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larger in the ring compounds. With increasing tempera-
ture, however, the differences between the three polymers
increase in the direction suggested by the «; values in
Table V. It is reasonable to associate this difference be-
tween the two types of polymers to differences in packing
and in cohesive energy density.

As has already been noted, the differences in o7y sim-
ply reflect those in Ty. The constancy of AaTy suggests
that the side-chain effects which have been invoked to ra-
tionalize smaller numerical values in the n-alkyl methac-
rylate series,15 either are not operative, or affect both the
liquid and the glassy state in the two ring polymers. In
contrast, the free volume integral is sensitive to the relax-

Macromolecules

ational activity in the glass, as monitored by the last inte-
gral in Table V, with the value of the former being unusu-
ally large for -.PMMA. While the numerical values of the
other quantities ultimately reflect structural differences,
it is noteworthy to contrast this once again with the char-
acteristic constancy of the product AaT.

In the following paper we will examine these and addi-
tional experimental results in the liquid and glassy states
from the point of view of a theoretical equation of state.
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ABSTRACT: We analyze a number of structurally diverse systems. A simple interpolation expression represents
accurately the implicit form of the theoretical equation of state for the liquid derived previously, and facilitates
numerical evaluations. The very good agreement between predicted and measured volumes is in accord with ear-
lier observations. Thermal expansivities, «, are estimated with a maximum error, averaged over all systems in-
vestigated, of 3.7%. The theoretical temperature dependence of « is « T%/2, However, the experimental results
are better approximated by a linear function or by a proportionality factor which decreases with increasing T.
The volume and temperature scaling parameters are compared for different polymers. The characteristic temper-
ature T* shows a parallel trend with T,. But, not surprisingly, T, is not strictly a corresponding temperature.
Hence the hole fraction 1 — y at T is not constant, but increases with increasing reduced, and essentially actual
glass temperature. A connection between the liquid and glassy states is provided by the temperature dependence
of v, finite also in the glass, as shown earlier, and treated there as an adjustable quantity in the theoretical equa-
tion of state. From the difference between the experimental and theoretical y’s for the glass and supercooled lig-
uid, respectively, a characteristic frozen fraction can be deduced which increases with decreasing Tg. In accord
with well-known macroscopic characteristics, the frozen fractions in the series of n-alkyl methacrylates are com-

paratively small and exhibit a minimum as a function of side-chain length.

We have previously shown the close agreement between
master curves constructed from volume-temperature data
at atmospheric pressure, encompassing oligomers and
polymers,1 and the predictions of our hole theory.?2 Such
comparisons were subsequently extended to detailed data
from our laboratory, including elevated pressures for poly-
styrene and poly(o-methylstyrene).? Finally, some high-
pressure results taken from the literature, were also dis-
cussed.* The quantitative success of the theory has en-
abled us to proceed to the liquid-glass transition region
and finally to explore the glassy state in terms of theoreti-
cal results, developed originally for the liquid equilibrium
state.3.5.6

We are now in a position to investigate in detail the vol-
ume-temperature relations for series of structurally relat-
ed as well as widely different polymers. This program is
pursued here only at atmospheric pressure. Thus we ob-
tain the specific characteristic volume (V*) and tempera-
ture (T*) scaling factors and define in quantitative detail
the performance of the theory. Secondly, we examine the
behavior of the hole fraction as a characteristic ordering
parameter, in the glassy state of these polymers with their

(1) R. Simha and A. J. Havlik, J. Amer. Chem. Soc., 86, 197 (1964).

(2) R. Simha and T. Someynsky, Macromolecules, 2, 342 (1969).

(3) A. Quach and R. Simha, J. Appl. Phvs., 42, 4592 (1971); Macromole-
cules, 4,268 (1971).

(4) R.Simha, P. S. Wilson, and O. Olabisi, Kolloid-Z. Z. Polym., in press.

(5) T. Somcynsky and R. Simha, /. Appl. Phys., 42, 4545 (1971).

(6) A.Quach and R. Simha, J. Phys. Chem., 76, 416 (1972).

widely differing glass temperatures, and obtain semiem-
pirical relationships. The accuracy of the experimental
data with their different origins is not uniform. Neverthe-
less, the nature of our conclusions, as will be seen, is not
affected by these differences.

Table I lists in order of decreasing Tg, except for the
alkyl methacrylate series, the systems to be investigated
and the sources of data.3.7-1° These include earlier results
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paper? to which we added measurements?2 on a high mo-
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Table1
List of Systems Studied
Abbrev Polymer of Ref
1. PaMS(a) a-Methylstyrene (95% syndiotactic) 7
2. PaMS(b) a-Methylstyrene (67% syndiotactic) 7
3.PCarb Carbonate of bis(phenol A} 8
4. PoMS o-Methylstyrene 3
5.PCHMA Cyclohexyl methacrylate 9
6. A-PMMA(a) Atactic methyl methacrylate 10
7. A-PMMA(b) Atactic methyl methacrylate 11
8. A-PMMA(c) Atactic methyl methacrylate 12
9. PEMA Ethyl methacrylate 10
10. PnPMA n-Propyl methacrylate 10
11. PnBMA n-Butyl methacrylate 10
12. PnHMA n-Hexyl methacrylate 10
13. PnOMA n-Octyl methacrylate 10
14. PhDMA n-Dodecyl methacrylate 10
15. PnODMA n-Octadecy! methacrylate 10
16. PS(a) Styrene 12
17. PS(b) Styrene 11
18. PS(c) Styrene 3
19. PVC Vinyl chloride 11
20. PCPMA Cyclopentyl methacrylate 9
21. I-PMMA Isotactic methyl methacrylate 9
22. PCIF3E Chlorotrifluoroethylene 13
23.PVAc Vinyl acetate 14
24. PMA Methyl acrylate 15
25. SBR Styrene-butadiene 16
26. PIB Isobutylene 17
27. PDMSi(a) Dimethylsiloxane 18
28. PDMSi(b) Dimethylsiloxane 19
29. HMW.PE Ethylene 12
30. C22Hye Oligomer of methylene 9

lecular weight linear polyethylene, furnished by Allied
Chemical Corp., their designation 260-100.
I. Theoretical Relationships and Liquid State Results

The reduced equation of state at atmospheric pressure
assumes the form?

T = 2y(yV)™[1.2045 — 1011(»V)"[1-2""y(» V)] (1)

The condition on the vacancy fraction 1 — y for an infinite

smer with one external degree of freedom per segment,

3c/s =1, is given by the equation

1+ 3y In(1 = y) = (y/6T)(yV)2.409-3033yV) ] +
(270 V) ™ = /B2y V)T (@)

We have shown that eq 1 and 2 can in very good ap-
proximation be replaced by the interpolation expression*

In V= — 01033, + 23834, x T°"
165 < T X 10° < 7.03 . (3)
where
a = 35751, X TV* (4)
and
InV = —01033, + (2/3)aT
oT = 35751, X T%* (3a)

For the evaluation of the primary quantities, eq 3, 3a,
and 4 are more convenient to use and more transparent
than the original expressions 1 and 2. T'wo general proce-
dures are employed. In one, the experimental data in dou-
ble-logarithmic form are superimposed on the theoretical
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Figure 1. Theoretical master curve and superimposed experimen-
tal data.

reduced isobar where average or smoothed V* and T* are
derived. The typical result is illustrated for our most re-
cent data in Figure 1. The oligomer aids in extending the
temperature range and this plot once more illustrates the
kind of agreement we obtain. A more stringent test of the
derivatives is provided by a combination of relations 3a
and 3. Substitution of experimental values for V and aT
in the first equation (3a) over the whole temperature
range yields a point by point determination of V*. Substi-
tution into eq 3 then provides a point by point determina-
tion of T*.

For theoretical reasons and extensions to the glassy
state, it is necessary to have explicit results for the tem-
perature dependence of y (eq 2). These were tabulated in
the original paper? only for the range appropriate for lig-
uid argon and therefore are displayed in Table I1.2° For
future reference we include the last column which repre-
sents the slope of the y-T function (see Figures 3-5) in the
pertinent temperature range. We note again the relative
constancy of the cell volume (yV) which varies only from
0.947 to 0.967, when V changes by about 31% and T by a
factor of 4. A constant (yV) would imply validity of van
der Waals’ form for the internal energy.2

By means of the superposition procedure described
above, we obtain the numerical values of the scaling fac-
tors, displayed in Table III. We recall that the evaluation
of the segmental characteristic volume requires pressure
data* and hence only specific volumes V* can be quoted
here. It is nevertheless of interest to make some compari-
sons between different systems, although there are slight
differences for the same polymer between different inves-
tigators. The polystyrene group has relatively large V*’s,
with the o-methyl having a larger and the «-methyl a
smaller value than normal styrene. The pressure resultss3.21
show that the segmental volumes are practically identi-
cal for the first and third. No information regarding the
second is available. In the methacrylate series we note the
expected monotonic increase with increasing length of the
side chain. Noteworthy is the difference between atactic
(~0.84) and isotactic (=~0.82) PMMA. We have earlier
commented on the tighter packing in the stereoregular

(20) T. Somcynsky, unpublished data.
(21) O. Olabisi, Ph.D. Thesis, Case Western Reserve University, 1973.
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Table IT
Solution of Equations 1 and 2 for Incremental Reduced
Volume Changes of 0.01

. (1-y) .
1% T x 102 X 102 yV (dy/dT),
0.95 1.6531 0.2816 0.947324
0.96 1.9115 1.0297 0.950115 3.6285
0.97 2.1206 1.9090 0.951483 4.5068
0.98 2.3105 2.8200 0.952364 4.9584
0.99 2.4891 3.7350 0.953023 5.2215
1.00 2.6598 4.6437 0.953563 5.3948
1.01 2.8240 5.5414 0.954032 5.5176
1.02 2.9828 6.4258 0.954457 5.6132
1.03 3.1366 7.2958 0.954853 5.6881
1.04 3.2861 8.1510 0.955229 5.7518
1.05 3.4314 8.9912 0.955592 5.8076
1.06 3.5729 9.8165 0.955945 5.8547
1.07 3.7108 10.6269 0.956292 5.8966
1.08 3.8453 11.4227 0.956634 5.9347
1.09 3.9766 12.2043 0.956974 5.9660
1.10 4.1049 12.9718 0.957311 6.0025
111 4.2301 13.7255 0.957647 6.0286
112 4.3526 14.4659 0.957982 6.0571
1.13 4.4724 15.1932 0.958317
1.14 4.5896 15.9077 0.958652
1.15 4.7043 16.6098 0.958988
1.18 4.8166 17.2997 0.959324
1.17 4.9266 17.9777 0.959661
1.18 5.0343 18.6442 0.959999
119 5.1399 19.2994 0.960338
1.20 5.2435 19.9435 0.960677
1.21 5.3450 20.5770 0.961018
1.22 5.4445 21.2000 0.961360
1.23 5.5422 21.8127 0.961704
1.24 5.6380 22.4155 0.962048
1.25 5.7320 23.0085 0.962394
1.26  5.8243 23.5920 0.962741
1.27 5.9150 24.1663 0.963089
1.28 6.0040 24.7314 0.963438
1.29 6.0914 25.2877 0.963788
1.30 6.1773 25.8354 0.964140
1.31 6.2617 26.3746 0.964493
1.32 6.3447 26.9056 0.964846
1.33 6.4262 27.4285 0.965202
1.34 6.5064 27.9434 0.965558
1.35  6.3852 28.4507 0.965915
1.36 6.6626 28.9505 0.966274
1.87 6.7389 29.4428 0.966633

system.22 The segmental volume factor also turns out to
be smaller for -PMMA.22 The characteristic ratio 3¢/s is
assumed fixed here and the magnitude of the segmental
molecular weight characterizes the unit required to satisfy
this condition. Hence the smaller value for I.PMMA may
be taken as a reflection of enhanced flexibility.2?

Owing to the assumption regarding 3c/s, T* is a direct
measure of the segmental interaction energy. It is not sur-
prising therefore that no significant differences within the
styrene group are found. The systematic decrease in the
alkyl methacrylate series correlates with the reduced po-
larity and increased hydrocarbon character. Pressure data
show that the characteristic segmental volume of PnBMA
is not larger than that of atactic PMMA.2* The strong in-
teractions between the side chains in PnODMA are evi-
denced not only by the appearance of a melting transi-
tion,1° but also by the large value of T*. The difference

(22) A. Quach, P. S. Wilson, and R. Simha, J. Macromol. Sci., in press;
Polym. Prepr., Amer. Chem. Soc., Div. Polym. Chem., in press.
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Figure 2. Thermal expansivity as a function of temperature in

reduced coordinates.

between the two PMMA species is consistent with a sug-
gested association between isotactic and syndiotactic se-
quences.23

Finally we compare the high molecular weight polyeth-
ylene with n-docosane. The analysis of Simha and Havlik
leads to the relation?

T*(n) = TH(=)[1-56/(n + 7)]

with the result T#(n = 22) = 7840°K, compared with the
observed 8340°K. Moreover!

V¥n) = Vi)l + 50207/(Tn + 1)]

or V¥(n = 22) = 1,1776 vs. the observed 1.1905. Actually
the characteristic parameters of the n-paraffins do not ex-
trapolate smoothly to the values for this particular poly-
ethylene sample.2? We note that an extrapolation of the
amorphous alkyl methacrylate series to n = « results in a
T#* about intermediate between those for the two hydro-
carbons.

The last column in Table III shows the temperature
ranges available, always starting from Ty (or Tm) + 10.
By means of the point-by-point evaluation procedure, the
third and fifth columns are obtained. The variations A V*
and AT* have for purposes of comparison been normalized
to 100°, although they are not strictly linear. We note that
both V* and T* increase with 7. The percentage varia-
tions are tabulated as the difference between the maxi-
mum and minimum value, divided by the latter. The
averaged normalized variation in 7% amounts to 5.2%
with a maximum of 8.2%. For V* the corresponding values
are 1.1 and 2.4%, respectively. The consequences of these
variations for the predicted specific volume and thermal
expansivity are also presented. The maximum error in the
former, 1.16%, occurs for one of the polystyrenes. This ex-
ceeds considerably the other deviations, including even
those for the long-chain methacrylates. The average maxi-
mum deviation between computed and experimental vol-
umes is only 0.31%. The maximum in respect to « is 9.8%
(PIB), with the mean maximum being 3.7%.

Figure 2 illustrates the relation between the reduced ex-
perimental and theoretical thermal expansivities as a
function of reduced temperature for some typical systems.
While the numerical agreement is gratifying, the theory
exaggerates the temperature dependence of & (see eq 4).

(23) W. Borchard, M. Pyrlik, and G. Rehage, Makromol. Chem., 145, 169
(1971).
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Table I11
Liquid-State Theoretical Quantities®
T AT*/100° AV*/100° Max Vg, Max o AT
Material (°K) (%) (cm?/g) (%) Error (%) Error (%) (°K)
PS(a) 11800 6.50 0.9470 1.70 1.16 6.60 120
PS(b) 12700 4.08 0.9625 0.88 0.48 4.32 130
PS(c) 12680 4.49 0.9598 0.96 0.22 3.82 80
PoMS 12740 4.07 0.9762 0.93 0.07 3.88 70
PaMS(a) 12790 3.32 0.9231 0.90 0.63 4.06 40
PaMS(b) 12700 3.48 0.9152 0.81 0.52 2.89 45
A-PMMAC(a) 11910 4.65 0.8433 1.19 0.22 1.13 30
A-PMMA(b) 11890 4.87 0.8350 0.93 0.15 1.19 30
A-PMMA(c) 11940 8.63 0.8362 1.97 0.05 2.09 30
PEMA 11540 5.28 0.8862 1.08 0.22 1.80 40
PnPMA 10890 5.46 0.9238 1.13 0.04 3.33 70
PnBMA 10540 5.40 0.9415 1.06 0.52 3.61 90
PnHMA 9980 5.68 0.9727 1.20 0.77 5.90 110
PnOMA 9770 6.36 1.0058 0.42 0.55 . 4.77 120
PnDMA 9190 6.40 1.0387 1.11 0.82 7.63 140
PnODMA 11360 5.91 1.1576 1.13 0.51 3.70 80
I-PMMA 11170 4.57 0.8160 0.99 0.12 6.40 130
PCPMA 10740 2.43 0.8730 0.73 0.13 3.66 120
PCHMA 11320 1.31 0.8910 0.39 0.08 1.50 100
HMW.-PE 9710 1.74 1.1406 0.63 0.30 1.47 90
CooHus 8340 5.02 1.1905 0.35 0.09 1.70 150
PVC 11320 4.93 0.7105 1.18 0.33 3.08 30
PVAc 9410 8.52 0.8140 2.05 0.29 2.19 55
PMA 9200 5.95 0.7925 1.33 0.36 2.59 50
SBR 9800 6.20 0.9892 1.35 0.04 2.717 40
PIB 11220 8.17 1.0902 1.51 0.14 9.80 150
PDMSi(a) 8160 7.19 0.9690 2.39 0.21 7.80 180
PDMSi(b) 7920 4.20 0.9594 1.24 0.14 1.80 55
PCIFE 13880 6.80 0.4852 0.98 0.05 2.21 40
PCarb 12130 3.84 0.8100 0.70 0.18 2.12 40
@ Dashed line segregates n-alkyl methacrylate series.
Actually, for all the systems studied, & could be approxi- Table IV
mated by a linear function in 7. Therefore an empirical Comparison of S-S and B-L Results®
mastercurve could be constructed.
* e / o
The temperature factor T* is defined by the balance Maxi%)Error _\.T(U;O%OO AV:%OO
between thermal («ckT*) and maximum attractive ener- - - - - - _
gy. The experimentally observed increase of the parame-
ter T* implies a decrease in the number of effectively ex- PIB 9.80 613 817 468 1.51  0.86
ternal degrees of freedom with increasing temperature. Ps 660 206 650 160 170 073
For an assumed constant ratio c¢/s, this requires a corre- PDMSi 80 172719 080 239 0.32
sponding increase in the size of the segment. Ca2Hse 1.72 748 502 996 035 393

Before concluding this section, we note that a charac-
teristic square-root dependence of « (eq 3a) has been ob-
tained on more intuitive grounds from some consider-
ations by Bueche.2¢ He considers a free volume in terms
of holes whose size distribution is governed by a
Boltzmann factor in the surface energy. Recently Litt25
has taken up this subject. Expressing the volume as a lin-
ear function of the free volume fraction, the thermal
expansivity can be cast in the following form

aT = (3/2T*2/(1 + T¥?
V=0 - (2/3al]"

with, of course, a different definition of the scale factors.

(5

(24) F. Bueche, “Physical Properties of Polymers,” Interscience Publish-
ers, New York, N. Y., 1962, pp 85-110.

(25) M. Litt, Polvm. Prepr., Amer. Chem. Soc., Div. Polvm. Chem., 14,
109 (1973).

2 Simha-~Somcynsky and Bueche-Litt.

The last equation may be compared with our expression,
viz.

V' = exp[(2/3)aT] (4"

where the prime indicates that the constant term in eq 3
has been included in the definition of the volume scaling
factor. Equations 4’ and 5 are identical up to terms 0(aT),
but for higher temperatures eq 5 predicts a slower varia-
tion of o with 7, in qualitative accord with Figure 2.
Table IV shows numerical results for some liquid systems
with large AT). With the exception of the oligomer, the
agreement is better and the variations in the scaling pa-
rameters are smaller than in the theory. But, as we have
said on other occasions, numerical agreement in respect to
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Table V
Glassy-State Theoretical Questions?
T, T* x 10-4 l1-

Polymer CK) (°K) T, x 102 -l >(<A({</)4A/plf) f
PaMS(a) 455 1.279 3.559 9.74 2.47 0.460
PaMS(b) 448 1.270 3.528 9.56 2.38 0.483
PCarb 423 1.213 3.488 9.32 1.92 0.530
PoMS 404 1.274 3.171 7.49 1.82 0.594
PCHMA 380 1.132 3.357 8.55 2.46 0.518
A-PMMA(a) 378 1.191 3.176 7.51 1.80 0.624
A-PMMA(b) 376 1.189 3.162 7.42 1.77 0.629
A-PMMA(c) 373 1.194 3.124 7.22 1.77 0.630
PEMA 338 1.154 2.930 6.14 1.89 0.610
PnPMA 308 1.089 2.828 5.58 2.64 0.480
PnBMA 293 1.054 2,783 5.32 3.35 0.358
PnHMA 268 0.998 2.686 4.79 4.57 0.159
PnOMA 253 0.977 2.591 4.26 3.25 0.404
PnDMA 208 0.919 2.265 2.59 1.13 0.786
PS(a) 369 1.180 3.127 7.23 1.99 0.587
PS(b) 365 1.270 2.874 5.82 1.50 0.656
PS(c) 362 1.268 2.855 5.72 1.36 0.689
PVC 349 1.132 3.083 6.99 1.96 0.609
PCPMA 348 1.074 3.234 7.89 2.06 0.614
I-PMMA 320 1.117 2.864 5.78 1.66 0.665
PCIF:E 318 1.388 2.290 2.71 0.81 0.771
PVAc 304 0.941 3.228 7.82 1.80 0.704
PMA 281 0.920 3.055 6.84 1.71 0.722
SBR 257 0.980 2.624 4.44 0.93 0.830
PDMSi(a) 150 0.816 1.838 0.98 0.23 0.950

(0.800) (1.875) (0.99) (0.80) (0.830)

@ Dashed line segregates n-alkyl methacrylate series.

second derivatives of a configurational partition function
beyond what we have obtained here, represents a very
stringent requirement. It should be noted that predictions
within the limitations shown, are sufficient for most prac-
tical processing applications.

I1. Glassy-State Correlations

We extend here the approach developed and applied to
polystyrene and poly(o-methylstyrene).® That is, we relate
the glass transition and the pressure-volume-temperature
(PVT) properties of a “constant formation’ glass to a de-
parture in the dependence of v on V and T from that pre-
dicted by the equilibrium condition (eq 2). Some time ago
we demonstrated that the assumption of a constant y re-
sults in too small an ag.5:¢ In other words, the holes make
a considerable contribution to the thermal expansion of
the glass, a contribution which is practically eliminated
only around 50°K or so, corresponding to reduced temper-
atures of considerably less than 10-2,26 We have proceed-
ed in a semiempirical manner by treating v as an adjust-
able parameter in eq 1 and its corresponding form for fi-
nite reduced pressures P.6

We begin with the transition region. Table V lists the
polymers in order of decreasing Tg, except for the methac-
rylate series. These are compared with the T*, taken from
Table III. Not surprisingly, a parallel trend between the
two characteristic temperatures exists. However, the re-
duced glass temperature, T, does not assume a universal
value, T varying more than T*. Generally speaking, rub-
bery polymers yield lower T’s. The fact that T, does not
represent a corresponding temperature has been stressed

(26) R. Simha, J. M. Roe, and V. S. Nanda, J. Appl. Phys., 43, 4312
(1972).

a long time ago and follows immediately from the ob-
served variability of the product «;T,.27 However, within
groups of polymers, the variations are not too pronounced,
as is evident in the column of T’s. While Ty, determined
by kinetic processes, should not strictly be a characteristic
temperature in respect to equilibrium processes, it is at
least approximately that. It follows immediately, that the
hole fraction 1 — y, at Ty cannot be constant. Instead, it
decreases with decreasing T, which to a large extent then
implies decreasing Tg. This is a physically reasonable re-
sult; low Tg systems should require relatively few holes to
pass into the liquid state.

In constructing the table, an adjustment in the T*
value obtained in section I for PDMSi was necessary,
owing to the large gap between T, (150°K) and the
starting temperature of the data.1® In order to place this
polymer on a comparable basis with the other systems
analyzed, T* was corrected by linear extrapolation to a
value corresponding to the midpoint of the range from T
to the highest temperature. This changes T%* from 8160°K

.(see Table III) to 8000°K and 1 — y from 0.0098 to 0.0099,

We note that the average observed variability in T%,
about 5%, would change 1 — y, by about 2.5%.

We continue into the glassy region. Figures 3-5 show
the temperature dependence of the vacancy fraction for
our three methacrylates.? It will be noted that in
PCHMA, the polymer with the highest T, the glassy line
is closest to the extrapolated liquid curve, derived from eq
2. The relationship between these two lines could be uti-
lized to define an effective temperature,?® at which a

(27) R. Simha and R. F. Boyer, J. Chem. Phys., 37, 1003 (1962); J. Polvm.
Sci., Part B, 11, 33 (1973).
(28) A. Q. Tooland C. G. Eichlin, J. Amer. Ceram. Soc., 14,276 (1931).
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Figure 3. Hole fraction as a function of temperature for PCHMA.
Solid circles, experimental; open circles, liquid, eq 1 and 2; solid
line, value at Tg.
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Figure 4. Hole fraction as a function of temperature for PCPMA.
Solid circles, experimental; open circles, liquid, eq 1 and 2; solid
line, value at 7.

given configuration of the glass (characterized here by the
parameter y) could be observed in the corresponding equi-
librium liquid. We propose to employ here an alternative
characterization. By means of the differences between the
two slopes, we can define a “frozen fraction” fas

f=1=- [(dy/dT)/(dy/dT)] (6)

These derivatives are strictly functions of temperature.
However it will be seen that over a considerable range the
first one may be taken as a constant. The second one is
obtained from the last column in Table II and T*. The f
values to be quoted refer to T = T, It is noteworthy, that
the presence of a § relaxation is evidenced by a second
decrease in the slope of 1 — v, as seen in Figure 5.

Table V lists the numerical values of (Ay/AT)g and f.
These are sensitive to variations in 7*. The correction of
2% made for PDMSI, for example, changes f from 0.95 to
0.83. For materials of higher Ty with their larger 1 - y,
and (dy/dT),, a 5% change in T* leads to an approxi-
mately 10% shift in f.

In Figure 6 we illustrate the important relationships.
The spread in reduced glass temperatures and 1 — yg is
visible with the characteristic clustering of values; note
the Ty region between about 0.028 and 0.032. The ex-
tremities are formed by PaMS, PCarb, and the siloxane.
Disregarding the higher members in the series of n-alkyl
methacrylates, we can draw a monotonic correlation line
for the frozen fractions with limits of less than 0.5 to
about 0.9. This line must tend toward unity, as Ty — 0.
The divergent loop expresses in another quantitative man-
ner the fact that these side-chain polymers have a pro-
nounced liquid-like character, as is reflected in their large
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Figure 5. Hole fraction as a function of temperature for I-PMMA.
Solid circles, experimental; open circles, liquid, eq 1 and 2; solid
line, value at Tg.
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Figure 7. Correlation of frozen fraction with T'g.

thermal expansivities,2? and extrema with chain length in
respect to these features.

We present in Figure 7 an approximate correlation be-
tween f and T. The equation of the straight line is

f=1107-1346 X 107 x T, (7

The maximum deviations are +12% (PCIF3;E) and
—15% (PCHMA), with the C3 to Cs methacrylates exclud-
ed. Equation 7 is not applicable for low Ty’s since it does
not have the correct limit, because f = 1 for Ty = 82°K.



914 Boyeretal.

Although the absolute values of f are very sensitive to
the accuracy of the glassy data, the relative order shown
here should remain valid. Figures 6 and 7 also indicate
the desirability of information on systems in the range T
< 300°K and > 450°K.

III. Conclusions

The results on the diverse systems examined extend and
strengthen previous conclusions. In the liquid state, the
quantitative performance of the theory appears now suffi-
ciently defined. Practically useful estimates of liquid den-
sities can be obtained from a minimum of experimental
information. The characteristic scaling parameters, in this
work only V* and T*, which are determined from experi-
ment, can provide more informative comparisons between
different systems than the macroscopic quantities them-
selves. Moreover, they are a guide for the selection of ad-
ditional structures for investigation. Here the pressure
variable is important and future publications are to ex-
tend previous work3-22 in this direction.

Macromolecules

The extension into the glassy region by a combination
of experiment and theory enables us to characterize differ-
ent glasses in terms of the structural parameter y and its
temperature derivative, or the frozen fraction 7. As is il-
lustrated by means of the methacrylate series, these
quantities sensitively monitor structural differences. As
has been pointed out earlier, these results have a bearing
on the phenomenological treatment of the transition pro-
cess in terms of frozen ordering parameters. Here again
pressure studies are important.® Densities can be estimat-
ed from the correlations presented, once V*, T*, and Ty
are known. Considerable fluctuations in the numerical
values of f produce much smaller variations in specific
volume, for example, 20 vs. 0.1%. Of course, the converse
places a considerable strain on experimental accuracy.

While our objects of investigation have been organic
polymer glasses, it will certainly be interesting to explore
these quite general ideas for other types of glasses as well.
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ABSTRACT: Linear thermal expansion coefficients, a’, have been determined in the temperature range from lig-
uid Nz to Ty for Nylon 6,6 Nylon 11, and ethylene-co-(28 wt % vinyl acetate). o’ shows a two- or possibly three-
stage discontinuity well above experimental error for the two nylons but a less drastic increase for the copolymer.
These events appear to be associated with the well-known mechanical v relaxation at ~150°K for these three
polymer systems. These increases in o’ are much greater than for polystyrene which lacks a strong v relaxation in
an equal temperature span below its T. Increases in « (= 3«’) well below Ty, which we associate with in-chain
motion of (-CHsz-), moieties (with n > 3-5), are considered responsible for the fact that literature values of g
just below Ty for these three polymers are higher than the normal «, of 2 X 10-* deg~! reported for many poly-
mers such as polystyrene. DSC scans on Nylon 6,6 and the copolymer show no unusual features in the v region.

One of us recently noted?2 that values of the glassy
state coefficient of cubical expansion, ag (measured just
below the glass temperature, T;), were considerably above
the normal value of about 2 X 10-* deg~! for aliphatic
nylons and ethylene-vinyl acetate (E-VAC) random co-
polymers. We proposed that these high values of «, were
associated with the T < Ty, or v relaxation present in
these polymers and copolymers and generally ascribed to
motion of three to five in-chain methylene groups.?b:2 We
postulated the existence of discontinuities in thermal ex-
pansion at T, from this in-chain motion, in analogy with
discontinuities in « found by Simha and his colleagues for
side-chain motion in the alkyl methacrylate?-5 and alkyl
vinyl ether8.7 families of polymers.
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Since this postulate was crucial in our attempt22 to un-
derstand the glass transition and thermal expansion be-
havior of polyethylene, some experimental verification
seemed desirable. The linear variable differential trans-
former technique, LVDT, used extensively by Simha and
his collaborators*® is ideally suited for the temperature
range of most interest, namely, from liquid nitrogen to the
glass temperature. It is also used down to liquid helium
temperatures. Our materials were also examined in the
latter range but these results will be reported elsewhere as
part of a master’s thesis by one of us.?

The aliphatic nylons and E-VAC copolymers can be
written generically as containing the moiety, -R-(CHz),—
R-, with appropriate values of R. We?2 assumed them to
be ideal model compounds for studying the glass transi-
tion phenomena in polyethylene for two reasons. (1) They
have relatively unambiguous glass transitions which de-
crease with n, in addition to a v relaxation around 150°K
whose temperature is approximately independent of n, al-

(8) J. L. Zakin, R. Simha, and H. C. Hershey, . Polym. Sci., 10, 1455
(1966).

(9) S. Lee, Department of Macromolecular Science, Case-Western Reserve
University.



