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provide a polar “barrier” to the approach of an alkyl side
chain unit. The polymers are thus visualized as “comb-
type” copolymers where the side chains are packed into
the regions of space around the polymer backbone but do
not penetrate or entangle with the backbone itself.

The behavior of AC,* and AC,! as functions of co-
polymer compositions can be gauged from the last two
columns of Tables I-IV. A definite trend of increasing
AC,* with increasing content of the shorter ester side chain
is seen and such behavior is rationalized by the postulate
that T," originates prlmarlly from main-chain relaxations.
The relatlve number of main-chain units or segments is
small in copolymers with a high, long-ester side-chain
content but increases as the copolymer becomes richer in
dimethyl or dipropyl itaconate units.

Tables I-IV also show that the ACPL values tend to
decrease as the mole fractions of the longer side chains
decrease, as would be expected if the relaxations involved
are exclusive to these units. AC,® = AC," + AC,E should
reflect the overall complexity of the repeat unit or number
of “beads”® and would be expected to decrease as the co-
polymers become richer in the comonomer of simpler
structure. This is approximately so, but each copolymer
series reaches a more or less constant AC,"* value at ca.
50% composition rather than at 100%. This behavior
would seem rather unexpected, and it can only be sug-
gested that the total amount of relaxation that is possible
as the rubbery state is achieved occurs over a wider tem-
perature range than encompassed by the two AC, jumps
and remains unquantified by AC,* + AC, L ag they are
defined here.

Finally, it should be noted that the DSC-determined
values of T," and T~ quoted in this paper and derived

from C, T curves differ con31derab1y from those quoted
earherg The samples used in this study and those used
earlier have sufficiently large M,, values to ensure that T,
values have reached their asymptotic limit but will differ
presumably to some extent in their distribution. This will
account for a small part of the observed differences (which
is up to 19 K in T, for poly(di-n-decyl itaconate)) but not
all. We have found that considerably different values for
the onset of a T, inflection can be inferred from data on
the same polymer when it is displayed on a C,, T curve, as
here, compared with the more common DSC trace which
is nonabsolute. This point is being investigated further,
but we are of the opinion that the C, measurements are
the more reliable and the values obtained by this method
will be more representative of the samples.

Registry No. Dimethyl itaconate—-diheptyl itaconate co-
polymer, 65553-84-6; dimethyl itaconate-dioctyl itaconate co-
polymer, 78279-12-6; dipropyl itaconate—dioctyl itaconate co-
polymer, 85864-39-7; dimethyl itaconate-dinonyl itaconate co-
polymer, 85803-48-1.
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ABSTRACT: The change in the heat capacity (AC,L) at the lower glass transition (T,%) in poly(di-n-alkyl
itaconates) with 7-10 carbons in the side chain has been measured. A model for a 31de chain relaxation
mechanism is proposed that involves hindered rotation about C-C bonds, and the relevant partition function
and heat capacity contribution from this motion has been evaluated. The calculated heat capacities have
been compared with the experimental values in the region of T,Y, and good agreement has been found.

Introduction

It has been demonstrated that the low-temperature in-
flections in the C,-T curves described in the prev10us
paper! and labelecf7 T,* for the homopolymer series poly-
(di-n-heptyl 1taconate) to poly(di-n-decyl itaconate) ori-
ginate from independent motions of the side chains. In
this paper we attempt a theoretical description of the heat
capacity behavior at T," based on a model of side-chain
motion.

In the molten state the heat capacity of a high polymer
is due to molecular vibrations and, in addition, confor-
mational changes and internal rotations. When the liquid
becomes a glass, large-scale molecular motion ceases and

the heat capacity is mainly accounted for by vibrational
motion only. Smaller contributions that freeze out at T
< T, come from limited internal rotations and movements
of small groups of atoms or from changes between rota-
tional isomers of differing energies. To our knowledge, only
in the case of poly(dicyclooctyl itaconate) has it been
possible to determine experimentally the heat capacity
contribution from one such small-scale sub-7}, motion, and
this was ascribed to changes of the cyclooctane ring be-
tween its nonequienergetic conformers.? In the present
case the magnitude of the low-temperature inflection
(ACPL) is very much larger, both relative to AC, at the
main-chain relaxation and in absolute terms, when com-
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Table I
Frequencies of Infrared Vibrations per CH, Unit in the
Spectra of Poly(di-n-alkyl itaconates)

vibration mode frequency/em™!
C-H stretch 2850
C-C stretch 950
C-H twist 1300
C-H wag 1300
C-H bend 1430
C-H rock 720

pared to that observed for poly(dicyclooctyl itaconate), and
this implies that considerable molecular relaxation is oc-
curring.

Experimental Section

Polymer characterization and differential scanning calorimetric
determination of the heat capacity as a function of temperature
for the samples is described in the preceding paper.!

Discussion

In order to quantify the contribution from any particular
molecular motion, one must know the heat capacity in the
absence of that motion. Since each member of the di-n-
alkyl itaconate series differs from the previous one by two
CH, units, it should be possible to estimate the glassy-state
C,~T behavior of all the higher homologues from that of
the first member (poly(dimethyl itaconate)) and to eval-
uate a contribution from

/T

0 \?
C,(CH,) ~ C,(CH,) = Zk(?) I 1)

e8/T — 1)

where each CH,, unit is considered to contribute i Einstein
oscillators with characteristic frequencies 6; = hy;/k. k is
the Boltzmann constant, k is Planck’s constant, T is the
temperature in kelvins, and »; is the frequency in s! of the
ith oscillator.

The frequencies are those of the normal modes of the
added CH, unit and comprise two C-H stretching vibra-
tions, four C-H bending type vibrations, one C-C
stretching vibration, and two low-frequency (“acoustical”)
modes related to chain twisting and bending movements.?
All but the acoustical frequencies can be identified from
the infrared spectra of the polymers, and these are listed
in Table I. The remaining frequencies were chosen to
obtain the best theoretical fits to the experimental heat
capacities of the four homopolymers between 110 and 160
K using both eq 1 and eq 2, where T is in kelvins and C,

C,(PDMI) =

-60.412 + 1.9665T - 6.2194 X 107°T% + 8.9016 X IO'G(T;‘
2

is in J K (mol of repeat units)™'. The latter equation
represents the smoothed heat capacity of poly(dimethyl
itaconate) between 110 and 270 K based on the data
presented in the previous paper! and a least-squares curve
fitting technique.

The values of the vibrational frequencies of the two
acoustical modes used for each polymer are shown in Table
II. These are almost identical for the first and the last
members of the series but somewhat different for the other
two. Nevertheless, the frequencies chosen are similar to
those employed by Dole (320 and 90 em™) to describe the
acoustical components of the frequency spectrum used to
calculate the C,~T behavior of polyethylene.*

In the absence of any other molecular motions, eq 1 and
2 predict the subambient heat capacities of the poly(di-
n-alkyl itaconates) to be smoothly increasing functions of
temperature. In order to account for the occurrence of T,%,
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Table I1
Frequencies of Acoustical Modes Used To Obtain
Best Fits to Experimental Heat Capacities of Indicated
Polymers between 110 and 160 K

polymer frequencies/em™!
poly(di-n-heptyl itaconate) 320, 50
poly(di-n-octyl itaconate) 200, 100
poly(di-n-nonyl itaconate) 290, 120
poly(di-n-decyl itaconate) 340, 40

which is believed to arise from independent side-chain
relaxation, a model describing side-chain motion is pres-
ented in which the heat capacity change AC,L is due to
hindered internal rotations about the C-C bonds of the
side chain. By assuming the pertinent hindering potential,
it is possible to calculate the heat capacity contribution
due solely to hindered rotation.

Calculation of Hindered Rotation Heat Capacity.
This is related to the partition function @ for the system
by

_R #InQ

C,~C, =
p G T2 8(1/T)?

(3

In the present case the difference between C, and C, is
neglected. Furthermore

C, = R(QyQ: - &P /Q¢? 4

where Q) = Q = T gie”™/*D = T gV, Q, = T giUe™V,
@, = T8,U2Y, and g, is the degeneracy of the ith energy
level w;.

Pitzer® has shown that the contribution to the heat ca-
pacity from all hindered internal rotations in an n-alkane
can be written as

Cu =(n- 3)Cvi,rot + Cvsteric (5)

Here, n is the number of carbon atoms in the chain, and
C 7t is the contribution to the heat capacity from eth-
ane-like internal rotations. C** is the contribution ar-
ising from steric interactions of the chain with itself, in-
volving other than trans configurations. C, is identical
with the function“C” tabulated by Pitzer,5¢ although it
proved necessary to calculate values outside the range
published.” Solution of the appropriate wave equation
yields the values of w;™* for use in eq 4.

C ¢ was calculated by Pitzer’s method,® where again
the published table giving the number of configurations
(g;) with a given steric energy w,**™ = ja was extended to
cover n-alkanes up to Cy,. J is a positive integer and a is
an energy chosen by comparison with the measured heat
capacities of gaseous n-alkanes. A schematic of the po-
tential diagram used to describe one hindered rotation is
shown in Figure 1. All calculations were carried out on
a VAX 11/780 computer, and the results are shown in
Figure 2.

Hindered Internal Rotation Model. The following
model for motion in an n-alkyl side chain is proposed and
illustrated below for poly(di-n-heptyl itaconate).
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Figure 1. Potential diagram for one hindered rotation in an
n-alkyl chain (—), V(¢) = (V;/2)[1 - cos (3¢)] + V. V; =a for
60° < ¢ < 300° but zero otherwise, V, = 15.06 kJ mol™}, and a
= 3.8 kJ mol™.
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Figure 2. Contributions to the heat capacity C, from hindered
rotation in n-alkanes as a function of temperature. The number
of carbon atoms per alkane is indicated on the figure.

and the carbonyl carbon-ester oxygen bond is highly re-
stricted and both are thus considered “locked” in the
temperature range of interest. The potential barrier to
rotation about the ester oxygen—C; bond has been calcu-
lated” as ~200 kJ mol™ and is considered to be effectively
locked for the purposes of this model. Rotation of the end
methyl group is known to occur in the temperature range
75-90 K8 and this contribution to the heat capacity will
be accounted for in the C,—T behavior of poly(dimethyl
itaconate).

The remaining five rotations involving carbons 1-6 are
considered to be the basis of the molecular motion con-
tributing to the increase in heat capacity at T, and this
is quantified by twice the hindered internal rotational heat
capacity of n-octane. Similarly, n-nonane, n-decane, and
n-undecane are used as models for calculating AC,L values
for poly(di-n-octyl itaconate), poly(di-n-nonyl itaconate),
and poly(di-n-decyl itaconate), respectively.

A further assumption is now made that below a certain
temperature all internal side-chain rotation is completely
frozen, but above this temperature rotation is allowed. The
temperature defining the onset of motion is indicated by
the position of the T, damping peak obtained from the
TBA thermograms of the long side chain n-alkyl itaconate
polymers.!® These, of course, cover considerable tem-
perature ranges over which an increasing number of side
chains begin to relax, and the choice of a single tempera-
ture of 210 K is arbitrary. Below 210 K no contribution
to the theoretical heat capacity (defined by eq 1 and 2) is
obtained from hindered rotation, whereas above 210 K all
the relevant internal rotations are considered to contribute
amounts calculated from eq 4 and 5.

AC, at T, in Poly(di-n-alkyl itaconates) 1157
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Figure 3. Experimental heat capacity per mole of repeat units
for poly(di-n-heptyl itaconate) (®) and theoretical heat capacity
(—) calculated as described in the text.
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Figure 4. Experimental heat capacity per mole of repeat units
for poly(di-n-octyl itaconate) (@) and theoretical heat capacity
{—) calculated as described in the text.
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Figure 5. Experimental heat capacity per mole of repeat units
for poly(di-n-nonyl itaconate) (@) and theoretical heat capacity
(—) calculated as described in the text.
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Figure 6. Experimental heat capacity per mole of repeat units
for poly(di-n-decyl itaconate) (®) and theoretical heat capacity
(—) calculated as described in the text.

Conclusions from the Internal Rotation Model. The
experimental heat capacities for the four polymers are
plotted from 110 to 260 K in Figures 3-6. Above 260 K
the influence of 7," is apparent, introducing a second
discontinuity in the C,~T curve. Between 100 and 210 K
the theoretical heat capacities, based on eq 1 and 2 and
fitted as described earlier, are shown as solid lines, and at
210 K the contribution from the appropriate number of
hindered rotations is added to give the total heat capacity
of the systems due to vibrational sources and side-chain
motion.

The agreement between the experimental heat capacity
changes at TgL and those calculated from the proposed
model is remarkably good considering the assumptions that
are involved, for example, the application of isolated-
molecule parameters to the situation pertaining in a con-
densed phase. Apart from poly(di-n-heptyl itaconate), the
predicted heat capacity at T > T.L is also quite satisfac-
tory, although it should be rememi)ered that this depends
also on the extrapolated C,—T behavior, evaluated from
eq 1 and 2, remaining a reliable guide to “base line” be-
havior over almost 200 K. Nevertheless, it is felt that the
concordance of experiment and the present theory shown
in Figures 3-6 reinforces the proposal that the origin of
T, is independent movement of the side chain, which is
effectively decoupled from any main-chain motion. Since
the partition function used in the calculation is one that
quantifies the heat capacity contribution from the chosen
number of hindered rotations about C-C bonds, it is im-
plicit in the thermodynamic argument that all possible
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rotations are being performed simultaneously. The ap-
plication of the model thus implies that T, results from
a cooperative-type movement of the whole side chain and
not from a localized motion of a few units such as at 7.,.!

Further evidence for a cooperative motion may be ob-
tained from a consideration of the apparent activation
energies (AH*) at TgL, which have been measured for
poly(di-n-heptyl itaconate), poly(di-n-octyl itaconate), and
poly(di-n-nonyl itaconate) as approximately 230, 170, and
150 kJ mol™, respectively.” Whereas the activation en-
ergies of localized molecular relaxations in polymer glasses
fit the Heijboer relationship®'©

AH* /kJ mol™ = A(T,/K) (6)

(where AH* is defined by the local barrier to movement,
and T, is the temperature of the 1-Hz damping maximum
for the motion with A a constant ~0.25), the values above
do not, and consequently it is unlikely that they originate
from small-scale motions involving only a limited number
of atoms. T, thus has most of the characteristics of a
“conventional” glass transition rather than those of a
sub-glass transition.

A final comment on the hindered rotation model can be
made with regard to C,*¢¢, The heat capacity from this
source is evaluated on the basis of an all-trans ground state,
and thus we are assuming that the side chains are capable
of adopting such a conformation as the T, motion is
frozen in on cooling. If other conformations are frozen in,
the contribution to C " at 210 K will be reduced pro-
portionally and, since the ratio C,stric/(C steric 4+ C,rot)
varies from ~0.38 to ~0.29 in the temperature range of
interest, some error in the total contribution will result.
On the basis of the known facility with which poly-
methylene sequences attain an all-trans state prior to
crystallization, it is thought that any error from this source
will be considerably less than that indicated by the values
above.

Registry No. Poly(diheptyl itaconate), 28451-56-1; poly(dioctyl
itaconate), 28451-57-2; poly(dinonyl itaconate), 28451-58-3;
poly(didecyl itaconate), 28451-59-4.
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