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Synopsis

Earlier work revealed that the internal plasticization of polyacrylonitrile by the higher
n-alkyl acrylates or N-n-alkylacrylamides yielded only brittle copolymers. This diffi-
culty was circumvented in the present work by starting with copolymers of acrylonitrile
and ethyl acrylate, over the range of compositions, and further modifying these by in-
crementally displacing the ethyl acrylate in each recipe by n-octadecyl acrylate through
terpolymerization. In this way, the stepwise small reduction in T, for the base ethyl
acrylate—acrylonitrile copolymers was greatly increased for each of the terpolymers.
Compositions were obtained ranging from glassy, brittle terpolymers, with glass transi-
tions above room temperature, to soft plasticized polymers having sufficient polar net-
works retained from the nitrile to confer useful properties. The decline in the glass
temperature was shown to be dependent on the free volume conferred by the side-chain
methylene groups of each acrylate ester. In contrast, the decline in tensile and flexural
strengths and moduli for the terpolymers having glass transitions aboveroomtemperature
was produced entirely by the presence of the methylene groups of the 18-carbon ester.
The glass transition region corresponded to room temperature when the acrylonitrile con-
tent of the base copolymer had been reduced to 50 mole-9,. Terpolymers of this nitrile
content and lower had the low moduli and large elongations of plasticized compositions.
An equation was developed which correlated empirically the glass transitions and the
mechanical properties with the weight fraction of the acrylate esters for the glassy ter-
polymers.

INTRODUCTION

Vinyl comonomers, with long linear side chains and derived from animal
fat, have not always been equally effective in internally plasticizing brittle
homopolymers having high glass transition temperatures or levels of crys-
tallinity. While vinyl chloride was readily plasticized by vinyl stearate!
and vinylidene chloride by n-octadecyl acrylate and certain N-n-alkyl-
acrylamides,?? predominately brittle compositions resulted from incorpo-
rating long side-chain n-alkyl acrylates* and N-n-alkylacrylamides® into
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polyacrylonitrile. Polyacrylonitrile might be unusual, however, because
of the special properties conferred by its microstructure.® Intramolecular
dipole repulsions of the cyano group’ prevent crystal ordering in the chain
direction® while enhancing lateral order through strong intermolecular
hydrogen bonding.®* This order can persist undisturbed in copolymers,
even those containing as much as 20 mole-9, of a randomly distributed
comonomer.? The residual order might even contribute to the maxima or
minima found in 7,~composition curves for certain copolymers.® In view
of the peculiar conformational restrictions and electrostatic interactions of
polyacrylonitrile, two glass transitions have been postulated™ to help ex-
plain the uncertainty regarding a variety of reported glass transition tem-
peratures for the homopolymer.%.7.11 A glass transition occurring at 87°C
was attributed to intermolecular Van der Waal’s forces, while another at
140°C was presumed to be caused by dipole-dipole associations between
chains, leading to semipermanent networks. The generally accepted T,
is!? 105°C and can be considered to be an average of the two transitions.
Thus, the effect on properties conferred by long side-chain molecules in
copolymers with acrylonitrile is not readily predictable and may appear to
be anomalous.

On the other hand, the marked efficiency of these long side-chain esters,
especially the 18-carbon comonomers, in lowering the flex temperature of
brittle polymers is well established.!=* However, a recent study*® of the
internal plasticization of poly(methyl methacrylate), which has a glass
transition (105°C) similar to that of polyacrylonitrile, by the n-alkyl acry-
lates and N-n-alkylacrylamides gave results relevant to the work on acrylo-
nitrile systems. In this study, the mechanical properties declined to im-
practically low levels even before the glass transition reached room tem-
perature, giving rise to generally brittle compositions. Additive contribu-
tions to the free volume made by each side-chain methylene group to the
glassy matrix were shown to be responsible for the results observed. Con-
ceivably, a similar phenomenon may occur in the acrylonitrile copolymers?:5
even though they possess a polar network microstructure. If this is the
case, the high glass transition temperature of polyacrylonitrile might con-
ceivably be lowered by incorporating a nonplasticizing comonomer, but
one whose homopolymer possesses a lower T',, to yield a base copolymer
system. The base copolymers could then be efficiently plasticized by
including a fatty comonomer in the polymerization recipe as a third com-
ponent. Thus, ethyl acrylate could be the 7', modifier and n-octadecyl
acrylate would serve as the internal plasticizer. In this way, the polar
network contributed by the acrylonitrile could be largely retained while
thermoplastic compositions of low modulus should result. This would
obviate the requirement of vulcanization and the use of fillers needed to
introduce adequate mechanical properties into soft copolymers of the lower
acrylate esters having only small inclusions of acrylonitrile.!4.15

In this investigation sets of mole fraction combinations of acrylonitrile
and ethyl acrylate, across the range of composition, were in turn modified
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by incrementally replacing the ethyl acrylate by n-octadecyl acrylate in
each set. Mechanical properties were correlated with the glass transitions
for all terpolymers. The free-volume contribution to these properties was
estimated for each side-chain methylene group. Increased moduli, result-
ing from side-chain crystallinity which developed as the n-octadecyl acry-
late content was increased beyond a critical amount, were interpreted in
view of recent studies of side-chain crystallinity in copolymers®®:¥ and in
homopolymers.*®

EXPERIMENTAL

Monomer Preparation

Acrylonitrile and ethyl acrylate were the purest available from commer-
cial sources. The nitrile was fractionally distilled through a short-lagged
Widmer column, and a middle cut, boiling at 76°C, was stored at —20°C
until used. Ethyl aerylate was washed free of inhibitor with 59, sodium
hydroxide-209, sodium chloride solution, dried over calcium sulfate, and
stored at —20°C until used. The preparation of n-octadecyl acrylate has
been described.®

Polymerization Procedure

The terpolymers were all polymerized in sealed bottles under nitrogen
in benzene (4 moles/mole total monomer) at 60°C, generally for 72 hr,
using 0.20 mole-%, of bisazoisobutyronitrile as initiator. A few were run
for 48 and 96 hr with no appreciable effect on the conversions. Terpolymer
systems containing up to 50 mole-%, acrylonitrile formed clear viscous solu-
tions; from those richer in acrylonitrile, polymer precipitated. All of the
polymers were isolated in methanol (5 ml/ml polymer solution), extracted
free of monomer with refluxing methanol (5 ml/g polymer), and dried as
fluffy solids or from thin films under vacuum at 50°C. The ethyl acrylate
copolymer containing 30 mole-9, acrylonitrile was extracted with petro-
leum ether. Yields of all terpolymers were between 709, and 859%,. Ele-
mental analyses for carbon and nitrogen were used to determine terpolymer
compositions. These will be discussed in a later section.

Osmometric molecular weights were determined by reported procedures®
except that toluene was the only solvent used and single determinations
were done on each sample

Mechanical Properties
The procedures of references 3 and 5 were followed.

Calorimetric Procedure

The operation of the differential scanning calorimeter has been described
for the determination of side-chain crystallinity'®:!® and glass transition
temperatures.”” All calculations and mathematical correlations were made
with an IBM 1130 computer.
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RESULTS AND DISCUSSION

General Features

The feed, polymer compositions, and degrees of polymerization are listed
in Table I for all of the data collected. Sets of copolymers of acrylonitrile
and ethyl acrylate were modified by successive gradual replacement of
ethyl acrylate by n-octadecyl acrylate in each set. The postulated effect
on the glass transition temperature for the copolymer and terpolymers
of this investigation is shown schematically in Figure 1. The successive
drop in T, for the base copolymer of each set is on the ordinate, between
the top and bottom lines; the further decline is produced by the weight
fraction of n-octadecyl acrylate, woa, incrementally replacing ethyl acrylate
in each recipe. These calculations assume additivity in the depression of
T, by both ethyl and n-octadecyl acrylates. Additivity was found in this
work for the ethyl acrylate-acrylonitrile copolymers. It was abundantly
confirmed for many copolymers containing n-octadecy! acrylate,” including
copolymers of n-octadecyl acrylate and acrylonitrile (top line in Fig. 1.)
and n-octadecyl acrylate and ethyl acrylate” (bottom line in Fig. 1.).
The terpolymers of this study lie between these extremes. The vertical
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Fig. 1. Postulated effect on glass transition temperature. Solid lines are calculated
values of T'; vs. weight fraction of n-octadecyl acrylate. Top line is for copolymers of
n-octadecyl acrylate and acrylonitrile; bottom line is for copolymers of n-octadecyl
acrylate and ethyl acrylate. The ordinate therefore represents 7', for copolymers of
ethyl acrylate and acrylonitrile. Other lines are for terpolymers and follow the order
of Tables I and II. Within the heavy dashed region, 7', is raised by side-chain crystal-
linity.



TABLE I
Compositions and Degrees of Polymerization of the Terpolymers®

AN Terpolymer composition®

Ex- mole Wt.

peri-  fraction Mole fraction fraction

ment in

no. feed OA EA AN OA wie nd MWy DPa
1 090 O 0.084 0.916 O 0.148 2.0 100.1
2 0.032 0.032 0.936 0.164 0.214 14.2 271.5
3 0.065 O 0.933 0.307 0.307 18.0 324.5
4 0.80 O 0.144 0856 0 0.241 2.0 100.1
5 0.027 0.082 0.891 0.137 0.264 10.3 216.6
6 0.064 0.064 0.873 0.282 0.396 14.2 271.5
7 0.1056 0.035 0.860 0.409 0.451 16.5 303.6
8 0.70 0 0.239 0.761 © 0.372 2.0 100.1
9 0.037 0.187 0.776 0.169 0.428 8.3 188.5
10 0.081 0.162 0.758 0.317 0.513 11.9 238.9
11 0.60 0O 0.338 0.662 0 0.491 2.0 100.1
12 0.047 0.273 0.681 0.193 0.541 7.7 180.4 436.5
13 0.093 0.265 0.642 0.334 0.625 10.5 251.0 375.2
14 0.128 0.213 0.659 0.424 0.642 12.6 148.2 364.3
15 0.50 0 0.473 0.527 0 0.629 2.0 100.1
16 0.047 0.420 0.534 0.177 0.669 6.2 159.6 510.2
17 0.101 0.405 0.493 0.330 0.738 9.2 200.6 514.8
18 0.143 0.33¢ 0.522 0.432 0.743 11.3 230.7 478.1
19 0.194 0.290 0.516 0.527 0.770 13.0 251.6 498.7
20 0.204. 0.196 0.510 0.672 0.810 15.3 286.3 451.9
21 0.176 0.441 0.383 0.471 0.833 11.0 226.9 478.5
22 045 0 0.549 0.451 0 0.697 2.0 100.1
23 0.049 0.485 0.466 0.177 0.722 5.9 155.1 554.5
24 0.097 0.435 0.468 0.314 0.751 8.7 194.0 495.0
25 0.144 0.385 0.470 0.425 0.774 10.8 207.2 490.1
26 0.194 0.341 0.465 0.517 0.798 12.4 245.7 396.8
27 0.40 O 0.603 0.397 0 0.741 2.0 100.1 0
28 0.049 0.536 0.415 0.173 0.759 5.6 151.1 614.4
29 0.100 0.501 0.398 0.313 0.797 8.3 188.4 581.4
30 0.146 0.439 0.415 0.419 0.806 10.3 216.6 477.8
31 0.200 0.401 0.399 0.515 0.832 11.9 238.8 511.8
32 0.300 0.300 0.401 0.655 0.857 14.2 271.6 523.2
33 030 0 0.6904 0.306 O 0.811 2.0 100.1 479.5
34 0.099 0.594 0.307 0.298 0.849 7.6 178.9 544.6
35 0.121 0.560 0.319 0.351 0.850 8.6 192.7 474.3
36 0.147 0.540 0.313 0.403 0.860 9.5 205.2 449.4
37 0.170 0.510 0.321 0.447 0.862 10.3 216.6 499.3
38 0.197 0.492 0.312 0.493 0.872 11.0 226.9 551.6
39 0.243 0.439 0.318 0.565 0.879 12.3 244.2 482.2
40 0.2908 0.399 0.302 0.63¢ 0.895 13.3 259.0 466.5

= AN, Acrylonitrile; OA, n-octadecyl acrylate; EA, ethyl acrylate.

b Acrylonitrile computed from per cent nitrogen; n-octadecyl and ethyl acrylate
calculated from per cent carbon on the assumption of equal reactivity with acrylonitrile.

¢ Composite plasticizer weight fraction, defined as wy = woa + wea, where w; is
weight fraction.

4 Composite weight-average plasticizer side-chain length, defined as ny, = (wga/ws)
2.0 4 (woa/ws) 18.0.

° Composite weight-average plasticizer-unit molecular length, defined as MW, =
(wea/ws)MWea + (woa/ws)MWoa.
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dashed line marks the composition region where the onset of side-chain
crystallinity should occur and begin to influence the glass transition tem-
perature.”” The sigmoidally bounded heavy dashed-line region indicates,
schematically, the expected rise in T, beyond this point. The top heavy
dashed line represents, approximately, the observed T, of crystalline n-
octadecyl acrylate” and copolymers of this monomer with acrylonitrile.”
This line is close to room temperature. Consequently, mechanieal proper-
ties obtained on samples whose glass transitions lie above the line are for
glassy terpolymers; those below the line are for terpolymers in the transition
region.

Before proceeding further, a brief discussion of the feed composition
and terpolymer compositions found by analysis seems appropriate. Per cent
conversions were between 709, and 859, for these terpolymers. Copoly-
merization parameters for n-octadecyl acrylate!® and ethyl acrylate!?® are
similar. The derived reactivity ratios for copolymerization with acrylo-
nitrile predict the instant copolymer to be richer in acrylonitrile, with some
drift in composition with conversion. The acrylonitrile content of the
copolymers and terpolymers (Table I) was greater than in the feed as re-
quired. After correction for the nitrile content, obtained from the deter-
mination of nitrogen, the ethyl and n-octadecyl acrylate compositions were
calculated from elemental analysis for carbon on the assumption that each
acrylate has equal reactivity toward acrylonitrile. The assumption of
equal reactivity of homologs in copolymerization has been abundantly
confirmed.?-2! From calculations based on the drift in composition with
conversion,2? but using the explicit conversion method of Kruse,?? the cal-
culated and found nitrile composition at each experimental conversion for
the first five ethyl acrylate—acrylonitrile copolymers in Table I were found
to be identical within experimental error. For the remainder, the calcu-
lated nitrile contents were higher higher by about 109,. It is of interest
that this deviation occurs at compositions yielding soluble terpolymers.
Anomalous reactivity ratios have been reported for precipitation polymer-
izations involving acrylonitrile?* compared to solution polymerization.
Consequently, the compositions of the soluble terpolymers might change
somewhat as the systems become no longer dependent on adventitious
comonomer concentrations at heterophase loci of polymerization. On the
other hand, the known errors in nitrogen analysis at low nitrile contents,
influencing reactivity ratios and therefore compositional drift with con-
version, might also produce deviations of this magnitude. The degrees of
polymerization (Table I) and the data correlations were based on the found
composition of the terpolymer.

The mechanical properties, heats of fusion, and transition temperatures
are listed in Table II for all of the copolymers and terpolymers. The glass
transition decreased with increases in octadecyl acrylate, as would be ex-
pected. Details will be discussed in the next section. A reversed corre-
spondence was found in this work between the Clash-Berg flex temperatures,
T,, and the glass transition temperature, 7,. Here, T, values are much
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higher than T, values. This contrasts with data on methyl methacrylate
copolymers plasticized by the higher n-alkyl acrylates,'® where glass transi-
tion temperatures were slightly higher than flex temperatures. It was
observed that the DSC scans were very broad for experiments 1 through
14 in Table II, suggesting a distribution of T, values brought about by
sample heterogeneity. Because the lower-onset temperature was taken as
the T',,7 the high T, values might reflect a higher average of the distribu-
tion. It is pertinent that for terpolymershavinglower acrylonitrile contents
(last four systems in Table IT), where homogeneous terpolymerizations were
observed, the glass transition region was relatively short, and 7, and T,
more nearly correspond. As in the previous study,'® T', seemed less sensi-
tive to side-chain crystallinity than T',.

Within each set in Table II, there was a marked decline in the tensile
and flexural strengths and moduli. This trend applied even in the samples
(selected from the first four sets in Table II) where the glass transition
temperature was above or near room temperature. This decline in mechan-
ical properties in the pretransition region was noticed before in copolymers
of the n-alkyl acrylates and N-n-alkylacrylamides with methyl methacry-
late®® and in polystyrene plasticized with several external plasticizers.?? A
disordering of the glassy matrix by free volume produced around chain ends
was postulated to explain the observed behavior. This will be discussed
further in a later section. When the glass temperature was lowered con-
siderably below room temperature (remaining four sets, Table II), there
occurred the expected rapid decrease in moduli and strengths indicative
of soft, plasticized compositions. At a critical weight fraction of n-octa-
decyl acrylate of about 0.4, the moduli and strengths rose somewhat, re-
flecting the restraints imposed by developing side-chain crystallinity.1s.16—18
The presence of crystallinity is indicated by the heats of fusion given in the
table. These data again parallel the behavior found for methyl methacry-
late copolymers plasticized with the same fatty comonomers.!* Thus, to
a first approximation at least, there were no great differences in behavior
between the relatively nonpolar methacrylate copolymers and those dis-
cussed here where polar restraints from the nitrile groups eould be expected
to influence results. In similar fashion, the per cent elongations denoted
brittle failure in the glassy terpolymers, but deformation instabilities? and
flow when the transition region corresponded to or declined below room
temperature. This behavior, too, had been observed for the methyl meth-
acrylate copolymers and terpolymers.!?

Glass Transition-Compesition Correlations

The postulated decline in T, with composition was discussed above and
was described in Figure 1. Found values are given in Figure 2. As can
be seen, the correspondence was fairly good, and deviations, caused by
side-chain crystallinity,” occurred near a weight fraction of 0.4 n-octadecyl
acrylate. The deviation in the same vieinity for curve 1 in the figure is not
understood, because crystallinity was absent. It may be that electrostatic
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Fig. 2. Found values of effect of composition on glass transition temperature. Selec-
tion of experimental data (dashed lines) with repeated calculated data (solid lines).
Mole fraction acrylonitrile in feed: (1) 0.90; (2) 0.80; (3) 0.70; (4) 0.50; (5) 0.40.

interactions, leading to stiff acrylonitrile chains, and initially reduced by
small amounts of the 18-carbon acrylate became intensified because of
greater aggregation of the side chains at higher octadecyl acrylate con-
tents.> This would only be expected in terpolymers especially rich in
acrylonitrile. The effect of each methylene in the side chain on the glass
transition will now be discussed.

It was established in the previous publication of this series!s that the de-
cline in 7', with weight fraction of long side-chain acrylate or acrylamide in
methyl methacrylate copolymers was directly proportional to the free
volume fraction introduced by each added methylene group present in the
side chain of the plasticizing co-unit. The relations established for this
system should be quite general and apply equally well to the terpolymers of
this investigation. Thus, the contribution to lowering the apparent molec-
ular weight of the total plasticized system by chain-end plasticization? will
depend on the number of methylene groups present in side chains!® as well
as on the number of side chains creating chain ends. The effect on lower-
ing the glass transition of polymers by accumulated chain-end imperfections
was first proposed by Fox and Flory® and is stated as

T, = T,. — ¢/M, o))

where T, is the glass transition temperature of a hypothetical polymer
of infinite molecular weight having essentially no chain ends, i, is the
number-average molecular weight, and ¢ is a constant characteristic of the
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system. Equation (1) was rederived!?® to apply to copolymers having units
contributing long linear side chains and became

Ty = Toa — co(we/MW,) 2

where T, is the T, for the high molecular weight amorphous homopolymer
being plasticized, w; is the weight fraction of comonomer having a long side
chain, MW, is the molecular weight of its unit, and ¢, is the proportionality
constant. Throughout this paper, the subscript a will refer to acryloni-
trile, while the subscript b will refer to the sum of ethyl and n-octadecyl
acrylate present. Weight fractions of either ethyl or n-octadecyl acrylate
are in turn designated wga and woa, respectively. It was further shown?!?
that ¢, for a homologous series was proportional to side-chain length through

¢, = cptC(n) ®3)

where n was the number of methylene groups in the side chains and C was
a constant expressing the contribution of each added methylene group to
generating free volume at 7,. In this equation, ¢, becomes an empirical
stiffness constant characteristic of the internal plasticizer. By use of a
modified equation of Bueche,?®

¢, = pN¢/a 4)
where p is the density of the homopolymer, N is Avagodro’s number, o
= a; — «, is the expansion coefficient difference between the liquid and

glassy state, and ¢ is the free volume in cc per mole of chain ends, it was
demonstrated!® that in systems internally plasticized by monomers having
linear side chains, the free volume contributed by each methylene group at
T, could be estimated. Thus, by differentiating eq. (3) after substituting
from eq. (4),

¢, = C/[pN(1/a)] (5)
The free volume ¢,, per side-chain methylene for both the n-alkyl acrylates
and N-n-alkylacrylamides were calculated!® by eq. (5) to be 1.6 and 1.5
1&3, respectively. A similar estimation can be made using the data of this
work on terpolymers.
Correlation of the T', and the weight fraction of ethyl acrylate, wga, for
the base copolymers was made in accordance with

T, = Typu—kwea, 6)

and the parameters are given in Table III. With ¢, defined as k M W,,
from eq. (2), values of ¢, were computed for the ethyl, n-butyl, 2-ethylhexyl,
and n-octadecyl acrylates copolymerized with acrylonitrile. For the n-
octadecyl acrylate copolymers, k£ came from Table III of reference 17.
The glass transition temperatures, determined experimentally for poly(n-
butyl acrylate) and poly(2-ethylhexyl acrylate) and for polyacrylonitrile,
were from Table I of the same reference. These were used to calculate ¢,
for the acrylate-nitrile copolymers having n equal to 4 and 8, respectively.
For ¢, the quantity (T;, — T,) MW ,, was used where the subscript ¢ refers
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TABLE II1
Curve-Fitting Parameters for Pretransition-State Mechanical Properties* and for
Relation of Glass Transition Temperatures to Composition for
Ethyl Acrylate and Acrylonitrile Copolymers

Parameter® A, Be
Flexural modulus, psi (2.23 £ 0.17) X 105 (3.75 &+ 0.65) X 108
Flexural strength, psi (5.01 £ 0.36) X 103 (8.70 = 1.39) X 102
Tensile modulus, psi (2.18 £+ 0.10) X 10¢ (3.77 = 0.41) X 10¢
Tensile strength, psi (5.06 = 0.47) X 10® (9.20 = 1.90) X 103
Copolymer EA + AN 359.0°K =+ 2.40 109.8°K -+ 4.03

Teeand k of eq. (6)

» Experiments 1 through 14 of Table II. Excluded were: flexural moduli and
strengths, exps. 4 and 12; tensile moduli, exps. 9 and 12; tensile strengths, exps. 1-3,
8, and 14.

b Designations as in eqs. (7)-(11): flexural modulus, E,; flexural strength, FS;
tensile moduli, £,; tensile strength, T'S.

¢ Designations as in egs. (9) and (11): flexural modulus and strength, «, 8; tensile
modulus and strength, v, 8.

T 14 1 T T T 1 ¥ T
100k s o
€=335:10" ¢ 0,052 K’ Mole CHp

Gpo =467 %10 £ 0524°K Mols' 4

@
(=4
T

-4
cp 10" °K Mole

1 Il Il 1

1
o 2 4 6 8 10 12 14 16 18 20
n

=20 L 1 L L

Fig. 3. Plots of ¢, vs. the number n of methylene groups in side chain of n-alkyl acrylate
homopolymers.

to either butyl or 2-ethylhexyl acrylate. The relation between ¢, and the
side-chain length n is given in Figure 3. The parameters C and ¢y, were
similar to those for the methyl methacrylate systems!® because of the simi-
larity of T, for the two stiff homopolymers. Again, the free volume per
methylene group in the side chains was 1.6 §3, using the same quantities
for the calculation as were used in reference 13. It remains to show in a
more quantitative manner the relation between the glass transition tem-
peratures of the terpolymers and their mechanical properties. Before pro-
ceeding, however, the correlation between the mechanical properties and
terpolymer composition will be discussed briefly.

Mechanical Property-Composition Correlation

The mechanical property data for the first four sets in Table IT were ob-
tained at 23°C, and consequently below or near the transition temperature.
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Fig. 4. Tensile moduli vs. weighﬁ fraction of ethyl acrylate in copolymers of ethyl
acrylate and acrylonitrile.

Plots of the combined data for all four sets against the weight fraction of
n-octadecyl acrylate fell near a common line for each mechanical property.
The data were fitted by computer using the relation

A = A0+Bw0A+B,wOA2+ ..... (7)

where A is designated the mechanical property, 4, is the property for
polyacrylonitrile, and B and B’ are the coefficients corresponding to the
degree in woa. The parameters, significant to the first degree only, are
listed in Table III. Correlations were made against the weight fraction
of only n-octadeeyl acrylate because ethyl acrylate alone had little effect on
reducing the moduli or ultimate strengths. This can be seen in Figure 4,
which shows the tensile moduli, typical of all of the mechanical data, plotted
against the weight fraction of ethyl acrylate. The moduli did not drop
until the transition region corresponded to room temperature or below.
Clearly, only the long n-alkyl ester reduced moduli in the pretransition
region. On the other hand, in accordance with eq. (3), both esters contrib-
ute to a decline in 7,. These observations suggest that the cooperative
motion of the sequences of chain segments responsible for the glass transi-
tion phenomena® are sensitive to subgroups of any length. However, side
chains of a critical length are necessary to reduce mechanical properties in
the glassy matrix. This critical length seems to occur at about a methylene
chain length of four, because n-butyl acrylate and N-n-butylacrylamide
reduced the mechanical properties of methyl methacrylate!” to some extent.
It may be that subgroup motions of the “crankshaft” type®! are required to
initiate the larger strains. In a different view, phase separation of side
chains could occur beyond a critical length, thus introducing volume ele-
ments that act as stress concentrators. In support of the latter idea, all of
the glassy terpolymers exhibited brittle failure.?
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Fig. 5. Torsional moduli at 23°C vs. weight fraction of n-octadecyl acrylate in selected
terpolymer systems. Mole fraction of acrylonitrile in feed: (1) 0.90; (2) 0.80; (3)
0.70; (4)0.60; (5)0.50; (6)0.40; (7)0.30.

When the temperature of testing corresponded to the transition tempera-
ture, moduli and strengths declined precipitously, and soft plasticized
compositions were obtained. This is shown clearly in Figure 5, where tor-
sional moduli, taken from the Clash-Berg curves at room temperature, are
plotted against the weight fraction of n-octadecyl acrylate. Curves 4 to 7
were measured through and below the transition region and illustrate the
magnitude of plasticization achieved. The rise in moduli at high weight
fraction of ester in curves 3 and 4 is not understood. Only experiment 14
(Tables I and II) exhibited measurable crystallinity. Again, aggregation
of side chains leaving naked dipoles which then associate might be respon-
sible for the behavior. The increasing moduli of curves 5, 6, and 7 at high
woa can be attributed to restraints imposed by side-chain crystallinity.!-7
The moduli increase was accompanied by a marked increase in resilience
and by a decrease in dampening compared to noncrystalline specimens.
Again, the moduli of the ethyl acrylate-acrylonitrile copolymers for curves
1-4 (at the ordinate) showed little decline as acrylate content increased.

Tensile strengths and elongations for experiments 16-18, 23-25, and 28
were similar to the vulcanizates of copolymers of n-butyl acrylate contain-
ing minor amounts (12.5 mole-9%,) of acrylonitrile. The latter systems were
studied many years ago."* Of course, the terpolymers of this work are
thermoplastic and require no reinforcing filler. This suggests that the
incorporation of large amounts of acrylonitrile in these terpolymers, al-



TERPOLYMERS 3031

lowed by the better plasticization efficiency of n-octadecyl acrylate, per-
mitted greater network reinforcement through intermolecular dipole inter-
actions. Dipole interactions, proposed® to account for the 140°C transi-
tion in polyacrylonitrile, could act as a network in the polymer matrix.
Tensile strengths would thereby be substantially increased, without re-
course to vulcanization.

Correlation of the Glass Transition Temperature with the Mechanical
Properties of the Glassy Region

Attempts to correlate the glass transition and the mechanical data even
in the glassy region lead to a complication. It was noted above that both
ethyl and n~octadecyl acrylate contribute to the glass transition tempera-
ture, while only the 18-carbon ester affects mechanical properties. To
be successful a correlation equation must calculate T, while compensating
for the reduced effect of ethyl acrylate on the mechanical properties. An
empirical equation was developed for calculating tensile moduli E, for the
glassy terpolymers only. The equation is

= [Bo— (T sa—kwea) |+ K(Toan— [(coo+C (1)) /MWy Jwn)  (8)

The portion of eq. (8) at the right, within the parentheses, calculates a T, for
any value of n,, MW,, and w,. Values for the last three quantities applied
to the data of this work are listed in Table I. The b subscript denotes
weighted quantities of ethyl acrylate and n-octadecyl acrylate as defined in
TableI. The constants ¢, and C are given in Figure 3, and the glass transi-
tion temperature of polyacrylonitrile, T)axn was shown experimentally?
tobe 365.1°K. The calculated 7', is proportional to tensile moduli through
the constant K and a quantity to the left of K, within the square brackets,
based on the T, of the base copolymers, modified by adjustable parameters
By and w. Numerical values of the parameters were found by trial to be:
K, 2650 psi °K; By, 280,000 psi; and w, 2850 psi °K. The values of T,
and k are from Table ITI. The other mechanical properties were assumed
to be proportional to E,, as expressed in eqgs. (9) through (11):

TS = E./(v/9) )
E, = 1.067E, (10)
FS = E//(a/B) (11)

where T'S is tensile strength, E, is flexural modulus, and FS the flexural
strength. The other quantities in the equations are defined and their
numerical values given in Table II1I. Mechanical properties calculated
using egs. (8) through (11) are compared in Table IV with values calculated
as smoothed data, using the constants A, and B of Table III. The satis-
factory agreement suggests that eq. (8) is in fact sufficiently sensitive to the
free volume contributed by each methylene group to the reduction of the
glass temperature, while adjusting the proportionality to properly yield
the decrease in mechanical properties conferred by the long side-chain ester
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TABLE 1V
Comparison of Mechanical Properties Calculated Using
Equations (8)-(11) with Smoothed Found Values?

Exp E, X 1078, psi T8, psi E; X 1075, psi FS8, psi
no. woa  Caled. Found Caled. Found Caled. Found Caled. Found

Acrylonitrile Feed, mole fraction 0.90

2.27 2.18 5539 5060 2.32 2.23 5212 5010
0.164 1.62 1.56 3956 3553 1.65 1.62 3707 3585

[
(=]

3 0.307 1.09 1.02 2655 2237 1.11  1.08 2494 2341
Acrylonitrile Feed, mole fraction 0.80

4 0 2.28 2.18 5561 5060 2.33 2.23 5234 5010

5 0.137 1.74 1.66 4246 3799 1.77 1.72 3977 3818

6 0.282 1.12 1.12 2738 2467 1.14 1.17 2561 2557

7 0.409 0.645 0.638 1574 1298 0.658 0.697 1478 1453
Acrylonitrile Feed, mole fraction 0.70

8 0 2.29 2.18 5592 5060 2.34 2.23 5257 5010

9 0.169 1.46 1.54 3556 3509 1.49 1.59 3348 3544

10 0.317 0.878 0.983 2142 2140 0.896 1.04 2013 2249
Acrylonitrile Feed, mole fraction 0.60

11 0. 2.30 2.18 5621 5060 2.35 2.23 5279 5010

12 0.193 1.35 1.45 3304 3281 1.38 1.50 3100 3327

13 0.334 1.14 0.922 2790 1991 1.16 0.979 2606 2108

14 0.424 0.577 0.583 1407 1162 0.589 0.641 1323 1324

* Smoothed data calculated using eq. (7).

only. Thus, the simple dependence of T, and the mechanical strength and
moduli on the volume effects of side chains existing as aggregates in the
glassy terpolymers can be adequately described by the equation. A similar
result was found for methyl methacrylate copolymers internally plasticized
by the n-alkyl acrylates and N-n-alkylacrylamides.?

SUMMARY

In this work, the glass transition temperatures of base copolymers of
acrylonitrile and ethyl acrylate, of all compositions, were further modified
through terpolymerization with n-octadecyl acrylate. The ethyl acrylate
was incrementally replaced by n-octadecyl acrylate in the termonomer feed.
Thus, vitreous transitions could be reduced to a wide range of low tempera-
tures because n-octadecyl acrylate efficiently reduced the T, of the base
copolymers as ethyl acrylate successively replaced nitrile. Soft, plasticized
compositions resulted which still contained sufficient polar nitrile networks
to confer useful properties. The decline in the glass transition was shown
to be dependent on the free volume conferred by each methylene group of
each acrylate unit, while only the 18-carbon side chains contributed to the
decline in tensile and flexural moduli and strengths of the glassy composi-
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tions. An equation was developed which correlated empirically the glass
transitions and the mechanical properties with the weight fractions of the
acrylate esters.
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