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SUMMARY 

p-V-T measurements have  been  carr ied out on a b road  series of polymers and 
po lymer  blends. The e f fec t  of pressure on the glass transit ion tempera tu re ,  Tg, and 
on re la ted propert ies - increments of the coeff ic ients of expansion, Ac~, and  com-  
pressibility, A~:, at  Tg - has been  e v a l u a t e d  crit ically. The results are discussed i n  
terms of  the f ree vo lume,  the order parameter ,  and the statistical m e c h a n i c a I  the- 
ory. It is c o n c l u d e d  that  nei ther the simple 'free vo lume'  theory, nor the order  para-  
meter  theory in the one order assumption predic t  correct ly the observed behaviour.  
A possible explanal [ ion of the p h e n o m e n a  observed is o f fered assuming an ex- 
pansion of the free volume, which is i ndependen t  of the nature of the polymer.  For 
the blends binary contac ts  b e t w e e n  the componen ts  are discussed, with respect  
to in teract ion energy  and to con fo rmat iona l  rearrangements.  

INTRODUCTION 

The e f fec t  of pressure on the glass transit ion tempera tu re  of polymers and  rela- 
ted propert ies ( increments of the coeff ic ients of expansion, A~, and  compressibil i ty, 
/,~, at  Tg) has been  in the focus of  research activit ies for a long t ime. With respect  
to the theore t i ca l  in terpretat ion of this p h e n o m e n o n  three ma jo r 'mode ls  have  
been  discussed in l i terature. 

- The f r e e - v o l u m e  t h e o r y  (1) 
relates the glass transition tem- 1.05 
pera ture  to a cer ta in  cri t ical 
value,  to, of the tempera tu re  
and pressure d e p e n d e n t  free- 
vo lume fract ion, f, 1.00 

f = fc 8- Otf (T-Tg) - ~f p ( ] ) 

for T>Tg and  f = fc, for T < Tg 0.95 

The pressure d e p e n d e n c e  of  
Tg will be accord ing ly  given by 

dTg/dp = A~/Ac~ ( 2 ) 0.90 
0 

it is assumed, consequent ly ,  
that  Tg should increase l inearly 
with pressure, p. 
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Figure 1 A: p-V-T m e a u r e m e n t s  �9 Spec i f ic  
vo lume vs. tempera tu re  of PS at  various pressures 
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Simha and Somcynsky (2) have  ex tended  the free vo lume theory in terms of  
statistical the rmodynamics  by in t roducing vacanc ies  in a par t icu lar  la t t ice model .  
The vacanc ies  are cons idered via a statistical disorder funct ion of the f ract ion of 
holes, h(V,T), which varies also far be low  Tg and which is responsible for persisting 
s igni f icant structural contr ibut ions to the t he rmodynamic  funct ions even in the 
glassy state (3). The hole f ract ion is ob ta i ned  by minimizat ion of the conf igura t iona l  
f ree energy.  The result is a p-V-T equa t ion  of state, and  the glass tempera tu re  is 
de f ined  by the intersect ion of the p-V-T interfaces for the po lymer ic  mel t  and  the 
glass. The Simha-Somcynsky theory results, however,  in very c o m p l i c a t e d  analy t ica l  

expressions for the pressure depen-  
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Figure 1 B: Speci f ic vo lume vs. temp.  0 f75 % 
PMMA / 25 % PVC b lend at  various pressures 
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Figure 2 A: Glass tempera tu re  Tg vs. pres- 
sure for PPO, PMMA, PCHMA, PS and PVC 

d e n c e  of the increments of expan-  
sion coef f ic ien t  and  the compressi- 
bil ity at the glass transition. 

- The order parameter theory (4) 
describes the glass-forming system 
in terms of one or more order para-  
meters. These order  parameters  
have  equi l ibr ium values in the li- 
quid state, and  they are frozen-in 
within the glass. In the one order 
pa rame te r  t reatment ,  the same li- 
near  cor re la t ion equ. (1) results 
b e t w e e n  the glass t empera tu re  
and pressure as in the free vo lume 
theory. The order  pa rame te r  theo-  
ry, however ,  predicts that  the pres- 
sure d e p e n d e n c e  of Tg determined 
by isobar coo l ing  may  dif fer from 
that  found in isothermal compres-  
sion. 

- Finally, accord ing  to the sta f fs -  
tical-mechanioal theory of Gibbs 
and DiMarzio (5), the glass t e m p e -  
rature in polymers is assoc ia ted 
with a t h e r m o d y n a m i c  second-or-  
der transition, de f ined  by a vanish- 
ing cenfigurational ent ropy of the 
system descr ibed by a S-V-T equa -  
t ion of state. In our context ,  the 
most impor tan t  result of  the Gibbs- 
DiMarzio theory is the pred ic t ion  
tha t  with increasing pressure the 
changes  of the glass transit ion 
and re la ted propert ies are level ing 
of f  asymptot ica l ly .  This is in accor -  
d a n c e  with exper imenta l  findings. 

In the present pape r  we wish to 
analyze some da ta  concern ing the 
in f luence of pressure on the glass 
t empera tu re  and re la ted proper-  
ties of both  polymers and c o m p a -  
t ib le  po l ymer  blends. 



1. Tg extrapolated from isobaric 
pVT measurement to 0 MPa 

2. Isobaric Tg value for 10 MPa 
a. BASF sample 
b. BASF sample, 

anionic polymerization 
c. Own anionic polymerization 
d. R6hm sample, 

group transfer polymerization 
e. Aldrich sample 

EXPERIMENTAL 

The polymers used for po lymer  
b lend p repara t ion  and their cha-  
racteristics are g iven in Table I. 

The p-V-T measurements  were 
per fo rmed by the hydrostat ic  me- 
thod using the GNOMIX p-V-T ap-  
paratus of Zoller in both  the iso- 
thermal  and  isobaric mode.  In the 
isothermal  m o d e  d a t a  are acqu i -  
red a long  isotherms for wel l  defi-  
ned pressure steps. Starting measu- 
ring condi t ions be ing f ixed for a 
pressure of 10 MPa, speci f ic  volu- 
mes at a tmospher ic  pressure are 
ex t rapo la ted ,  in the isobaric m o d e  
the da ta  are acqu i red  in se lec tab:  
le t ime intervals dur ing cont ro l led 
heat ing  or coo l ing  of the a p p a r a -  
tus. In the isobaric m o d e  of measu- 
rement  the coo l ing  to room tem- 
perature  is self-driven, however ,  
by the  t e m p e r a t u r e  d i f f e rence  
b e t w e e n  env i ronment  and  the hy- 
drostat ic  pressure vessel, conta in -  
ing the p iezomete r  cell  with the 
po lymer  sample in mercury as the 
conf in ing fluid. 

The e x p e r i m e n t a l  d a t a  a re  
usually presented in isobaric form - 
speci f ic vo lume vs. t empera tu re  - 
as shown in Fig. 1A for PS measured 
in the isothermal mode .  Beside the 
shift Tg to h igher temperatures,  the 
d e v e l o p m e n t  of a vo lume relaxati-  
on zone is observed,  wh ich  enlar- 
ges with increasing pressure. 

Figure 3: Pressure d e p e n d e n c e  
of the width of the re laxat ion zone 
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Table I: Character ist icsofthestudied polymers 

Polymer M n Mw/M n Tg / K 

PPO �9 Poly(2,5-dimethyl 
phenylene oxide) 13,100 a 2.73 451.71 

PS �9 Polystyrene 42,000 b 1.03 364.71 
PCHMA �9 Poly(cyclo- 
hexylmethacrylate) 62,000 c 1.44 366,91 

PMMA �9 Poly(methyl 
methacrylate) 108,000 ~ 1.08 382,6 2 

PVC �9 PolyvinylchIorid 37,400 e 2.23 354.62 
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Figure 2 B: Relat ive Tg (Tgp/Tgo) vs pres- 
sure for PPO, PS, PCHMA, PMMA, and PVC 

p l "  

/ / 

8 o  ii~ 

z 

4 0  / 

x ~ ~ o  

0 Pressure, MPa 

0 50 100 150 200 



648 

In Fig. 113 the d i f fe rence  b e t w e e n  p- V-T da ta  measured in the isothermal and  
in the isobaric m o d e  is i l lustrated for the b lend of 75% w / w  PMMA / 25% w / w  PVC. 
As the reproducib i l i ty  of da ta  is assured in the isothermal measurement  mode,  
further discussions will be restricted to isothermal p-V-T data .  

RESULTS AND DISCUSSION 

A - H o m o -  a n d  c o p o l y m e r s  

The pressure d e p e n d e n c e  of  the glass tempera tu re  is i l lustrated in Fig. 2 A. It is 
def ined,  as sketched in Fig. 1, by the intersect ion of the ex t rapo la ted  lines of the 
speci f ic vo lume of the mel t  and  of the glass or -  for the higher pressures - of the re- 
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Figure 4 B:. Increments of expans ion coef f i -  
c ient  at Tg, and  Simha-Boyer rule vs. pressure 

laxat ion zone. In a c c o r d a n c e  with 
l i terature da ta ,  as rev iewed  by 
Skorodumov and  Godovski i  (6), the 
increase of the glass t empera tu re  
decreases asymptot ica l ly  with in- 
creasing pressure. In a relat ive pre- 
sentat ion, Tgp/Tg o, the increase of 
the glass t e m p e r a t u r e  is l inear, 
however,  as e v i d e n c e d  in Fig, 2B. 
It is remarkab le  that  the pressure 
inf luence on the glass tempera tu re  
is the higher, the higher the initial 
glass t empera tu re  of the po lymer  
at  a tmospher ic  pressure. At the 
same t ime an increase of the width 
of the ' relaxat ion'  zone is observed, 
which is de f ined  by the tempera tu -  
re range  of near ly  no increase of 
speci f ic  vo lume with increasing 
tempera tu re  b e t w e e n  glass and 
melt  (see Fig. 1). It is interesting to 
note that, in the limit of  exper imen-  
tal error, the lower  t empera tu re  li- 
mit of the " re laxat ion '  zone coinci-  
des with the glass t empera tu re  of 
the po lymer  a t  a tmospher ic  pres- 
sure. The same behav iou r  concer -  
ning the re laxat ion  zone width has 
been  observed by Zoller - Hoehn 
(7). However,  in c o m p a t i b l e  poly- 
mer blends this lower tempera tu re  
limit of the ' re laxat ion '  zone seems 
to a p p r o a c h  the glass tempera -  
ture of the b lend  c o m p o n e n t  with 
the lower Tg. This is at  least val id for 
the PVC/PMMA biend (see Fig. 1B). 

Accord ing ly  to the two of the 
Simha-Boyer rules (8), wh ich re late 
the expans ion coef f ic ients with Tg 

0~mel~Tg=.164 and  (A0~)TgTg:.113 

with (A0~)Tg = ( C ( m e l t  - OCglass ) Tg ( 3 ) 
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an increase of the  glass tempera ture  with increasing pressure will be a c c o m p a n i e d  
by a decrease  of the expansion coeff ic ients.  This is i l lustrated in Fig, 4A for the influ- 
ence  of the pressure on the slopes, 13 = dV/dT (cm 3 g.1 deg-~) (9), of the speci f ic  
volumes of the po lymer ic  glasses and melts, respect ively.  It is remarkable tha t  the 
decrease  of the expansion coef f i c ien t  is the steeper, the steeper the increase of 
the glass t empera tu re  wi th pressure ( compare  da ta  for PPO, i. e.) The e f fec t  is 
essential ly e v i d e n c e d  by the polymer melts. The increments of the expans ion co- 
e f f ic ient  at  Tg, (hO,)Tg, were eva lua ted  d iv id ing the cor responding ~-values by the 
respect ive speci f ic  volumes at Tg. The ob ta ined  da ta  are shown in Fig. 4 B, toge-  
ther wi th  the values of the p roduc t  [AC0Tg" Tg. The latter p roduc t  still shows a de- 
creasing t e n d e n c y  wi th increasing 
pressure. Again,  the e f fec t  is the 
larger for the po lymer  wi th the 
h igher  glass t ransi t ion at a tmo-  
spheric pressure, i. e. for PPO. 

The tempera tu re  d e p e n d e n c e  
of the compressibi l i ty  coef f ic ient ,  
A~ = (1/V) (dV/dp) ,  is ev idenced  in 
Fig. 5 A, The pressure dependences  
of the increments of the compressi- 
bil ity coef f i c ien t  at  Tg of the studied 
polymers, (AK)Tg = (Kmeft - Kgloss]Tg, 
are shown in Fig. 5 B. They were 
eva lua ted  start ing wi th  the dif fe- 
rences of the speci f ic  volumes, AV, 
ob ta ined  by substract ing the cor- 
responding spec i f ic  vo lume of the 
re laxat ion zone, ex t rapo la ted  to 
the respect ive Tg, from the melt  
speci f ic  vo lume (see Fig. 1 A). Like 
the increments of the expansion 
coe f f i c ien t  at  Tg (dashed lines), 
the compressibi l i ty coe f f i c ien t  in- 
c r e m e n t s  at  Tg ( d o t t e d  l ines) 
decrease with increasing pressure. 
However,  the decrease is steeper 
for the lat ter  (Fig. 6). The t e n d e n c y  
of level ing off wi th increasing tem- 
perature is e v i d e n c e d  by both.  

Taking into a c c o u n t  the predic-  
tions of the simple free vo lume the- 
ory the pressure d e p e n d e n c e s  of 
the two  charac ter is t i c  ratios of (1), 
ATg/Ap, and  A~/Ac~, respect ively,  
are c o m p a r e d  in Fig. 7. It is remar- 
kable tha t  the two  ratios have dif- 
ferent  values and  are nei ther con-  
stant, nor pressure independen t .  
In the same t ime both show a level- 
ing off t e n d e n c y  wi th increasing 
pressure. Add i t iona l l y  the respecti- 
ve values are po lymer  specif ic, like 
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all other studied properties related with the polymer glass transition. 
The obta ined data concerning the pressure inf luence on T~ and related pro- 

perties suggest that neither the simple 'free volume' theory, nor the order parameter 
theory in the one order assumption predict correct ly the observed behaviour. 

All studied characteristics show a strong tendency  of asymptotical leveling off 
with increasing pressure. However, the observation is unexpected that, at Tg, the 
changes of glass temperature, expansion and compressibility coeff icient as well of 
their increments are the more accentua ted  the higher the glass transition tempe- 
rature of the polymer at atmospheric pressure. A stronger pressure ef fect  concern- 
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ing the shift of melting to higher 
temperatures (10) has also been 
observed for polymers with an ini- 
tial larger bulk melting tempera- 
ture at atmospheric pressure. 

A possible explanat ion is offe- 
red assuming an expansion of the 
free volume, which is independent  
of the nature of polymer. Suppos- 
ing that  the need of "free volume' 
generally increases with increasing 
T~, at higher pressure more free 
volume has to be created by ex- 
pansion in order to al low the cha- 
racteristic mobilities for glass trans- 
ition. As a consequence the pres- 
sure dependen t  shift of the glass 
temperature to higher temperatu- 
res will be more pronounced. 

A correlat ion also may exist 
be tween the pressure dependent  
shift of T to higher temperatures 
and the enlargement of the relaxa- 
tion zone observed at higher pres- 
sures (see Fig. 1). The observed re- 
laxation zone at the higher pres- 
sures may be connected with the 
special working procedure appli- 
ed: The isotherm measurement is 
always started at the lower fixed 
pressure of 10 MPa, the pressure 
being increased then stepwise to 
200 MPa. During heating to the 
next higher temperature the pres- 
sure is relaxed in the same time to 
the initial value of 10 MPa, and the 
pressure cycle is repeated. The in- 
f luence of the experimental pro- 
cedure on the observed relaxation 
phenomenon will be analyzed in 
detai l  by further studies. 
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B - P o l y m e r  B l e n d s  

Finally, some pre l im inary  results conce rn ing  the  in f luence of pressure on the  
glass t e m p e r a t u r e  of c o m p a t i b l e  po lymer  b lends are p resented .  

The compos i t i on  d e p e n d e n c e  of T~ for d i f fe rent  pressures is i l lustrated in Fig. 8 
for the  b lend  PS/PPO, in Fig. 9 for PS/PCHMA, and  in Fig. 10 for PVC/PMMA. All th ree 
b lends exhib i t  posi t ive dev ia t i on  f rom the glass t e m p e r a t u r e  a t  the  lowest  pressure, 
as p r e d i c t e d  by the  Fox equa t i on  (m _ dashed  lines 

l /Tg = Wl/Tg I + w 2 / T g  2 ( 4 ) 

( 5 ) The Fox e q u a t i o n  results f rom the Gordon-Tay lor  e q u a t i o n  (~) 

Tg = (WlTg ] + KW1Tg2)/( w 1 + Kw2) 

wh ich  was de r i ved  in fac t  for ran- 
d o m  copo lymers  in the  assumpt ion 
of vo lume  add i t i v i t y  of  the  c o m p o -  
nents, w i a re  the  w e i g h t  f ract ions 
of the  b lend  c o m p o n e n t s  and  the 
index 2 refers r a t h e  p o l y m e r  wi th 
the  h igher  glass transi t ion. 

The d o t t e d  lines e v i d e n c e  the  
a d a p t i o n  of  e x p e r i m e n t a l  d a t a  by 
a 'virial' l ike c o n c e n t r a t i o n  p o w e r  
equa t ion ,  d e d u c e d  in the assump- 
t ion of  spec i f ic  b inary  in teract ions 
b e t w e e n  the  b l end  partners (~) 

(T~ - Tr - T~) = ( l  + K])w2c - 

(K 1 + K2)W2c 2 + K2W2c3 ( 6 ) 

W2c = KW2/(W 1 + KW2) is the  we igh t  
f rac t ion  c o r r e c t e d  for vo lume ad -  
dit iv i ty by the Gordon-Tay lor  equa-  
t ion pa rame te r ,  K = PlAO~2/p2AO~l , 

Neg lec t ing  the  d i f fe rences bet -  
w e e n  the densit ies of  the polymers, 
p~, the inc rements  of the  expans ion 
coef f i c ien ts  m a y  be  r e p l a c e d  ac -  
co rd ing  to  s e c o n d  of the  Simha- 
Boyer rules - equ.3 - by  the  respec-  
t ive rec ip roca l  glass tempera tu res ,  
Then, the  Gordon-Tay lo r  p a r a m e -  
ter  for vo l ume  add i t i v i t y  b e c o m e s  
K = Tgl/Tg 2, With this assumpt ion 
the  Fox e q u a t i o n  (4) results f rom 
the Gordon-Tay lor  equa t i on  (5) (14) 

In (6) t he  p a r a m e t e r  K) is cha-  
racter is t ic  main ly  for  the  in teract i -  
on energy  of b inary  c o n t a c t s  bet -  
w e e n  the  b l end  c o m p o n e n t s ,  and  
K 2 accoun ts  for the  con fo rma t iona l  
r e a r r a n g e m e n t s  due  to the  new 
c r e a t e d  b inary  h e t e r o - c o n t a c t s .  
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it is remarkab le  tha t  with increasing pressure the glass tempera tu res  of the 
blends a p p r o a c h  vo lume addi t iv i ty  behaviour .  A more de ta i l ed  analysis of the 
b lend  p-V-T da ta  is in progress. 

As expec ted ,  the d i f fe rence be tween  the glass tempera tu res  of the b lend 
partners increases because  acco rd ing  to the da ta  o b t a i n e d  for homopo lymers  
the increase of Tg is higher for the c o m p o n e n t  with the higher Tg. This is i l lustrated 
in Fig. 11. 

Blend PVCIPMMa ACKNOWLEDGMENTS 

We cord ia l ly  thank the Deutsche 
Forschungsgemeinschaft ,  SFB 60, 
and  the Funds der Chemischen 
]ndustrie for f inanc ia l  assistance. 

~'  ~%~,~ (9 p . . . - :J  

.-'11 . . J " "  .~c..'" . . . ' ~  .... ~ .~= .... 

.F r . . . "  ~ -  . . . . . . .  . /  t "  .." 
. . - I -  ..." . /  .... , 1  i "  ..- 

. . , ' I  . . - " /  . . . . . . .  "~" ~ ~ .-'" 
. . /  . . . '  . . . . .  ~ j . . . . ~ . .  .:>. ..... ...:.~" - ~ ..~ :'; ........ 

" ..~: -; .... / .... ~ 

. . " t  . . . . . . "  . /  ~ 

�9 " ' " ' ~  Weight Fraction of PMMA 

0,2 0.4 0.6 0.8 
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Figure 11: Pressure d e p e n d e n c e  of the 
d i f f e r e n c e  T^ - T_ of  t he  b l e n d  
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