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ABSTRACT

Pressure dependence of the glass transition temperature (Tg) of two
elastomers, Solithane 113 and 3,3-Bis(azidomethyl)oxetane/tetrahydrofuran
(BAMO/THF) has been detefmined, employing high pressure differential
thermal analysis (HP-DTA) and dielectric techniques, up to 8.5 Kbar.

The glasses of the elastomers were named the specific (or P; - glass)
or the general glass depending on how the glasses were formed. A Pj - glass

was formed by lowering temperature under a constant pressure (P;) and

the pressure dependency of the Pi - glass was determined after changing
pressure only in the glassy state. ' The general glass consists of a series
of specific glasses but the Tg is determined only at pressures under

which the glass is formed. The Tg for both glasses increased with

increasing pressure. However, the Tg for the Pj - glass appears to level

off at very high pressures while the Tg does not level off for the

general glass. Thermodynamic analysis was made to show that for many general
glasses including Solithane, n = 1 in dTg/dp = a8/(1+n)aa. It is

also shown that variation in several parameters in the Gibbs and DiMarzio

theory can be used effgctively to predict the observed experimental results.
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I. INTRODUCTION

Amorphous polymers may exist in the 1iquid (rubber) or glass state,
depending on the temperature T, pressure P, and the time scale of observa-
tion t. When the t is shorter than relaxation time v, which {s the time
required for the cooperative rearrangement of the segments of the polymer
chains to maintain an equilibrium, the system undergoes a glass transition.
When the glass is formed, the mobility of the backbone of the palymer chain
is inhibited and the existing molecular configuration is essentially
frozen in. Hydrostatic pressure has been shown to affect the glass transi-
tion and various theories have been developed to describe the phenomenon.(]'a)

In this study, an investigation is made to determine the pressure

dependency of the glass transition temperature (Tg) of the elastomeric
glasses which were originally formed at different pressure conditions.
The glass formed by lawering temperature under a constant pressure Pj
is called a specific glass with a label "P;-glass” and the glass consisted
of a series of specific glassed but Tg is determined aonly at the pressures
under which glass is formed. Previous authars, Simha(9 ), Motosuke(]o),

1)

Goldstein( and others, have also distinguished the two types of.g1asses.
The Tg of two elastomers, Solithane 113 and BAM/THF, were determined by
high pressure differential thermal analysis (HP-DTA) and dielectric
techniques. It was found that the Tg of P;-glasses of both elastomers
increased with increasing pressure but appears'to level off at very high
pressures. Moreover, the pressure, at which the leveling off occurred,
depended upon how the glass was originally formed while the general glass
appear not to level off. Previous studies on poly(vinyl chloride).ﬂz']3)

poly(methyl acrylate)(lz). and poly(vinyl acetate)(]‘) also showed the




similar result. It was also observed that, for P;-glasses of many polymers
; including Solithane, dTgq/dp = AB/ba does not hold, but rather dTg/dp = AR/20a
5 hold.

i Analyses were made to illustrate the observed phenomena by means of

thermodynamic considerations and also modifying the Gibbs and DiMarzio

theory(s). which is based on Statistical Mechanics.

PART I. THERMODYNAMIC CONSIDERATIONS

(1) Internal parameter - iso £ plane

The arrangement and distribution of the molecules are formally
characterized by a set of internal order parameters {51}.(2'3) For
liquids, each ” is a function of T,P, i.e. &= Ei(T.P) when thermodynamic
equilibrium is attained. It will be assumed that each ¥ 1s frozen in
at Tg and remains constant at normal cooling rate below Tg-

Thus one gets
V= VIR T, (E,(T,P)1] = V (P.T) (1)

Vg = VgIP.T, (&;(P,To)1] = VG(P.T.{gi}) (2)

where &4 js constant and takes the value from the function E1(T.P) at
pressure equal to P, under which the glass is formed at Tg = Tye and

temperature equal to Tq. From Eq. (2)

BVG 8VG 3VG
BT L PR RE L R 1 Y % O
144 1144 PuTale )/




For simplicity, let i = 1. Along the transition 1ine it becomes

dVG(T.P,z) = de(p,T) = dV : (4)

In an equi-¢ process, ¢ = const. and thus d¢ = 0. We then obtain the

differential equation of the transition line in PVT space as

5 " Thag - Bga IV (%)

where Aa and AB are the difference thermal and compressibilities in the
liquid and the glass, respectively at the transition line and BL“G - BGaL
should always be negative.

In essence, Eq. (5) provides a family of curves, that turn out to be
parallel lines in the region where 8 , Bz, o, o are constants, each
curve being the intersecting 1ine of the l1iquid surface with an individual
glass surface. Every glass surface {G-surface) has a parameter £, or
every G-surface is a iso-¢ surface (Fig. 1).

In the same manner, we can construct the iso-¢ planes in the -SPT
(entropy-pressure-temperature)space. Since along the transition line in
the STP space, dSL = déG. we can write

c c
- . . = . ZpL
ds = -Va, dP -gaidT Vo, dp + E= dT

The equation of iso-¢ transition 1ine is given

g.g_. = _d.P_ = ds (6)
aCp  VTauw iuLCpG - uGEpLiV
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(2) General Glass

If, in an experiment, pressure is changed from one level (P])
to another (PZ) in the liquid state, ¢ will vary with pressure (i.e. ¢

associated with P, cooling rate, etc.) as the transition line is crossed

and we have
- v

where the last term refers to the volume change due to the variation of &.

[t can be schematically shown from Fig. 2 that

= -¢) z -
av = 2% ]P'T(e2 &) 3 Vo 8T - VagaTy

An increase in the degree of order shall, by def1n1t1on,(2) be proportional
to the increase of the parameter ¢ (it corresponds to a decrease of entropy
in statistico-mechanical treatment, as shown later), such that d¢ = (az-el)
is mapped with -dTo = (T02 - T01). Then from Eq. (7) we have

dVG = VaodT - VBGdP - VoadT,
Therefore, along the transition line, the following equation is established

dV'aLdT'-BLdP = aGdT - BGdP - AaATo (8)

If dT° is considered as n multiple of dT, Eq. (8) reduces to

F T (9)




The n is thus an adjustable parameter and can be evaluated from experiments.

5
For many polymeric materials, such as polyvinyl acetate,(] ) polyortho-

(9.16) )’(17,18)

methy]styrene,(g ) polystyrene, polyurethane elastomer (solithane

n assumes the value of 1, i.e.,

T, _ a8
Eﬁ.g—ZAu (]O)

In fact, Eq. (10) is the projection of the transition line in PVT space,
on T-P plane which i1s shown by dash-dot 1ine in Fig. 1 of which the equation

is

P dr _dp_ dv ()
A8 2ba V(B ag - a 8 - aB)

; (3) Specific Glass

For specific glasses, or on iso-¢ planes, the expression

j

1

|

:1: ; holds, although it may not be a true second order transition.

.i‘ Isotherms can be constructed for specific.g1asses and these may be
! used conceptually to determine compressibilities. However, perturbation
i méthod(z) is usually adopted for the determination of 8 in practice.
When the isotherms V(P) of a glass (51) is schematically drawn in Figs.

I
|
L ‘ 3 and 4, the curves AOB and A'0'B' represent the isotherms of T] and Tz‘

respectively, where T, > T,. If a 1ine P = const. is drawn to cut these




two isotherms, it can be shown that

Tim
aglug,p) = aT = (T, - T,)~ 0 é!%?ﬂil

However, when isotherms are produced with various temperature levels

chosen in the 1iquid state (at the base of general glass), a very confusing
situation may arise with respect to thermal expansivity. In such cases,
the change of temperature from T] to T2 is accompanied by change of & to
€as therefore, aV(MQ) should be differen’ .aan that obtained on a &y plane,
¢iving rise to an increase or a decrease - thermal expansion.

For isobaric (but not iso-¢) proces °  (8) reduces to
dVG = aGdT - AadTo z [aG - n(aa)]dT

and thetnermalexpansion coefficient a_ defined in this way will be

P

dVé
ay a7 "% - n(aa)

This means that the expansion coefficient ag obtained by direct
isobaric measurement (iso-¢£ process) is greater than the corresponding
expansion coefficient {ferived by cuts through V(P)-isotherms at constant
pressure and was studied extensively by Rehave‘z) for polystyrene.

Moreover, when n is large enough, a may'appear to be negative, the so-

p
called apparent negative thermalexpansionis reported by 0'Reilly for

polyvinyl acetate.as)




PART II. STATISTICAL MECHANICS CONSIDERATIONS

(1) Materials and Techniques

The elastomer investigated is 50/50 mol % of 3,3-Bis
(azidomethyl )oxetane/tetrahydrofuran (BAMO/THF), whose glass transition
temperature at atmospheric pressure is -54°C. The molecular weight is

approximately 2000-4000 between and the cross-links and the density
(17,18)

20
1.18 g/cc.( ) Solithane was described in an earlier papers.
Dielectric measurement and High Pressure DTA and techniques

were employed in determining the Tg.

(2) Determination of Tq for Specific Glasses

To form a specific glass, or Pi-g1ass. the elastomers
were cooled at a constant pressure P1 to below the Tg at that pressure.
The pressure was then applied to the Pi-glass up to the desired intensity
P in the‘glassy state, after which the temperature was raised isobarically
through the giass transition. Thus, the P1-glass can be considered 2
pseudoequilibrium glass at Pi' but not at P. The general glass, as we
termed, is consisted of a serfes of Pi (different i)-glasses. , 1

, (3) Experimental Results

In Fig. 5, the temperature of u-peak maximum (Tu) is plotted

¥ j against pressure for the general glass of BAMO/THF at three different

' frequencies .3, 3, and 30 Hz. The Ta of the elastomer increased monotonically
with increasing pressure up to 6 Kbars. .The T; was also measured for

the glasses formed at three different pressures as shown in Fig. 6.

The three specific glasses formed at 1 atm., 1000 atm., and 3100 atm.,

the Ta increased 1inearly up to 4000 atm., but they appear to level off

at higher pressures and the leveling-off pressure increased with increasing

glass formation pressure Pi' The Tcl appears to be independent of the

= - - .- - C e e ——— g e s g T -
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glass formation pressure as long as the environmental pressure is below
about 4000 atmospheres.

Figs. 7 and 8 show, respectively, the pressure dependence of Tg
(or T“) of Solithane 113 and BAMO/THF by HP-DTA method for the
specific glass formed at'atnmspheric pressure. The former exhibits leveling
off at about 7 Kbars which was not observed for the general g]ass(la'lg)

and the latter shows a trend to rise again around 8.5 Kbar.

2.2 VARIATIONS OF PARAMETERS IN GIBBS AND DIMARZIO THEORY

(1) Fundamentals

The theory of Gibbs and DiMarzio(4'6‘s based onthe configurational
entropy of polymers by calculating its partition function. They used a
lattice model in which N each polymer molecules, occupy x lattice sites.
The total number of lattice sites is No =xn, = ng s in which ny is the number
of unoccupied sites. Each site is associated with a unit cell of volume C.

The total volume is then given by
Vo= CN, = (xn, + n)C (1)
When C is assumed constant, the volume of the system can vary with temperature
and pressure as a result of configurational changes connected with the
variations in the number of holes o
The total energy of the system is a.Sum of inter- and intra- molecular

contributions.

E=3+n, : fiE, (13)

”
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The intermolecular energy f is given by

§ = zan S, /2= E;n S,

with
S = [(z-Z)x+2]nx (14)

X
[(z=2)x+2]n_+
z-2)x+2]n +zn

where a is the energy 'of a segment-segment bond, z the coordination number
of the lattice, and E, = 2a/2, the hole energy.
Making use of the rotational isomer approximation, which should be

the simplest case, the intramolecular energy is
nx ?f‘lEi = (X'3)nx[f€2+(1‘f)5-|]

where f is the fraction of flexed bonds, meaning the fraction of segments
which are in a high energy conformation compared with the immediate neighbors
in the chain. For the rotational isomer approximation, each segment is
assumed to have only two conformational energies, namely Trans(:15 and
Gauche (cz). Thus the states of the Qjétem can be characterized by
specification of "o and f.
For the liquid state, the number of configuration of the system,
W(f,n,),may be written as A

| N2 )ee2lnzng 17201 (1) (2-2) T (ecn, ) (15)

ng ! [NG2/2112"™ (n 1)L (1-F)(x-3)n, JI[(x-3)n, ]!

The partition function y and the Gibb's free energy 61 are




10.
- 1
Y fzn W(f.n,)exp[- 1= (PCN, + E {no’f})] (16)
)
GL(T,P) = -kTeny (17)
4 It can be shown(z]) that
< {2-2)exp(-ae/kT
fmax 1 z-2)exp(-ae/kT) (18)
and (no)max is involved in an implicit equation
(2/2-1),c 2/2 1 2 _PC .
zn[v° /So ]- o EhSx ~ 0 (19)
where
1 _So =1 - Sx , Vo= 1=V, (20)
So far, the GL can be computed as
i GL = £ max’("o)max]+Pv(no)ma kTp'“‘"[fmax o)max] - (21)
!
11‘
3 (2) Transition Lines
g The configurational entropy of the liquid state is
;{ SL = kanW
; .
ns
= - + - x an([(z/2-1)x+1][2-11)
kn x{ v— an (ﬂ-)zn 3— + "
f ,
L i + (ﬁigé(fnn[(z-Z)(l-f)/f]-zn[l-f])} !
/'? .

.y . < ——

e R S e Bl —_
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v, v, z2/2-1 2 ([(z-2)x¢2+ —n—°-] (z-1)/2}
= kxn [( )1n(5 )+ —— xn ) (-——75——)+ N

X

“C1/k1 (2-2)¢, -€ o/KT
(X 3){2"[9 G/kT+(Z 2)1 Ez/kT] +(—T)£ +[ kT ] }]

271 kTH(z-2) "2/ KT

(22)

The equilibrium transition under infinitely slow cooling rate takes place
when SL = 0. However, SL will take on some constant value for most

experimental situations (Fig. 9).

Introducing dimensionless parameters as,

©
(]
H
=]
w

= —_—= —-x— = A—E-a _L—- =
_7\; = Te ) Ae Pe ] no n . E Ee y S (23)

h

x|

Using Eq. (23) Eqs. (14),(18),(19) and (22) are normalized and the curves
of transition 1ine which are now Te vs. Pe curves, are produced. Te vs. Pe
curves for polystyrene with z = 4, x = 1640, Ee = 0.945,(4) curvés with

S, = 0,0.5, 1.0, 1.5,.2.0 and 2.5 [J/K mole seg.] are plotted in Fig. 10.
As can be seen Te increases with Pe, then levels off to a plateau, but

goes up again at higher pressures. Since the increase of f shifts the
trans-gauche population to higher energy.level'on the whole, thereby
raising the Te, it can expect from Eq. (18) that

T+ = when f +» z-2/z-1. Moreover, it can be seen from these curves that

higher the entropy, higher the Tg and dTg/dp at lower pressure range,




Fig. 11 shows Te vs. Pe curves with S = O but Ee = 0.495, 0.945,
1.945 and 9.995. All the curves have the same shape but shift to the
left as Ee decreases.

Fig. 12 shows the transition temperature Tg of polystyrene vs. pressure.
Data points.(zo) convertéd to Te and Pe, lie between two theoretical
curves with S = 0, Ee = 0.945 and 1.945. Allowing for a slight adjustment
of flex energy Ac for glasses formed at pressures from lower to higher,

a better agreement between the experimental data and the theoretical

predictions can be expected.

Fig. 13 shows the Ta of BAMO/THF vs. pressure (data of Fig. 6 converted

lto Te and Pe) by using ae/k = 526°K, 537°K, 564°K for glasses formed at

1 Atm, 1000 Atm and 3100 Atm respectively. Fig. 14 gives theoretical
curves with x = 5000, z = 3.85 and Ee = 1.145, 1.245, 1.365, respectively.
A good agreement is seen between Figs. 13 and 14, justifying the variation

of ae for different pressure glasses.
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Fig. 1
Fig. 2
Fig. 3
Fig. 4
Fig. §
Fig. 6
Fig. 7
Fig. 8
Fig. 9
Fig. 10
Fig. N
Fig. 12
Fig. 13
Fig. 14

Schematic of PVT space.
Volume change AV due to the variation of 7 at constant P and T.
Projection of isothermal pressuring curves on a certain P-V plane.

Planes T = const. cut the L-G surfaces on isothermal pressuring

curves, T2 > T] .
Pressure vs. transition temperature (dielectric method) for |
50/50 mol. % BAMQ/THF. Points recorded for general glass at 0.3 Hz,

3 Hz and 30 Hz.

Pressure vs. transition temperature (dielectric method) for 50/50

mol. % BAMO/THF. Glass formed at atmospheric pressure (solid line),

at 1100 atm. (broken 1ine) and at 3100 atm. (dash-dot 1ine).

Pressure vs. transition temperature (H.P.OTA) for Solithane 113.

Glass formed at atmospheric pressure.

Pressure vs. transition temperature (H.P.DTA) for BAMO/THF (50/50).

Glass formed at atmospheric pressure.

Schematic of STP space based on G.D. theory.

Theoretical curves of Te vs. Pe for polystyrene with SL-O,O.S,I.O,

1.5,2.0,2.5 [J/K. Mole seg.].

Theoretical curves of Te vs. Pe with S = 0 and Ee = 0.495,0.945,

1.945,9.995.

Te vs. Pe for polystyrene. Solid and broken 1ines are theoretical

curves calculated with Ee = 0.945, 1.945 and S = 0. Circles are the

(16)

data according to Oels and Rehave converted to Te and Pe. ?.

Te vs. Pe for BAMO/THF (50/50), data of Fig. 6 converted to Te and Pe.

Theoretical curves used to compare with the data of Fig. 13.
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