






avoid end effects, so that a suitable value for the 
branch effect is obtained by comparing these 
octanes. 

3. The application of branch correction to th e 
hypothetical polymer uni t is appropriate wh en 
those corrections were obtained from correspond­
ingly branched octanes. This n eglects the small 
bond effect of having substituents on nearby C 
atoms of the polymer chain, which are not present 
in the octanes . Although certain objections can 
be raised to the usc of these branching corrections, 
it is felt that they afford a better approximation 
than those available at the time of Flory's cal­
culations, and they were obtained from the best 
data available at the present time. 

IV. Comparison of Values and Steric 
Effects 

Thc heat of polymerization of vinyl compounds 
can be arbitrarily assigned to four energy effects, 
which are not entirely separable, the second and 
third being negative with respect to the firs t and 
fourth. These energy effects are: (1) the reaction 

6=6 -----> -6- 6- . (2) the effect of side 
I I I I ' 

groups on bond energies when such side groups 
are so spaced that there is no interaction between 
them; (3) the effect of steric hindrance between 
side groups attached to the polymer chain ; (4) 
the "end effect" arising from the nearness of the 
dou ble bond to the end of the monomer molecule 
[1 3]. 

The first and fourth effects are represented by 
the polymerization of ethylene, whose polymer has 
no side groups and therefore no bond effect nor 
steric hindrance from such groups. The' second 
effect arises from the fact that the bonds to the 
substituents and the chain bonds in the monomer 
have different effects on each other from those they 
exert in the polymer. The value of the third effect 
can be obtained by the difference between the cal­
culated values of heats of polymerization, which 
include effects (1), (2), and (4), for the hypo­
thetical polymers, and the experimental values, 
which include all effects. Both calculated and 
experimental values are available in only a few 
cases; isobutene may be used as an example. The 
difference between 19.2 calculated and 12.8 ob­
served is - 6.4 lecal/mole of monomer , attributable 
to steric hindrance b etween side groups. 

Heats of Polymerization 

The end effect will be different for each monomer 
and can generally be neglected in polymers. The 
value of this effect is given by the deviations from 
linearity with numb er of carbon atoms of the heats 
of formation of the lower members of the homol­
ogous series and is known at present for only a 
few monomers, as follows [14]: 

Ethylene + 2.76 kcal , 

Propylene 0.7, 

I-Butene O. 39, 

I-Heptene O. 00. 

For the others, it is estimated to be of the order of 
0.5 lecal or less. This effect will make a small 
difference in the values obtained in comparison of 
heats of polymerization, depending on the differ­
ence in the end effects of the monomers to be com­
pared. The tru e value of effect (1) above is 19.59 
k cal, obtained by dedu cting the end effec t in 
ethylen e from the value 22.35 lecal [15] . 

Substituent groups of larger sizes may cause 
greater amounts of steric interference, resulting in 
lower experimental heats of polymerization. 
Length of the n-alkyl substit uents makes little 
difference, although branch ed substituents m ay 
cause steric hindrance [1 2]. The substitution of 
chlorine on the aromaLic ring of styrene has little 
effect on th e heat of polymerization, ince the sub­
stituen t is well removed from the polymerizing 
bonds and is not likely to interfere with oLher 
branch groups. In ethylen e whose polymer has 
no steric hindrance between side groups, the 
experimental and calculated valu es of h eat of 
polymerization agree within experimental error 
(the calculated , values for ethylene were derived 
from experimental data on hydrocarbons), whereas 
isobutene, alpha-methylstyrene, and the methac­
rylates have values of heat of polymerization 
about two-thirds of what would be expected if 
there were no steric hindrance between side 
groups. Ethylene has the highest and alpha­
meLhylstyrene the lowest h eat of polymerization 
among the compounds listed. 

A frequ ent cause of steric interfer ence between 
side groups is the presence of two substituents on 
the same vinyl carbon atom, especially if one or 
more of the substituents is a methyl group . This 
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can be seen by comparing the experimental values 
of heat of polymerization for styrene (16.7 k:cal) 
and alpha-methylstyrene (8.8 to 10.1 kcal). If 
. the latter values are increased by an allowance of 
2.2 kcal for the bond effect of the methyl group, 
they become 1l.0 to 12.3 kcal , r espectively. (The 
value 2.2 kcal is obtained by taking the difference 
bet\yeen the calculated values for I-bu tene and 
2- methyl- 1- butene in table l.) Effect (4) above 
cancels in this comparison. A substituent phenyl 
group may be able to rotate so that its plane is 
perpendicular to the direction of the polymer chain 
thus making the steric interference less than might 
be expected [3] . Another example of the effect of 
disubstitution can be seen by comparing methyl 
acrylate (18.7 kcal) and methyl methacrylate 
(13.0+ 2.2 = 15.2 kcal). 

Steric hindrance becomes so great in some mole­
cules that polymerization becomes impossible, 
although in some cases a dimer may be formed 
[3 , 16] . There is generally no steric interference 
between side groups in dimers, but it becomes 
noticeable in the trimers and higher polymers in 
those polymers that show that property [4J. For 
actual polymers, in the absence of steric hindrance 
between side groups, heat of polymerization per 
molo of monomer should increase as the polymer 
chain becomes longer, because of the factor 
(I - l in) , which takes account of the facL that 
there is one less bond reacting than there are 
monomer units, as shown in Jessup 's calcula­
tions for ethylene [15]. (The expression for hea t 
()f polymerization of ethylene [13 , 14, 15] may be 
written !1Hpo=- 19.59 (1- 1(n) - o, where 0 is 
the end effect in ethylene, 2.76 kcal. ) If steric 
hindrance occurs in the polymer, its effect should 
increase rapidly at first as more units are added 
to the chain, and after the first three units the 
heat of polymerization pCI' monomer unit should 
either increase more slowly or ' decrease, and the 
steric energy per uni t added should approach a 
constant value as the chain lengthens. The data 
for alpha-methylstyrene [17] show some of these 
effects; here the heat of polymerization per mole 
()f monomer decreases as the molecular weigh t 
11lcreases. 

Ethylene oxide appears to be a somewhat differ­
ent monomer from the others listed. The reaction, 
which differs from vinyl polymerization in being a 
s tepwise addition process rather than a free radical 
mechanism [18, 19, 20] involves the net difference 
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of the breaking of one C- O bond and the forming 
of another C- O bond in the chain: 

H2 H2 
c- c 

/ "-0 -

This simple C- O bond rearrangement in itself can­
not account for the heat of polymerization. The 
chain is terminated by - OH groups: HO- H 2C 
(H 2C- 0 - CH2) "CH2- OH, but if the average 
molecular weight is large, the contribution to the 
heat of polymerization from the addition of H ­
OH would then be very small . The explanation 
for the heat of polymerization is to be found in 
the following consideration. The three-member 
ring of ethylene oxide has been regarded as a 
strained stru cture [2 1] but Walsh [22, 23J (see also 
[24, 25 , 26, 27] ) believes it advantageous to trans­
late much of the old idea of strain in ethylene, 
cyclopropane, ethylene oxide, and other similar 
molecules into terms of hybridization. H e has 
suggested that ethylene oxide contains overlapping 
orbitals and carbon atoms that are more nearly 
trigonal (ethylenic) than tetrahedral. WIlen this 
molecule is converted to a straight-chain polymer 
structure containing ordinary tetrahedral C atoms, 
energy will be evolved, as wi th ethylene. 

The effect of the esterification of the acrylic 
acids is confusing. In the case of acrylic acid. 
esterification increases the heat of polymerization, 
whereas the opposite effect occurs with meth­
acrylic acid. 

The heat of copolymerization of the butadiene­
styr ene mixture lies between the values for the 
separate monomers. Copolymers having dif­
ferent monomer ratios from those given will of 
course have different heats of polymerization. 
The heats of copolymerization of vinyl ace taLe 
with maleic anhydride, diethyl maleate, a.nd 
diethyl fumarate a.re lower than the heat of poly­
merization of vinyl acetate alone. In some cases, 
however, the effect of sterLc hindrance between 
side groups in copolymers may be diminished by 
1 : 1 alternation of the units. Tong· and K enyon 
[28] have observed that with methyl acrylate and 
methyl methacrylate the heat of copolymerization 
is higher than the sum of the heats of polymeriza­
tion of the components alone. These authors [29] 
point out that with the diethyl fumarate and 
maleate copolymers with vinyl acetate, the dif­
ference in their heats of copolymerization is less 
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than half of the hea t of isomeriza tion of m aleic to 
fumaric es ters, suggesting th at differen t s tereo­
isomers are produced. A discussion of heat of 
copolymerization appears in r eferenee [30). 

Polymers having differen t structure, although 
derived from the same monomer ( ee butadiene 
(31)) may have differen t heats of polymeriza tion. 
In a polymer or copolymer containing a diene, 
there is the possibility that there will be presen t 
a mixture of 1,2- and 1,4-a ddition (or 3,4- in 
isoprene), and the value of heat of polymerization 
will vary according to the ra tio [32, 33, 34, 35) . 
The 1,2-addition may lead to cross-linking. The 
1,4-polymers may be partly cis and partly trans 
structure. 

Ethylene [36, 37, 38) and vinylid ene chloride 
[39, 40) bo th form polymers that are rather highly 
cryst allin e. The polymers of ethylene oxide and 
acrylonitrile also are probably crystalline. The 
apparen t heat of polymerization to solid polymer 
must then include a small quan tity representing 
the heat of crystallization, depending on the per­
centage of crystallini ty. If we usc tb e. value for 
heat of fu sion of polyvinyliden e chloride (0.3 ](cal) 
given by R einhard t [39), tben the hea t of poly­
meriza t ion in the liquid states would be reduced 
from 14.4 [41) to 14.1 kcal/mole of monomer at 
76.8° C. 

The au thor expresses his apprecia tion for help­
ful commen ts offered by R aymond F . Boyer , D . 
R. St ull , L . K. J. Tong and W . O. K enyon, R alph 
S. J essup , E d"Iard J . Prosen , and Leo A. Wall . 

It has been brough t to our at tenLion that there 
is no repor ted value for the heat of polymerization 
of vinyl chloride. An estimate of the value can 
be made by considering its structure and com­
p aring with other values in the table. N ot 
enough data are available for an accurate pre­
diction, but a t least a rough idea can be obtained. 
Assuming tha t the end effects are negligible in all 
cases, and that the h ea ts of vaporiza tion arc the 
same for the monomers as for their polymers, 
vinyl chloride should be between eLhylene (19.6 
kcal/mole, no end effect, gas-gas) and v inyliclcne 
chloride (at 25°, about 14.0 k cal/mole, liquicl­
liquid), and som ewhere near propylene si nee Lhe 
bond and steric effects of Cl a rc simila r to Lhose for 
Cl Ia. T o ob tain an estima te from Lhe daLa of 
Fontan a and Kidder for propylene, Lheir value may 

Heats of Polymerization 

be adap ted by subtracting 0.7 kcal for heat of 
fusion of the polypropylene ( am e as for the 
m onomer), and adding a fevI Len ths of a kilo­
calorie for raising the temperature from - 75° to 
25° C. The value th en becomes about 16 kcal/ 
m ole for liquid-liquid a,t 25 ° C. The second esti­
mate, obtained from ethylene and v inylidene 
chloride, should b e somewhat above the midpoint 
of the difference b etween 19.6 and 14 .0, since !?ub­
stitution of a second chlorine causes a greater 
steric effect than that of the first. The final 
es tima te for vinyl chloride might then be placed 
at abou t 17 keal/mole (liquid-liquid or gas-gas, 
25° C). 
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