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Part I: The scaling constants of glassy polymers

There are plenty of PVT data for glassy polymers in the open literature [1 - 5] and it
is tempting to use the equilibrium equation of state (equation 11 of the main text) to
correlate as well the PVT data for the glassy polymers. Since the molecular constitution
and structure of the polymer chain does not change in going from the rubbery to the glassy
state, the scaling constants for the interaction energy, eo*+(T-298.15)e1* [6], are not
expected to change either. The PVT data for the glassy polymer may, then, be correlated
by permitting a change to 0* only. Although this is thermodynamically unacceptable, it
may still be useful for an appreciation of the departure from equilibrium of the glassy
state. The question is, then, how the formation history of the glassy polymer may be taken
into account in a value of g*. Before proceeding, we must answer this question.

In their seminal work, McKinney and Goldstein [1] have followed three alternative
formation routes for the glassy poly(vinyl acetate) (PVAc) and report carefully conducted
PVT measurements for the glassy states as well as for the rubbery state. This set of data is
well suited for answering the above question. For this purpose, the PVT data for the
rubbery state were, first, correlated in order to obtain the scaling constants in the typical
way of NRHB model [7 - 9] or the PV model [6]. These scaling constants are reported in
Table S1. Subsequently, the PVT data of the glassy states were correlated by keeping the
scaling constants ¢* and &s* identical to those of the rubber state. Only the scaling constant
for the density o* or the specific volume, vsp* = 1/0%, was changing in the glassy state. The
scaling constants for the three types of glassy PVAc are also reported in Table S1. GlassVF
was formed by changing the pressure in the liquid region and then cooling isobarically
the sample at a constant rate of 5 °C/h. Glass1atm was formed by isobaric cooling at 1 atm
down to the desired temperature in the glassy state followed by a pressure increase
(consecutive pressure jumps) up to the desired pressure. Glass800 was formed by isobaric
cooling at 800 bar down to the desired temperature followed by depressurization down
to the desired pressure.

Table S1. LFHB scaling constants for PVAc from experimental PVT data [1]. The scaling constants
vary with temperature and pressure in the NRHB manner: ¢* = e0* + (T-298.15)e1* and vsp* = vspo* +
0.00015(T-298.15)A — 0.000135BP.

&o* a* Uspo™ A B vsp* at 260 K
PVAc State
.o 1.000
Liquid / Rubber 5269 3.050 0.7913 1.000 0.7856
GlassVF 5269 3.050 0.7934 -0.508 0.723 0.7963
Glasslatm 5269 3.050 0.7935 -0.530 0.263 0.7965
Glass800 5269 3.050 0.7881 -0.509 0.217 0.7911

In the last column of Table S1 are reported the specific hard-core volumes, vsp*, at 260
K for the three glasses as well as for a fictitious (subcooled) liquid of scaling constants the
ones corresponding to the liquid / rubber state of PVAc. As observed, even the glass

Polymers 2024, 16, 298. https://doi.org/10.3390/polym16020298 www.mdpi.com/journal/polymers



Polymers 2024, 16, 298

2 of 5

formed at the highest pressure has a specific volume vs* higher than the corresponding
volume of the (fictitious) liquid. It is these higher specific hard-core volumes of the glassy
state, which enable the equation-of-state model to describe properly the actual densities
or specific volumes of the glassy state. An example of these calculations is shown in Figure
S1 for the GlassVF.
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Figure S1. Experimental [1] (symbols) and calculated (lines) specific volumes of the GlassVF of
PVAc by the LF equation of state using the scaling constants reported in Table S1.

Experimental PVT data for the glassy PC are also available [3 - 5] and the above cal-
culations may also be done for PC. This was done and the resulting scaling constants are
reported in Table S2. In the last column of this table are shown the values of vsp* at 35 °C.
As seen, the hard-core specific volume of the glassy PC is again rather significantly higher
than the corresponding volume for the (fictitious) liquid.

Table S2. LFHB scaling constants for PC from experimental PVT data [5]. The scaling constants
vary with temperature and pressure as in Table S1.

*
&o* &r* Uspo™* A B vs™ at 308
K
PC State
o 1.000
Liquid / Rubber 5829 2.390 0.7838 1.000 0.7853
Glass 5829 2.390 0.7983 -0.674 0.099 0.7973

The properties of the glassy polymer state depend on its formation history, and it
was not expected to obtain universal values for A and B in Tables S1 and S2 as is obtained
for the rubbery polymers. Nevertheless, there is a qualitatively common behavior regard-
ing vep* and, as shown, the glassy polymers exhibit rather significantly higher than the
corresponding volume for the (fictitious) liquid/rubber at the same temperature well be-
low Tg. This may explain the large departures from unity of the binary parameter &,
discussed in the main text, when using values of vsp* of the fictitious liquid for the glassy
polymer. The problem is that this scaling constant depends on the formation history of
the glass as shown in Table S1. The PC sample, as an example, of Fleming and Koros [10],
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especially, the conditioned ones, would require even higher values for vsp* to reproduce
their densities.

Nevertheless, at least qualitatively, we may also see how o* = 1/vsp* varies with sorp-
tion extent or sorption pressure. With CO: scaling constants in the PV / NRHB practice
(universal segment volume v* = 9.75 cm?/mol, e0* = 3166, e1* = -2.234 and o*= 1.2812), we
may use the above experimental sorption and swelling data [10] and obtain the value of
02* which reproduces the sorption extent from volume changes and the inverse. Figure S2
is an example of such calculations. As seen, the use of the value 02*=1.2734 g/cm? from the
rubbery /liquid state is a reasonable approximation for relatively high sorption pressures.
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Figure S2. The variation of g2* with penetrant pressure obtained by reproducing experimental [10]
sorption data from corresponding data on volume changes in the system CO: - PC at 35 °C.

Part II: The essentials of the NRHB Model

As mentioned in the main text, one advanced version of the LFHB model which, be-
sides hydrogen-bonding, accounts also for the non-random distribution of molecular spe-
cies and free volume in the system is NRHB (Non-randomness and Hydrogen Bonding)
model [7 - 9]. The NRHB equation for Gibbs free energy is given by (symbols as in the
main text):

—l—@+P—~V+(\7—1)In(1—,5)+m—’0+
E—rN r T T r
t
RT zﬂmﬂ——[v—uﬂjln 1—,3+9,3j
k=1 rk C()k r r

(SD)
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where, Gus is again given by equation 25 of the main text. The non-randomness factors,
[j, are defined as the ratio of the number of binary interactions, Nj, in the real system over
the corresponding number, Ni?, in a fictitious system of perfect randomness, or

Nij &

[ =—2=TT, exp| —

S\ b RT
! (52)

For convenience the binary factor, Iy, is often split in the segment-specific non-ran-
domness factors, I'i and I [11], while ¢;j is the interaction energy for the contact i-j. These
non-randomness factors are obtained by minimization of the Gibbs free energy with re-
spect to the number of contacts Nij leading to Guggenheim’s Quasi-chemical conditions

[7]:

Ty _ exp[zgkl —Eu & ] _ exp(Agkl )
r.n, RT

(S3)

which is, in essence, the source of definition-equation S2 [11]. zq in equation S1 is the
number of external contacts per molecule, | is a measure of the non-linearity of the mole-
cule and is given by:

I:E(r—q)+1—r
? (S4)
and the surface fraction, 6, in the actual system is defined by:
N.
N,g, N gN ;q, ’ q/r
O =— = =0 —=06, =9 —
gN N, N, No+ > a;N; q/r+7-1
" (S5)

where, Ok, is the corresponding surface fraction in a system without empty sites (No = 0).
The NRHB equation of state is given by:

EOS :%+,5In(1—,5)+z,5lnl“o—ﬁz(l—ij—éﬁln{l—ﬁwﬂﬁ}:O
r r

(S6)

and the NRHB equation for the chemical potential is given by:

1
K _jp L _ kZ&HnﬁHk (V-1)In(1-5)-
Ol T

RT X

200 IO - q<], 29, b (o q .. Py
——r|V=-1+=|In|1-p+—=p|+—=|InT, +—=(V-1)InT, |—=+1 —=——+
21{ rk} [ P I’p} 2{ Kk qk( ) oo} T KTV
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+ +DR(EOS)

RT

(S7)

where, uxhB is given by equation 28 of the main text and DR, as in equation 12 of the main
text, is given by:
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DR = —vaiﬁ—p}

oN, (8)

The last term on the right-hand side of equation S7 is zero at equilibrium only conditions.
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