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the observed immiscibility of these two polymers. 
Table V summarizes xB’ for PSL-PnBMA blends at 140 

“C. It  is apparent that the probe-to-probe variations are 
considerably smaller than before and that the interaction 
parameter is now a complex function of composition. In 
order to represent this concisely, xB’ values for each of the 
seven blend compositions at 140 “C were averaged for the 
11 probes and the resulting values plotted as a function 
of PSL content (Figure 4). These interaction parameters 
are slightly more positive at 120 “C, but a similar com- 
position dependence is observed. In view of the generally 
positive xB’ values measured (at high PSL content), there 
are no strong attractive forces between these two polymers. 
The miscibility observed with optical and Tg criteria must 
therefore be due to more favorable combinatorial entropy 
effects on lowering the molecular weight of the PS. Fur- 
ther work is required in order to determine the generality 
and the implications of the composition dependence of xB’ 
in such polymer blends. 
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ABSTRACT Main-chain rotational contributions to the increments in thermal expansivity and heat capacity 
in the glass-to-liquid transition, derived via a three-state rotational model, are compared for five vinyl-type 
polymers. For linear polyethylene and polyisobutylene these contributions are about 40% while for polystyrene 
and poly(viny1 acetate), both with “articulate” substituents, these contributions are only about 20%. 
Poly(dimethylsi1oxane) gives anomalous results with this rotational model. Considering the glass transition 
as an isomobility state, it is shown that the second Ehrenfest relation need not apply, but may appear to do 
so in the limited cases where the pressure coefficients of the Vogel To and B are equal. 

In a series of recent papers we have been developing a 
kinetic model for mobility and the glass transition of 
polymerz4 and copolymer5 liquids. In this model the im- 
portant molecular motion is the cooperative rotational 
isomerization about main-chain bonds. This motion be- 
comes virtually “frozen” when the temperature is lowered 
to Tg, which we consider to be an isomobility state.s 

On the other hand, despite the recognized time depen- 
dence of this transition there has been much effort on 
strictly thermodynamic approaches. Intensive discussions 
of these have recently been reported for polystyrene (PSI’ 
and for poly(viny1 acetate) (PVAC).~’O 

Following the earlier Gibbs and DiMarzio concepts,11 
Adam and Gibbs12 in 1965 combined the thermodynamic 
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and kinetic aspects of the glass transition in their theory 
for cooperative relaxation. We have modified2 (or perhaps 
clarified) this theory to make it conform to the Vogel or 
Tammann-Hesse equation13 

(1) 
which still appears to be the best empirical relationship 
describing the temperature dependence of mobility for 
p01ymers.l~ 

For a three-state rotational model it was sho~1-1~1~ that 
U = mRTo and Eo = RB, where U is the energy difference 
between the trans (t) state and two equivalent higher 
gauche (g+, g-) states and Eo is related to the energy 
barriers against rotation between these states in the for- 

-1n ( P / P o )  = B / ( T  - To) 
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Table I 
Vogel Quantities4 and Other Data 

PS PVAc PIB PE PDMS 
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Table I11 
Main-Chain Rotational Contributions in 

Glass-Liquid Transition 

373 304 203 200 150 
323 248 123 160 136 

B ,  K 1455 2183 2856 1548 530 
dTo/dP,a 0.0249 0.0176 0.0121 0.0130 0.0127 

Klbar 
dB/dP,aK/bar 0 . 2 l g  0.296 0.3$5 0.281 0.126 
1 04 VA or. 2.90 3.50‘ 4 .1  6.1e 5.0 

cm’ltd K) 
AC , cal/(g K)  0.075f 0.119g 0.0965d 0.19ge 0.1zh 
M / b i  52 43 28 14 37 

a At Po (atmospheric pressure). 

Reference 16, Table 1 (VAor = A p ) .  e Reference 15, Ap- 

’ Quach, A.;  Simha, R. 
J. Appl.  Phys. 1971, 42,  4592. 

pendix. 
Phys. Chem. 1965, 69,  2657. g Reference 10 (see Note 
Added in Proof). 
Sci., Part A-l  1972, 10, 1. Since there are two rotating 
segments in the main chain per repeating unit M ,  the fac- 
tor M/2 will convert VAor and A C p  into molar units. 

Reference 8, Table 9a. 

f Karasz, F. E.; Bair, H. E.; O’Reilly, J. M. J. 

Andrianov, K. A., et al. J. Polym. 

Table I1 
Main-Chain Rotational Properties at Tg 

PS PVAc PIB PE PDMS 

U/ R Tg a 3.464 3.263 2.424 3.200 3.627 
Q 1.0443 1.0541 1.1253 1.0576 1.0376 
Cpc,  tal/ 0.968 1.030 1.154 1.048 0.913 

103(dv/dT),, 3.12 3.06 4.75 3.56 3.57 
(mol K )  

cm3/(mol 
K) 
a UIRT, = 4.0To/T,. 

ward and reverse directions,* t P g’, g-. 
In the most recent paper15 the main-chain rotational 

contributions to the increments in thermal expansivity, 
VAa, and heat capacity, AC,, in the glass-to-liquid tran- 
sition were derived for PVAc and linear polyethylene (PE). 
The present work compares three additional vinyl-type 
polymers: polystyrene (PS), polyisobutylene (PIB), and 
poly(dimethylsi1oxane) (PDMS). Also, a correlation of the 
VAa/AC, ratio reported by Boyer16 and the second Eh- 
renfest relation are reexamined within the context of the 
present model. 

The appropriate literature data and their sources are 
listed in Table I for the five polymers. 

Results 
Conformational (i.e., Rotational) proper tie^.^" We 

adopt the three-state rotational model with “pentane 
interference” (g*g’ transitions excluded) using the simpler 
of the two partition  function^,^ Q. Thus 

u = 4.ORTo (2) 

(3) 

and 

Q = 1 + 21/2 exp(-U/RT) 

C,, = R(U/RV2(Q - U/Q2 

(du/dT), = C,,(d In To/dP) 

For the conformational heat capacity we have 

(4) 

and for the temperature dependence of the flex v ~ l u m e ’ ~  

(5) 

Table I1 lists these results for the five polymers, calcu- 
lated a t  Tg and atmospheric pressure using the To and 
dTo/dP data from Table I. 

(dv/dT),/ 0.207 0.203 0.414 0.417 0.193 

c lACp 0.248 0.201 0.427 0.376 0.210 
l@dln To/ 7.71 7.10 9.84 8.13 9.34 

10svAa/Acp, 9.24 7.03 10.15 7.32 9.96 

VA OL 

dP, bar- 

bar- ’ 
T V A O L ~ A C ~ ,  0.0345 0.0214 0.0206 0.0146 0.0149 

b b a r  
dT IdF’, 

&bar 
calcda 0.0321 0.0252 0.0212 0.0202 0.017 
obsd 0.0316’ 0.0266‘ 

Calculated with eq 10. ’ Quach, A. ; Simha, R. J. 
Appl. Phys. 1971, 42, 4592. Reference 8, Table 9a. 

Main-Chain Rotational Contributions at Tr On the 
basis of the results for PE and PVAc in the earlier paperls 
it was proposed that 

(du/dT),/VAa = C,,/AC, (6) 

(7) 

For all five polymers eq 6 is reasonably well confirmed 
by the results in the first two lines of Table 111, as is eq 
7 by the third and fourth lines. 

BoyeP has reported inverse correlations between Tg and 
both A a  and AC, for a variety of amorphous polymers and 
he suggested such correlations as a means of resolving 
conflicting literature data. This would be particularly 
useful for semicrystalline polymers measured on different 
samples by different investigators. Figure 3 of Boyer’s 
paper16 shows a straight line represented by VAa/AC, = 
l /K5, with K5 = 270 cal/cm3. Thus, l /K5 = 8.85 X 
bar -l. According to eq 7 ,  the VAal AC, ratio is determined 
by d In To/@, which may in some cases be close to Boyer’s 
l/K5, as Table I11 shows, but not necessarily coincide with 
it. 

The two most pronounced discrepancies in Boyer’s 
Figure 3 are for PE and PDMS, for both of which he used 
results of measurements on the partially crystalline poly- 
mers. For completely amorphous PE our values for VAa 
and ACp, as listed in Table I, are much more consistent 
with eq 6 and 7 than are the values used by Boyer. Sim- 
ilarly, our cited ACp for PDMS was for a rapidly quenched 
amorphous sample and it is more consistent with eq 6 and 
7 ,  as well as with Boyer’s Figure 3. 

Second Ehrenfest Relation.” The Gibbs-DiMarzio 
theory” proposed a second-order thermodynamic transi- 
tion temperature, T2 > 0 K, lying below Tg but sufficiently 
close that Tg. itself could be treated as a quasi-thermody- 
namic transition to which the two Ehrenfest relations 
might apply: 

dT, /dP= A p / A a  (8) 

and thus via eq 5 
VAa/AC, = d In To/@ 

dTg/dP = TgVAa/AC, (9) 

The experimental evidence has completely eliminated eq 
8 while “agreement” with eq 9 is considerably better.” 

The present kinetic approach, considering the glass 
transition as an isomobility state, permits a critical reex- 
amination of the second Ehrenfest relation, eq 9. We have 
shown,18 for example, that in the formation of PVAc glass 
at  elevated pressures up to 800 bars ( A T  = 17 K), the 
Vogel term remains precisely constant: B/(“r, - To) = 38.5. 
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Hence, differentiating this term at Tg with respect to 
pressure 

dTg/dP = dTo/dP + [(T, - To)/B] dB/dP (10) 

Substituting eq 7 and rearranging 
dTg/dP = TOVA(Y/AC, + [(T, - To)/B] dB/dP (11) 

The second term in this equation will always be some- 
what less than the corresponding term in eq 9 since To < 
Tg, but there is an additional positive contribution by the 
third term. The second Ehrenfest relation, eq 9, can be- 
come identical with eq ll only under the condition that 
d In To/@ = d In B/dP. Of the five polymers being 
considered here, only PIB comes close to this criterion, 
d In Told In B = 1.16, while for the remaining polymers 
this ratio ranges between 1.9 and 3.3. The results in the 
last lines of Table 111 show these discrepancies of eq 9, 
except for the case of PIB. In a note added in proof, 
McKinney and Goldsteins reported AC, = 0.097 cal/(g K) 
for PVAc and hence apparently better agreement with eq 
9. However, the higher value of AC, cited in Table I of 
the present work was subsequently obtained by two in- 
dependent groups on the same sample (cf. Note Added in 
Proof in ref 10). 

DiMarzio and co-workersls have extended the Gibbs- 
DiMarzio theory of the glass transition to include the ef- 
fects of pressure. They derived dT2/dP = T2VAa/ AC,, 
which appears to be identical with our eq 7. However, our 
interpretation of To (Vogel) differs from the Gibbs-Di- 
Marzio T2 (calorimetric) and the two values are not nec- 
essarily the ~ a m e . ~ , ~  
Discussion 

The present work supports the conclusions reported 
earlier15 regarding the contributions by rotational isom- 
erization about main-chain bonds to the increments in 
thermal expansivity and heat capacity in the glass-to-liquid 
transition. In Table 111, PS and PVAc show a rotational 
contribution to both VAa and AC of about 20% while PE 
and PIB both show about 40%. +he two former polymers 
each have “articulate” substituents whose enhanced 
motions in the liquid can contribute to VAa and AC, but 
not to (du/dT), or C,, since the latter two quantities refer 
only to rotations about main-chain bonds. (The similarity 
of the values between PS and PVAc may be a coincidence 
since there is no “a priori” reason that the nonconforma- 
tional contributions by the phenyl and the acetate sub- 
stituents should be the same.) 

PIB shows about the same rotational contributions as 
PE, which has no “articulate” substituent. This indicates 
that the gem-dimethyl makes no noticeable additional 
contribution to VAa or AC, in the transition to the liquid 
state, as was previously concluded for a single methyl 
substituent (cf. Discussion in ref 3). In this respect PDMS 
appears to be anomalous. While it also has gem-dimethyl 
substituents, its main-chain rotational contributions to 
VAa and AC, are found to be far less than for PIB. It 
should be noted that the agreement already observed with 
eq 6 and 7 permits little margin for experimental error in 
the independently determined values of VAa, AC,, and 
d In To/#. A remaining possibility is that, owing to the 
marked difference in chemical composition of the main- 
chain (-Si-0- vs. -C-C-), the rotational statistics of 
PDMS may differ from those of the other four polymers.20 

In related work, Roe and Tonelli have calculated the 
main-chain rotational contribution to AC, at Tg for a va- 
riety of polymers2l8 and also substituent contributions for 
some of these.21b Focusing on the main-chain only, the 
values for C in Table I1 are to be compared with those 
in Table I orref 21a. However, it should be noted that a 
conceptual difference arises here. Roe and Tonelli use an 
intramolecular U* applying to the isolated chain and this 
is appreciably lower than our U,  defined by eq 2 and ap- 
plying to the real polymer liquid. For polyethylene it was 
shown that U* gives a physically unrealistic result in the 
calculation of the rotational entropy and ita temperature 
derivative, dS,/dT = CJT, at low temperatures (see 
Figure 3 in ref 3). Indeed, we have suggested a physical 
rationale for an intermolecular perturbation on U*, raising 
it to U in the real 1 iq~id . I~  It  turns out that a plot of C, 
against U/RT (eq 4) has a maximum in C,,, a t  U/RT N 

2.5, with or without the “pentane interference”. As a 
consequence, in some cases a deceptive “agreement” may 
be observed between the C, at Tg calculated with the lower 
U* (U*/RT, < 2.5) and that calculated with the higher U 
(UIRT, > 2.5). 

Conclusion 
In this model the equilibrium conformational (i.e,, ro- 

tational) properties of the main-chain are governed solely 
by U( T,,) while dynamical properties such as viscosity, the 
a process in dielectric relaxation, and the glass transition 
are influenced also by Eo(B). These rotational energetics 
are uniquely defined by the Vogel (Tammann-Hesse) 
equation, with no adjustable parameters. Thus far this 
model has provided a unified molecular explanation for 
the effects of chemical structure,2 p r e ~ s u r e , ~ ~ ~  and co- 
polymer sequence distribution5 on polymer liquid mobility. 
Other seemingly diverse effecki will be examined in future 
work. 

References and Notes 
Presented, in part, as Poster Paper P-19, Conference on 
Structure and Mobility in Molecular and Atomic Glasses, New 
York Academy of Sciences, Dec 9-11,1980. 
Miller, A. A. Macromolecules 1978, 11, 859. 
Miller, A. A. Macromolecules 1979, 12, 651. 
Miller, A. A. Polymer 1979, 20, 927, 931. 
Miller, A. A. Polymer 1980,21, 360. 
Miller, A. A. Macromolecules 1978,11, 134. 
Oels, H.-J.; Rehage, G. Macromolecules 1977, 10, 1036. 
McKinney, J. E.; Goldstein, M. J.  Res. Natl. Bur. Stand., Sect. 
A 1974, 78, 331. 
McKinney, J. E.; Simha, R. Macromolecules 1974, 7, 894. 
McKinney, J. E.; Simha, 8. Macromolecules 1976, 9, 430. 
Gibbs, J. H.; DiMarzio, E. A. J.  Chem. Phys. 1958, 28, 373. 
Adam, G.; Gibbs, J. H. J. Chem. Phys. 1965,43,139. 
Vogel, H. Phys. 2. 1921,22,645. Tammann, G.; Hesse, W. 2. 
Anorg. A&. Chem. 1926, 156, 245. 
Berry, G. C.; Fox, T. G. Adv. Polym. Sci. 1967, 5, 261. 
Miller, A. A. Macromolecules 1980, 13, 1568. 
Boyer, R. F. J. Macromol. Sci., Phys. 1973, B7 (3), 487. 
See Angell and Sichina for a review including molten, inorganic 
salts: Angell, C. A.; Sichina, W. Ann. N.Y. Acad. Sci. 1976, 
279. 53. 
Milier, A. A. Polymer 1978, 19, 899, Table 6. 
DiMarzio, E. A.: Gibbs. J. H.: Fleming, P. D., 111: Sanchez, I. -- . .  
C. Macromolecules 1976, 9, 763. 
For example, if a five-state model with independent bond ro- 
tations were assumed for PDMS, ita main-chain rotational 
contributions would be increased to the values found for PIB. 
(a) Roe, R. J.; Tonelli, A. E. Macromolecules 1978,11,114. (b) 
Ibid. 1979, 12, 878. 


