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I N 1946 Hewit t  and Armitage (11) described a proc- 
ess fo r  reacting styrene with drying oils (largely 
dehydrated castor oil or linseed oil) to produce 

superior surface coating materials. Based upon their  
examination or analysis of the reaction products and 
in analogy with the copolymerization of styrene with 
butadiene, they proposed a course for  this complex 
process. They emphasized three important  points, in 
regard to the process, a) Styrene copolymerizes with 
the fa t ty  esters  containing conjugated unsaturat ion 
in the same manner  as it  does with butadiene (i.e.) 
by  proceeding largely by 1,4 addition across the  con- 
jugated double bonds, b) Styrene is also bound to 
the non-conjugated unsatura ted esters. The union oc- 
curs through "cha in - t r ans fe r . "  The growing chain is 
terminated by  annexing an hydrogen atom from the 
fa t ty"  ester. This hydrogen atom presumably comes 
from a position ~ to a carbon-carbon double bond, and 
its removal leaves a new free radical capable of ini- 
t iat ing another  chain, c) The molecular weight of 
polymer or copolymer is lower than that of regular  
polystyrene because of the modifying action of the 

�9 f a t t y  esters (1). 
Since 1946, many other investigators have pub- 

lished results of studies of this reaction. There is 
considerable disagreement regarding whether or not 
the fa t ty  esters are chemically bound to the polysty- 
rene. The entire picture has been made more com- 
plex by the variety of conditions under  which the 
reaction has been carried out. Brunner  and Tucker 
(3, 4 ) h e a t e d  styrene with tung oil and with dehy- 
drated castor oil in xylol solution at reflux tempera- 
tures without catalyst. They separated the polymeric 
material and examined it by  infrared analysis and 
also by other analytical methods. F rom the  tung oil 
they obtained a mixture of a) a eopolymer compris- 
ing about eight styrene molecules for each eleostea- 
rate unit  and b) a low molecular weight product  
having a one to one mole ratio of styrene to ester. 
The latter was believed to result from a Diels-Alder 
addition of styrene and eleostearate. With  the dehy- 
drated castor oil they found no evidence of a combi- 
nation of polystyrene and fa t ty  ester�9 Kappehneier  
(13) saponified styrenated oils and alkyds, then sep- 
arated the acidified products by extraction with alco- 
hols of increasing molecular weight. He determined 
the acid values of the different fractions and con- 
cluded that  all of the polystyrene was combined with 
fa t ty  acids. Pet i t  and Fourn ie r  (15) studied the prod- 
u c t s  of the styrenation of linseed oil, using benzoyl 
peroxide as catalyst. They saponified the reaction 
products  and separated the acids f rom polystyrene. 
They  concluded that  there was no combination of poly- 
styrene and oil. Dyer  and Maxwell (5) studied the 
reaction of styrene with the ethyl esters of the acids 
obtained from dehydrated castor oil. Wi th  one excep- 
tion they carried out the reactions in emulsion, using 
potassium persulfate as the initiator. On the basis of 
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iodine values of the isolated polymers they concluded 
that  the ethyl esters of dehydrated castor oil acids co- 
polymerized with styrene. 

Bezman and Browning (2) studied the reaction of 
a number  of oils with styrene. They also used the 
emulsion polymerization technique. On the basis of 
inf rared studies of carefully extracted products, they 
concluded tha t  the presence of conjugated unsatura- 
tion in the f a t ty  ester did not assure its copolymeri- 
zation with styrene. They found that  the amount of 
fa t ty  ester chemically bound to styrene could be in- 
creased markedly by  thermally polymerizing the oils 
and blowing them pr ior  to the reaction with styrene. 
Contrary to the results of Pet i t  and Fourn ie r  (15), 
Schroeder and Terril l  (17) found that  both raw and 
blown linseed oil combined with styrene under  poly- 
merization conditions. Falkenburg,  Hill, and Wolff 
(7, 8) s tud ied  the reaction of styrene with oils as 
well as with methyl esters of most of the common 
fa t ty  acids. They concluded that  styrene did not co- 
polymerize with the esters and that  homogeneity of 
the product  was no criterion of copolymerization. 

The work herein described was carried out to deter- 
mine the effect of each of several different fa t ty  esters 
on the polymerization of styrene. Equal  weights of 
styrene and f a t t y  ester were mixed and polymerized 
using benzoyl peroxide as the initiator. By determin- 
ing the polymerization rate, molecular weight, and 
composition of polymer, data were gathered which 
indicate the role of each ester. 

Experimental 

Materials. Each methyl ester was made by  reflux- 
ing the f a t ty  acid for  4 hours in 10 times its weight 
of absolute methanol containing 1% of concentrated 
sulfuric acid (based on fa t ty  acid) as the catalyst. 

Methyl stearate had a saponification value of 188.6 
a n d  a capillary m.p. of 39-39.5~ 

Methyl oleate had a saponification value of 191.7 
and an iodine value of 84.1 (Wijs) .  

Linoleic acid was prepared  by  debromination of 9, 
10,12,13 tetrabromo octadecanoie acid. The methyl 
ester had a saponification value of 194 and an iodine 
value of 172.5 (Wijs) .  

t,t 10,12 Octadecadienoic acid was prepared  from 
dehydrated castor oil acids according to the proce- 
dure of yon Mikuseh (14). The methyl ester had a 
specific a 230 m/~ value of 109.1 ( theory for  100% 
conjugation = 109.52). 

Methyl ester of alkali conjugated linoleic acid was 
conjugated b y  heating it  in diethylene glycol with 
an excess (10% molar) of NaOI~I over that  required 
for  neutralization. The temperature  was held at 200 ~ 
C. for  20 minutes. The methyl ester of the conjugated 
acids had a specific a value at 234 m~ of 82.3 [theory 
for 100% conjugation of cis,trans ester-~-93.04 (12)] .  

Pure  methyl linolenate was obtained from the tIor-  
mel Foundation.  

The styrene was Dow commercial grade. I t  was 
redistilled under  vacuum before use. 
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Pure  benzoyl peroxide was p repared  by  precipi- 
ta t ing  it  f rom a chloroform solution by  the addit ion 
of methanol. 

Polymerization. The styrene and esters were poly- 
merized in 1-oz. small-mouth, screw-cap bottles. The 
bottle caps. were equipped with oil resistant sealing 
gaskets so tha t  a hypodermic needle could be inserted. 
Periodically a small sample was wi thdrawn f rom each 
bottle through the needle, and the refract ive index of 
the solution was determined. The degree of polymeri-  
zation was calculated f rom the change in refract ive 
index. A l inear  relation between change in index and 
degree of polymerization was assumed. The bottles 
were charged with 10 g. of styrene, 10 g. of methyl  
ester, and 0.2 g. of benzoyl peroxide. One bulk poly- 
merization of 20 g. s tyrene with 0.4 g. of benzoyl 
peroxide and one solution polymerizat ion of 8 g. of 
styrene with 0.16 g. of benzoyl peroxide in 12 g. of 
benzene were run  as controls. The bottles were heated 
in an oil ba th  held at  70 _+ 0.5~ No agitat ion was 
used because the mixtures  were homogeneous. 

Separation of Polystyrene. The polymer  was sep- 
ara ted f rom unpolymerized materials  by  two methods. 
a) The low molecular  weight  mater ia ls  were removed 
by  distillation under  reduced pressure,  b)  The poly- 
mer  was removed b y  successively precipi ta t ing it by  
pouring its benzene solution into methanol. The first 
procedure was carr ied out as follows. The product  
was placed in a 100-cc. round bot tom flask. Fo r  strip- 
p ing an alembic head was at tached to the flask, and  
the system was evacuated to 0.1 mm. with a mechani- 
cal pump  through a d ry  ice t rap,  placed to catch the 
styrene. The flask was heated in a wax bath,  which 
was raised to 205~ When the ba th  t empera tu re  
reached 205~ the flask was removed and cooled in 
air  under  vacuum. 

Each s t r ipped polymer  was dissolved in 50 cc. of 
benzene and the solution was poured into 150 cc. of 
absolute methanol. The mixture  was refluxed for  10 
minutes, then left  to s tand for  16 hours  before filter- 
ing. The polystyrene was then removed, dried, ground 
in a mortar ,  and extracted with 75 cc. of absolute 
methanol. Af t e r  separat ing and dry ing  it was ready  
for  analysis. 

The second procedure was as follows. Each poly- 
meric product  was diluted with 30 cc. of A. R. ben- 
zene. This. gave a viscous solution, which was poured 
into 150 cc. of absolute methanol. The mixture  was 
warmed to reflux for  5 minutes, cooled, and the 
polymer  removed. I t  was redissolved in 50 ce. of 
benzene and the precipi tat ion repeated. The polymer  
was refluxed with 150 ce. of methanol,  cooled, sep- 
arated, and dissolved in 50 ce. of A. R. benzene. The 
precipi tat ion was repeated as described. The polymer  
was again dissolved in 50 cc. of benzene and poured 
into 50 cc. of absolute methanol  while shaking the 
mixture.  The polymer  separated as a liquid lower 
layer.  This was prec ip i ta ted  b y  pour ing  it into meth- 
anol. The polymer  was dried, ground in a" mortar ,  
and extracted at room tempera ture  with 75 cc. of 
absolute methanol. Af t e r  separat ion and dry ing  it 
was ready  for  analysis. Analysis showed that  there 
was no significant difference in the composition of the 
products  isolated by  the two procedures. 

To show tha t  mixtures  of polystyrene and f a t t y  
esters are actual ly separable,  the following experi- 
ment  was carr ied out. Each of the f a t ty  esters was 
mixed with 1% benzoyl peroxide and heated for  24 
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hours  a t  70~ Each produc t  was mixed with an 
equal weight of polystyrene dissolved in benzene. The 
resul tant  solution was precipi tated and  extracted in 
the same manner  as described above. Analysis o f  
each of the extracted polystyrenes by  inf rared  an- 
alysis showed the presence of no f a t ty  ester in any  
of the samples. 

Molecular Weight of Polystyrenes. About  0.75 to 
1% solutions of polymer  in A. R. benzene were pre- 
pa red  and filtered through a medium pore size, sin- 
tered glass filter. The viscosities were determined,  
using an Ostwald viscosimeter. The intrinsic viscosi- 
ties were calculated f rom the relative vicosities b y  
the method of Tingey (9) and the molecular weight 
according to the relationship of Ewar t  (9). 

Infrared Analysis o~ Polymers. The in f ra red  spec- 
t r a  of the s tyrene polymers were recorded f rom 2 to 
8 ~ on a Beckman IR-2 Spectrophotometer  equipped 
with a slit drive (18). The lower f requency band  
(1725 em -1) was assigned to the benzoate ester formed 
f rom the benzoyl peroxide initiator.  The 1740 cm -1 
band  was assigned to the f a t t y  methyl  esters. Fo r  an- 
alytical purposes the polymers were considered to be 
three component  systems consisting of two esters and  
the polymer.  

F o r  the purpose of determining quant i ta t ively  the 
amounts  of f a t t y  methyl  esters, i t  was necessary to 
determine the contr ibution of the benzoate ester as 
well as tha t  of the polymer  at each frequency.  Three 
compounds were used for  this purpose:  methyl  stea- 
rate, methyl  benzoate, and polystyrene free of ben- 
zoate and f a t ty  ester. The null potent iometer  circuit 
of the IR-2 was used to measure the optical density. 
The measurements  were made only at  the two car- 
bonyl  frequencies since the contr ibution of polysty- 
rene was small and constant for  samples of the same 
concentration. 

Each sample was dissolved in chloroform and placed 
in a sealed cell of 1 ram. thickness. The ins t rument  
was set precisely at the max imum of the carbonyl  
band  of one of the reference esters. The optical densi- 
ties of all of the samples were measured at this set- 
t ing. The ins t rument  was then reset at the absorption 
max imum of the carbonyl  band  of the other  reference 
ester, and the densities again measured. The concen- 

t r a t i o n  of f a t ty  ester and benzoate present  were cal- 
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culated from two simultaneous equations, involving 
optical densities, extinction coefficients, and concen- 
trat ion of ester  and benzoate. 

Results and Discussion 

In  this work styrene was po]ymerized in solution in 
the methyl esters of pure fa t ty  acids. The following 
three things were determined:  a) the polymerization 
rate of styrene in the different esters, b) the molecu- 
lar  weight, and c) the composition of the polymeric 
material. 

Polymerization Rate�9 Examinat ion of the curves 
shown in Figure  1 shows that  styrene polymerizes 
more slowly in the presence of f a t ty  esters than it 
does in bulk. In  the case of methyl  stearate and 
methyl  oleate the reduction in rate is about what  one 
would expect as the result  of dilution by  a solvent. 
For  the polymerization in methyl t,t  10,12 octadeca- 
dienoate the rate again is somewhat slower bu t  ap- 
parent ly  in the same class as the first two esters. In 
the case of the polymerization of styrene in methyl 
linoleatc and methyl  linolenate it is obvious that  these 
esters are acting in some capacity in addition to that  
of solvent. The pronounced reduction in rate indi- 
cates that  one or both of two things are happening�9 

a )  Fewer  polymer chains arc being initiated than 
in the other faster  polymerizations, b) The polymer 
chains are being terminated at low molecular weight 
without appreciable chain t ransfer  occurring. I f  the 
first process were occurring, the molecular weight of 
the polymer would be about the same as it was in the 
other esters. This, of course, is not t rue if the second 

process  is occurring. I t  is apparent  that  knowledge 
of the molecular weight and composition of the poly- 
mer will help in explaining the role these esters play 
in the polymerization. 

Molecular Weight of Polymeric Material. The mo- 
lecular weight of the polymers obtained in the dif- 
ferent  esters are given in Table I. These are based 

vinyl and allyl esters (10). The vinyl or allyl t , t  10,12 
octadecadienoate ester polymerized slowly to give low 
molecular weight polymers as did the corresponding 
esters of linoleic acid. Also 10% of methyl linoleatr 
or methyl  t,t 10,12 octadecadienoate added to vinyl 
stearate re tarded its polymerization and  reduced the 
molecular weight of polyvinyl  stearate formed about 
the same amount. Toward styrene the methyl  e s t e r s  
of the two acids behave quite differently. The methyl 
t,t, 10,12 octadecadienoate retards the polymerization 
only slightly and apparent ly  does not reduce  the mo- 
lecular weight appreciably. The molecular weight in 
this case may be in error  since the constants used in 
calculating the molecular weight f rom viscosity meas- 
urements are those for polystyrene. As will be seen, 
this is a copolymer of styrene and methyl  t,t  10,12 
octadecadienoate. 

Analysis of Polymers. Brunner  and Tucker  (3) 
used infrared analysis to determine qualitatively the 
presence of oils combined with polystyrene. Recently 
Bezman and Browning (2) used this method to de- 
termine quanti tat ively the percentage of oil  in poly- 
styrene obtained when styrene and oils, were emulsion 
polymerized. 

The results of inf rared analysis on samples of poly- 
styrene obtained by  polymerizing styrene in the dif- 
ferent  methyl esters arc given in Table II .  

T A B L E  I I  

Composit ion of Polymers  

Polymeriza t ion  
Medium 

Methyl sgearate .......... 
Mothyl oleate ............. 
Methyl l inoleate ......... 
Methyl t , t  10,12 

octadecadienoate  .... 
Methyl linolena~e ....... 
Methyl a lkal i  conj. 

linoleate ................. 
B u l k  ........................... 

Percen tage  
M ethyl 
Es t e r  

I n  P01ymeT 

0.49 
1.28 
4.7 

10.7 
2.4 

10.8 

Percen tage  
Benzoate  

I n  Po lymer  

.57 

.53 

.70 

.75 
.83 

.38 

.64 

Number  of I Number  of 
F a t t y  I Benzoate 

Esters  Per  I Groups  Per  
Polymer Mol. Polymer  Mol. 

%7 7~ 
1.7 1.7 
3.0 1.1 

14.5 2.5 
1.1 .9 

, 12.1.  1.0 
........ 2.6 

T A B L E  I 

Molecular  W e i g h t  of Polymers  

Polymer iza t ion  Medium Molecular  Weight 

Methyl s tearato  ......................................................... 39,000 
Methyl oleate ............................................................ 39,000 
Methyl l inoleate ........................................................ 19,000 
Methyl l inolenate  ...................................................... 13,400 
Methyl  t , t  10,12 octadecadienoate  .......................... 40,000 
Methyl a lkal i  conjugated  l inoleate .......................... 33,000 
Benzene ................................................................... 28,000 
B u l k  ........................................................................ 49,000 

on viscosity measurements of benzene solutions of the 
polymers. 

A comparison of the molecular weight of the poly- 
mers prepared in different esters shows that  methyl 
linoleate and methyl linolenate act largely as chain 
terminators and to only a small extent as chain trans- 
fe r  agents. The molecular weight of the polystyrene 
obtained in methyl linoleate is roughly one-half that  
obtained in methyl stearate or oleate. Coincidentally, 
the polymerization rate in methyl linoleate is slightly 
greater  than one-half that  in methyl stearate. Simi- 
lar ly  the rate of polymerization and molecular weight 
of polymer obtained in methyl linolenate is roughly 
one-third that  obtained in methyl oleate or stearate. 

The behavior of the methyl esters of the conju- 
gated diene acids was contrary  to that  which would 
be expected on the basis of the polymerization of their  

In  considering the analytical results, a question 
arises about the state of the fa t ty  ester found in the 
polymer. Is it chemically bound to the polymer, or 
there as an impur i ty  which was not removed in sep- 
arat ing polymer from unpolymerized material? The 
evidence shows that  the methy~ ester found in the 
polymer af ter  the isolation steps is chemically bound 
to the polymer. Polystyrene which is isolated by  the 
same procedure from mixtures of polystyrene and 
fa t ty  esters shows no fa t ty  ester on inf rared  analysis. 

I t  is obvious from an examination of the analytical 
data that  the conjugated fa t ty  esters do not behave 
in the same manner  as the other f a t t y  esters. The 
percentage of methyl  f a t ty  ester found in the poly- 
mers polymerized in the conjugated esters is more 
than twice that  of the next  highest value. The num- 
ber  of f a t ty  ester molecules per polymer molecule 
averages 14.5 in the case of the 10,12 methyl ester and 
12.1 in the alkali conjugated methyl ester. The best 
explanation for this is tha t  eopolymerization occurred 
between styrene and the conjugated ester. This co- 
polymerization very  likely occurred largely as Hewit t  
and Armitage visualized it (11), through 1,4 addi- 
tion to the conjugated double bonds. This is also in 
part ial  agreement with the conclusions of Dyer  and 
Maxwell (5) who polymerized styrene with the ethyl 
esters of dehydrated castor acids in emulsion. In 
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their  case it  appears questionable tha t  the degree of 
conjugation is as high as they report  for  many of 
the blown esters. In  view of the work of Bezman and 
Browning upon emulsion polymerization (2) it ap- 
pears that  the peroxide formation dur ing blowing 
was more important  in increasing the amount  of ester 
combined in the polymer than was the conjugated 
unsaturation.  

Recently Falkenburg,  Hill, and Wolff (8) polymer- 
ized styrene in the presence of methyl esters of dif- 
ferent  f a t ty  acids, including t , t  10,12 oetadeeadienoic. 
They concluded that  there was no eopolymerization 
between the esters and styrene. Their  conclusion was 
based largely on saponification values of the polymers. 
We find that  saponification values are not satisfactory 
for  determining the proport ion of methyl  ester pres- 
ent in a polymer of this type. The action of potas- 
sium hydroxide in a 90-10-5 benzyl alcohol, methanol, 
water mixture (9) at reflux for 5 hours results in 
only part ial  saponification of the copolymer of sty- 
rene and methyl  t , t  10,12 octadeeadienoate. In f r a red  
analysis showed that  71% of the methyl ester re- 
mained unsaponified. 

The benzoate groups  in the polymer are completely 
saponified by  this treatment.  Since this is true, poly- 
mers made with high proport ions of benzoyl peroxide 
would be expected to show higher saponification val- 
ues. In general, this was what was observed by  Fal- 
kenburg et al. (7, 8). 

The other unsatura ted  esters, t hough ,no t  present 
in a large proportion, are present on the average of 
one or more fa t ty  ester molecules per polymer chain. 
In  the case of styrene polymerized in the presence 
of methyl linotenate there are roughly one ester and 
one benzoate group per polymer molecule. Presence 
of a benzoate group can be explained on the basis 
that  the benzoate radical initiated the chain by  add- 
ing to s tyrene;  presence of the linolenate ester .can 
be explained as  the result of chain termination by  
addition of a linolenate radical. The linolenate radi- 
cal could be formed by  loss of a hydrogen atom to a 
peroxide radical or to a growing polymer chain. The 
low proport ion of linolenate combined with the poly- 
styrene is in agreement with the results of Peti t  and. 
Fourn ie r  (15) but  opposed to those of Schroeder and 
Terri l l  (17). 

The results show that  when styrene is polymerized 
in the presence of methyl oleate and methyl  linoleate, 
about two and three f a t ty  ester groups, respectively, 
are included in the polymer chain. Though some of 
these may be combined as the result of the polymer 
chain involving a double bond in the fa t ty  ester, this 
does not occur often enough to consider it to be t rue 
eopolymerization. 

On the basis of these results it  is difficult to un- 
derstand the results obtained by  Powers (16), who 
apparent ly  obtained relatively large proportions of 
oleic and linolenic acids combined with polystyrene 
by  heating mixtures  of styrene and the respective 

fa t ty  acids without  catalyst at  temperatures  ranging 
from 160 to 275~ Ei ther  the use of f a t t y  acids or 
high temperatures  has a pronounced effect on the 
course of the reaction. Presumably the high tem- 
peratures  would be more likely to affect the course 
of the reaction. This can only be determined by car- 
rying out reactions of styrene with the f a t t y  acids 
and with the corresponding methyl esters at  vari- 
ous temperatures.  

According to the results obtained in the polymeri- 
zation of styrene in the presence of the fa t ty  esters 
the following conclusions can be reached, a) Styrene 
does copolymerize with fa t ty  esters which have conju- 
gated unsaturat ion as Hewit t  and Armitage claimed. 
The proport ion of f a t t y  ester eopolymerizing is small 
compared with the proportions in the monomer charge, 
i.e., a 50-50 weight mixture of styrene and conjugated 
fa t ty  ester gives roughly a 90-10 ratio of styrene to 
ester in copolymer, b) The non-conjugated polyene 
fa t ty  esters behave chiefly as chain modifiers and re- 
duce the molecular weight of the polymer. They do 
not do this through chain transfer,  as Hewit t  and 
Armitage suggested, but  largely by  a chain termina- 
tion process. Small proportions of ester are found in 
the final product, c) The saturated and mono-unsatu- 
rated esters behave in a neutral  fashion, serving as sol- 
vents for  the monomer and polymer. Small amounts 
of the ester are included in the polymer. 
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