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Pressure-Volume-Temperature Studies of Amorphous and 
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ABSTRACT: By means of instrumentation developed previously, three methacrylate polymers in the liquid and 
glassy states, a standard and a high molecular weight linear polyethylene, and a branched standard polyethylene 
are investigated between room temperature and about 200° and up to pressures of 2 kbar. Thus the liquid as well as 
the glassy and crystalline regions respectively are included. Analytical representations of the equation of state are 
obtained and the resulting thermal expansivities and compressibilities compared with each other and with the re- 
sults of previous investigators for similar polymer systems, where possible. 

As part of a series of dilatometric studies of amorphous 
polymers in the rubbery and glassy states we have deter- 
mined the equation of state of several vinyl polymers at 
pressures up to 2 kbar.lS2 These and other results3 are sum- 
marized in terms of simple empirical re la t ion~hips . l ,~*~ Fi- 
nally we have analyzed the results in terms of liquid state 
t h e ~ r y . ~  

In continuing this series we consider two groups of sys- 
tems, one encompassing several methacrylates, and the 
other polyethylenes above and below the melting range. As 
for the former, the most studied polymer is atactic poly(m- 
ethyl methacrylate) (PMMA). But even here the data are 
limited in scope. Hellwege, et d . , 6  present two isotherms 
below T ,  and their maximum temperature is 139’. Heyde- 
mann and Guicking7 limit themselves to pressures below 1 
kbar. A highly isotactic polymer was recently examined by 
Quach, et al. 

Dilatometric studies of other methacrylate polymers, in- 
cluding poly(n- butyl methacrylate) (PnBMA), a t  atmo- 
spheric pressure have been undertaken by several au- 
thors.8-1O The latter investigators considered several de- 
grees of stereoregularity in PMMA. Poly(cyclohexy1 
methacrylate) (PCHMA), a system of considerable interest 
in connection with low-temperature dynamic mechanical 
studies,11-12 has not been investigated in our context. 

The literature contains a number of studies on polyeth- 
ylenes of various origins. The data are either limited in re- 
spect to the range of variables or accuracy, and in other in- 
stances are not given in a form suitable for numerical anal- 
ysis. A study in a single laboratory with standard samples 
of the high and low density types is desirable. 

The theoretical analysis of the measurements in the liq- 
uid range provides a further test of its basis, yields addi- 
tional characteristic scaling  parameter^^,*^^^^ for the diverse 
structures investigated, and offers a starting point for the 
characterization of their glasses. These are the subjects of 
the following paper. 

I. Results 
The design and calibration of the pressure dilatometer 

have been described previously.1 PMMA was prepared by 
conventional free radical polymerization by Ms. S. Lee. 
The glass temperature of the sample is 105’. The PnBMA 
is identical with the polymer studied earlier.9 The PCHMA 
was obtained through the courtesy of Dr. J. Heijboer and is 
identical with the polymer employed earlier in our dilato- 
metric studies at  atmospheric pressure.12J3 

Three polymers of ethylene were used, namely the stan- 
dard samples SRM 1475 and SRM 1476 issued by the Na- 
tional Bureau of Standards, which represent a linear (LPE) 
and branched (BPE) species, respectively. To these we 
have added the ultrahigh molecular weight linear polyeth- 

ylene provided by the Allied Chemical Co. (HMLPE). In 
regard to sample preparation and thermal history we follow 
the procedures applied in previous work.112 

The specific volumes of the three methacrylates in the 
liquid and glassy ranges are listed in Tables 1-111 and the 
results for the three ethylene polymers appear in Tables 
IV-VI. 

11. Discussion 
1. Methacrylate Polymers. We start with atmospheric 

pressure. The specific volumes can be represented by poly- 
nomials above and below the respective T,’s of 20, 105, and 
107’ for PnBMA, PMMA, and PCHMA, respectively, and 
the coefficients are listed in Table VII. The thermal ex- 
pansivities a1 and ag a t  T = T ,  are compared with previous 
observations in Table VIII.8*9J3,14 For PnBMA the good 
agreement with the values of Haldon and Simhae is noted. 
In PMMA the agreement between two ai's obtained in our 
laboratory with different instruments is satisfactory, but 
the relative difference in a, is greater. In the ag of PCHMA 
a still larger difference but with the opposite sign is noted. 
Unfortunately different molding procedures were em- 
ployed in the two sets of experiments and instruments. The 
ai’s are in the order PnBMA > PCHMA > PMMA, al- 
though the difference between the first two is not large. 
This sequence is reasonable, considering the nature of the 
side groups. The inversion in the ag’s between PMMA and 
PCHMA may result from a restriction of the side-group 
motion by the ring in the glassy state.13 The enlarged value 
of cyg in polymers with flexible side chains is again illus- 
trated by PnBMA. Finally a detailed examination of the 
datal5 reveals once more a subglass relaxation located a t  
60’ in PMMA, independently of p r e ~ s u r e . ~  

We turn next to the analytical representation of the re- 
sults a t  elevated pressures. Again we make use of the Tait 
equation in the form employed earlier.1$2y4 

1 - V(P ,  T ) / V ( O ,  T )  = 0.0894 In [l  + P / B ( T ) ]  (1) 

Some theoretical rationalization of this expression and of 
the near universality of the numeric has been offered by a 
comparison of first and second derivatives with results of 
cell theory, but it represents an essentially empirical, yet 
practically useful, relation. 

Figures 1-3 illustrate the performance of eq 1 in the liq- 
uid as well as the glassy state. The transition pressures per- 
taining to a given isotherm were obtained by locating the 
minima in the isothermal pressure derivatives of the bulk 
moduli.’ We recall that these transition data refer to the 
systems generated by pressurizing the liquid along a given 
isotherm and hence represent so-called high pressure or 
variable formation glasses. 

The smoothed B values derived from the isotherms in 
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a Line under n u n b e r i r !  I n d i c a  

Figures 1-3, excluding the transition regions, can be repre- 

viz. 
sented by an exponential temperature function, 1 1 9  2 4 9 16,17 

B = Boe-Bit (2 ) 

where t represents the temperature in degrees Celsius. 
Table IX lists the numerical values of the coefficients. 
Equation 2 predicts the average B's with a maximum de- 
viation of only 1.5% (PnBMA at 33.90).15 Equations l and 2 
together with the polynomial representation of Vo, see 
Table VII, represent the complete equation of state of the 
liquid polymers and of their high-pressure glasses. 

The parameter B1 represents the derivative (a In K I B T ) ~  
of the isothermal compressibility K for P << B. As one might 
expect, and is also seen here, B1 is usually observed to be 
smaller in the glass. PnBMA represents an exception. Al- 
though the numerical difference is not large, the departure 
from the normal pattern appears to be real. Unless this re- 
sults from the presence of low molecular weight impurities, 
an obvious suggestion is the presence of relatively mobile 
side groups. On comparing PCHMA with PMMA, we find 
the former to be somewhat less compressible in the glassy 
state as is seen from the numerical values of B, uiz., B = 
3570 at 18.6 us. 3380 at  17.2O. This is reversed in the liquid; 

a . Line under nu,ber[rl indicates o n r e t  o f  Tm 

Table I: 
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- 
- L i n e  under number(31 indicarei onset a f  T 

1300 a t  158.2 vs. 1490 at 159OC. A smaller and larger ex- 
cluded volume below and above T, respectively in the poly- 
mer with the bulky side groupI3 would be in qualitative ac- 
cord with such an observation. At a corresponding temper- 
ature above T,, PnBMA has about the same isothermal 
compressibility as PMMA. 

The detailed agreement between experimental and com- 
puted (eq 1 and 2) volumes and the by now familiar pattern 
in the transition region of the VT plane (see, for example, 
Figures 5 and 6 in ref 1) will not be produced here but may 
be inspected in ref 15. 

The glass temperatures of the high-pressure glasses vary 
linearly with pressure in our range. The derivatives dT,/dP 
are of a very similar magnitude, namely 20.4, 22.4, and 
23.6"CIkbar for PnBMA, PCHMA, and PMMA, respec- 
tively. The latter value is close to the 23.0 reported by Hell- 
wege, et aL6 The similarity of these numbers and the 
spread of the coefficients for PMMA given in the litera- 
ture6r7,1s precludes any attempt a t  a correlation with the 
structure of the methacrylates. We recall also, that  for iso- 
tactic PMMA the pressure coefficient equals 21.2OC/kbar, 
notwithstanding the considerably lower T, (47O) than for 
the atactic species and differences in the compressibilities 
of the glasses (but not the liquids).2 



208 Olabisi, Simha 

10 

Macromolecules 

I 3 3  1 

146.4 
- - a c c G s G $ 3 G ( D -  
c m m m m m m c +  - 160.2 - 

m m m m n . m m &  
174 3 --aJ 5 5 "\ (D- 
199 5 

u J G G G c ) G G w w o -  

'Table VI1 
Coefficients of Polynomials V = X i !  oait' 

at Atmospheric Pressurea 

Temp 
range, 

Polymer deg C a,, al x 104 a, x io6 a3 x ioio 

PnBMA 25-200 0.9341 5.5254 6.5803 1.5691 
PCHMA 110-200 0.8793 4.0504 0.7774 -7.7534 
PMMA 110-160 0.8254 2.8383 0.7792 0.0 
PCHMA 18.6-84.5 0.9042 2.1978 0.0580 0.0 
PMMA 67.7-100 0.8394 1.8365 0.4049 0.0 
PMMA 17.2-56.8 0.8417 1.3711 0.5765 0.0 
a Maximum error of fit less t han  0.170 in V. 

Table VI11 
Thermal Expansion at Tg (P  = 1 a tm)  for PnBMA, 

PMMA, and  PCHMA from Different Sources 

T,, (yl x 104, x 104, 
Polymer Ref deg C deg Cml deg C-' 

PnBMA 8 20 6.44 4.01 
9 18 6.00 4.44 

T h i s  work 20 6.05 4.36 
PMMA 8 105 5.29 2.47 

9 103 4.80 2.25 
14 100 5.19 2.75 

T h i s  work 105 5.30 2.95 
PCHMA 13 107 5.91 2.93 

T h i s  work 107 5.91 2.53 

Table IX 
Coefficients in Equation 2 

Temp range, B, x 103, 
Polymer deg C Bo, bar deg C" 

~ 

PnBMA, g 12.2-34 2509 5.580 
1 34-200 2267 5.344 

PCHMA, g 18.6-74 3762 2.983 
1 122.7-200 2952 5.220 

P M W ,  g 17.2-91 3564 3.229 
1 113.5-1 60 2875 4.146 
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Figure 2. Tai t  parameter B of PCHMA as a function of pressure 
a t  a series of temperatures above and  below T,. Arrows indicate 
transition points. 

90.8 i m m , , m m m m  
w u w w u J w w  

l 
113.5 

P M M P  /+'-& 124.5 

-i. 135.1, I' , / -  

0 800 1600 
P ,  b a r  

Figure 3. Tai t  parameter B of PMMA as a function of pressure a t  
a series of temperatures above and below T,. Arrows indicate t ran-  
sition points. 

sample, judging from its density (0.9726 g/cm3). The latter 
has a lower density (0.9183 g/cm3) than its counterpart. 
Below the melting range, the results are close for the two 
LPE's, in accord with their room-temperature densities. 
Above 1 7 5 O ,  however, our densities are significantly lower. 
The differences between the two crystalline BPE's are in 
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Table X 
Coefficients for VT Equations for Polyethylenesa (Atmospheric Pressure) 

~~- ~ ~ ~ ~ 

a1 x 104, 
Polymer Trn a0 al x io3 a, x Io6 VO deg K-’ Range 

HMLPE 403 1.4098 -2.6322 

LPE 403 1.2556 -1.7743 

BPE 386 1.8778 -5.7855 

Maximum error of fit less than 0.170 in specific volume. 

0 LPE(09794) 
A LPElO9726) 

BPE 0 9320) 
0 ~ ~ ~ 1 0 9 1 8 3 )  
0 HMLPE(09268) 

0 5 0  100 150 200 

T O <  

Figure 4. Volume change of polyethylenes at atmospheric pres- 
sure as a function of temperature including melting range. 

accord with those in the degree of crystallinity. In the melt 
a more appreciable difference having an opposite sign is 
observed. The density of HMLPE is close to that of the 
BPE standard sample at room temperature. In the melt the 
differences between the BPE’s and LPE’s are comparative- 
ly minor, as is illustrated in Tables IV-VI. The breadth of 
the melting range of HMLPE is intermediate between that 
of the linear low molecular weight and the branched 
species. 

The results can be fitted to second-order polynomials in 
the crystalline region, whereas we find constant thermal 
expansivities in the melt, thus 

I’ = 00 + Q ~ T  + a2T2 T < T,,, 

1’ = V, exp(cr,T) T > T ,  
with numerical values given in Table X. The expansivity cy1 

of BPE agrees with values reported by previous investiga- 
tors,lg but these authors observe no difference between 
high and low density specimens, in contrast to our findings. 
The HMLPE has a significantly higher thermal expansiv- 
ity than its low molecular weight counterpart. Whether this 
reflects the influence of temperature dependent entangle- 
ments, expected a t  such high molecular weights (>5 X lo6), 
or of a comparatively reduced short-range order, is uncer- 
tain. We should mention, however, that Wilson,14 using a 
different volume dilatometer,l3 found a1 to vary from 7.82 
to 7.99 X between 150 and 200°, the range in question, 

(3 1 

5.1421 0.8992 8.50, 292-386 
413-473 
293-388 
415-473 

10.3720 0.9399 7.341 2 9 2-3 71 
398-473 

3.3368 0.9172 7.80, 

which is close to the value quoted here for LPE. 
We continue with the pressure data in the melt. As indi- 

cated recently,17 a previous analysis of Hellwege, et d ’ s ,  
experiments in terms of the Tait equation20 Gontained an 
oversight. This does not affect qualitative conclusions for 
the amorphous polymers, but does so for the polyethylene 
melts. Equation 1 may again be shown to represent the iso- 
therms ~atisfactori1y.l~ Equation 2 can be fitted to the av- 
eraged experimental B’s with a maximum deviation of 
1.5%.15 The coefficients Bo and B1 are listed in Table XI, 
which also contains the corrected values for Hellwege, et 
a l . ’ ~ , ~  polymers; see the second and last rows. The previous 
suggestion of a pressure induced ordering effect, which was 
based on the apparent dependence of the Tait parameter B 
on pressure,20 must be abandoned. We note the closeness 
of the B1 coefficients with the exception of HMLPE. How- 
ever, all the compressibilities are very similar, since the 
maximum difference between the B’s of the five polymers 
a t  175’ amounts to only 4.3%. 

Equations of state for semicrystalline polymers have 
been developed by several a ~ t h o r s . ~ l - ~ ~  These are either of 
a correlative nature or attempt to derive properties of the 
amorphous fraction from characteristics of the crystal. We 
do not propose here to apply these results to our data. Our 
main theoretical concerns are the melt and the glass and we 
are looking here only for analytical representations of ex- 
perimental data. In the light of the success of eq 1, it would 
be of interest to explore its performance below the melting 
range and the applicability of the Tait relation to the crys- 
tal. The proper starting point would be the usual relation 

V(P,  T )  = xV,(P, T )  + (1 - x)V,(P, T )  (4) 
with x the degree of crystallinity, V ,  the specific volume of 
the amorphous fraction extrapolated from the melt, and V ,  
that of the crystal. Appropriate Tait expressions for the 
two phases may be written, which involve temperature ex- 
trapolations of V,(O,T) and B,( 7”).  Unfortunately the re- 
sults are very sensitive to the numerical values assigned to 
these quantities. Particularly the use of the relationships 
for V,(O,T) established in the melt is questionable and we 
do not pursue this approach further at  this time. 

Since there is practical utility to obtaining an explicit 
PVT expression for purposes of interpolation and compari- 
son, we have investigated the direct application of eq 1 to 
the semicrystalline polymers. The detailed results are given 
e1~ewhere.l~ The parameter B turns out to  increase slowly 
with pressure, excluding of course the transition region. A 
simple averaging of each isotherm yields the result 

B = Bo - Bit @a) 
with the numerical coefficients displayed in Table XII. We 
note a systematic trend of Bo with the density a t  20° and a 
maximum deviation of 5% in LPE at 19.5’. However, B1 
varies irregularly, so that at  elevated temperatures this 
trend no longer affects the compressibility. 
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Table XI 
Coefficients i n  Equation 2 
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Table XI1 
Coefficients i n  Eauation 2a 

Temp range, B~ x 103, 
Polymer (pao0)  deg C Bo,  bar deg C-' 

~ 

LPE (0.9794) 14 2-2 00 1767 4.661 
LPE (0.9726) 150-203 1738 4.558 
BPE (0.9320) 130-200 1771 4.699 
HMLPE (0.9268) 140-200 1683 4.292 
BPE (0.9183) 130-175 1879 4.796 

111. Conclusions 
In the liquid and in the glass, the normal side chain ex- 

erts a greater influence in enhancing the thermal expansiv- 
ity at  T ,  than the cyclohexyl ring. Similarly, the tempera- 
ture coefficients of the compressibility in liquid PnBMA 
and to a lesser degree PCHMA exceed that of PMMA. In 
the glassy state, a reversal between PCHMA and PMMA 
occurs. Whereas these coefficients are usually found to be 
larger in the liquid than in the glass, the two values are al- 
most identical in PnBMA, which may be taken as a mani- 
festation of a relative freedom of the side chain. Regardless 
of these differences, the varying compressibilities and loca- 
tions of the glass temperature, the differences between the 
pressure coefficients dT,ldP are minor, with the smallest 
value resulting for PnBMA. 

In the melt we observe an increase of the thermal ex- 
pansivity in the series BPE, LPE, HMLPE with the larger 
difference between the latter two. This may be caused by a 
temperature-dependent contribution of entanglements. 
Only small differences between the compressibilities exist, 
although HMLPE is distinguished by a lower temperature 
coefficient of the compressibility at  low pressure. 

The use of the Tait equation for the semicrystalline sys- 
tem cannot yield more than a rough average between crys- 
talline and amorphous contributions. The compressibility 
extrapolated to 0' seems to increase with decreasing densi- 
ty of the five polyethylenes in Table XII, which is reason- 
able. However, as the temperature increases, a systematic 
trend is obliterated. At loo', HMLPE still has the largest 
compressibility of the LPE's, but both BPE's are consider- 
ably more compressible. 
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Temp range, B1, 
Polymer (p2,,0) deg C Bo,  bar deg C" 

LPE (0.9794) 19.5-1 15 4758 22.7017 
LPE (0.9726) 19.4-120 4479 21.7195 
BPE (0.9320) 19.1-98 3233 22.6510 
HMLPE (0.9268) 18.7-1 13 3051 14.7650 
BPE (0.9183) 20-101 2758 17.4424 
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