igure  1 shows the logari thm of the rate  constants 
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FIG. 1. Rate data for uncatalyzcd esterification of WG wood . 
rosin: O, calculated from data reported by Carter (9);  O, this 
work. 

plot ted against  the reciprocal of the absolute tem- 
perature.  Fo r  comparison, second-order  constants 
calculated f rom the data reported by Car ter  (9) are 
shown. The results are in reasonably good agreement,  
par t icu lar ly  since laboratory  data are being compared 
with the data obtained in large-scale equipment by  
Carter.  Our  data  fit the Arrhenius  equation with a 
pre-exponential  or f requency factor  of 7.94 • 106 
and an activation energy of 28,300 cal./mole. The 
corresponding factors  for Car te r ' s  data  are 3.72 • 10 s 
and 24,500 cal./mole. (The units for  the pre-expo- 
nential  factor  are kg. mole -1 see. -1) 

Similar  experiments  were carried out on the esteri- 
fication of Resin 731S with PE,  both uneatalyzed and 
catalyzed, with lithium, sodium, calcium, magnesium, 
manganese, and zinc acetates. At  the high reaction 
tempera tures  the acetates were no doubt converted to 
the corresponding resinates. Many of these esteriflca- 
tions appeared  to follow second-order kinetics, part ic-  
u lar ly  when metallic acetates had been added. Many 
esterifications however showed fract ional  orders and 
orders that  varied with temperature .  A few esterifica- 
tions with the most effective catalysts, such as zinc 

acetate, even showed fract ional  over-all orders of 
less than two, which seemed anomalous unt i l  the data  
reported subsequent]y were obtained. Frac t ional  or- 
ders between 2 and 3 however were not surpr is ing  as 
the uncatalyzed and catalyzed reactions were assumed 
to be th i rd  and second order, respectively. Because 
the rate of the uncatalyzed reaction was not negligible 
compared with the rate  of the catalyzed reaction, 
over-all f ract ional  orders were expected. In  addition, 
the t empera ture  coefficients of the two concurrent  
reactions are different, which quali tat ively accounted 
for  the shif t  in order with temperature .  Whereas  most 
results could be qual i tat ively explained, par t icu lar ly  
when the possible effects of changing medium with the 
extent of reaction were considered, the quant i ta t ive 
isolation of the various factors  in the kinetics was 
impossible. To avoid some of the complexities, all 
fu r the r  rate studies discussed in this pape r  were 
made in dilute alcoholic solutions. 

Esterifications in Dilute Alcoholic Solutions 

In  dilute alcoholic solutions uncatalyzed esterifica- 
tions are pseudo-second order, and esterifications cata- 
lyzed by the solvated proton follow the Goldschmidt 
(3) equation 

2.303 [ (a -~ r)  log a / ( a  - x) ] -- x 
k c - -  

crt  

where ke is the cata]ytic rate  constant, a the initial 
concentration of acid, x the amount  of ester at t ime t, 
and c the concentration of the solvated proton, ROH2 § 
The quant i ty  r is a constant defined as 

[ROH] [ROH2 +] [H~O] 
r - -  

K [H30 +] 
where K is the equilibrium constant for the reaction 

ROHe § + t t e O  ~ =" HsO + + R O H  

The t empera tu re  dependence of the various rate con- 
stants can be t reated according to E y r i n g ' s  transit ion- 
state theory (10). According to this theory, a rate  
constant k is given by 

k = __k'T eASr e_AH~/RT 
h 

where k '  is Bol tzman ' s  constant, h is P lanck ' s  con- 
stant, A S ~  the ent rophy of activation, and A H r  the 
heat of activation. According to this equation, a plot 
of log k / T  versus 1/T should be linear with the slope 
A H # / 2 . 3 R .  

Acid-Catalyzed Esterifications. The acid-catalyzed 
esteriflcation of resin acids was studied briefly. To 
check experimental  techniques the esterification rate  
of laurie acid in methanol when catalyzed by hydrogen 
chloride was measured at 25~ for  comparison with 
the results of H. A. Smith (11). A catalytic rate  con- 
stant  of 3.01 • 10 _2 liters mole -1 sec. -1 was obtained, 
which is in excellent agreement  with 3.0 • ]0 -2 re- 
ported by Smith (11). This indicated that  our meth- 
anol was anhydrous  and contained no basic impurit ies.  

An a t tempt  was made to measure the esterification 
rate of dehydroabiet ic acid when catalyzed by  hydro- 
gen chloride, but hydrogen chloride reacted fas ter  
with methanol than the dehydroabietie acid esteri- 
fled. Consequently p-toluenesulfonic acid ( P T S A )  
was subst i tuted for  hydrogen chloride because de- 
tectable reaction was observed between F T S A  and 
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methanol af ter  three days at 50~ Since P T S A  
may  not be completely dissociated in methanol, as 
implied by conductivi ty measurements  (12), and since 
P T S A  often contains trace amounts  of moisture, cata- 
lyzed esterifications of laurie acid in methanol were 
studied at 25 and 50~ to compare the catalytic 
act ivi ty of P T S A  with that  of hydrogen chloride. In  
these experiments,  as well as in those with hydrogen 
chloride, the initial  concentration of lauric acid and 
the concentration of catalyst  were about 0.1 N and 
0.005 N, respectively. The rate  data with PTSA,  
shown as Goldschmidt plots in F igure  2, gave k~ = 
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FIG. 2. p-Toluenesulfonie acid-catalyzed esterification of 
laurie acid in methanol: O, at 25.0~ O, at 50.0~ 
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have been reported for  catalyzed esterifications in 
methanol. They can be compared quali tat ively with 
20.1 X 10 -~ and 38.7 x 10 -~ liters mole -1 sec. -1 for 
di-isobutylacetic acid and dibutylaeetic acid, respec- 
tively, in methanol at  25~ (13). In  cyclohexanol at  
55~ however the rate  constants for benzoic and 
o-iodobenzoic acids are 1.56 x 10 -~ and 0.66 X 10 -5 
liters mole -~ sec. -1, respectively (14). 

Several conclusions may  be drawn f rom these re- 
sults. Since the esterification of resin acids follows 
the Goldschmidt equation, this suggests no profound 
difference between the mechanism of resin acid and 
f a t ty  acid esterification. In  addition, since the rate 
constants for dehydroabietic acid and perhydrogen- 
ated rosin differ by  only 20%, the effects observed in 
concentrated solution esterifications are probably not 
caused by differences in esterification rates of the 
different acids in rosin;  the mixture of acids in Resin 
731S should behave kinetically as a single substance. 

Our experiments in methanol, while demonstrat-  
ing several impor tan t  points, were carried out under  
conditions which are markedly  different from those 
used in the commercial  esterification of rosin. Thus 
esterifications were carr ied out in laury l  alcohol to 
approach more near ly  the conditions of the industrial  
processes and also to avoid difficulties in getting pre- 
cise kinetic data because of the physical  propert ies 
of pentaerythri tol ,  in  addition, l aury l  alcohol is 
monohydrie  whereas pentaerythr i to l  is tetrahydric.  
Although no evidence was found in this or other work 
(15) to indicate tha t  the hydroxyls  in pentaerythr i to l  
are not equivalent kinetically, the hydroxyls  remain- 
ing in pentaerythr i to l  a f ter  par t ia l  esterification with 
bulky resin acid molecules could possibly react with 
reduced rates. This possibility was avoided by using 
lauryl  alcohol. 

Although the hydrogen type of acids is not suitable 
as catalysts for the commercial esterification of rosin, 
a few esterifications of Resin 731S catalyzed by P T S A  
were carried out in lauryl  alcohol between 125 and 
170~ The data followed pseudo-first-order kinetics, 

2.6 X 10-: liters mole -1 see. -1 at 25~ which is 13% 
lower than the value obtained with hydrogen chloride 
as catalyst. The 50~ data do not pass through 
the origin, for  no apparen t  reason, but  the slope of 
the line gives kc-= 0.104 liters mole -1 sec. a ,  which is 
about 7% lower than  the value of 0.112 reported by 
Smith (11). These low values may  indicate that  P T S A  
is n'ot completely dissociated in methanol or tha t  it 
contained traces of moisture since special precautions 
were not taken in t rans fe r r ing  stock solutions. Con- 
duct ivi ty  measurements  however have shown that  ben- 
zenesulfonic acid in methanol is slightly undissociated 
(12) and P T S A  would be expected to behave similarly. 

F igure  3 shows similar results for  the PTSA-eata-  
lyzed esterification of dehydroabietic acid and perhy-  
drogenated rosin in methanol at  50~ The initial  
concentration of resin acid was again about 0.1 N, 
but  the concentrat ion of P T S A  was 0.084 N. The data 
for  dehydroabietie acid, like tha t  for laurie acid, do 
not pass through the origin. F r o m  the slopes how- 
ever, the catalytic rate  constants are 1.08 X 10 -~ liters 
mole -~ see. -~ for  dehydroabietic acid and 0.81 x 10 -5 
liters mole -1 sec. -1 for  perhydrogenated  rosin. These 
rate  constants at 50~ are apparen t ly  the lowest tha t  
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Fro. 3. p-Toluenesulfonic acid-catalyzed esterification of resin 

acids at 50.0~ O, dehydroabietic acid; 0 ,  perhydrogenatcd 
rosin. 
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and catalytic constants k~ were calculated by  divid- 
ing the first-order constants by  the concentration of 
PTSA.  F igure  4 shows a plot of log kc/T against  
l /T ,  f rom which Z~Hr was found to be 13,500 cal. /  
mole and A S #  was -38 .3  e.u. The value of z~H# is 
roughly  the same as for  the esterifieation of benzoic 
acid in methanol, but A S #  is smaller by about 10 e.u. 
(Table I I ) .  
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FIG. 4. Temperature dependence of catalytic rate constants 
for esterification of Resin 731S in lauryl alcohol (p-toluenesul- 
fonic acid catalyst). 

Uncatalyzed Esterification. The rates of esterifica- 
t ion of Resin 731S and perhydrogenated  rosin were 
measured in lauryl  alcohol over the tempera ture  range 
230 to 260~ The esterifications followed pseudo- 
second-order kinetics as expected. Plots of 1 / e -  1/co 
against  t ime were linear as shown in F igure  5 for 
perhydrogenated  rosin, where c is the concentration 
of acid and Co the original concentration. Similar re- 
sults were obtained for Resin 731S. F rom the plots 
of log k / T  versus I / T  shown in F igu re  6, A t t #  was 

and more slowly by a factor  of 3 than  does myrist ic  
acid with ethanol. 

Metallic Resinate-Catalyzed Esterifications. ~Then 
catalyzed by  metallic resinates, esterifications in dilute 
lauryl  alcohol solution were found to be different and 
more complex than when catalyzed by  hydrogen-ions. 
An accurate analysis of the kinetic data  was difficult 
since the rate  of the uncatalyzed reaction was not 
negligible compared with catalyzed reaction. 

The metallic resinates decreased the over-all order 
of the reaction. The rate data often followed zero- 
order kinetics dur ing the first 30 to 40% of the esteri- 
fication, and then the apparen t  order increased. The 
same rate  data however followed first-order kinetics 
to a greater  extent of reaction, then the apparen t  
order decreased. 2~s ra ther  accurate rate  measure- 
ments are needed to differentiate between zero- and 
first-order kinetics dur ing the first 30% of a reaction, 
it was thus not possible to  decide what  the initial 
order was. Since the uncatalyzed reaction is second 
order, this simultaneous reaction would tend to in- 
crease the observed order. But  since the over-all 
order often became less than  first as the reaction 
progressed, it was concluded that  the catalyzed reac- 
tion is not simple first-order and must  have a lower 
apparen t  order. 

The first-order rate constant evaluated at zero time 
varied inversely with the initial concentration of 
resin acid, especially with zinc resinate as catalyst.  
To check for  surface catalysis, experiments  were 
made with broken glass in the reaction flask, but  
little or no effect on the rate  data was observed. Also 
calcium resinate r eac t s  slowly with lauryl  alcohol at 
elevated tempera tures  to fo rm a basic solution. 

To explain the experimental  observations the fol- 
lowing two consecutive reactions are postulated to 
explain catalysis by a metall ic resinate, such as cal- 
cium resinate: 

kl 
R ' O H  + Ca(OOCR)2 ) RCOOR'  + 

C a ( O H )  (OOCR) (1) 

K '  
C a ( O H )  (0OCR)  + R C O O H  

Ca(OOCR)s  + HfO (2) 

Although equation (1) may  appear  unlikely, it seems 
reasonable when it is recalled that  resin acids are 
extremely weak acids, so the reaction of calcium res- 
inate with R ' O H  at elevated tempera tures  is analogous 
to the hydrolysis  of the salt of a weak acid. Equat ion 

TABLE I 

Cata ly t ic  R a t e  Cons tan t s  for  Es t e r i f i c a t i on  of 
tCesin 7 3 1 S  in  L a u r y l  Alcohol 

T e m p e r a t u r e ,  kc X 10 a l i t e r  mole -~ sec. -1 

~ Ca lc ium r e s i n a t e  L i t h i u m  r e s i n a t e  

220  0 . 0 9 7  0 . 1 4 2  
240  0 .41  0 . 3 8 7  
250  0 .84  
260  1 .04  0 .848  

found to be 17,200 cal./mole for  Rosin 731S and 
16,200 cal./mole for  perhydrogenated  rosin. T h e / X S ~  
values are -45 .2  and -47 .7  e.u. for  Resin 731S and 
perhydrogenated  rosin, respectively. F r o m  the data  
in Table I I  it can be calculated that,  at  260~ 
Resin 731S reacts more slowly with lauryl  alcohol 
by a factor  of 2 than  does benzoic acid with methanol 

4.O 

i 

' z.o 

1 . o  

FIG. 5. Uncatalyzed esterification o~ perhydrogenated rosin 
in ]auryl alcohol: 0,  260~ C), 250~ (D, 240~ @, 230~ 
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TABLE II 

Values  of ~I-I~, INS ~, and  /YF ~ for  Y a r i o u s  Es te r i f i ca t ions  in  Di lu t e  Alcoholic S o l u t i o n s  

C a t a l y s t  Es t e r i f i c a t i on  r e a c t i o n  AI-I~ A S  . ca lcu la ted  
va lues  at  
260~ 

N o n e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  l~yr i s t i e  ac id  in  e thanol  a 13 ,900  - - 4 9 . 2  4 0 , 1 0 0  
None . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Benzoic  ac id  in  me thano l  b 17 ,400  - - 4 3 . 8  40 ,700  
N o n e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  R e s i n  7 3 1 S  in  I au ry l  alcohol 1 7 , 2 0 0  - - 4 5 . 2  41,300 
N o n e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  P e r h y d r o g e n a t e d  r o s i n  1 6 , 2 0 0  ' - - 47 .7  41 ,600  

HCI  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  F a t t y  ac ids  in  me thano l  �9 1 0 , 6 0 0  - - 2 9 . 8  26 ,500  
HC1 ....... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Benzoic  acid  in  me thano l  b 1 4 , 8 0 0  - - 2 8 . 4  2 9 , 9 0 0  
P T S A  e . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Res in  7 3 1 S  in  l a u r y l  alcohol 1 3 , 5 0 0  - - 3 8 . 3  33 ,900  

Ca lc ium r e s i n a t e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ]~esin 7 3 1 S  in  l a u r y l  alcohol 3 2 , 9 0 0  - - 1 1 . 3  38 ,920  
L i t h i u m  r e s i n a t e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Res in  7 3 1 S  in  l a u r y l  alcohol 2 2 , 4 0 0  - - 3 1 . 5  39 ,200  

a Va lue s  ca lcu la ted  f rom d a t a  of X~airchild a n d  t n n s h e l w o o d  ( 1 9 ) .  b Ya lue s  ca lcu la ted  front  d a t a  of I~inshelwood and  L e g a r d  ( 2 0 ) .  e p-Tolu- 
enesu i fon ie  acid.  

(2) is considered to be an equi l ibr ium although the 
same final kinetic expressions are obtained if it is 
assumed that  the rate  constant for  equation (1) is 
small compared with that  for  equation (2). 

The equilibrium constant for  equation (2) is 

K' i s ]  
K - - -  - (3) 

[H20] [SOH] [ g C O O U ]  

where S represents  calcium resinate and SOH the 
basic calcium resinate. The concentration of water  
has been considered to be constant since its solubility 
in lauryl  alcohol at high t empera tu re  is not known. 
As the solutions were st irred dur ing  esterifieation 
experiments and the reaction flasks were equipped 
with heated condensers, it was assumed that  a steady- 
state concentration of water  was established rapidly.  
I f  [S]o is the total  concentration of catalyst, then 

1 ' f [S]o = IS] + [SOH] = iS] 1-~ K [RCOOH] (4) 

The rate  of ester format ion thus equals 

1.3 

o 

+ 

1,0 

0.9 

0.8 

0.7 I I �9 
).. 8"l 1.90 1, 95 Z. O0 

l i t  x 10 3 

Fro, 6. Temperature dependence of rate constants for un- 
catalyzed esteriflcations i n  lauryl alcohol : O,  Resin 7318 ; 0 ,  
perhydrogenated rosin. 

d [RCOO~ ' ]  kl [S]o [WOH] [ a C O O H I  
= (5) 

dt  1 + K [RCOOIt]  

or when a large excess of alcohol is present  
dx ke[S]o (a -- x) 

- ( 6 )  
dt I + K  ( a - x )  

where x is the concentration of ester at t ime t and a 
the initiaI concentration of resin acid. Thus, when 
K (a - x) > >  1, the reaction will be zero order but  
will approach first order as (a - x) goes to zero. 

When the contribution of the uncatalyzed reaction 
is included in the ra te  eqnation, equation (6) can be 
wri t ten as 

d i n  ( a - - x )  kc [S]o 
- + k o ( a - x )  (7 )  

dt l + K  ( a - x )  

where ko is the second-order constant for  the uneata- 
lyzed esterifieation. At  zero time, equation (7) can 
be wri t ten in the form 

[S] o l K a  
- - -  + -  (8 )  

kobs -- koa kc ke 

where kob, is the observed initial first-order constant. 
Thus kr and K can be evaluated f rom the dependence 
of ko~)~ on initial acid concentration. 

Some rate  data obtained at 260~ using zinc res- 
inate as catalyst,  fit equation (8), as shown in F igure  
7. A ko value of 1.25 • 10 _4 liter/mole-sec, was used, 
the result  f rom uneatalyzed esterifieations. The cata- 
lyst concentration for  data  shown by  circles var ied 
f rom 7.05 • 10 -3 to 7.9 • 10 ̀ 3 moles/ l i ter  whereas the 
catalyst  concentration for  the t r iangle  was 3.75 • 
10 -3 moles/li ter.  Thus it appears  tha t  the rate may  
not va ry  l inear |y  with catalyst  concentration. F rom 

m 

o 

'o 

o 

m, . ~ 0  I I I I I t , I  
0 . 0 4  0.08 O. lZ 0.16 0.20 0.: '4 0.~8 
Initial Concentration of Resin 7315, mole l i te r  "l  

FIo. 7. Dependence of initial rate constant on initial concen- 
tration of Resin 731S (zinc resinate catalyst):  O, 0.00705 
[S]o ~< 0.0079; A, 0.00375 = [S]o. 
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the slope and intercept  of the line, I4 and kc were 
estimated to be 20 and 0.05 liter mole -~ see. -~, re- 
spectively. 

Although some qualitative observations seemed to 
indicate that  the rate of the catalyzed reaction does 
not vary  l inearly with catalyst concentration, some 
quantitat ive data obtained at 260~ show that  the 
rate constant does vary  l inearly with the concentra- 
tion of calcium resinate. Figure 8 shows a plot of 

16.c O / 

4.0  A A  / 
2.C 

0 I I I 1 I I I I 
0 O. OZ 0.04 0.06 0.08 0.10 O. lZ 0.14 0.16 

Concentration of Calcium Resinate, mo!e/liter 

FIG. 8. Dependence  of in i t ia l  ra te  cons t an t  on concen t ra t ion  
of  calc ium res ina te :  0 ,  0.109 ~ a ~ 0.152; A 0.203 ~ a 

0.278; kr = 1.04 X 10 -'~ l i ter  mole -~ see. -~. 

14.0 

J 
12.0 

o 

10 .0  
I 

o 

8 .0  

6 .0  

cium resinate and 22,400 calories/mole and --31.5 e.u. 
for  l i thium resinate catalysis. 

Table I I  gives values of A H r  A S r  and A F ~  at 
260~ for the uneatalyzed, hydrogen acid-catalyzed, 
and metallic resinate-catalyzed esterifications of resin 
acids and other acids. For  uneatalyzed esterifications 
z~Hr is similar for  benzoic and resin acids, but  lower 
for  f a t ty  acids, while z~F~ shows that  fa t ty  acids 
react the fastest and resin acids the slowest. Hydro-  
gen acid catalysts for  the three types of acids decrease 
A H #  and increase A S % and the ~ F r  values again 
show that  the esterification rate decreases in going 
from fa t ty  to benzoic to resin acids. For  resin acids 
the metallic resinate catalysts increase A H #  over 
that for  the uncatalyzed reaction. But  this increase 
is more than counterbalanced by the increase (more 
positive) in A S #  so that  A F #  at 260~ is decreased 
and the metallic resinates speed up esterification. With 
calcium resinate at temperatures below 190 .0 C. however 
A F #  is greater for  the " c a t a l y z e d "  than for uneata- 
lyzed esterification. But  since the metallic resinate 
decreases the order of the reaction, an esterification 
carried out slightly below 190~ would be completed 
in less time than in the absence of resinate catalyst. 
Final ly  l i thium resinate is a better  catalyst below 
245~ than calcium resinate, as shown in Figure  9. 

No definite conclusions can be drawn regarding 
relationships between the energies and entropies of 
activation and the s t ructural  properties of the sev- 
eral types of acid molecules since both A H ~  and A S #  
change simultaneously with the type of acid. I t  
should be mentioned however that  A H #  and A S r  
for the metallic resinate-catalyzed reactions no doubt 
contain contributions from the two reactions given 
by equations (1) and (2). This is t rue since it ap- 
pears that  equation (2) influences the initial esterifi- 
cation rate and so the temperature  dependence of this 

(kobs-  koa) ver sus  catalyst concentration, where kobs 
is again the observed first-order constant and ko the 
uncata]yzed rate constant. For  data shown by the 
circles, the initial acid concentration varied from 
0.109 to 0.152 moles/liter. The points shown by 
triangles, which lie below the line, are for  initial 
acid concentrations between 0.203 and 0.278 moles/  
liter. Sufficient data were not available to determine 
whether or not the kobs varied with initial acid con- 
centration in the same manner  as found for the zinc 
resinate-catalyzed esterifications. Since the triangles 
lie below the line however, it is likely that equation 
(8) holds for calcium resinate catalysis. 

Although the proposed mechanism is not proven, 
it is reasonable and is consistent with the kinetic 
observations. 

Less extensive studies were made of catalysis by 
calcium resinate at 220, 240, and 250~ and by lith- 
ium resinate at 220, 240, and 260~ Firs t -order  rate 
constants were first calculated from initial rate data, 
next  corrected for the contribution of the uncatalyzed 
esterification, and then converted into ca ta ly t ic  rate 
constants by dividing by the concentration of metal- 
lic resinate. Average values of the catalytic rate con- 
stants are given in Table I and are shown as plots 
of log ke/T ver sus  1/T in Figure  9. F rom these plots 
A H ~  and A S ~  were found to be 32,900 calories/mole 
and -11.3  e.u. for  the esterification catalyzed by cal- 
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FIG. 9. Ca ta ly t ic  ra te  cons t an t s  for  ester if icat ion of  
Res in  731S in  ]auryl  alcohol:  O ,  calc ium re s ina t e ;  0 ,  
l i t h ium res inate .  
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equil ibrium will influence the observed energy and 
ent ropy of activation for  ester formation.  

Br ie f  studies were also made, using magnesium, 
manganese, cadmium,  and lead resinates as catalysts. 
These salts showed kinetic behavior similar to l i thium 
and calcium resinates in that  they reduced the over-all 
order to less than  unity,  especially with cadmium and 
magnesium resinates. When cadmium and lead rcs- 
inates were used, black metallic-like materials  formed 
dur ing  an esteriflcation. These materials  were be- 
lieved to be metallic cadmium and lead because of 
their  appearance and their  reaction with dilute nitr ic 
acid. 

Acidities o,f Metallic Resinates in Rosin 

I t  has been found (16) that  metal  resinates may  be 
ranked in order of their  Lewis-type acidity in molten 
rosin by means of indicator  (Rhodamine B) measure- 
ments. F r o m  spectrophotometric  measurements  an 
equil ibrium constant K may be calculated for  the 
assumed reaction MA + In  ~ MIn+A - where MA is 
the metal  resinate, In  is the basic fo rm of the indi- 
cator, and MIn+A - the metallic resinate-indicator com- 
plex. The values of K indicate the tendency of a 
metallic resinate to accept electrons f rom the basic 
fo rm of the indicator. 

Values of K were determined for  a series of metal- 
lic resinates in molten rosin at 200~ A correction 
was made for the acidity of the molten rosin medium 
and its effect on the measured indicator ratios. I f  
the mechanism proposed in equations (1) and (2) is 
correct, there should be a relationship between the 
acidities or electron-accepting tendencies of the vari-  
ous metal  resinates and their  catalytic efficiencies. 
F igure  10 shows a plot of log K in molten rosin at 
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FIG. 10. Variation of catalytic rate constant, kc, with "acid- 
i ty"  of metallic resinates. 

200~ against  log ke for  catalyzed esteriflcations of 
Resin 731S in lauryl  alcohol at 260~ Li th ium and 
calcium resinates are not shown because only qualita.  
t i re  values of K were obtained because of unfavorable  
indicator ratios obtained in the acidi ty measurements 
on these compounds. But  qual i tat ively the K values 
for  calcium and l i thium resinates agreed with the 
relationship shown in F igure  10. Although the media 
and tempera tures  for  the K and k~ measurements  are 
markedly  different, an essentially straight-l ine rela- 
t ionship is obtained;  those salts with a higher acidi ty 
give higher catalytic ra te  constants hence are more 
efficient catalysts. 

Discussion of Results 

The experimental  results can be compared with the 
theory of nucleophilic substi tutions given by Swain 
(17). He  considers tha t  nucleophilic substitutions 
involve a concerted a t tack of a nucleophilic group 
(N) and an electrophilic group (E)  upon a substrate 

molecule (S).  The format ion of the act ivated complex 
is a termolecular  reaction between N, S, and E. In  
some reactions however two of these functional  groups 
may exist in the same molecule, consequently the 
format ion of the act ivated complex is a bimolecular 
reaction. Within  this f ramework  the general ly ac- 
cepted theories for  the mechanism for  esterifieation 
(18) and our proposed mechanism for metallic res- 
inate catalysis may  be formulated.  

In  uneatalyzed esterifications the activated complex 
contains two molecules of acid and one of alcohol. 
The alcohol molecule contains the nucleophilic group 
while one molecule of acid contains the electrophilic 
group. Both groups form the activated complex along 
with a second acid molecule. In  hydrogen-ion-cata- 
lyzed esterifications ROHe + is the electrophilic species 
which forms an activated complex with an acid mole- 
cule while a neutra l  alcohol molecule is the nueleo- 
philic molecule. ROH2 + is a s t ronger  electrophiIic 
species than  an uncharged acid molecule so the esteri- 
fication rate  is greater  when hydrogen ions are present. 

In  changing f rom uncatalyzed to hydrogen-ion-cata- 
lyzed esterifieations A H r  decreases and A S r  becomes 
more positive. I t  seems reasonable tha t  A H ~  is re- 
dueed because ROH2 § is a stronger 
ties than  R C O O H  so less energy is 
the act ivated complex. Since the 
labile, it is reasonable tha t  A S~ 
comes more positive). 

According to the mechanism for 

electrophilie spe- 
required to form 
hydrogen ion is 
is increased (be- 

metallic resinate 
catalysis proposed in equations (1) and (2), the acti- 
vated complex contains one molecule of metallic res- 
inate and one of alcohol. Bu t  now the substrate and 
the electrophilic group (metallic ion) are in the same 
molecule. Since the metallic ions studied are rela- 
t ively weak electrophilic species, a large amount  of 
energy might  be required to form the activated com- 
plex which may  explain the high values of A H r  On 
the other hand, A S r  is considerably more positive 
than for hydrogen-ion catalyzed esterifieations. This 
is reasonable since only two molecules instead of 
three fo rm the act ivated complex; the probabil i ty  of 
two molecules coming together is ordinar i ly  greater  
than the probabi l i ty  that  three will unite. As dis- 
cussed previously, the increase in z~Sr outweighs t h e  
increase in A H #  in going f rom uncatalyzed to metal- 
lic resinate-catalyzed esterifications so the metallic res- 
inates funct ion as catalysts. 

These suggested correlations between A H r  and 
A S ~  and the molecular s t ructure  of the activated 
complexes are perhaps  tenuous since, in general, heats 
and entropies of activation involve both kinetic en- 
ergy and potential  energy contributions. I t  is inter- 
esting however and perhaps  useful to make these 
postulates, which are based on the assumption that  
the major  variat ions in A H ~  result  f rom changes in 
the potent ial-energy barriers.  

Summary 
The kinetics of the esterification of resin acids in 

both concentrated solutions and dilute alcoholic solu- 
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tions were studied over a wide temperature  range. 
In concentrated solutions the order of the reaction 
changes with both the temperature  and the extent of 
reaction, but  in dilute solutions the kinetics are simi- 
lar to those for  other organic acids. The uncatalyzed 
esterifieation is pseudo-second order while the hydro- 
gen-ion-catalyzed esterifieation is first order and fol- 
lows the Goldschmidt equation. Thus the esterifica- 
tion mechanism is probably the same as for other 
organic acids even though the carboxyl group on a 
resin acid molecule is highly hindered. 

Catalysts by six metallic resinates--especially cal- 
cium and l i th ium--was also studied. The catalytic 
rate constants at 260~ varied quanti tat ively with the 
" a c i d i t y "  of the metallic resinates in rosin at 200~ 
As esterifieation catalysts, the metallic resinates in- 
crease the activation energy but  also increase the acti- 
vation entropy sufficiently so that  the free energy of 
activation is decreased , especially at high tempera- 
tures. The observed kinetic behavior agrees with a 
rate expression derived by assuming that  the rate- 
controlling step is a reaction of metallic resinate with 
the alcohol to form an ester and a basic metallic 
resinate. 
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X-Ray Diffraction and Melting-Point Studies on Some 
Long-Chain Sulfur-Containing Acids I 
LEE P. WITNAUER, DAVID LUTZ, N. H. KOENIG, ~ and DANIEL SWERN, 
Eastern Regional Research Laboratory, ~ Philadelphia, Pennsylvania 

T 
ins PAPER reports  the x-ray diffraction powder 
data and melting points of three series of crystal- 
line long-chain sulfur-containing acids, namely, 

some terminally substituted undecanoie acids. These 
compounds a r e  

a) su]fones, 11-(n-alkylsulfonyl)undecanoie acids, 
RSO~ (CH2) ~oC02H ; 

b) sulfoxides, 11- (n-alkylsulfinyl) undecanoie acids, 
RSO (CH2) loC02H ; and 

c ) sulfides, 11 - (n-alkylthio) undecanoie acids, 
RS (CH2) loC02H ; 

where R is a selected radical from methyl through 
undecyl. Aside from 11- (earboxymethylthio) undeca- 
noic acid (2) there seems to be no x-ray diffraction 
data available on the effect on the solid-state s t ructure  
of in ter rupt ing  long-chain aliphatic compounds with 
a sulfide, sulfoxide, or sulfone group. 

Experimental 
Preparation. The compounds studied had the gen- 

eral formulas given above. They were reerystallized 
solids of high pur i ty  unless otherwise indicated. In  

1 This is paper IV  in the series on "Organic Sulfur Derivatives." 
Paper  I I I  is by H. Susi, N. I-I. Koenig, W. E. Parker,  and Daniel 
Swern, Anal. Chem., 80, 443 (1958).  

e Present  address: Western Utilization Research and Development 
Division, Agricultural Research Service, U. S. Department  of Agricul- 
ture, Albany, Calif. 

3 Eastern Utilization Research and Development Division, Agricul- 
tural Research Service, U. S. Department  of Agriculture. 

addition to the acids previously reported (2, 3, 6) the 
new compounds listed in Table I were also used ; these 
were prepared by  the published methods. 

X-Ray Technique. All samples were run  on a 
G. E. XRD-3 direct-recording diffraction unit, using 
nickel-filtered CuK~ radiation (;~ = 1.5405 2~), 1 ~ beam 
slit, 0.1 ~ detector slit, medium resolution Seller slit, 
2~ scanning speed, 60 in./hr,  chart  speed, 
linear scale, and 2-see. time constant. Fo r  the powder 
data reported in Tables II ,  I I I ,  and IV samples were 
carefully ground in an agate mortar  to insure random 
orientation and packed into the recess of a plastic 
holder approximately 1.0 in. long, 0.5 in. wide, and 
0.015 in. deep. The intensities of the diffraction lines 
reported were measured as counts/see, at the peak 
height minus counts/see, of the background, and then 
expressed on a relative scale (IRe1.) with the strongest 
line arbi t rar i ly  given a value of 1,000. 

The long spacings reported in Table V were ob- 
tained from oriented samples. Unground samples 
were placed in a thin layer on a glass slide and firmly 
pressed to insure adherence. The exposed surface on 
the glass slides was about 0.5 in. wide by 0.5 in. long. 
In  general, par t icular ly  sharp and intense peaks were 
obtained, and in a number of cases 20 or more orders 
of the long spacing were observed. At least five orders 
are included in each average reported in Table V. 
The first and sometimes the second orders were not in- 
cluded in the average because of the limited accuracy 


