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ABSTRACT Specific heat data for isotactic, atactic, and syndiotactic PMMA from 80 to 445 K are reported. 
The specific heats of the three polymers are monotonic functions of temperature and are the same within 
1 % from 80 to 300 K. Glass transition temperatures of 318,378, and 388 K are observed for isotactic, atactic, 
and syndiotactic PMMA, respectively, with small differences in ACp. In the liquid the isotactic polymer has 
a slightly higher specific heat. Only the isotactic polymer could be prepared in the crystalline state by solvent 
treatment and yielded crystals with a maximum melting point of 435 K. From the calculated entropy of the 
crystalline and amorphous isotactic polymer, a residual entropy at T, of 2.5 eu is found. Extrapolation of 
AS, to zero leads to T, - T2 = 33 K and T2 = 285 K. In addition, the calorimetrically determined difference 
in entropy between PMMA stereoisomers was found to be 3 eu. The calculated conformational contributions 
to this difference were about 0.5 eu from rotational isomeric state calculations and volume effects. Thus 
additional intermolecular and/or intramolecular factors contribute to the entropy. 

Introduction 
The specific heat and derived thermodynamic data for 

isotactic, atactic, and syndiotactic PMMA are presented. 
Differences in thermal properties are investigated from low 
temperature through the glass transition temperature and 
into the liquid temperature regimes. A primary emphasis 
of these studies was to investigate the effect of stere- 
oregularity upon the molecular motion in the glassy state, 
the change in specific heat a t  the glass transition tem- 
perature, and the entropy of the polymer liquid. The 
entropy measurements provide a test of the Gibbs-Di- 
Marzio' theory of the glass transition and a comparison 
with entropy data on polypropylene2 and p~lystyrene.~ 

Experimental Section 
Samples. The isotactic sample was synthesized by the method 

of Goode.' TWO samples of different fractional crystithities (0.18 
and 0.40 from the heat of melting) were prepared by swelling the 
isotactic polymer in heptanone. Syndiotactic polymer was gen- 
erously supplied by Rohm and Haas Co. Atactic polymer, PO- 
lymerized in sheet form, was obtained from Rohm and Haas CO. 
Note that the latter commercial polymer has a significant com- 
ponent of syndiotactic triads (Table I). 

Measurements of the intrinsic viscosity in CHC13 yielded the 
molecular weight data in Table I. In addition, triad sequences 
obtained from proton NMR are listed in Table I. 

Calorimetry. The calorimeter, modified to allow measure- 
menta in a temperature range of 14 to 600 K, was of conventional 
adiabatic design and has been described previously? The samples, 
sealed under a few centimeters pressure helium, were typically 
heated at a rate between 1 and 15 K h-l. An intermittent heating 
technique was used, with intervals ranging from 2 to about 10 
K. Equilibration times were normally about 20 min but increased 
sharply in the vicinity of transitions. The weights of the samples 
used were 20-30 g. The precision of the apparatus had previously 
been assessed by a determination of the heat capacity of a 
standard sample of alumina! For the present measurements, we 
estimate our errors in the heat capacity to average 10.2% up to 
about 400 K, with a possible rise to f0.4% at the highest tem- 
peratures used. 

X-ray Diffraction. X-ray diffraction measurements were 
obtained in reflection with a GE XRD-5 diffractometer from 
pressed samples (- 1 mm thick). The scattering intensity for the 
crystalline samples was not sufficiently well defined to warrant 
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Table I 
fraction of triads by 

hl," ' H N M R  
sample dL/g M ,  is0 hetero syndio 

isotactic 0.89 6.1 X l o 5  0.95 0.05 0 
atactic 0.44 9 X l o4  0.06 0.37 0.56 
syndiotactic 0.47 9.8 X lo4 0.10 0.20 0.70 

aCHCl,, 25 "C. 

Table I1 
Syndiotactic PMMA 

Tav, K 
81.01 
87.64 
94.82 

101.20 
107.37 
113.83 
120.50 
128.17 
136.38 
143.59 
150.7 3 
159.19 
168.11 
176.21 
183.59 
192.41 
202.93 
213.84 
221.54 
228.11 
237.25 
245.52 
254.70 
267.44 
278.86 
285.20 

C,, J deg-I g-l 
0.47 3 
0.506 
0.543 
0.576 
0.608 
0.638 
0.672 
0.708 
0.744 
0.776 
0.804 
0.839 
0.875 
0.906 
0.932 
0.968 
1.006 
1.048 
1.085 
1.146 
1.153 
1.168 
1.210 
1.260 
1.304 
1.334 

Tavr K 
292.93 
307.12 
321.26 
332.82 
343.95 
353.80 
361.94 
368.61 
373.65 
377.54 
380.87 
383.90 
386.69 
389.31 
391.94 
394.50 
397.01 
399.81 
404.68 
412.34 
420.82 
429.89 
438.29 
445.97 
454.01 
462.15 

C,, J deg-' g" 

1.367 
1.425 
1.47 8 
1.522 
1.566 
1.606 
1.640 
1.674 
1.702 
1.725 
1.7 35 
1.767 
1.806 
1.848 
1.918 
2.026 
2.130 
2.150 
2.116 
2.146 
2.152 
2.208 
2.238 
2.259 
2.302 
2.313 

quantitative analysis of percent ~rystallinity.~ Qualitative in- 
terpretations of the X-ray data are given in the text. 

Results and Discussion 
Atactic and Syndiotactic PMMA. The heat capaci- 

ties of a-PMMA and s-PMMA differ by less than 0.5% 
from 80 to 300 K as shown in Figure 1. Tables I1 and I11 
contain the measured heat capacities at the midpoint of 
the temperature range. From 80 to  150 K, the C, curve 
shows curvature but becomes linear with temperature 
above 150 K. There is no evidence of any bumps or 
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Table I11 
Atactic PMMA 

Tav,  K C,, J deg-I g-' 

81.33 0.474 
88.59 0.516 
97.30 0.558 

106.33 0.604 
113.85 0.641 
119.94 0.672 
126.38 0.701 
132.90 U.731 
138.05 0.752 
142.67 0.773 
150.26 0.806 
158.06 0.837 
165.98 0.868 
175.48 0.904 
183.94 0.940 
191.97 0.967 
201.51 0.999 

T,,, K 
326.48 1.506 
336.45 1.548 
346.41 1.588 
354.54 1.622 
360.16 1.668 
364.13 1.707 
367.14 1.733 
370.36 1.750 
373.99 1.795 
377.67 1.876 
380.61 1.957 
382.72 2.023 
384.92 2.050 
387.20 2.065 
389.83 2.075 
393.21 2.086 
356.99 1.634 

C,, J deg-' g-l 

211.77 1.044 365.52 1.713 
222.19 1.100 371.22 1.7 57 
232.51 
239.57 
245.93 
254.96 
263.12 
271.36 
280.52 
289.69 
298.59 
307.42 
316.86 

1.137 
1.150 
1.177 
1.215 
1.247 
1.280 
1.315 
1.358 
1.395 
1.428 
1.473 

374.98 
379.09 
383.12 
385.70 
389.76 
395.51 
402.23 
410.97 
418.47 
426.61 
437.14 

1.849 
1.978 
2.069 
2.058 
2.073 
2.091 
2.112 
2.143 
2.175 
2.196 
2.232 

1 4 1  
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Figure 1. Specific heat of atactic and syndiotactic PMMA from 
80 to 300 K. 

transitions from 80 to 300 K. Sochava and Trapeznikova6 
have reported two bulges in C,, one between 60 and 130 
K and another between 130 and 180 K. Besides the dif- 
ference in shape of the C, curves, the absolute values of 
C, do not agree very well. Their values are from 3 to 10% 
lower than ours from 150 to  260 K, and their accuracy is 
reported to be about 1 % . It  seems unlikely that these 
differences could be due to sample diferences, but it is 
difficult to be certain since no sample characteristics are 
given. In any event, it is clear that the reported bumps 
are not characteristic of P M P  and, therefore, should not 
be used as evidence for specific molecular motion in 
PMMA. 

Evidence for different molecular motions in PMMA can 
be summarized as follows: (a) ester methyl groups rotate 
a t  42 K (NMR and mechanical  measurement^);^,^ (b) a- 
methyl rotation is frozen in below 100 K (NMR);s (c) 
carbomethoxy group motion occurs above 270 K (me- 
chanical and electrical  measurement^);^ (d) large-scale 
segmental motion occurs above Tg (370 K).7 
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Figure 2. Specific heat in glass transition region of isotactic, 
atactic, and syndiotactic PMMA. 

Since no abrupt changes occur in C, between 80 and 300 
K, we conclude that the motions b and c do not occur 
abruptly but rather continuously. If a methyl group is 
undergoing torsional oscillation, it will contribute R or 2 
cal/(mol K) to C . On the other hand, a freely rotating 
methyl group wilf contribute R/2 or 1.0 cal/(mol K). In 
PMMA, a torsional oscillator would contribute 10% to the 
total C, a t  150 K, while a free rotor would contribute 5%. 
A gradual transition from oscillation to rotation would be 
accompanied by a decrease in C, of R/2 cal/(mol K). The 
reason that this decrease is not observed in the experi- 
mental C curve is that it occurs over a wide temperature 
range an8  the effect is somewhat masked by the increased 
contribution of other mechanisms (acoustical and optical 
modes), which more than compensate for the drop-off of 
internal rotation modes. In principle, one could theoret- 
ically calculate the contribution of the various modes and 
show that the internal rotations do contribute to C,.g 

At about 360 K, which is just 10 K below Tg, there is an 
upturn in C, for the atactic sample (Figure 2). Experience 
with other polymers indicates that this upturn is not 
usually observed near the glass transition. A similar up- 
turn of smaller magnitude occurs below Tg of the syndio- 
tactic sample. An isotactic sample also shows a very small 
upturn just below Tg (378 K). These increases are not 
considered to be associated with the process that gives rise 
to the mechanical and dielectric losses that occur below 
Tg in the stereoregular ~a rnp le s .~  Heat capacity mea- 
surements, like volumetric measurements, detect transi- 
tions at  lower temperatures than mechanical or electrical 
measurements because they are effectively lower frequency 
or longer scale measurements. The upturns could be as- 
sociated with microheterogeneities in stereoregularity that 
lead to slightly lower T 's. However, there is no inde- 
pendent evidence from h M R  or IR measurements that 
supports this speculation. No other explanation for the 
upturn is available a t  this time. 

Kovacs and Wittman'O have made dilatometric mea- 
surements on these same PMMA samples. They find 
several transitions below T that are greater in magnitude 
at  other temperatures and %o not correspond to the minor 
effects in C, reported here. In the atactic sample, a break 
in the volume curve is observed a t  273 and at  343 K, 
whereas our C, curve is smooth within experimental error. 
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Table IV 
Isotactic PMMA (Crystalline Fraction - 0.18) 
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1 1 I 1 
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Figure 3. Specific heat of isotactic PMMA semicrystalline (18%) 
and amorphous samples. 

There is no evidence in the dilatometric measurements of 
the upturn observed in C, a t  360 K. Figure 2 shows this 
region on an expanded scale and demonstrates that the 
curves are smooth no abrupt changes of the order of 1% 
are visible up to 350 K. These results seem to indicate that 
accurate measurements of expansivity and specific heat 
are sensitive in different ways to the molecular motion. 
Theoretically, the expansion coefficient is sensitive to the 
anharmonicity of the potential functions while specific heat 
is determined mainly by harmonic terms. This behavior 
is in contrast to the usual similarity of thermal and volu- 
metric measurements in studying melting transitions at  
T, through AHf and AVp 

Simha and co-workers" have shown that many polymers 
exhibit changes in expansivity at  low temperatures. It does 
appear that the expansion coefficient measurements show 
changes that are not observed by other methods. In many 
cases, the specific heat data are not available for com- 
parison for all these polymers. The exact reasons for these 
differences should be sought, for they may give important 
insight into the structure and properties of solid polymers. 

The change of C, a t  Tg for a-PMMA and s-PMMA is 
typical of amorphous polymers except for the upturn a t  
the onset of T previously mentioned. A slight peak in 
s-PMMA was due to the inadvertent annealing overnight 
of the sample below Tg before proceeding with the mea- 
surements through Tg the following day. This enthalpic 
relaxation phenomenon is well unde r~ tood '~J~  but is fre- 
quently misinterpreted as due to crystallinity. Taking T 
as the temperature of the midpoint in the C, curve defined 
by the linear liquid C, curve and the linear glass curve 
yields Tg = 376 and 389 K, respectively, for a-PMMA and 
s-PMMA. There was no evidence of any melting or re- 
crystallization phenomena up to 460 K (Figure 3) in syn- 
diotactic or atactic PMMA, which is consistent with the 
appearance of only amorphous halos in the X-ray data. 

Isotactic PMMA. There are two series of runs with 
i-PMMA and each series included two temperature cycles. 
The first series (I) of measurements was on the dried 
powder (-18% crystalline from the heat of melting based 
upon AHf equal to 96 J/g) and extended from 80 to 440 
K. Upon slow cooling from the melt, the sample did not 
recrystallize and, therefore, the glass transition of the 
amorphous polymer could be studied on the second heating 
(300-440 K). In the second series (II), the sample from 
the first series was crystallized in warm heptanone for 1 
week, dried, and loaded into the calorimeter. This sample 
was studied from 80 to 440 K and was estimated to be 
approximately 40% crystalline from the heat of melting. 
Upon cooling, no crystallization occurred and the sample 
was remeasured in the amorphous state from 200 to 400 
K. The measured values of the heat capacities are tabu- 
lated in Tables IV and V. 

T,,, K C,, J deg-' g-I Tav, K C,, J deg-' g-' 

83.24 
89.56 
97.36 

102.98 
108.25 
116.32 
123.86 
130.76 
138.14 
145.70 
153.19 
160.09 
167.39 
175.24 
182.91 
190.75 
198.18 
206.08 
215.04 
221.91 
226.50 
231.20 
237.35 
245.10 
233.50 
263.54 
273.41 
282.94 
292.19 
299.67 
305.83 
311.48 
316.61 
320.32 
322.79 
325.26 
327.85 
330.68 

14 

0.482 
0.512 
0.552 
0.579 
0.607 
0.650 
0.683 
0.714 
0.746 
u.779 
0.812 
0.841 
0.871 
0.901 
0.929 
0.956 
0.988 
1.018 
1.052 
1.091 
1.146 
1.125 
1.141 
1.166 
1.195 
1.237 
1.278 
1.310 
1.356 
1.388 
1.42s 
1.465 
1.580 
1.687 
1.792 
1.801 
1.834 
1.838 

335.66 
343.7 3 
352.63 
3 6 1 . 6 ~  
370.46 
378.90 
387.37 
392.82 
397.75 
406.02 
411.2ti 
413.92 
416.50 
419.19 
421.91 
424.35 
426.59 
428.97 
431.53 
435.31 
439.97 
298.16 
304.42 
309.29 
313.34 
317.04 
320.96 
324.7 3 
328.15 
333.72 
343.76 
359.50 
376.18 
393.08 
412.39 
429.17 
439.21 

1.860 
1.888 
1.903 
1.912 
1.67 3 
1.862 
1.917 
1.651 
2.091 
2.446 
3.084 
3.258 
3.495 
3.554 
3.148 
2.682 
2.417 
2.190 
2.178 
2.177 
2.191 
1.378 
1.419 
1.445 
1.504 
1.588 
1.823 
1.888 
1.899 
1.913 
1.939 
1.980 
2.024 
2.067 
2.114 
2.158 
2.208 

I I 1 , 
250 300 3 5 0  400 450 

TEMPERATURE! OK 

Figure 4. Specific heat of isotactic PMMA in the glass transition 
region, and crystal melting range for the semicrystalline and 
amorphous samples. 

In the first series, the C, of i-PMMA is very slightly less 
than the C, of a-PMMA and s-PMMA and is a smooth 
function of temperature from 80 to 300 K (Figure 4). At 
the glass transition (319 K), the increase in C, is charac- 
teristic of a partially crystalline sample (relative to the 
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Table V 
Isotactic PMMA (Crystalline Fraction - 0.40) 

Tav, K C,, J deg-' g-' Tav, K C,, J deg-' g-l 
80.59 
86.08 
91.61 
97.66 

105.54 
114.43 
122.05 
128.57 
136.54 
145.68 
155.36 
165.48 
173.77 
182.28 
191.15 
200.00 
208.21 
216.28 
225.15 
233.25 
242.69 
253.35 
262.23 
270.30 
278.29 
286.99 
296.52 
304.1 5 
309.15 
312.71 
315.06 
317.47 
319.93 
322.35 
324.92 
328.12 
331.33 
334.69 
328.04 
332.68 
340.57 
349.91 
358.61 
366.64 
374.58 
382.00 
389.52 
397.07 
403.99 

0.47 2 
0.498 
0.521 
0.554 
0.594 
0.637 
0.675 
0.707 
0.742 
0.785 
0.824 
0.866 
0.895 
0.932 
0.963 
1.000 
1.034 
1.066 
1.152 
1.164 
1.171 
1.203 
1.236 
1.272 
1.299 
1.337 
1.379 
1.397 
1.442 
1.453 
1.476 
1.477 
1.492 
1.530 
1.555 
1.607 
1.637 
1.672 
1.615 
1.673 
1.726 
1.756 
1.826 
1.887 
1.922 
1.991 
2.189 
2.314 
3.991 

407.66 
410.22 
412.73 
415.31 
417.83 
420.11 
422.70 
425.70 
428.89 
434.17 
441.02 
199.49 
206.31 
211.86 
217.02 
224.90 
233.72 
239.71 
246.05 
255.45 
265.44 
275.59 
282.86 
289.73 
298.35 
304.21 
308.84 
31 3.67 
317.29 
319.96 
322.71 
325.11 
327.37 
329.88 
333.25 
339.31 
348.09 
356.85 
363.73 
371.95 
380.04 
389.07 
400.31 
41 1.94 
423.23 
431.90 
439.36 
447.07 

2.359 
2.422 
2.980 
3.104 
2.918 
3.423 
3.787 
2.818 
2.233 
2.174 
2.198 
0.997 
1.023 
1.043 
1.067 
1.150 
1.157 
1.158 
1.173 
1.207 
1.245 
1.282 
1.306 
1.346 
1.384 
1.413 
1.431 
1.484 
1.515 
1.533 
1.795 
2.028 
1.954 
1,909 
1.926 
1.933 
1.955 
1.980 
1.995 
2.022 
2.036 
2.061 
2.091 
2.120 
2.150 
2.171 
2.182 
2.200 

second run) as shown in Figure 4. Slow cooling produced 
a completely amorphous sample. Reheating this sample 
yielded a AC, of 0.404 J deg-' g-'. As expected, the liquid 
C above Tg agrees with the extrapolated C, of the liquid 
agove T,. The observed AC, (0.336 J deg-l 8') of the 
semicrystalline sample and AC, (0.404 J deg-' g-') observed 
for the 100% amorphous sample lead to an estimate of 
16% crystallinity. About 50 K above Tg, some recrystal- 
lization occurs with the evolution of heat and leads to an 
apparent decrease in C, with increasing temperature. At 
higher temperatures, extensive melting occurs and the 
apparent C, rises abruptly. The point where the last 
vestige of crystallinity vanishes is denoted as T,, and 
occurs a t  430 K. The heat of melting for this sample was 
determined from the actual heat required to heat the 
sample from 340 to 440 K minus the amount of heat as- 
sociated with crystallization between 340 and 390 K and 
calculated from the area that falls below a smooth curve 
drawn between 340 to 440 K. This procedure leads to a 
heat of melting that refers to the sample as loaded into 
the calorimeter since the small increase due to recrystal- 
lization is excluded by this technique. A heat of melting 

1 POLYMETHYL METHACRYLATE (ISOTACTIC 1 I 
ooooo 

~ 0.10 

Figure 5. Entropy difference between amorphous and crystalline 
samples of isotactic PMMA. Extrapolated value of T2 = 285 K. 
of 18.0 J /g  (4.30 cal/g) was found. 

The second series was almost indistinguishable from the 
fmt series from 80 to 300 K since the crystallinity has only 
a small effect on C, in this temperature range. All the C, 
results of series I1 were corrected by a factor of 1.01 in 
order to make the Cp's of these liquid samples above 320 
K the same as those for the previously quenched sample 
from series I. This correction was attributed to an error 
in the calorimetric corrections due to tare weights and 
possibly due to a small amount of residual heptanone. At 
330 K, the glass transition occurs for this semicrystalline 
sample, but the observed T is more than 10 K higher than 
for the previous samples. kn addition, the magnitude of 
AC, is reduced more than expected from the observed 
crystallinity based on its heat of melting (see Figure 4), 
assuming a two-phase model. The deviation of AC from 
two-phase behavior has been observed many and 
discussed pre~ious1y.l~ The increase in Tg with crystallinity 
has been observed,16J7 but is somewhat unusual and dif- 
ficult to measure unambiguously. It is well-known that 
the presence of crystallites can act as physical cross-links 
that reduce the number of conformations and prevent the 
polymer from assuming its liquid-like specific heat. 

At  higher temperatures there was no evidence of re- 
crystallization, only melting of crystals with the absorption 
of heat. The maximum melting point is the same as that 
found for the previous sample. The heat of melting, rel- 
ative to the dashed line in Figure 4, is 40.3 J /g  (9.64 cal/g). 
To  find relative values of crystallinity in the absence of 
any heat of fusion data, we have assumed that the heat 
of fusion of i-PMMA was 96 J / g  (22.9 cal/g). This value 
was arrived at  by considering the heats of melting and AC, 
and X-ray data of the two samples. Recent measure- 
ments18 suggest a value of 48 J /g  (12 cal/g), which appears 
low relative to the present results. The conclusions are 
in no way affected by this assumption, although the 
magnitudes of the calculated results are affected. In any 
case, these results can be corrected when more accurate 
values A", become available. With this assumption, the 
series I sample was 18% crystalline and the series I1 sample 
was 40% crystalline. 

Upon rerunning the now amorphous sample, we ob- 
tained results identical with those of the second cycle of 
series I. There is a minor enthalpic relaxation effect at  
Tg, again because the sample was held overnight just below 
Tk This resulted in a peak in C, at Tg and a slightly higher 
transition temperature. 

Residual Entropy. The entropies of each sample can 
be calculated from summed C / T A T  increments. The 
excess entropy of the supercoofed liquid relative to that 
of the crystal (AS ) can be evaluated from the entropies 
derived from the &, data. Results of this calculation are 
shown in Figure 5 for the series I1 sample. A residual 
entropy of 0.04 J deg-' g-' is found for the 40% crystalline 
sample, which would lead to a value of 0.10 J deg-l g-' or 
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rameters that gave the best fit to chain dimensions were 
used,lg the RIS model yielded entropiesm of ASmdb = 1.13 
eu/backbone bond or 2.26 eu/mol and AScod,m = 0.96 
eu/backbone bond or 1.92 eu/mol at  a temperature of 400 
K. Thus, the difference in conformational entropy between 
the isotactic and syndiotactic polymers is 0.34 eu/mol. 
However, this calculation refers to pure tactic polymers, 
whereas the experimental entropies are for PMMA poly- 
mers containing 95% isotactic and 70% syndiotactic triads. 
If the tacticity of the polymers used in the RIS calculations 
had been the same as that of the actual materials used in 
the C, experiments, only a small reduction in the value of 
the entropy difference would have been expected.l9 An- 
other contribution to the entropy could be due to the 
differences in specific volume of the polymer liquids. 
However, the specific volume datal0 show a difference of 
less than 0.5%, which taken with (aS/av), = -(aP/aT)" 
= a//3 (expansivity/compressibility) leads to an entropy 
difference of 0.2 eu. The sum of both of the calculated 
contributions to the entropy difference of PMMA isomers 
is about 0.5 eu/mol. This is significantly less than the 
experimentally determined entropy difference of 3 eu/mol 
based on our C, measurements. Thus, the thermodynamic 
results indicate that entropy differences between the ste- 
reoisomers are of the order of 2 eu greater than the cal- 
culated conformational contributions that are due to in- 
tramolecular and intermolecular factors. 

A similar conclusion can be reached by considering the 
conformational energies of A",, = 700 cal/mol and AHs, 
= 2000 cal/mol determined from Fourier transform in- 
frared spectroscopy.21 Using a two-state independent ro- 
tational state approximation that is appropriate to the FT 
IR results, we find the conformational entropies are ASmdb 
= 2.70 eu/mol and = 1.60 eu/mol. These results 
are not significantly different from the RIS calculations 
and add credence to the conclusion that other factors 
contribute to the residual entropy. In examining our 
starting assumptions, we find that if AS,( TJis0 were less 
than AS,(T,),,, then the entropy differences in the liquid 
would be smaller. 

Conclusions 
Even with these extensive thermodynamic data, we have 

not been able to define conclusively the cause for the 
differences in glass temperature of the stereoregular 
PMMA. However, the primary factors are conformational 
entropy and configurational entropy associated with chain 
packing, which contributes to the excess entropy frozen 
in a t  T . 

Anotker approach, due to Goldstein,22 suggests that 
changes in configurational entropy occur below T, because 
of changes in vibrational frequencies, molecular motion, 
and anharmonic effects. While all of these effects are 
possible, the effects in polymer glasses are not considered 
to be as large as they may be in small-molecule glasses. 
The specific heat data of Char~g,,~ which show that AS,(O 
K)/AS,(Tg) is 0.4-0.8 has been used by Goldstein to sug- 
gest that significant configurational entropy changes occur 
below T,. For polystyrene (isotactic) and PMMA (iso- 
tactic), the difference in the specific heat between the 
crystal and glass is less than 0.5%; therefore, the loss of 
configurations in the glass is not significantly different 
from that in the crystal for these polymers. In addition, 
the specific heat differences between the isotactic, syn- 
diotactic, and atactic glasses are less than 0.2% from 80 
to 300 K, although there are larger differences a t  Tg and 
above. The small differences between stereoregular 
PMMA glasses suggest to us that the configurational 
changes below T, are small. 
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Figure 6. Schematic representation of entropy of syndiotactic 
and isotactic PMMA in crystalline, glassy, and liquid states. 

2.5 eu/mol for a completely crystalline polymer. 
AS,(T) was found from the equation 

Asg(T)bo = (Sa(T) - Sx(T)Jiao (1) 

and implicity equating the entropies of the amorphous and 
crystalline samples in the melt above T,. The terms S,(T) 
and S,( T )  are obtained from the summation of the mea- 
sured heat capacities of the amorphous and semicrystalline 
isotactic polymers divided by the absolute temperature. 
AS,(?") is shown as a function of temperature for the 
semicrystalline isotactic polymer in Figure 5. Extrapola- 
tion of AS,(T,) = 0 leads to T2 = 285 K and T, - T2 = 33 
K. 

A thermodynamic theory of the glass transition for 
polymers by Gibbs and DiMarzio' has received support 
from thermodynamic measurements on atactic and iso- 
tactic polypropylene2 and p~lystyrene.~ In this work the 
central idea of Gibbs and DiMarzio ( G D )  is that the 
excess configurational entropy of the supercooled liquid 
relative to that of the crystal is frozen in at  T, because the 
time required for equilibration becomes many orders of 
magnitude greater than the experimental time. G D  
predict that if the supercooling would continue, a sec- 
ond-order thermodynamic transition would occur a t  T2 
aand AS, would vanish at  this temperture. Assuming that 
the entropy of the liquid atactic polymer was equal to that 
of the liquid isotactic polypropylene polymer, T, was found 
to be 53 f 20 "C below T . In polystyrene, T, - Tz was 
found to be 81 f 15 "C. Afthough T - T2 is smaller than 
the results for polypropylene and polystyrene, this result 
is within the experimental uncertainties in the usually 
accepted value of T, - T2 (50 K). 

In the absence of a crystalline sample of syndiotactic 
PMMA, the residual entropy, AS,(TJSp, could not be 
evaluated experimentally. To estimate the difference in 
entropy of the liquid isotactic and syndiotactic polymers, 
we will assume that ASg(T,)8p = AS,(TJi8,,. This as- 
sumption and its consequences are illustrated in Figure 
6. The specific heats of the liquid stereoregular polymers 
differ only slightly and therefore isotactic PMMA has a 
higher entropy than syndiotactic PMMA. From the sum- 
mations of C,AT/T, a difference in entropy between iso- 
tactic and syndiotactic PMMA at 400 K of 3.0 eu is found. 
The higher entropy in the isotactic PMMA may be due 
to a higher conformational entropy and/or a higher con- 
figurational entropy. 

The conformational contribution to the entropy can be 
estimated from rotational isomeric state (RIS) calculations. 
When conformational energies and statistical weight pa- 
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Thus the major differences in glass temperature are 
attributed to differences in conformational entropies due 
to differences in conformational energies and configura- 
tional entropies associated with the packing of chains in 
the liquid. 
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ABSTRACT: A configuration partition function has been formulated for a partially helical, cross-linked, 
in-register dimer composed of polypeptide chains of identical degree of polymerization. The three important 
features incorporated in this formulation are as follows: (1) Conformational flexibility is allowed in the 
cross-linking unit, with certain of the cross-link configurations giving rise to nonalignment of helices propagating 
away from the cross-link site. (2) Cross-linking of the helices may be accompanied by deformation of the 
helices near the cross-link site (or may induce stress in the cross-linking unit). (3) There is assumed to be 
a vanishingly small probability that a sequence of random coil residues connecting two helical segments will 
adopt a configuration that causes the helical segments to be collinear. Application is made to the case of 
cross-linked a-tropomyosin. Features 1 and 2, which are indistinguishable in this formulation of the configuration 
partition function, are found to have a profound impact on the high-temperature portion of the thermal 
denaturation of the cross-linked dimer. Feature 3 has two important consequences for the helix probability 
profile in the middle of the thermal denaturation: local detail, seen at low helicity, is obscured, and the maximum 
in the helix probability profile is shifted to the residue at the cross-link site. Thus conclusions as to the most 
stable helical region in the cross-linked dimer will be affected by the incorporation of feature 3 into the 
configuration partition function. 

Dimeric tropomysin has a helical content greater than 
90% in physiological media a t  low temperature~.l-~ He- 
lix-coil transition theory indicates that monomeric tro- 
pomyosin at low temperature should have a helical content 
in the vicinity of 17% .a A logical inference is that helix- 
helix interaction constitutes the major factor responsible 
for the high helicity of the dimeric This extra 
stabilization can be overcome by an appropriate increase 
in temperature, as is shown by the observation of thermal 
denaturation for the cross-linked dimer of t ropomyo~in.~*~ 
These features of the behavior of tropomyosin have been 
rationalized by a theoretical treatment of the helix-coil 
transition in in-register, two-chain, coiled-coil polypeptides 
that may or may not be cross-linked.13 The objective here 
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is to explore consequences of several refinements in the 
theoretical treatment, with special emphasis on their im- 
plications for the thermal denaturation of cross-linked 
tropomyosin. 

Pertinent aspects of the original treatment are conven- 
iently presented with the aid of schematics A and B of 
Figure 1. Figure 1A schematically depicts two identical 
helical chains cross-linked via a disulfide bond. Helices, 
which are depicted as thin rods, are parallel and in register. 
Separation of the two helices is assumed to be so small that 
residue i in one chain interacts with residue i on the other 
chain. This interaction is represented by the dashed line 
drawn for the residue denoted by the arrow to its partner 
on the other chain. Figure 1B depicts a configuration in 
which the tail of one chain is in the random coil state. It 
is assumed that the disordered segment does not interact 
with the other polypeptide chain. We now focus on con- 
tributions made to the statistical weight of each configu- 
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