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Understanding and predicting sorption thermodynamics of low molecular weight compounds in rubbery
and glassy polymers is of great relevance to elucidate important phenomena in areas at the interface of
various scientific branches, such as the colloid and interface science, membrane science, polymer
foaming, tissue engineering, scaffolding, microcellular materials, aerogels, and for the implementation of
technological applications. The development of thermodynamic models for polymer-based mixtures,
applicable over a wide range of conditions, remains an active and fascinating research area. Recent
advances in statistical thermodynamics and a better understanding of intra- and inter-molecular
interactions, thanks to accurate experimental measurements and molecular simulations using realistic
force fields, have contributed significantly to this end. In fact, sorption thermodynamics in polymers
plays a relevant role in describing phase equilibria of polymer mixtures, (hydro)gel swelling,
intramolecular association, hydrogen-bonding cooperativity and polymer degradation and stability, in
assessing durability of polymers exposed to aggressive environments, in predicting penetrant induced
crystallization and plasticization phenomena in polymers, in designing polymer-based separation
processes, in tailoring polymer foaming processes, in improving gas and vapor barrier properties of
polymer packaging, in modelling devolatilization of polymer solutions and migration phenomena of
additives, in designing drug delivery systems, to mention a few.

In the last decades, models have been introduced rooted on Equation of State theories, some of them
based on compressible lattice frameworks. Notably, these models have been structured to specifically
account for non-random distribution of molecular species and for dealing with several kinds of self-
interactions that establish between polymer molecules and between penetrant molecules as well as
cross-interactions that establish between moieties present on polymer backbone and penetrants. These
models have been built to describe the behaviour of both rubbery polymers and out-of-equilibrium
glassy polymers. Towards the further development of these approaches to gain an increased predictive
capability of this thermodynamic description, recently have been also introduced approaches aimed at
the estimation of relevant parameters based on molecular descriptors for calculations of properties of
pure-components bulk phases and solutions.

Such a quantitative description of the sorption process by use of advanced thermodynamic theories
invariably relies on a molecular-level characterization of the system under scrutiny to validate and
support the theoretical framework. Information is required on the molecular aggregates formed in the
system, their structure, stoichiometry and, whenever possible, their population. In this respect,
vibrational spectroscopy (FTIR, Raman) has demonstrated to be among the most powerful techniques,
due to its sensitivity towards H-bonding detection and to its sampling flexibility, which allows the
development of in-situ, time-resolved measurements. In the last ten years, significant advancements
have occurred in terms of both experimental approaches and data analysis techniques, which
considerably contributed to deepening the interpretation of the molecular interactions scenario. In
particular, Two-dimensional correlation spectroscopy (2D-COS), Difference spectroscopy (DS) and first-
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principles quantum chemistry calculations have made a strong impact on the amount and quality of the
acquired information.

In view of the progress in this rapidly advancing and technologically relevant subject, this review article
summarizes the state of the art on sorption thermodynamics modelling and on synergic combination
with the wealth of information recently made available thanks to advanced vibrational spectroscopy

techniques.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

1.1. General survey on the issues related to polymer solution
thermodynamics

The systems of fluids of practical interest to chemists, materials
scientists, and chemical engineers are as a rule complex, departing
significantly from ideal-solution behaviour. The systems at
interfaces are, in addition, inhomogeneous exhibiting density
gradients and, when multicomponent, they also exhibit composi-
tion gradients or peculiar composition profiles across the
interfaces. Thus, development of thermodynamic models for
complex fluids and polymer systems applicable over a wide range
of external conditions remains an active and fascinating research
area.

Recent advances in statistical thermodynamics and better
understanding of intra- and intermolecular interactions thanks to
accurate experimental measurements and molecular simulations
using realistic force fields have contributed significantly to this
end. Many of the recent thermodynamic models based on
statistical mechanics are rooted to the pioneering work of
Guggenheim [1] and Flory [2] on lattice models for complex
fluids, including polymers. The Lattice Fluid (LF) theory of Sanchez
and Lacombe (SL) [3-5] is probably one of the most widely used
and successful lattice models for polymer solutions.

Significant improvement in the performance of these models is
obtained by accounting explicitly for the nonrandom distribution
of molecular species and free volume, and for highly specific
forces between neighboring molecules resulting in hydrogen
bonding [6-9].
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Nonrandomness is essentially omnipresent in fluids as the
molecular species are, as a rule, distributed nonrandomly in their
mixtures. In other words, the local composition in the immediate
neighbourhood of a molecule is, in general, different from the
overall or bulk composition of the mixture. Even in pure fluids,
there is a degree of nonrandomness in the distribution of their
functional groups. In fact, modern experimental techniques, such
as positron annihilation spectroscopy, reveal significant nonran-
domness in the distribution of free volume throughout the volume
of the pure fluid, even in nonpolar systems [10,11]. One of the
principal causes of nonrandomness is of course hydrogen bonding.

Hydrogen bonding is by itself a subject of remarkable diversity
asitis presentin and dictates the behaviour of an enormous type of
systems including aqueous solutions, systems of biological/
biomedical interest, pharmaceuticals, colloids and surfactants,
physical networks and gels, adhesives and pastes, extractives and
binders, and polymer alloys and blends. There are many reviews of
the subject in the open literature [12-27] each addressing, usually,
one aspect or type of application of hydrogen bonding. Because of
its many-facets character, unified approaches of treatment of
hydrogen bonding are particularly useful, especially in areas at the
interface of various scientific branches, such as the colloid and
interface science.

For the treatment of hydrogen bonding in associated fluids and
mixtures, a variety of different approaches is popular. We could
divide the overwhelming majority of these approaches into two
groups: the association models [6,19,28-32] and the combinatorial
models [27,33]. Association models invoke the existence of
multimers or association complexes and seek expressions for
their population. Combinatorial models do not invoke the
existence of association complexes but, instead, they focus on
the donor-acceptor contacts and seek combinatorial expressions
for the number of ways of forming hydrogen bonds in systems of
given proton-donor and proton-acceptor groups. Both types of
models imply that the molecules tend to be distributed in the
system nonrandomly for more efficient hydrogen-bonding inter-
action.

Earlier [27], we had compared the two approaches of hydrogen
bonding and applied to the description of phase equilibria and
mixture properties of systems of fluids. The key conclusion was
that in the systems where both approaches apply, they prove to be,
essentially, equivalent. However, the combinatorial approach has a
much broader field of applications as it can be applied even to
systems forming three-dimensional hydrogen-bonding networks.
Subsequently [37], we had presented an updated review on the
thermodynamic aspects of hydrogen bonding in pure fluids and
their mixtures by focusing on the combinatorial hydrogen-bonding
formalism. A variety of examples were given in applications
ranging from phase equilibria of simple aqueous mixtures to
(hydro)gel swelling, to intramolecular association, and to hydro-
gen-bonding cooperativity. More recently [38], besides hydrogen
bonding for the study of bulk phases as well as interfaces, emphasis
was also given to the progress in accounting for non-randomness
in solution thermodynamics.

The present review is, in a sense, a continuation of the
aforementioned reviews. The thermodynamic aspects of hydrogen
bonding (combinatorial approach) in pure fluids and their
mixtures will be presented in a way that can be combined with
any thermodynamic model. Here, it should become clear at the
outset that, in general, hydrogen bonding makes a contribution
only and is not sufficient for the complete evaluation of the various
thermodynamic properties of fluids and their mixtures. Thus,
hydrogen bonding formalisms are usually combined with ther-
modynamic models, which account for all other contributions
collectively called physical contributions. For the purposes of this
review, we will use two kinds of thermodynamic frameworks:

Equation of State theories (EoS) and predictive activity coefficient
models.

The former (EoS approach), is applicable to fluids over an
extended range of external conditions encompassing liquids,
vapors, gases, supercritical fluids, amorphous and glassy polymers,
homogeneous as well as inhomogeneous systems, complex
aqueous systems, associated polymer mixtures, rubbers, and gels.
Thus, the hydrogen bonding formalism will be combined with two
equation of state models, the Quasi-Chemical-Hydrogen-Bonding
theory (QCHB) [8] and its recent development the Non-Random-
Hydrogen-Bonding model (NRHB) [9,39]. Both models take into
account the non-random distribution of free volume in the system
by using Guggenheim’s quasi-chemical approach [1].

The latter (predictive approach) is based on the partial solvation
parameters [40-44] and focuses on the prediction of thermody-
namic properties of complex systems where almost no experi-
mental data is available.

In what follows, we will review first, in section 2, the
foundations of the modern equation-of-state approach to polymer
solutions. After an exposition of the essentials of the combinatorial
hydrogen bonding formalism, we will present the equation of state
approach and characteristic applications to mixtures of hydrogen
bonding fluids. Then, we present EoS approaches rooted on
perturbation theories, used to describe sorption thermodynamics
endowed with hydrogen bonding and other types of interactions,
focusing our attention on models of the Statistical Associating Fluid
Theory (SAFT) family [45-49].

The EoS theories briefly described above, are well suited to deal
with systems at equilibrium. When dealing with sorption of low
molecular weight compounds in glassy polymers one has to cope
with the non-equilibrium nature of these systems. Sub-section 2.2
is, in fact, devoted to approaches proposed a few decades ago to
extend equilibrium thermodynamics EoS theories to the case of
sorption in non-equilibrium glassy polymers [50-52].

In the sub-section 2.3, a few pages are also devoted to the
description of molecular simulation approaches, addressing the
current predictive capability of Molecular Dynamics (MD) and
Monte-Carlo (MC) methods in the context of sorption thermody-
namics in polymers.

Models developed for interpreting sorption thermodynamics in
rubbery and glassy polymers require proper validation and
estimates of parameters, To this end, several experimental
strategies have been proposed to gather information on relevant
model parameters and to verify the suitability of the theoretical
approach to provide a correct interpretation of thermodynamics.
This is the issue addressed in section 3 of this review, with a special
focus on methods rooted on vibrational spectroscopy measure-
ments and their interpretation and elaboration. In fact, techniques
based on vibrational spectroscopy provide a wealth of qualitative
and quantitative information that is of great importance,
particularly for systems endowed with specific Lewis acid/base
or hydrogen-bonding interactions. The combination of gravimetric
determination of sorption isotherms, vibrational spectroscopy
measurements, detailed analysis of spectra, quantum chemistry
calculations and macroscopic modelling by EoS theories is
presented as a powerful approach to provide an interpretation
of polymer mixture thermodynamics grounded on a molecular
perspective.

Predictive methods to determine relevant parameters are also
discussed in thesub-section 3.8.3, presenting the essentials of the
Partial Solvation Parameter (PSP) approach [40-44,53-55].

Finally, in section 4 are presented case studies and applications,
illustrating the use of EoS approaches to interpret sorption
thermodynamics in rubbery and glassy polymers, possibly
endowed with specific interactions. Several relevant examples of
the synergic integration of vibrational spectroscopy investigation
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with EoS based theoretical modelling are discussed. In the sub-
sections 4.2, 4.3 and 4.4 some physical phenomena, for systems of
practical interest in engineering and technological applications,
like retrograde vitrification, bubble nucleation and growth in
polymer foaming and gel swelling and collapse, are interpreted
using the discussed EoS approaches.

2. Theoretical approaches

2.1. The equation of state approaches to polymer solution equilibrium
thermodynamics

2.1.1. Foundations and early developments of lattice fluid theories

2.1.1.1. The Flory-Huggins theory of polymer solutions. Most of the
developments in polymer solution thermodynamics, in one way or
another, refer to the Flory - Huggins (FH) theory of polymer
solutions [2,56,57]. This theory offered two cornerstones for the
subsequent developments: a most simple combinatorial
expression for the mixing entropy and an even simpler
expression for the mixing enthalpy. For the purposes of this
review, we will confine ourselves to the key equations of the
theory.

Let us consider a system of Ny solvent molecules and N, linear
polymer molecules each consisting of r segments. In the FH
approach, the system of molecules is assumed to be arranged on a
quasi-lattice of coordination number z and Ny total number of
sites. The distinguishable number of arrangements on the quasi-
lattice or the number of iso-energetic microstates is given by Eq.

(1):

P N,INg!

Nyl [z - 1]
{ Nr }

M

Applying Boltzmann’s law, one obtains from Eq. (1) the
following equation for the entropy of the mixture:

M Ny N,
& = Ml <N1 ¥ er> —Naln (Nl T er>

+N2{(r—l)ln—(zgl)+lnr} 2)

From this equation for the mixture, we obtain the correspond-
ing equations for the entropy of pure polymer and solvent by
setting Ny =0 and N, =0, respectively, in Eq. (2), or S;=0, and

S, :Nz{(rfl)lng+lnr} (3)

Thus, in the FH approach, the mixing entropy is given by Eq. (4):
ASM =M _ 5, — Sy = —k(N1Ing, + Nying,) (4)
where, the segment or volume fractions, ¢;, are defined as follows:

Ny Ny N,V

4 TN+ 7N, :N1 +%N2 TNV N,V
_ N, _ N,V
¢2 - N1+ 1Ny - N1V{ +N,V, (5)

V; being the molecular size (volume) of component i.

The above division of the polymer chain into r segments was
done on the basis of the solvent volume. If the solvent changes, the
number of polymer segments changes and this would cause some
confusion if one would like to extent the FH approach to
multicomponent polymer solutions with more than one solvent.
Obviously, it would be more convenient if the number of polymer

segments were constant regardless of the solvent used. A simple
way to do this is by using a reference volume, Vo, for obtaining the
number of segments of all molecules, or:

Vi= 1V Vo =1V
and
V=V +nVy = (mry +narp)Vo = nrvp (6)

n being, now, the total number of moles in the system (n=n; + ny).
Replacing expressions (6) in Egs. (4) and (5), we obtain for the
mixing entropy the following alternative form:

AsM v

R =V, (?—l‘ln (o} +q:—221n ¢2> =-rn <q:—l’ln ol +%ln ¢>2) (7)

It should be pointed out that the expressions for the entropy of
mixing are consistent with the assumption that both the volume
and the enthalpy of mixing were zero. In the framework of the
regular-solution behavior, which is the one assumed by the FH
theory, one may still consider Eqs. (4) and (7) valid even when the
enthalpy of mixing is non-zero. Thus, the next step in the FH
approach is the estimation of the mixing enthalpy in the polymer-
solvent mixture.

The formation of the mixture implies intermolecular contact or
bond breaking and new bond formation. By breaking one 1-1 bond
and one 2-2 bond for the formation of two 1-2 bonds we may
visualize an exchange interaction or interchange energy given by
the following equation:

Agy = &11 + €22 — 2812 (8)

The number of external contacts per polymer chain is (Flory
approximation):

qGz= (1 —2)(z2-2)+2(z—1)=13(z-2)+2 = 1z (9)

The number N;» of 1-2 intermolecular bonds in the mixture
may, then, be obtained by multiplying the number of external
contact sites of type 2 (polymer segment) with the probability to
have as first neighbor a site of type 1 (solvent segment). For a
perfect random distribution, this probability is simply equal to the
volume fraction of component 1. Thus:

ApM - Nozradi Aer,  Nizniy Aciy
a 2 - 2

= N1r1,kT x4, (10)
The dimensionless Flory-Huggins interaction parameter, X,

zAg
X12 = 2’(112

is a most useful parameter in polymer solution thermodynamics.
Combining Eqs. (7) and (10), we obtain for the free energy of
mixing (in molar terms) Eq. (12):

(11)

AGM = AHM — TASM = rnRT {%mgb] +%1n¢2 + 10, xu} (12)
1 2

From Eq. (12) one may obtain the equation for the activity of the
solvent, or

~,,0
B Z BT nay = In(y,x)

RT
= [ln(l —¢y) + (1 —%>¢2 + r1¢§X12} (13)

Doubtless, Eq. (12) was a cornerstone in the development of
polymer solution thermodynamics. However, there are significant
limitations in the FH approach, the most important being recalled in
the following. A first important issue is that in the mathematical
formulation of the theoretical model some relevant approximations
were adopted in translating the scheme of lattice fluid framework
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[58]. In fact, the probability of occurrence of 1-2 pairs on
neighbouring lattice sites is simply calculated as the product
¢,¢,. As a consequence, in the enthalpy expression given by Eq.
(10) any correlation effect in the occupancy of lattice sites is
neglected. This kind of mean-field approximation determines a
critical behaviour that is reported for phase transitions by the
Landau theory [59], that deviates from the correct one expected in
accordance to the "universal" regime close to the critical point
[60,61]. Actually, this last feature is common also to the other
theories discussed in this review (see later sub-sections on Sanchez-
Lacombe, SAFT and NRHB approaches) that all perform rather well if
one restricts to regions far away from critical points. As further
remark, in Eq. (11) the use of z determines an overestimation in the
calculation of the number of monomers belonging to other
molecules that interact with a considered monomer, thus deter-
mining an overestimation of y;». A third comment regards the
relevant approximation that is implicit in the expression of the
entropy of mixing (Eq. (7)), where the constraint that macromolec-
ular chains must be mutually avoiding is largely neglected. In
addition, when comparing FH model with experimental results,
some inconsistencies and limitations emerge. In fact, the value of
X1 parameter retrieved from experimental data is not a constant
but it is found to vary with composition, temperature and pressure.
Moreover, the FH approach cannot account for the Lower Critical
Solution Temperature (LCST) behavior occurring in polymer
solutions and polymer mixtures [4]. Finally, the theory does not
apply to gaseous systems and, thus, it cannot handle vapor - liquid
equilibria or supercritical systems. Actually, it is not clear if this
disagreement with experimental outcomes results from the
adopted lattice fluid scheme or is due to the approximations
adopted in the statistical mechanics treatment.

In order to remove the above first two limitations (i.e. that x;, is
not a constant and that the LCST behavior is not predicted), the
Flory-Patterson-Prigogine (FPP) cell theory [62-64] was proposed,
which had a significant impact in the development of the equation-
of-state approach to polymer solutions. Volume changes and
pressure | temperature effects on density were accounted for by
allowing a change in volume of each cell of the lattice and were
obtained via the following equation of state:

P~V _ 1/3
o =~V (14)

VA

Three reduced quantities for temperature, pressure, and

volume were obtained by the following defining equations:
T P 1%
~T=mi~P=gi~ V=0

The star quantities, T*, P*, and V* being the characteristic
equation-of-state or scaling constants for temperature, pressure,
and volume, respectively of the fluid.

At nearly the same time another important development was
made by Simha and Somcynsky [65,66]. Their model allows also
for empty sites throughout the system volume but otherwise it is
also a cell model (allowing for variable volume of each cell in the
lattice) as the FPP one and, as a consequence, both of them do not
apply to the gaseous state. However, soon after, the LF theory of
Sanchez-Lacombe [3-5], discussed in the next sub-section, was
developed which was responding to all above three limitations.

(15)

2.1.1.2. The lattice-fluid theory of Sanchez-Lacombe. The first key
difference of the SL model from the FH one was the allowance for
empty sites in the quasi-lattice. Otherwise, the empty sites and the
molecular sites (lattice sites occupied by molecular segments)
were considered to be randomly distributed throughout the quasi-
lattice in pretty much the same way as in FH approach. There is a

number of variations in the SL formalism [3-5] but in the present
review we will focus on the rather most prevailing one.

In the case of description of the behavior of a pure component i,
the SL approach considers each molecule of type i as being
characterized by a number of segments, r;, having each a
characteristic hard-core volume, v;*, and an average intersegmen-
tal interaction energy, &* = (z/2)es, €; being the i-i contact
interaction energy. These characteristic equation-of-state con-
stants for component i may be used to express the equivalent
scaling constants, T*, P*, and p* for temperature, pressure and
density, respectively, with the following equations:

My,
pi

& =kT; = Pivj; vy =

= MWiv;p.i (16)

My, being the molecular weight of compound i. Similarly, to the
FPP model, the reduced quantities are, then, defined as follows:

T
NTI,_T_{H
P
~ Py =5

1 _ ﬁ _ Mivsp,i _ &
~ P Pi T,‘VI-* V;f

~ V. =

(17)

Vi being the molar volume of compound i.

In the LF approach, the contacts with empty sites are attributed
a zero interaction energy and the number of empty sites at
equilibrium are obtained by minimizing the free-energy of the
system. This minimization condition, with respect to the number
of empty sites or to the density of the system, resulted in the
following simple form of the SL equation of state for a pure
component:

PV  ~P~v Inl-—~p) ~p
m_r =T _1—r1+7~p +~7T (18)

It is easy to show that this equation leads to the ideal-gas limit
at zero densities (or very high temperatures). The form of Eq. (18) is
also valid for multicomponent mixtures.

The chemical potential of pure component i is given by the
following equation:
~ P ~ P ~ P~ v,

_7r. . 1
o r’NT,-Jrr’ o (19)

w_
RT= ri(~v;—=1)In(1 —~ p;) +In
Here w; is an internal parameter accounting for symmetry and
flexibility of molecule i (more on this later), which cancels out in
phase equilibrium calculations.

In the case of mixtures, the following mixing and combining
rules are adopted in the LF approach:

vi=2 (o) (20)

& = Z (biei) —RTY_> <¢i¢fxij) .

where
&+ & — 2¢;
= % (22)
and

&= &y /8i*8f (23)
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&; being a binary adjustable parameter near unity. Quadratic
mixing and combining rules have been adopted also [67] in place of
Eq. (20). The average number of segments per molecule in the
mixture is given by:

m= Ziri”i (24)

With the above rules, the total volume of the mixture is given by
the following equation:

V=rn~vY_ (¢vi) =~ vy (25)
and the total potential energy by the equation:
—E =rn~ p&* (26)

where ~ p = L. Thus, for a binary mixture,

—E=rn~ p(p18] + $y85 — $1$,RTX12) (27)

The corresponding expression for the total Gibbs free energy of
a binary mixture is:

G=E+PV-TS=
PV —rn{~ p(¢1] + $28 — P16,RTX12) — RT[(~ v — DIn(1 — ~ p)
e p Gy 8oy oy (28)
r rn o I s

This equation may be used for obtaining various thermody-
namic quantities for the mixture. The equation for the chemical
potential of component ‘1’ is:

.
R =gy + (1) + i~ X2

b (e v—DInA =~ p) + IR — gy 22 2PV

81 ~T, ~1, 9

There are several issues resulting from the assumptions and
simplifications endowed with SL theory.

The first relevant issue is related to the adoption of the mean-
field approximation. It is computationally advantageous since it
brings back many-body problems to one-body problems, consid-
ering only averaged interactions acting on a single particle.
However, this approach is appropriate if fluctuations are not
important and correlations occur on a very short range distance.
This makes questionable the application of the SL theory near
second-order phase transitions (e.g. the critical point).

A second issue that has to be considered is that the theory is
substantially based on a configurational partition function with
uncomplete account for molecular internal degrees of freedom. In
fact, rotational, vibrational, and other internal degrees of freedom
are not considered in the SL framework since do not play a role in
the interpretation of sorption thermodynamics. Hence SL theory is
not expected to provide reliable predictions of thermodynamic
quantities related to these degrees of freedom, as is the case, for
example, of heat capacities.

Both these two issues are also shared by the other lattice fluid
theories illustrated in this review.

Also, at coexistence, the SL EOS is often solved analytically,
requiring rather severe approximations which can corrupt the
agreement with experiment [68].

Beside those reported above, an extremely relevant issue is that
of thermodynamic inconsistency of the SL theory for mixtures. In
fact, the thermodynamic consistency of the expressions of
chemical potentials provided by the SL theory for mixtures has
been questioned by Neau [69], whatever are the mixing rules
considered. It is demonstrated that, except for the special case that
the mixture characteristic parameter v* (that corresponds to the
hole volume, v;) is a constant independent of composition, in SL
theory the reference term for the chemical potential of a

compound, frp is a function of both temperature and molar
fractions and thus does not cancel out when imposing phase
equilibrium. Moreover, this circumstance implies also that the
expressions of chemical potentials do not converge to the
corresponding ones in the ideal gas state. To circumvent this
problem, Neau proposed the use of fugacity coefficients obtained
from the SL-EoS to perform thermodynamically consistent phase
equilibrium calculations, based on the assumption that the
‘configurational’ pressure, obtained starting from the configu-
rational expression of the Helmholtz energy provided by the SL
theory, is coincident with the absolute pressure.

This procedure, proposed by Neau to correct for thermody-
namic inconsistencies, has recently received a well-argued
criticism by Thompson et al. [68,70,71]. In fact, these authors
beside providing further evidence of the inconsistency of the SL
theory that arises from the mixing rules, at the same time
demonstrated that the calculation procedure of phase equilibria
based on fugacity coefficients proposed by Neau is incorrect and,
thus, is not a viable mean to remove the inconsistency. In
particular, Neau failed to account for the fact that, in a lattice hole
theory, as the SL theory is, the number of holes in the lattice
depends upon the total volume. Thompson et al., based on an off-
lattice formalism, were able to re-obtain the SL EOS showing that
the reported inconsistency does not originate from the lattice
framework. These authors proposed a variant of the SL-EOS that
makes use of a constant, composition-independent, hole volume of
the mixture, that is a different for each mixture (‘constant hole-SL’
(ch-SL) model [70]). Their version of SL EOS theory for mixtures is
‘near’ consistent for solubility calculations. The ‘near’ consistency
is related to the fact that if v, is constant for a mixture, it cannot
limit correctly to the hole volume values of the pure components.
Moreover, some inconsistency is also related to the fact that, when
dealing with phase equilibria, the chemical potentials in the
different phases use different hole volumes. As a consequence, the
difference between the constant hole volume for the mixture and
that for the pure component phase, implies that the chemical
potentials in the two phases at equilibrium are based on different
zeros of energies. However, this variant of SL theory can still be
considered feasible to provide a reasonable quantitative agree-
ment with experimental data for solubilities, when the value of
hole volume of the mixture, as determined by fitting experimental
sorption isotherms, is found to be rather close to the values for the
pure components. As final assessment, abandoning the use of
mixing rules for hole volume of a mixture to adopt a constant hole
volume not only does simplify the theory, but provides, at the same
time, a better performance as compared to SL theory in predicting
sorption of low molecular weight compounds in rubbery polymers
[68]. Notably, in the view of the authors, the holes are interpreted,
at least in part, as an empirical correction for the fact that in a mean
field theory correlations are missing.

Aviable alternative to recover a full consistency of lattice based
models is that adopted in the Panayiotou-Vera (PV) [72,73] and
NRHB theory [39] models that will be discussed later. In these
models the characteristic volume, v* is assumed to take the
universal value of 9.75 cm?/mol, both for pure compounds and for
their mixtures, thus implying a constant value of hole volume for
the mixture that trivially complies to the pure components limits.

2.1.2. Amendments to the LF approach

The SL approach has found numerous applications. Even
today, it remains one of the most commonly used equations in
polymer solution thermodynamics. Yet, the SL calculations are, in
general, in qualitative agreement with experimental data and
there is a noticeable failure in the case of systems interacting
with strong specific forces. In a first attempt for the improvement
of the SL approach, molecular shape characteristics have been
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introduced through the surface-to-volume ratios, s; [67] as well
as quadratic mixing rule for v* (with the discussed consistency
issues). Surface area fractions are needed in this case, which are
defined as follows:

_ bisi _disi (30)
Sier (DS) S

The average intersegmental interaction energy in a binary
mixture is given by

i

& = 18] + $18) — P102RTX 1, (31)
and
o & +ike — (2\/%)@2 -

2 = o (32)

The quadratic mixing rule reads:
V= GIVi + 93V3 + 201 Vi, (33)
where
«1/3 <173\ 3

. Vi’ +v

Vi =481 <122> (34)

The equation of state remains identical in form to Eq. (18)
above. For a binary mixture, the equation for the chemical potential
becomes:

.
= Ing, + (1 - é)q&z + 11~ pX1263

~pP ~pP
+r1(~v—1)ln(1—~p)+1nw—l—r1NT1

~ P~V (20,V5 + 20,5, — V*
~T, vi

o (35)

These amendments introduced in the SL formalism have led to
an improved performance of the LF model as regards to
calculations of phase equilibria and related properties [67].
However, still the model could not handle adequately systems
interacting with strong specific forces. In fact, such strong
interactions affect drastically the distribution of molecular species
and the Flory-Huggins random distribution, which is also adopted
in the LF model, is likely inadequate for these systems. To
circumvent such a drawback, a rather drastic change had to be
introduced in the LF formalism.

A first attempt to introduce non-randomness in the LF model
was proposed in the early eighties [72,73]. Guggenheim’s Quasi-
Chemical (QC) approach was used for this purpose. Non-
randomness factors were introduced reflecting the departure
of the real system from the fictitious system of perfect
randomness, as follows [74]: if Ny; is the number of first-neighbor
intermolecular contacts of molecular species i and j in the real
system, and N; is the corresponding number of contacts i-j if the
molecular species were distributed at random, then, non
randomness factors for the contact pairs i-j in the system, I,
can be defined as follows:

Nj = I'yNj (36)

A system is considered to attain a perfectly random distribution
when the interchange energies (cf. Eqs. (8), (11), (22)) are zero.In a
binary mixture of N; and N> molecules of species 1 and 2,
respectively, the QC approach envisions the formation of two
interactions 1-2, being generated by breaking one interaction 1-1
and one 2-2, as a quasi-chemical reaction of the form:

1-1D+2-2) - 1-2)+2-1) 37)

Applying mass-action law to the reaction expressed by Eq. (37)
at equilibrium, we obtain:

() W, (MaTw)
N11Naz  4NyiNypp 4<N(1]1F11> (N(2)2F22)

2
0

_ (le) It _ I,

4N?1N32F11F22 il

=K1y (383)

This is the “quasi-chemical condition” for the intermolecular
contact pair 1-2. Species specific non-randomness factors, which
will be useful below, may be introduced through the equation:

_Aegs
F,’j = I‘,-I}exp <TU> = F,‘ij,‘j (39)

Replacing in Eq. (38a), we obtain the following alternative
expression for the quasi-chemical condition:

Fiz» 72

b o_ i _ k. 38b
Fal’y Tty y (38D)

In the LF approach, a binary mixture is handled as a quasi-
ternary mixture, the third species being the empty lattice sites.
Three QC conditions apply in this case for the contact pairs 1-2,1-
0, and 2-0, 0 indicating the empty site. The full formalism and the
method for obtaining I'¢'s was reported by Panayiotou and Vera
[72]. A simplified formalism was adopted in a later work [73]
where the same authors have considered that only the molecular
species are distributed non-randomly. As anticipated, they have
also considered that the hard-core segment volume, v;*, is the same
for all compounds and equal to 9.75 cm?/mol. This universal value
was obtained as the average characteristic volume of a large
number of studied pure compounds. In addition, it was considered
that the interaction energy is rather an interaction free-energy and
depends linearly on temperature, or

&' = & + (T —298.15)¢;, (40)

With these assumptions, a non-random LF equation-of-state
model (Panayiotou-Vera, PV, model) was developed, which
constituted a rather significant improvement of the SL model.
Similar models have followed the PV model [67,75-77] and applied
to a variety of mixtures showing all significant improvement over
the original SL model.

In parallel, hydrogen bonding interactions were introduced
explicitly in the LF model by splitting the intermolecular
interaction forces into physical (dispersion, weak to moderate
polar) and chemical (strong specific Lewis acid/base or hydrogen-
bonding) interactions. This division led to a factorization of the
partition function of the system into a physical and a chemical
factor. Initially [6,31,32], the hydrogen bonding interactions were
accounted for by invoking the formation of complexes or cluster
associates in the system and the model was known as the LFAS
(Lattice-Fluid Associated-Solutions) model. This was a rather
successful equation-of-state model handling properly the strong
specific interactions. Its main drawback was its difficulty to handle
three-dimensional hydrogen-bonding networks, such as those
occurring in polymer mixtures or in aqueous polymer solutions.

In early 90’s, however, the LF model was enhanced with a
powerful hydrogen-bonding approach, which had the versatility
and strength of LFAS model but could also handle three-
dimensional hydrogen-bonding networks [36]. The Veytsman
statistics [35] was adapted to the equation of state approach and
the resulting model is known as the Lattice-Fluid with Hydrogen-
Bonding (LFHB) model [27]. The LFHB approach has been proved
efficient in handling complex phase equilibrium calculations,
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cooperativity, intramolecular association, rubber swelling, gel
collapse, just to name a few of its numerous applications [27,78-
80]. Since then, LFHB underwent a series of improvements, mainly,
by incorporating non-randomness in the distribution of free-
volume and molecular species in the system [8,9,39]. In what
follows, then, we will review the essentials of this incorporation of
hydrogen-bonding and non-randomness in the LF equation of state
approach.

2.1.3. Non-randomness in the equation-of-state approach

The central objective in this sub-section is the presentation of a
coherent formalism interconnecting the above LF formalism and
the latest developments in the NRHB approach. For this purpose,
our first task will be the formulation of the configurational
partition function of a multicomponent system of N;, No, ..., N;
molecules of components 1,2, ... .t respectively and N, empty
cells, at temperature, T, total volume V, and external pressure, P.

In particular the canonical partition function of such system is
given by:

Q(T,No,N1,Na,...,N¢) = > (41)

Here and in the following, N otﬁ” represents an array of variables,
whose generic Ngﬁ term represents the total number of hydrogen
bonding interactions between proton donors of type « and proton
acceptors of type B present in the system under consideration.
Furthermore, here and in the following, N ij represents an array of
variables, whose generic N term stands for the number of lattice
fluid contacts between a segment of a molecule of type i and a
segment of a molecule of type j, with i ranging from O to tandj > i.

In Eq. (41) the summation spans over all the admissible values

of the set of internal variables of the model, N ij and N «8". Note
that the same symbol Q has been used in order to express both the
generic term of sum in the calculation of canonical partition
function and the canonical partition function itself. No ambiguity is
generated by such notation since the corresponding different set of
independent variables for the two cases has been explicitly
indicated. It is worth observing that the Nj variables are not all
independent of each other, since they must satisfy the following t
+1 material balance equations:

t
2Nji+ > Nj=Nizq;Vi(i=0,...t) (42)
J(#)

In Eq. (42) zq; represents the number of external lattice contacts
per molecule for component i. As a consequence, only an
independent subset of the Nj; variables is to be considered in
the N ij array. In particular, based on Eq. (42), it is trivial to express
any of the t+1 Nj variables as a function of the remaining Nj
variables with i ranging from O to t and forj > i. A key assumption is
the factorization of the partition function Q(T,Ng,N1,Na,...,N¢)
into a random, or athermal, and an energetic, or thermal, part, as
follows [1,9,36,72-74,81-90]:

= QrQ: (43)

The summation in the above equation spans all microstates i in
the phase space of our system characterized by a corresponding
energy level E;, while £2; is the degeneration or multiplicity factor
for all microstates corresponding to the energy level E; and g is the
thermal energy factor equal to 1/kT. The random term Qg
represents the limiting value of the partition function when all
intermolecular interaction energies are identical, and the mole-
cules are distributed randomly throughout the volume of the

system. The energetic part, Qg, is then a correction term for the
non-random distribution of molecular species, which should
become equal to one in the limiting case of zero interchange
energies (cf. Eq. (38)). In highly non-ideal systems of molecules
interacting with strong specific forces, the energetic part may be
further factorized, for convenience, into a non-randomness term,
Qng, and a chemical or hydrogen bonding term, Qy that explicitly
accounts for establishment of strong specific interactions. Thus,
the configurational partition function can be written alternatively
as:

Q(N1,Nz,...,Ne,T,No) = QrQr = Qr{QnrQx} = {QrQnr}QH
= QprQn (44)

In this way, the partition function can be then factorized into a
“physical”, Qpp, and a “chemical” or hydrogen-bonding term, Qy:

Q = Qpu(T,No,N1,Na, ... Nt)Qy(T,No, N1, Na, ..., Ne) (45)

The subscript ‘Ph’ indicates ‘physical’ and the subscript ‘H’
indicates ‘hydrogen bonding’. Consistently with this framework, in
the statistical models associated to LFHB theories, the physical
contribution to the canonical partition function can be generally
expressed as:

Qpr(T,No, N1, N, ..., Np) = > (46)
N,vj Qpp(T.Ng.Ny,Ny,....N¢,N ij)

and the hydrogen bonding contribution as:

Qu(T,No,N1,Na,...,N¢) = > (47)

Finally, the Gibbs partition function, ¥, in the isobaric-
isothermal (N, P, T) ensemble can be obtained from Q according
to classical statistical thermodynamics as follows:

W(T,P,Ny,Ny,...,Nt) =

2

PV
[Qm(T,No,Nl,Nz, . N)Qu(T.No, Ny, N ... ,Nf)exp(—ﬁ)}

(48)

No=0

Here P and V represent, respectively, the pressure and the volume
of the mixture. In turn, the volume can be expressed as:

m n
V=Vp+Vy=rNeovv' + 35S NGV (49)
a=1 =1

where Vgﬁ is the molecular volume change associated to the
formation of an a-g hydrogen bond, while Vp;, is the contribution of
the physical term, which is described by a LF framework. Based on
this relationship the total volume V is a function of
T,Ng,N1,Ns,...,N;,Nij, Nap".

An explicit expression for this function will be given in sub-
section 2.1.5 where the NRHB model is discussed in detail. Any LF
model endowed with HB interactions described in this review,
allows the expression of N, as a function of V, ie.

Ny :f(T, V,N1,N3,...,N;,Nij, N aﬂ”). Consequently, Ny can take
the role of an internal state variable of the system in place of V.

More on this in section 2.1.5.
From Eq. (48) the Gibbs energy can be then obtained as:

G = —kTIn[¥(T,P,N1,Na,...,N)] (50)

According to a standard procedure used when applying mean-
field statistics, the summation in Eq. (48), can be approximated by
its maximum term. In the classical maximum term approximation
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[3-5,32] this is mathematically equivalent to first equating G to the
logarithm of the generic term of the Gibbs partition function i.e.:

G(T,P, No,N1,Na,... ,Nt,Njjg, N ij) =

—KTIn[Qpy(T,No, N1, Na, ..., N¢, N ij)Qy

(T,No,Nl,Nz, ... ,Ne,N aﬁ“)exp<f%>] (51a)

and then finding its minimum with respect to the three sets of

internal variables given respectively by N ij, N 8" and No or V. It is
worth noting that, in place of Ny or V, one could also consider the
variable ~ v.

As a direct consequence of the above factorization and of Eq.
(49), one can write:

G(T,P, No,N1,Na,... ,Nt,Njjg, N ij) =

—kTIn {Qph(n No,N1,Na,...,Ne, Nij)exp <—P;</;-)h>}

T
— Gy + G (51b)

—KkTIn {QH (T, No,Ni,Na,....Ni,N ocﬂH> exp <7PV”>]

Gibbs energy, G, can be considered as the sum of a physical term
and a chemical or hydrogen bonding term.

N a8, N ij and the total volume of the mixture, V, are, in fact,
internal state variables and, at equilibrium, the Gibbs energy is at a
minimum with respect to them, at fixed P, T and composition.
The role of these variables is of fundamental importance in the
development of non-equilibrium extension of NRHB to
glassy polymers, as discussed in the sub-section 2.2.2. Actually,
it can be demonstrated that, for the purpose of calculation of
equilibrium properties, the variable V can be replaced by ~ v,
thus, the following simultaneous minimization conditions apply
for G:

( G ) _ <8Gph>
BNU’ P.T,N, ~V,Nys.N ap BNU PN, ~V Ny i

=O0foreachi,j =0, 1,....tandj
>1 (52a)

H = H
8N0fﬁ PTN,~v, N ijN! 8N<¥ﬂ P,TN,~v N

yétap ydtap

0 foreacha, 8 (52b)

=
O~V/)prn.Ni

< l ) T
+ 8
~ PTN N ap

In Egs. (52a,b,c) N indicates the composition variables set
(N1,N3,...,N;). The third condition (Eq. (52c)) leads to the
expression of the equation of state, EoS. The set of all equations

(555)
0~V/)prn.N iiN ap!

(52¢)

(52) allows for the calculation of the equilibrium values of V, N o 8"
and N ij.

At equilibrium, the chemical potential of component k is
obtained by coupling the set of Egs. (52a,b,c) with the following

general expression:

1y = (E)
« ONy P.T,Nj i, ~v,N ii,N ap

() ()
ONy P,T.Nj, ~v N ij ONj P.T.Nj, ~v.N af

= Wipn + MiH (53)

More details on this procedure will be given in the sub-section
2.2.2 dealing with NRHB model.

In the next section, we will present the Veytsman statistics [35]
or the combinatorial formalism for hydrogen bonding, which is
used for estimating the hydrogen-bonding contribution, Qy, to the
partition function. This approach can be combined with any other
appropriate thermodynamic model able to describe the non-
hydrogen bonding contributions to the thermodynamic properties
of the studied systems. In this review, the physical term, Qpy, of the
partition function will be estimated using the NRHB [39] and QCHB
[8] equation of state approaches, presented in the sub-section
2.1.5, and the PSP formalism [40-44,53-55], presented in the sub-
section 3.8.1, for the prediction of thermodynamic properties of
complex systems.

2.1.4. Accounting for strong specific interactions in the equation-of-
state approaches

Let us focus now on the hydrogen bonding or chemical term of
the partition function, Qy. Let us assume that there are m different
kinds of hydrogen-bonding donors and n kinds of hydrogen-
bonding acceptors in the system. Let d’; be the number of hydrogen
bonding donors of type « (a=1,m) in each molecule of type k (k=1,
t) and a;‘g the number of hydrogen-bonding acceptors of type g
(#=1n) in each molecule of type k. The total number Nj of
hydrogen-bonding donors « in the system is:

o ¢
= df Ny (54)

and the total number Nf of hydrogen-bonding acceptors $ in the
system is:

t
NP = ahNk (55)

The potential energy of the system due to hydrogen bonding is
in excess of that due to physical interactions. The total energy Ey of
the system due to hydrogen bonding is given by:

m n
Ey =" NisEs (56)

a=1 =1

where Ngﬂ is the number of hydrogen bonds between donors of

type a and acceptors of type g, and Egﬂ the corresponding

molecular energy of formation of an -4 hydrogen bonding.
The total number of hydrogen bonds, Ny, in the system is:

m n
Ny=>"S"Ni, (57)
a=1 p=1

What is now required is the number of ways, £2, of distributing
the NZB bonds between the functional groups of the system. In
order to find the different number of isoenergetic configurations of
our system (number of different ways of forming or distributing
the hydrogen bonds in the system) we have to find the number of
distinguishable ways for:

a) Selecting the associated donor sites out of the donor population.
b) Selecting the associated acceptor sites out of the acceptor
population.

10.1016/j.mser.2019.100525
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c) Making hydrogen bonds between the selected donor and
acceptor sites.

Having the number of distinguishable ways, £2, of distributing
the N «p Donds among the functional groups of the system, we may
write:

QH(T No,Ni,Na, ...,

EO
=2 {Ha 1Hﬁ 1 a‘”“exp( kT ﬂ (58)

where P, is the probability of formation of a donor « acceptor
pair. There are several factors contributing to this probability. First,
one has to consider the mean field probability P that a specific
acceptor g will be in the proximity of a given donor «. This term is
proportional to the volume of the acceptor group divided by the
total system volume that is, P ~ 1/V. However, even spatial
proximity does not guarantee that a bond actually forms. In fact,
bond formation requires that donor and acceptor adopt a unique
spatial orientation with respect to one another which is
accompanied by a loss of rotational degrees of freedom (associated
to an entropy decrease). Steric considerations will also come into
play in bond formation. In general, for a donor « acceptor g pair, this
probability is given by [27,36]:

Pap = e/ (22 (59)

where Sgﬂ is the molecular entropy loss (intrinsically negative)
associated with hydrogen bond formation of an (e,) pair. The term
~£inEq.(59) is derived from the expression for the volume V by the
model (physical term) based upon a LF framework. We remind that
rN represents the total number of cells occupied by the molecules
in the system.

In the following sections (2.1.4.1, 2.1.4.2. and 2.1.4.3) will be
presented three different cases for which the specialized expres-
sion for §2 in Eq. (58) is provided.

N, N a,BH)

2.14.1. Association complexes and three - dimensional hydrogen-
bonding networks. In this sub-section we briefly summarize the
rationale for the enumeration process and apply it, first, to the
simple case of a system of molecules with one proton donor and one
acceptor group, such as systems with hydroxyl groups, which self-
associate. At this stage we will assume that no cyclic r-mers are
formed.

Let us consider a system with N molecules, each having one
donor and one acceptor site (1) with N;; hydrogen bonds among
them. The number of ways of selecting the N";; associated donors
out of the donor population N is just the binomial coefficient N!/
(N- NH, )V NH ;1. Similarly, the number of ways of selecting the N¥;
associated acceptors out of the acceptor population N is again the
binomial coefficient N!/(N-N";;)! N¥;;1. The free donor groups in
the system are N - N*;;= N*; This is also the number of free
acceptor groups, Ny, in this particular system. Now, a specific
donor can hydrogen bond with any of the N¥;; acceptors, a second
donor can hydrogen bond with any of the remaining N -1
acceptors, and so on. The number of ways that N*;; bonds can be
formed between N*';; donors and N"';; acceptors is just N;;!. Thus,
the total number of ways that Nf;; bonds can form between N
donors and N acceptors is the product of the above three terms, or

N! NI Wy
(IIV\” N 1112”'1\’ 11! (N N 11)'N 11!

_ 60
NH oI NP oINPT (60)

2=

These arguments, when extended to the general case of
multigroup molecules, lead to the following equation [26,27,34—
36] (Veytsman statistics):

N¢! Nﬂv
m
Ha]NH'Hﬂ]NH'HHﬂ]NH' (61)

Inserting Eqs. (61) and (59) in Eq. (58), one obtains for Qy:

7Nt,Na/3H> -

Qu(T.No.N1, Np, ..

pFap
~ P Ny EX[J(— KT )
(W) HalNH,Hﬂ1NH,HHﬂ1Tﬁ! (62)

where Fgﬁ = Ef,’qS - ngﬁ, with Fgﬂ the Helmholtz energy of
formation of the a-g hydrogen bonding, N, the number of free
(non-hydrogen bonded) donor groups of type o« and N the
respective number of free acceptor groups of type p:

n
NH, = ZN dy — > O NH, (63a)
B=1
H i & H
Nig = 21\1,»(133 - ZlN"B (63b)
i= a=

Here d; represents the number of proton donor of kind « on a
molecule of kind i and a}; is the number of proton acceptor of kind g
on a molecule of kind i.

From Eq. (52b), for a system with n proton donors and m proton
acceptors, one obtains the following equations:

0
Vaﬂ G
= ex foreacho, 64a

vaoves P p( T ) B (64a)
or:

n 5 m GO
Vop = {vg‘ -3 uak} [va -3 vkﬂ] ,oexp( T > (64b)

k=1 k=1
where

Ve = s 1o = M vy = N0 e NG Miang

Gop = Flp + PVOg=Egp — TSo5+PVo,

This is a system of (m x n) quadratic equations for vy. This
system must be solved in combination with the equation of state
Eq. (52c¢) and, in the general case of non-random LF model, with Eq.
(52a). On the basis of Eq. (62) we can calculate the expression of

the Gy:
Gg vy, v,
7[} of a0
1+ I<TH <vaovoﬁ>}+2v <

£3in <”°§> ) (65)

As a consequence, according to Eq. (53) we can find the general
expression of the HB contribution to the molecular chemical
potential of species k:

Min 8(%)
kT — ON;
P,T.Nj, ~v.N afp?
d'l Va ; 1 ﬁ 66
=TI:Vy — n — a n
o ;{ (aoﬂ et B Vo/s (66)

10.1016/j.mser.2019.100525

Please cite this article in press as: G. Mensitieri, G. Scherillo, C. Panayiotou et al. Towards a predictive thermodynamic description of Fsorption
processes in polymers: The synergy between theoretical EoS models and vibrational spectroscopy. Mater. Sci. Eng. R (2020), https://doi.org/

761
762
763

764

768
767

768
769

779

772
773
774
775

778

778

780
781
782
783
784

785
786
787


http://dx.doi.org/10.1016/j.mser.2019.100525
http://dx.doi.org/10.1016/j.mser.2019.100525

789
790
791
792
793
794

795
796
797
798
799
800
801
802
803

804

805

806
807

808

809

810

813

814
815
816
817
818
819
820
821
822

G Model
MSR 100525 1-88

G. Mensitieri, G. Scherillo, C. Panayiotou et al./Materials Science and Engineering R xxx (2019) 100525 11

where 1, represents the number of cells occupied (on the lattice
model adopted to describe the physical contribution) by a
molecule of species k and vy = ﬁ’—,’j, represents the average number
of hydrogen bonds (intermolecular) per segment. The Eq. (66),
coupled with Eqs (52a,b,c) provides the HB contribution to the
equilibrium molar chemical potential of species k.

2.1.4.2. The dimerization of acids. The lower aliphatic organic acids
are associated rather peculiarly and, thus, a second case that will be
investigated here is their dimerization [91]. In such systems,
dimers are the overwhelming majority of the association species.
For simplicity, then, we will consider dimerization only, in order to
describe this hydrogen bonding behavior.

Let Ngm be the number of dimers in the system. Then, the
number of ways of selecting these dimerized molecules out of the
N acid molecules is:

N!
(2Ngm) /(N — 2Ngp) !

(67)

The number of ways of selecting the Ny, dimers is:
N!
(2Ngm)!(N — 2Ngpm)

N!

- 68
(N = 2Ngp) \N gy 12Nem (68)

2=

(2N = 1)(2Ngm = 3)-..1

The free energy change upon formation of one dimer is:
de = Edm + Pvdm - Tsdm (69)

Consequently, the hydrogen-bonding factor in the partition
function becomes:

o N! ~ P Nam Ndedm
W= iy () (7 70

The equilibrium number of dimers per mol of acid segments,
Vam, 1S obtained from the above equation through the usual free
energy minimization condition, or

24 ¢ — é o
Vam = r (71)
where
_ P (=Cim
Kgm = - exp( RT ) (72)

In this case of dimerization, the hydrogen-bonding contribution
to the chemical potential is:

P T B
RT ~ Mam — 1035 (73)

2.1.4.3. Intra-molecular hydrogen bonding. Both aforementioned
cases referred to inter-molecular hydrogen bonding. However, the
rationale is easily extended to systems with both inter- and intra-
molecular hydrogen bonds [78,79,92,93]. In the general case of
alkoxy alkanols, as an example, if x is the number of ether oxygen
acceptor sites, the number of proton donors and acceptors of type 1
(—OH) is Ny, and of proton acceptors of type 2 (-O-) is xN;. As was
done previously [92,93], x is assumed to be equal to 2. As a
consequence, the total number of free proton donors is:

Nig=N; —Ny; =Ny, —B (74)

where B the number of intramolecular bonds OH—O- in the system.

In order to find the number of ways §2 of distributing the
various hydrogen bonds in the system, we have first to select the
Ni1, Ni2, B, and N;o donors out of the N; donor population. This can

be done in N;!/[B!Ny;!N3!Nyo!] ways. Secondly, we have to select
the hydrogen bonded Ny; acceptors of type 1 out of the N; acceptor
population, which can be done in N;!/[N;;! (N;-N7)!] ways. Next,
we have to select the B acceptors of type 2 out of the xN; acceptor
population. However, once we have selected the B proton donors
that participate in intramolecular bonds, we have also selected the
molecules with the acceptor sites of type 2 that participate in the B
intramolecular bonds. We assume for simplicity that all x acceptor
sites are equivalent for the intramolecular bonds. In each of these B
molecules, we must now select the acceptor site of type 2 for the
intra- molecular bond out of the x acceptors of type 2 that exist in
such a molecule. For each molecule, this can be done in x! [ [1! (x-
1)!] ways and, consequently, for the B molecules it can be done in
{x! [ [1! (x-1)!]}® = xB ways. Having selected the B acceptor sites of
type 2, we must now select, out of the remaining (xN;-B) acceptor
type 2 population, the N;; which will participate in the
intermolecular bonds. This can be done in (xN;-B)! / [(xN; - B -
Ni2)!Np2!] ways. The N;; and Ny» bonds can be done in Ny;!-Nj5!
ways, while the B bonds in only one way after having selected, both,
the donor and the acceptor sites in each molecule. Thus, the
number of configurations in the hydrogen bonded system is:

N]]!N]z! =

_ Ny! Ny! x\B (XN — B)!
- B!N]]!lelNloan!(N] - N]])! (X — 1)‘ (XN] - B- N]z)!N]z!

(XN7 — B)!(Nq!)*xB

= BIN11!N12!N1g! (N1 — Nq1)!(xN7 — B— Nyy)! (75)

The number of the three types of hydrogen bonds can be
obtained from the following coupled minimization equations:

B(xNi—B) Gp\ _
(XN1*B*N12)N10X_CeXp kT =K (76)
_ Nu _~p o Gh) _Kn
(Nt —Ni1)Nyg N eXp( KT )~ N (77)
N1 _~p 76?2 K2
&N, —B- NNy TN e""( ®)"N (78)

where G;;° and G;,° are the free energy changes upon formation of
the intermolecular hydrogen bonds of type 1-1, and 1-2,
respectively, and Gg° is the corresponding free energy change
upon formation of the intramolecular hydrogen bonds. The free
energy change for the i-j bond is given by G;;° = E;* + PV;® - TS;°, E;;°,
Vi°, Sii° being the energy, volume, and entropy change, respectively,
upon formation of the same hydrogen bond.

After some algebra, the above three equations lead to the
following expressions:

Kiz

2= mB(XM —B) (79)
_ K11
Nu = KsNx + B(Kq; — 1<12)BNl (80)
_(NXK371(12AB) K12(XN1 7B) K”B
B= N N -B- BxKB N 'xNKz +B(K1 — Kiz)

(81)

The last equation contains only the unknown B and it can be
solved numerically by successive substitutions. The solution for B
can then be replaced in Eqs. (79) and (80) in order to obtain N> and
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Please cite this article in press as: G. Mensitieri, G. Scherillo, C. Panayiotou et al. Towards a predictive thermodynamic description of Fsorption
processes in polymers: The synergy between theoretical EoS models and vibrational spectroscopy. Mater. Sci. Eng. R (2020), https://doi.org/

828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848

830

851
852

853
855

856
857
858
859
860
861
862

863
864
865


http://dx.doi.org/10.1016/j.mser.2019.100525
http://dx.doi.org/10.1016/j.mser.2019.100525

866
867
868

869
871

873

874
875
876

877

878
879
880

882
883
884
885
886
887
888
889
890
891
892
893
894
895

868
898

899
900

802
903

904
905
906
907
908
909
910

G Model
MSR 100525 1-88

12 G. Mensitieri, G. Scherillo, C. Panayiotou et al./ Materials Science and Engineering R xxx (2019) 100525

Ny, respectively. Having obtained the numbers of hydrogen bonds
in the system, the average number of hydrogen bonds (intermo-
lecular) per segment, vy, can be calculated by:

v N Niw+ Nip

TN N
and the hydrogen bonding contribution to the chemical potential
of alkoxyalkanol is given by [78]:

(82)

Niptiy Ny +B N1y
R = N Naln(1 = =) 4 Nyln(1 -5
N
+xNiIn(1 - 5 12 5 (83)
-

The corresponding contribution for the inert compound of the
mixture is given by:

MHog

oy, (84)
The above examples give a good picture of the versatility of the

Veytsman statistics [35,36] to cope with complex hydrogen

bonding cases.

2.1.5. The NRHB equation-of-state model

2.1.5.1. Description of the NRHB model. There are numerous
expressions for the physical contribution to the partition
function (see Eq. (44)) depending on the adopted framework.
The hydrogen bonding contribution discussed above can, then, be
implemented in several equation of state or activity coefficient
model frameworks. In this section, we will illustrate the NRHB
equation of state approach [9,39] of the broader LF framework,
which does account for the non-random distribution of empty sites
and molecular segments and also for hydrogen bonding (and other
association interactions) by including the contribution to the
partition function discussed in the previous section.

Let our molecular system consist of N;, N>, . . . ,N; molecules of
components 1,2, ..., respectively. As previously with the LF
framework, each component of type i consists of r; segments, each
of segmental volume v;*. The molecules are assumed to be
arranged on a quasi- lattice of coordination number z and made of
N; sites, No of which are empty. The total number N; of lattice sites
is given by the expression:

Ny = Nqry + N3y + ... + Nere + Ng = TN + Ny
= N(X11r1 +Xar2 + ... + X¢1t) + No (85)

where N=N; + N>+ ... +N, is the total number of molecules in the
system and x; is the mole fraction of component i. The average
intersegmental interaction energy per segment of molecule i is
given by:
& = (5)ei (86)
where ¢; is the interaction energy per i - i contact. If zq; is the
number of external contacts per molecule i, a geometric
characteristic of molecule i is its “surface-to-volume” ratio, s; =
qi/ri. This ratio can be estimated for a very large number of different
compounds by using the widely used UNIFAC group contribution
model [87,88]. In this way, s; is not a fitted parameter but is
calculated based on well-established theories.

In a mixture, parameters r and q are calculated through the
following simple mixing rules:

t

r= i (87)

q=>,  xa; (88)

and so:
s=q/r (89)

Furthermore, segment fractions ¢; and surface (contact)
fractions 6; are defined as:

- T','N,' - M I
b = N =T withi =1.2,...,t (90)
and
N qiNi _ qiNi _ i bisi _DSi i i
Sher @N) AN ST (es) S
=12,...,t (91)

The total number of external contact sites in the system is:
zZNg = zqN + zNg (92)
while Vpy, is given by the expression:

Vpn = INV* 4+ Nov* = N.v* = V™ + Nov* (93)

where the same average segmental volume v* is assigned to an
empty site as to an occupied site. Furthermore, it is assumed that
two neighboring empty sites on the quasi-lattice remain discrete
and do not coalesce. In what follows we will adopt the above
mentioned “universal” value of 9.75 cm® mol ! [39,73] for v* for all
fluids.

The structure of the NRHB model includes a Gy term that is
given by Eq. (65), while the Gp, term is given by Eq. (51b), once
proper expressions are provided for §2 g and £2 ng:

kT

= Q2r$2ng-€XP (,W) (94)

.. PV
Qpn(T,No,N1,N3,...,N;,N IJ)eXP<— Ph)

Here Ep, represents the total energy of the system associated to
physical “mean field” interactions and it will be specified in the
following (see Eq. (110)). £2; is the combinatorial term for a
hypothetical system with a random distribution of the empty sites
and molecular species and §2yr is a correction term for the actual
non-random distribution. As already mentioned, for the random
combinatorial term, the Flory expression [2] was used first,
resulting in the Sanchez-Lacombe lattice fluid theory [3,4] or the
Guggenheim expression [1] resulting in the PV model [73] and the
QCHB model [8]. The PV model formed the basis for the
development of many other lattice models in recent years. In
NRHB [9,39], the generalized Guggenheim-Staverman expression
[86] is adopted:

_ t N N [Ty Ni Ng! 8
QR*G_L:] @ ){NO!H,HM! N;!

where, again, w; is a characteristic quantity for fluid i that accounts
for the flexibility and symmetry of the molecule. In phase
equilibrium calculations, this quantity cancels out. The Staverman
parameter [; is given by:

(95)

z
h=3ri—a) - (- 1) (96)

For the non-random correction, the quasi chemical theory of
Guggenheim is used [72] in the NRHB model:

WNRE
H?:o Ng! Hf:o H}>i KTU) !}

g = 2
ITioo Nit! TTio ITj-s [(%) !]

where, Nj; is the number of external i-j contacts. In this equation, i
runs from zero (empty site) to the number of components, t, while

(97)
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the superscript ‘0’ refers to the case of random distribution of
empty sites and molecular species.

Actually, two alternative ways of calculating §2yz have been
proposed in the literature, resulting in two different versions of the
model. Initially, Panayiotou et al. [9] adopted a ‘simplified’ version
of NRHB model that considers only the non-randomicity in the
distribution of empty sites around a central empty site and the
non-randomicity in the distribution of an occupied (molecular)
site around a central molecular site. Consequently, $2yr takes the
following simplified form:

o 12

N [(2)] (98)
2

vt (%)

where N, is the number of external contacts between segments
belonging to molecules and Ny is the number of contacts between
empty sites. In the second case [39], the full Eq. (97) is used and the
non-randomness of every i-j contact (i =0 to t and j>i) is accounted
for. In the present contribution, by NRHB we refer to this second
approach [39,94-100].

In the random case, the number of external contacts between
segments belonging to molecules, N%, takes the form:
gN

NR =

1
0—7
N"*zquN TN quO (99)
where,
1.0 _ q/r
6, =1 90_q/r+~v—1 (100)

and, as before, the reduced volume, ~ v, is defined as:

Von 1 1
Y 101
Ve o~ o Yo (101)
and
V* rN
— 0 102
‘/Ph N; ( )

The site fractions f, and f;, for the empty sites and molecular
segments of component i, respectively, are defined as follows:

4,pd0 A,IVT‘* E:i(rJVi)Af -~
fomm R o 12, (103)
In the random case, the number of contacts between empty
sites, N, is given by the equation:

NGy = 2 Noz 0 — %Noeo (104)

2 % Ng

while the number of contacts between a segment and an empty
site, N?O, is given by:

NS = quII:]ﬁ =zNy fV—N = zqNBy = zNy6, (105)
q q

The total number of inter-segmental contacts is calculated as

the sum of contributions between like molecules and between

unlike molecules:

t 0 t t 0
= Zi:l Nii + Zi:l Zj>i Nij (106)
where:
NO = 2q,N Gl %q,N,»O,»Gr (107a)
0 a;N; s s
Nj; = zq;N = 2q;N;0;0, = zq;N;0,0, withi # j (107b)

iN_q

We may then express the number of intermolecular contacts in
the non-random case by using the non-randomness factors, I,
mentioned above. This leads to the following 2t+t(t-1)/2+1
expressions:

N”:NBFHWIthl:],,t

Nj = NgTywitht >j>i>1

Noo = NgoT'oo

Nijp = NoTiowithi=1,...,t (108)

Trivially, in the case of random distribution, all non-random
factors, I's, are equal to one, while in all the other cases they should
obey the following material (contact) balance expressions, which
results from Eq. (42):

3, OT=1withj=0,1,..t (109)

where Gy = 6y and O; = 6,0,

It is recalled that in the LF approach only first-neighbor
molecular segment - segment interactions contribute to the
potential energy E of the system. Consequently, for a mixture, the
potential energy Epy, is given by:

t t t
g Nii€ii + Zi:l Zj>iNfJ'8U (110)

'_EPh::
and

&ij = /it (1 — kyj) = /it (111)
where k;; (or &;) is a binary adjustable interaction parameter for the
pair i, j.

By substituting Eqs. (95), (96) and (97) in the Eq. (51), and using
Eq. (103), the expression for Gp, can be obtained. In particular, the
following relationship holds:

Gn _
kT

LI l t 14
i b i
rN{ E ?ill’l(S,Jrrf E rlll’lfrl —ln—r 7( Vf‘l)

i=1 i=1

In (1—~p)

”N{Zz z‘},ln[F,,exP( )] + :ig 11“[ ifexl)(Ak;U)}

~P~v
+ =T } (112)

Finally, summing Eq. (112) and Eq. (65) we obtain the
expression for the generic term of Gibbs energy, G, for the NRHB
model (referred to as Gngpp):

GnRHB i = P
T 7—rN{Z né; +—7ZElnffln —(~v—1)

i=1 i=1

1n(1—~p)+;< v—1+r>1n<1—~ p+—~ p)}
>

t z
ACU ~V
+rN{ZO zln{l""exp( 22 { T xp( T )} +~P N—T}
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n

m
FING D " vgp 1
a=1p=1

G ~ VD, m
Sup af o Bin (-2
+4T +ln<vaovoﬂ>} +;v ln( d) +Zv ln<v0>}
(113)

It is worth reminding that the reported expressions of Gpp, Gy,
and Gpngyp represent the generic term contributions to the
calculation of the equilibrium Gibbs energy of the system and
that, according to the maximum term approximation, their
expressions must be minimized with respect to the sets of internal
state variables (see Eqs (52a,b,c)) in order to obtain the equilibrium
expression of Gibbs energy, from which all the main equilibrium
thermodynamic quantities may be obtained. A similar procedure
also applies to the case of the ‘simplified’ version of NRHB mode.
Details on this procedure are provided in the following with
reference to both versions of NRHB.

As discussed, the Gibbs energy can be split in two contributions:

GNRHB(T P,Ni,Na,....N¢,~v,Nij,N af )
Gpp(T,P,N1,Na, ..., Nt,~ v,N ij)
+GH(T,P,N1,N2,...,N[,~v,Noe,BH) (114)

According to macroscopic thermodynamics endowed with
internal state variables, the equilibrium expression of Gygyp is
obtained by specializing the minimization Egs. (52). In the case of
NRHB, this minimization procedure provides the following set of
equations:

B exp(-
L5 T

)foreacha ﬁ—{ P+~T

0
Uaﬂ G
— =~ pex
Uaovoﬂ P p( kT

where
Agj = g + &5 — 2(1 — kyj)\/8ii&j (116)
and ggp = 0.
Moreover,
T kT
~T=m=1 (117)
P  Pv*
~P == (118)

The following mixing rule is adopted:
t t .
= Zi:l Zj:] 0i0jc (119)
with

e =& ge;org; = — k) (120)

The EoS of NRHB model, directly obtained from Eq (115c), is

~P T

ln(l 7~p)7~p<z lifva)f%ln(l —~p+f~p)+ lnFOO} =0
i1
(121)

The LF contribution to the EoS is obtained by setting vy = 0 in
Eq. (121). Since the whole procedure presented here is valid for a
general multicomponent system, Egs. (115a,b,c) and (121) hold
also for the case of a pure component system, if one sets ¢: = 1 and
6;=1.

The value of Gngyp for the mixture at equilibrium, at assigned T,
P and composition (N ) of the system, i.e. G,E\,%HB, is then obtained by
substituting in its expression, Eq. (113), the equilibrium values of

~ v and of the set of variables N ij and N aﬁ” that are obtained by
solving the set of Egs. (115a,b,c):

Gﬁ%HB(T7 P7 N]vNZ, ey Nt) =

Grisin (T.P.N1, Na, ... Ne,~ VE(T, P, Ny, Ny, ..., No), N i

(T.P,Ny,Np,...,No),Naf™ 4T, PNy, Ny, ... Np)) - (122)

No closed form is, however, available, since this whole set of
equations can only be solved numerically. Once the expression of
GEd,s is available, the equilibrium molecular chemical potential of
species i, can be calculated as:

3 GNRup
iz (T, PN, No o Np) = (<8Nl) (123)
PTN

JNjzis

and it could be obtained by performing the numerical derivation of
the Eq. (122) at selected values of T, P and N, satisfying the
constraints imposed by Egs. (115a,b,c). Alternatively, it is possible
to carry out the following procedure based upon the chain-rules of
derivative operation. The various steps involved are briefly
described.

T ) foreachi,j=0,1,... , tandj > i

t 1:
]n<]_~p)—~p<z »r—_—vH)—%ln(l—~p+g~p) —mFoo]}:

i=1 1

(115a,b,c)

a) we first proceed by expliciting the generic expressions of the
chemical potential in the case of NRHB model:

Hipn _ (8(%)

KT 8N1 )
PT,Nji, ~v.N ij

=1In

Ly Llj+1n~ P +T1i(~v—1)In(1 -~ p)
8il'i = I

—;r~<~v—1+ >ln<1—~,0+ -~ ,O>

+qi% |:1I1Fii + :(N vV — 1)1HF00:|
i

~V
Py (1242)
Gy
Hin _ 8<W)
kT 8N,
P.T.Nji, ~v,N ashH
_rlvH—Zd' 1n< ) Z ﬂ1n<"”> (124b)
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And, finally, we can write:

MiNngHB ~ Mitr | Min

kT kT kT .
1
jt
=In—r Zr— +In~
j=1 J

5T, p+T1i(~v—=1)In(1 -~ p)

z i q
—jr< v—1+ >ln(1—~p+f~p)

) ~ P~ .
+ql% |:1HF,',' + g(w vV — l)lnF00:| —+ TiN—TV — Nq_zr
1

1

+rivy — Zd'ln< ) Zaﬂln<voﬁ> (125)

With the same procedure, the corresponding expression for the
chemical potential of pure component, 1£;°/kT, can be obtained by
setting ¢; = 6; =1 in Eq. (124a).

b) by using chain derivative rules, we can then calculate:

EQ a (GIE\I%HB)
HiNgHB _ kT
kT oN, i
P.T.N;i
_ ()
ON;
P.T.Njzi, ~v.Ny.N o

A

n, o (0(%) ' Nt
kT B
3 () @
a=1 =1 B) bIN. v, N s PTN,

J#

O ( Gt N
N L) <3 ) (126)
o~ o oN; Jpr Ny
P.T,N,NijN af8

where all Gibbs energy derivatives are intended to be evaluated at
equilibrium. In view of the minimization Eqs. (52a,b,c), that hold at
equilibrium, it follows that:

+Zt: . (3(%) <8N,j)
i£0 j>i BNU PN, ~vNisy oN; P,TN;

<

EQ a Gnrip

HiNRHB ( kT ) EQ H, EQ

i _ ( o N;f N af (127)
PT.Nji, ~vEQ

where the superscript ‘EQ’ remarks that the corresponding
quantities are evaluated at equilibrium, i.e. they are provided by
solving the set of minimizations equations.

We just recall here that, the QCHB model [8] is obtained in a
similar manner, the main difference from NRHB being that, in place
of Eq. (95) (the Guggenheim-Staverman approximation), the plain
Guggenheim combinatorial term [1] is used to calculate $2:

o (1)

where the symbols have the usual meaning. The expression for
§2nr is the ‘simplified’ form provided by Eq. (98). In the case of
QCHB, the equation of state takes the following form:

~P+~T{ln(l —~,0)+~p<1 —%+VH> +%lnl“oo} =0 (129)

The generic expressions of the ‘physical’ contribution to the
general molecular chemical potential in a binary mixture becomes

for the QCHB model:

r
Mk] I =In¢,; + (1 - é) ¢y +T1~ lezeﬁfn

i~ 171*
T
1

~

+ri(~v—=1)In(1 -~ p)

~ P~ Vﬁ r1$1

+1I QN T v I‘T [lnFrr +(~v— 1)[“1—‘00}
11—~ ply
— _ 130
'l¢] ~T ( )

while the p;;/kTcontribution is still given by Eq. (66).

Again, the equilibrium chemical potential for each species is
obtained by coupling the generic expression of the chemical
potential with the minimization conditions. Full details of QCHB
model are provided in ref [8].

Once the expressions for the equilibrium chemical potential of
the components of the rubbery polymer mixture are available it is
possible to model sorption equilibrium of low molecular weight
penetrants in polymers. Sorption equilibrium between a con-
densed polymer phase and external fluid phase is ruled by the
equivalence of the values of temperature, pressure and chemical
potentials of all the species in the two phases. We will assume here
that no polymer is present in the external fluid phase. As a
consequence, equality of chemical potentials in the two phases has
to be imposed only for the low molecular weight penetrants. In the
cases in which such an assumption is not legitimate, also the
equality condition of the chemical potential of polymer species in
the two phases has to be fulfilled. Numerical problem could arise in
this latter case if the concentration of polymer in the external
phase is expected to be extremely low.

The set of equations to be solved to model, using the NRHB
theory, the equilibrium sorption isotherms of an infinite volume
mixture of t-1 low molecular weight (penetrant) of assigned
composition, in the polymer-penetrant mixture of t components is
made of:

1) the equations expressing the equality of the equilibrium
penetrant chemical potentials in the external fluid phase and
in the polymer-penetrant phase for any penetrant species.

2) Minimization conditions for Na/S and Nj for the polymer-

penetrant phase and for the external ﬂuld phase.
3) NRHB equation of state for the two co-existing phases.

This approach can be easily extended to the cases in which more
than one polymer species is present.

2.1.5.2. Pure fluid parameters and mixing rules of NRHB model. As
mentioned in the previous sub-section the parameters for pure
component i in the NRHB model [39], are, the number of segments,
r;, the surface-to-volume-ratio factor, s;, and the mean interaction
energy per molecular segment, ¢;* This is treated as free-energy
and is split into two scaling parameters, &, and &, according to
the following relation:

& =&, + (T —298.15)¢], (131)
Subscripts h and s in Eq. (131) indicate an “enthalpic” and an

“entropic” contribution to the interaction (free) energy parameter.
Instead of r;, a third scaling constant Vo is equivalently used

for the calculation of the close packed density, o} = 1/v} s given by
the following relation:
v;‘.sp = v?,sp,O + (T - 298.15)v;‘p51 (132)

As already mentioned, the hard-core volume per segment, v*, is
considered to be a universal constant equal to 9.75 cm®mol~! for
all fluids and their mixtures. The parameter vy, in Eq. (132) is
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Table 1

NRHB parameters for some representative fluids.
Fluid &r(Jmol 1) &:(Jmol TK™T) vpolem®g ) s Reference
n-hexane 3957.1 1.6580 1.27753 0.857 [94]
n-heptane 4042.0 1.7596 1.25328 0.850 [94]
n-Octane 4105.3 1.8889 1.23687 0.844 [94]
Benzene 5148.5 —0.2889 1.06697 0.753 [94]
Methanol 4202.3 1.52690 115899 0.941 [94]
Ethanol 4378.5 0.75100 1.15867 0.903 [94]
1-Propanol 4425.6 0.87240 113923 0.881 [94]
1-Butanol 4463.1 119110 113403 0.867 [94]
2-Butanol 41251 145711 111477 0.867 [99]
1-Hexanol 4522.7 1.64571 1.11545 0.850 [100]
1-Heptanol 4521.2 1.76223 112464 0.844 [100]
1-Octanol 45321 1.86863 112094 0.839 [97]
1-Nonanol 4576.7 1.87264 1.10261 0.836 [97]
Water 5336.5 —6.5057 0.97034 0.861 [94]
Carbon dioxide 3468.4 —4.5855 0.79641 0.909 [98]
Acetone 4909.0 —1.15000 1.14300 0.908 [94]
Acetic acid 6198.8 —2.0598 0.92434 0.941 [94]
Dichloromethane 5163.3 -1.3305 0.688 0.881 [94]
Benzoic acid 7228.5 —3.3473 0.8552 0.774 [98]
Acetanilide 7243.2 1.9411 0.8955 0.780 [97]
Phenacetin 6246.3 —0.5539 0.9333 0.827 [97]
[C4amim|Tf,N 5465.37 2.11139 0.66240 0.824 [100]
[Cemim+][Tf,N-] 5389.10 2.63354 0.69229 [100]
1,2 Propylene glycol (PG) 5088.9 1.05260 0.9084 0.903 [99]
Poly(ethylene glycol) 200 < Myy<100000 g mol~! 6273.0 0.71110 0.86620 - M,7.98-108 0.829 [99]
Poly(vinyl acetate) 5970.4 2.59194 0.80924 0.825 [99]
Linear Polyethylene 7434.9 —7.94296 1.20994 0.800 [99]

treated as a constant for a given homologous series [94-100] and it
is set equal to - 0.412-103cm®g 'K for non aromatic hydro-
carbons, - 0.310-10> cm? g! K! for alcohols, - 0.240-10> cm® g ' K
for acetates, - 0.300-10 cm3 g1 K! for water and 0.150-103 cm® g
TK! for all the other fluids [99,100].

The following relation holds: r; = Muwivig,/ V", where M,,; is the
molecular weight of component i. It is recalled here that the shape
factor is defined as the ratio of molecular surface to molecular
volume, s; = q;/r;, and is calculated through the UNIFAC group
contribution method [87,88].

For hydrogen-bonded compounds, the knowledge of two
additional parameters that characterize the specific association,
namely, the association energy, Egﬁ. and the association entropy,
Sgﬂ (for simplification purposes, the association volume, Vgﬂ, is
usually set equal to zero) is also required. Pure fluid parameters for
representative fluids are shown in Table 1. Table 2 reports the
number of the hydrogen bonding sites assumed on every
functional group, while Table 3 presents the association energy
and entropy for the strong specific (i.e. hydrogen bonding, Lewis
acid - base) interactions between two functional groups.

Once the scaling parameters for the fluids of interest are
available, the model can predict all thermodynamic properties of
pure fluids and mixtures. In case of mixtures the mixing and
combining rules expressed by Egs. (87-89) and Eqgs. (119-120) are
adopted.

Furthermore, combining rules are also used for estimating the
cross- hydrogen bonding parameters in cases where no experi-
mental data exists. The following combining rules are used for the
cross interaction between two self-associating groups:

ES +EC
Eop = 2512 (133a)
3
s0 1/3+5%,1/3
525—<—W/ 5 w1/ (133b)

while, for the cross interaction between one self-associating o and

one non self-associating group p the combining rules are:

E°
Egﬂ = 7501

s?
525 = —30‘

(134a)

(134b)

One of the main reasons for the PSP developments is the
prediction of hydrogen bonding interaction energies. At this stage,
the PSPs do not distinguish between the various hydrogen bonding
sites in a molecule and give an average acidity or basicity molecular
descriptor. Thus, the original differentiation of hydrogen bonding
sites by NRHB remains useful in practice. In contrast, the
development of the Conductor-like Screening Model - Non-
Randomness Factors (COSMO-NRF) [101] does make this differen-
tiation through the cosmo-files of the compounds and may be used
in a predictive manner.

Table 2
Hydrogen bonding (HB) sites in each functional group.
Group HB sites
Positive (Proton Negative (Proton acceptors)
donors)
—OH 1 1
Benzene 0 1
HOH 2 2
Benzoic Acid 1 1
>NH 1 1
>C=0 (in 0 1
pharmaceuticals)
—0— 0 2
—0—C=0 0 1
ILs 5 5
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Table 3
Parameters for hydrogen bonding (HB) interactions.

HB groups E™ (J mol ') SP (J mol 'K~ 1) Reference
—OH- --OH— (Methanol) ~25,100 265 [94]
—_OH.--OH— (Alkanols) ~24,000 ~27.50 [94]
—OH- - -OH— (Polymers) -22,500 -275 [99]
HOH-: - -HOH —16,100 —14.70 [94]
Acetic Acid —14,682 -6.9 [94]
Benzoic Acid —16,380 —20.34 [98]
>NH- - -NH< —-8500 -10.25 [97]
>NH.--0=C< ~9176 ~6.94 [97]
>NH: - —0— ~10,900 ~6.90 [97]
>NH---OH— —18,100 —16.00 [97]
_OH.--0=C< ~16,368 ~13.25 [97]
—OH..-—0— -10,943 ~13.75 [97]
—OH. ..—0— (polymers) —14,900 —27.8 [99]
HOH-. - -HOH —16,100 -14.70 [94]
HOH- - -benzene combining rule (Eq. 88) combining rule (Eq. 88) [96]
—OH:--0=C—0— —22,100 —-27.30 [99]
HOH.--.—0— —17,000 -27.0 [99]
HOH. - -OH— combining rule (Eq. 87) combining rule (Eq. 87) [98]
IL—IL ~19,800 ~265 [100]
IL—water —16,100 -20.0 [100]

2.1.6. Extension of COSMO-RS to the COSMO-NRF equation-of-state
model

In a series of papers [101-104], an approximate, yet coherent
and consistent equation-of-state model was developed by
combining the quantum-mechanics based ‘COSMO for Real
Solvents’ (COSMO-RS) model [105-111] with NRHB approach.
This combination turned out to be a most natural one since the
statistical thermodynamic basis of COSMO-RS is very similar to
that of NRHB. In essence, what has really occurred as regards the
statistical-thermodynamic aspect of COSMO-RS, is the rediscov-
ery of the widely used Quasi-Chemical theory of mixtures [1]in a
brilliant way by Klamt [105,106,112]. The significant feature of
Klamt’s version of Quasi-Chemical theory is the very efficient
numerical algorithm for its solution in the case of complex
multicomponent/multigroup systems. The combination, then, of
COSMO-RS with NRHB could be done by recasting both formal-
isms in terms of Non-Randomness Factors and the resulting
equation-of-state model is termed COSMO-NRF [101]. The
COSMO-RS formalism is, in essence, based on a rigid-lattice,
while that of COSMO-NREF is based on a lattice-fluid type allowing
for free-volume or empty space throughout the system. In what
follows, the key features of the COSMO-NRF model will be
presented.

COSMO-RS accounts for three types of contributions to the
intermolecular interaction energy associated to London - disper-
sion, electrostatic and strong-specific or hydrogen-bonding forces.
The electrostatic interactions, collectively referred to as polar
interactions, include the Keesom (dipole +dipole) and the Debye
(dipole +induced-dipole) interactions. The electrostatic interac-
tion energy in COSMO-RS is assumed proportional to the following
quadratic term [105-111]:

(Om +on)? (135)

where, o; is the surface charge density of the interacting segment i.
Empty sites are attributed a zero surface charge density, or oy=0.
Adoption of this approach in the calculation of the electrostatic
interaction energy would, then, imply that an encounter of a
molecular segment with an empty site is characterized by a non-
zero electrostatic energy. At the end, as explained in [101,97], this
would lead to an equation of state which would not meet the ideal-
gas limit. Two alternatives could be considered. First, one could
replace the above misfit term with the product, 20,0, This would
lead to a fully predictive and consistent up to the ideal-gas limit
equation of state but one would have to re-parameterize COSMO-

RS from the beginning. Second, one could adopt for the van der
Waals and non-specific electrostatic interactions of segments m
and n an interaction energy é&p,, of the lattice-fluid type
[5,9,39,73,113] and use COSMO-RS formalism for the strong
specific (hydrogen-bonding) interactions since this part is com-
patible with the ideal gas limit. This second alternative is the basis
of the COSMO-NRF equation of state model. Although the
formalism for the first alternative is also available, we will confine
ourselves here to the second alternative.

The direct consequence of the above division of intermolecular
interactions is the factorization of the system partition function, in
analogy with NRHB model, into a hydrogen-bonding, Qyg, and a
physical or van der Waals factor, Qpy, or

Q = QpnQup = (QrQnrpn)Qup (136)

Again, the physical factor is further divided into a combinatorial
term, Qg, accounting for the random repartition of segments and a
correction term, Qngpr, accounting for the non-random distribu-
tion of the species interacting with these van der Waals forces.
Common to, both, COSMO-RS and NRHB is the Guggenheim-
Staverman (GS) [86] equation for the combinatorial term, Qg.
Guggenheim’s Quasi-Chemical theory [1] is used here for the
correction factor for non-randomness, Qngpp, and the hydrogen-
bonding factor, as done in COSMO-RS.

Panayiotou and Vera [73,113] had introduced the non-
randomness factors, I as the ratio of n; contacts in the real
system over the corresponding number of contacts, n%, in a

lj‘
fictitious system of perfect randomness, or:

_ &\,
Tjj = exp kT )

Fiz- 72
i Ty 137
il (=4
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The Quasi-Chemical condition expressed in terms of the non-
randomness factors is the last expression in Egs. (137). On the basis
of this condition, one may split the binary non-randomness factors,
Iy, into the segment-specific non-randomness factors, I,
through the defining equation:

T = Culexp [~ 27070 1T (139)

In terms of NRFs, the main equation for the activity coefficient
of component i in the mixture takes the following form
[101,108,109]:

Iny; = (Iny,)° + > [vk,-sz (lan - lnF,ﬂO))]

A:
vy > pi(ow) Iy — Il | (139)

= (ln)/,-)0 +

The equivalence of the two alternative expressions in Eq. (139)

is established through the equations:
A,'(O'm) i Z‘)miQm

pi(om) =TA O T zq

A; is the surface area of molecule i and a5 is the standard
surface area per segment. According to Eq. (140), the probability,
pi(om), to find segment m in molecule i is equal to the surface area
fraction, ®,,, which is the product of the v, segments m in the
molecule, each having z-Q,, contact sites, divided by the total
number of external contact sites, z-g;, of molecule i.

With the above definitions, assumptions, Guggenheim-Staver-
mann and NRHB nomenclature, the equation of state in terms of
the segment non-randomness factors (NRF), I, is [101,103,104]:

PV ~P~v {l

(140)

NRT ~ ~T

z q
= ;—~v1n(1 —~p)+j~v~ln<1 —~,0+F~p)

—z~ vlnro] (COSMO — NRF) (141)

while the chemical potential is

i
RT

¢

11

+ % [ri — q;]In [l —~p+ g~ p} —zriInl"y
+26;[3",,(OhInl'n )| (COSMO — NRF) (142)

In

+In~p —riIn(1 —~ p)

where w; is a characteristic quantity for each fluid that takes into
account the flexibility, conformational changes, and the symmetry
of the molecule. The corresponding equation for pure components
is:

14 z ai
ﬁ: In~ p; — riIn(1 — ~ p;) +§[r,» —q;]ln {1 -~ 0 +r71~ Pi

—zrInly + zg; {Zm (@jﬂlnrm)} (COSMO — NRF) (143)

It is important to point out that alternative equation of state
formalisms may be used for the above non-hydrogen-bonding
part.

Thus, COSMO-NRF is a coherent and consistent equation of state
model, which requires two pure component scaling constants, p*
and &%, as in NRHB or in LFHB. In contrast, however, to NRHB and
LFHB, the COSMO-NRF model does not need any hydrogen bonding
parameters since this is obtained directly from the COSMO-RS
cosmo-files. Extensive tables with these scaling constants are

600

1

400

200+

V'mol / cm® mol

0

0.0 0.3 0.6
Vcosm / nm®

Fig. 1. The correlation of the hard-core molar volume with the COSMO volume. The
equation for the straight line is V*=6.0876 +678.97 Vosm, (R?>=0.9954).

reported in [101]. These scaling constants seem to correlate very
well with the corresponding comoments of COSMO-RS model
[105-111]. In Fig. 1 it is shown the linear correlation of hard-core
molar volume, V* = M/p*, with the COSMO volume [114]. On the
other hand, ¢* seems to correlate also, rather satisfactorily, with
Linear Solvation Energy Relationships — PSPs (LSER-PSPs) (cf. sub-
section 3.8.1). An exploration of this capacity would lead to an
entirely predictive equation-of-state model of highly complex
multicomponent systems. Nevertheless, having the scaling con-
stants, p* and &*, of pure compounds, one may use the present
model to predict the phase behavior and related properties of
mixtures.

2.1.7. Perturbation theories

2.1.7.1. Statistical associating fluid theory (SAFT). Equations of state
rooted on perturbation theories can be effectively used to simulate
and even predict phase equilibria involving polymeric systems. In
fact, in this approach, a suitable reference system accounting for
repulsive interactions is perturbed by accounting for Van der
Waals or hydrogen bonding attractive forces. These theories are
suited for dealing with polymers since they account explicitly for
the chain structure of macromolecules. [115].

In perturbation theories, the residual Helmholtz free energy of
the system, A™ (i.e. the difference between the Helmholtz free
energy, A, and the Helmholtz free energy of the ideal gas state, A'?),
is assumed to be expressed as the sum of several contributions that
is a reference term, A", and a series of perturbation terms,
collectively reported as AP

A=A A = A AT APt (144)

The reference term provides the main contribution to
thermodynamic properties. A suitable reference term is the hard
sphere, hs, system, where the molecules are considered as being
purely repulsive spheres of a specified diameter. However other
kinds of reference terms have also been introduced. Real systems
generally deviate from the reference one, due both to the presence
of dispersive and specific (or associative) attractive interactions
and to the non-spherical shape of the molecules, including the
chain-like form of polymer macromolecules of specific interest in
the present context. These effects are accounted for by the
introduction of different perturbation terms which are assumed to
be mutually independent. Several models have been proposed in
the framework of this approach, differing for the kind of reference
and of perturbation accounted for and/or for the expression
adopted for these terms.
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Ahs 1 Achain

3 Adisp,SAFT ) Aassoc

Fig. 2. Schematic of construction of the Helmholtz free energy according to SAFT.

The papers where the Statistical Associating Fluid Theory
was first proposed are those by Chapman et al. [45-48], referred
to as ‘original SAFT’, and by Huang and Radosz [49], referred to
as ‘CK-SAFT’, that has been also extended to the case of mixtures
[116].

SAFT assumes that the fluid is made of molecules that consist in
chains with association sites. A fluid is ‘constructed’ starting from a
system of hard-spheres to which are then associated attractive
forces (dispersive potential, e.g. ‘square-well’ or ‘L]’ potential).
Subsequently, are added chain sites to obtain a chain structure. In
the end, the system is endowed with association sites (e.g.
Hydrogen Bonding) that allow the formation of complexes [117].In
this approach the reference contribution is formed by a number m
of hard sphere molecules, mA™. The perturbation terms include a
term accounting for the formation of chains made of m hard
spheres, A" 3 term accounting for dispersive attractive
interactions, mA%?, and a term accounting for the attractive
interactions involving association sites, A*°:

Ares — mAhs + Achain + mAdisp, SAFT +Aassoc (-145)

The expressions of A" and A%°° terms are based on the
Wertheim’s pioneering work based on graphs theory [118-122]
and are essentially the same in the different versions of SAFT, that
are instead characterized by a variety of expressions for the
attractive contribution. In Fig. 2 is reported schematically the
construction of the Helmholtz free energy according to SAFT.

Several modifications of SAFT were later proposed by several
groups with different expressions for the perturbation terms
appearing in Eq. (145) [123-128]. In general, the various
expressions proposed for EoS of the SAFT type are characterized
by very similar chain and association terms and differ mainly for
the adopted expressions of the dispersion and repulsion terms. The
different SAFT variants proposed in the literature can be classified
as follows [117]: Original SAFT [47,48], Chen Kreglewski-SAFT (CK-
SAFT) [49,116], Simplified SAFT [129], Lennard-Jones SAFT (LJ-
SAFT) [130,131], Variable Range - SAFT (SAFT-VR) [125,132], Soft
SAFT [133], Perturbed Chain SAFT (PC-SAFT) [134], Simplified PC-
SAFT [135,136].

Other modifications of the SAFT were introduced. Simplified
structures have been proposed by using a cubic EoS to substitute
the chain and dispersion terms (‘Cubic-Plus-Association’ EoS, CPA
EoS) [137-139] or by simplifying the association term [140-144].
To allow the application of SAFT approach when experimental data
to be used for the evaluation of pure compounds parameters are

lacking, were developed Group Contribution (GC) variants of SAFT
to be used to estimate the values of these parameters [145-153].

One of the especially attractive features of SAFT-type
approaches, which stems from their theoretical origin, is that no
mixing rules are needed in the chain and association terms. These
terms are thus rigorously extended to mixtures. Mixing rules are
needed, however, in the dispersion term of the equation for all
SAFT variants. Moreover, combining rules are needed for the
segment energy and volume (or diameter) parameters and the
Lorentz-Berthelot rules are typically used. As with cubic EoS, a
correction-interaction parameter k;; is often used in the combining
rule for the cross-energy parameter.

In the present context, the PC-SAFT model, proposed by Gross
and Sadowski [134,154,155], is of particular interest. This model
has been specifically developed to deal with chain-like molecules.
The relevant aspect is that the refence system is now a chain of
hard spheres (i.e. hard chain, hc). In fact, the dispersion term refers
to attraction between the chains instead of segments, so that the
expression of residual Helmholtz energy is constructed by first
forming chains of hard spheres and then adding dispersion term
for the whole chain (thus implying that, instead of an interseg-
ment, an interchain radial distribution function comes into play).
The expression for A™ is then [115]:

Ares :Ahc + Adisp. PC—SAFT +Aassoc (]46)

where A%SP:PC=SAFT i< now a function of the length m of the chain

molecules. In Fig. 3 is reported schematically the construction of
the Helmholtz free energy according to PC-SAFT

The PC-SAFT EoS for pure compounds, in the case of non-
associating molecules, needs three parameters. The ‘geometrical’
parameters, m and o, account, respectively, for the non-spherical
shape of molecules and for the diameter of each segment. The
energy related parameter, ¢, accounts for the dispersive interaction
between two segments. If the system is endowed with self-
association or cross-association (in mixtures), as is the case of
hydrogen bonding, there are two further parameters for each kind
of association couple, AB, which characterize the volume (%) and
energy (¢'B) of association. In fact, in the framework of PC-SAFT it is
assumed that the association is characterized by a very strong,
short-range potential. Modified PC-SAFT expressions have also
been introduced to account for long-range forces related to
electrostatic effects due to dipole and quadrupole (and induced)
moments or to the presence of charges. PC-SAFT was in fact
improved by adding polar and quadrupolar contributions and
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Fig. 3. Schematic of construction of the Helmholtz free energy according to PC-SAFT.

extending PC-SAFT to electrolytes [156-166], with the obvious
introduction of additional parameters.

In view of the theoretical structure of SAFT models, in the case
of binary mixtures no mixing rules are required for the chain and
association terms. However, one needs to know the parameters
ruling the cross-associations. To avoid the introduction of
additional parameters, combining rules for the cross-association
parameters based on self-association parameters have been
proposed (see Chap. 8, p. 240 in [117]). It is evident that this is
a viable option only in the case both compounds are self-
associating. Conversely, mixing rules are needed for the dispersion
term. In this term, the parameter related to the interaction energy
between segments of different molecules generally deviates from
the geometric mean of the energy related parameters of each of the
two compounds and one needs to introduce an additional binary
interaction parameter, k; to account for these deviations. In
addition, combining rules, which are in general the Lorentz-
Berthelot ones, are also used for the evaluation of segment energy
and volume (or diameter) parameters.

The structure of the various contributions presentin Eq. (146) is
discussed in [115]. Once the expression of Helmholtz free energy is
available, one can readily calculate, by standard thermodynamic
relationships, all the thermodynamic properties that are required
to perform phase-equilibria calculations.

PC-SAFT has been used not only to deal with homopolymers,
but has also been extended to describe the thermodynamic
behaviour of copolymers [167]. In this case different kinds of
monomers and, in turn, different model parameters, are consid-
ered for the macromolecules. Consistently, the different terms
contributing to the expression of Helmholtz free energy are
properly modified. The pure copolymer parameters for the
different monomers are taken from the corresponding values for
pure homopolymers. Also the number of binary interaction
parameters is increased. In fact, in the simple case of a copolymer
made of two different kinds of monomers, to describe a copolymer/
solvent system one needs to know two binary interaction
parameters between each type of copolymer segment and solvent
segments, which can be obtained from the two corresponding
homopolymer/solvent systems, and a third binary parameter
related to the interaction energy between the unlike monomer
units in the copolymer.

Although the molecular weight distribution of the polymer
(polydispersity) does not determine any significant effect on
vapor-liquid phase equilibria in polymer/solvent systems, it can
have relevant effects on liquid-liquid equilibria. PC-SAFT has been
successfully used to deal with polydispersity of the polymer

component in binary mixtures by introducing multiple pseudo-
components, used to represent the experimental molecular weight
distribution of the polymer (see the case of poly(ethylene co acrylic
acid) copolymers with different acrylic acid contents in ethene in
[115]).

A simplified version of PC-SAFT has been introduced, i.e. the
simplified PC-SAFT [135]. The two models share the same type and
number of parameters for pure compounds, however in the latter
simpler mixing rules are introduced. In fact, the equations for hard
sphere and association terms are simplified. Limited differences
are also introduced in the chain term in view of the different
expression adopted for the radial distribution function.

2.2. Extension of equilibrium thermodynamics EoS approaches to non-
equilibrium glassy polymers

2.2.1. The NETGP approach

The first successful attempt to provide a physically sound
interpretation of sorption of low molecular weight compounds in
glassy polymers dates back to about 60 years ago and is the so
called Dual Sorption model [168,169]. This is an empirical model
envisaging sorbed penetrant molecules as consisting of two
populations. One is contributed by penetrant molecularly dispersed
within the bulk of polymer matrix, that is assumed to have a state
analogous to penetrant molecules absorbed in equilibrium rubbery
polymers. The other is assumed to be contributed by penetrant
molecules adsorbed onto the surfaces of the micro-voids frozen
within the glassy polymer that collectively form the excess free
volume associated to non-equilibrium glassy state. Rooted on this
physical picture, the Dual Sorption model consists in the sum of
two contributions: the first contribution takes the form provided
by a mean field equilibrium approach, such as Flory-Huggins
theory [2] that, in the limit of small penetrant concentration,
approaches the limit of Henry‘s law, while the second contribution
takes the form of a Langmuir-type adsorption term. These two
populations are assumed to be in a reciprocal instantaneous
equilibrium. This model, although is currently still used in many
cases since it provides a rather successful framework to interpret
sorption thermodynamics in glassy polymers, is not predictive and
it is only suitable for correlation purposes.

With the aim of developing a consistent theoretical sorption
thermodynamics approach with a predictive capability, efforts
have been devoted to build models grounded on rational non-
equilibrium thermodynamics. These approaches were based on
thermodynamics endowed with internal state variables, which
consist in order parameters that quantify the departure of glassy
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systems from the equilibrium conditions. The procedure consists
in extending the equilibrium mixture theories developed for
rubbery polymers to the non-equilibrium glassy polymer-pene-
trant mixtures. The concept of order parameter has been often
used to deal with thermodynamics of non equilibrium systems.
This approach, rooted on the description of non-equilibrium states
introduced by De Donder [170], that made use of additional
structural order parameters, was further developed, in the specific
field of thermodynamics of glassy polymers, with the contribu-
tions provided by Staverman [171], Gibbs and Di Marzio [172],
Astarita et al. [173], Wissinger and Paulaitis [ 174] and Doghieri and
Sarti [50]. In brief, for the case of a non-equilibrium glassy polymer
- penetrant mixture, the state is described, in addition to the
standard external state variables adopted at equilibrium, such as
pressure, temperature and composition, also by a set of order
parameters. In particular, Wissinger and Paulaitis [174] (WP) used,
as additional structural order parameter, the fractional free volume
of the polymer at the glass transition temperature, Tg. They also
assumed that the free volume remains at the same value it takes at
Tg, also at lower values of temperature (frozen in free volume).
Although this approach allowed a reasonable interpretation of CO,
sorption isotherms in polymethyl methacrylate and polystyrene, it
is unable to reproduce hysteresis phenomena during desorption
runs, as well as swelling-enhanced sorption capacity of the
polymer matrix. Later, Conforti et al. [175], in an attempt to
overcoming these drawbacks, introduced, as order parameter, the
number of holes per polymer mass in the mixture, in the
framework of a lattice fluid model of the polymer system.
However, this model allows the proper interpretation of typical
sorption—-desorption hysteresis of glassy systems only resorting to
two adjustable parameters to estimate the value of the order
parameter [176]. The fact that these parameters have to be
retrieved from experimental analyses of the volumetric behaviour
of the polymer-penetrant system during sorption and desorption
process represents a major drawback for the effective use of such a
model in a predictive fashion.

More recently, Doghieri and Sarti [50-52] introduced, as order
parameter and internal state variable, the density of the polymer in
the mixture, developing a procedure based on rational thermody-
namic to extend equilibrium EoS theories to the case of non
equilibrium glassy systems. The state is then described, beside the
usual set of state variables, i.e. temperature, pressure and
composition, also by the nonequilibrium density of the glassy
polymer. This general approach, referred to in the following as
Non-Equilibrium Thermodynamics for Glassy Polymers (NETGP)
theory [51], applies to homogeneous, isotropic, and amorphous
phases. In principle, one should specify the evolution kinetics of
the internal state variable. This information is often not available
and, to simplify the matter, in the analysis of sorption thermody-
namics the NETGP approach has often been applied considering
the system as being in a Pseudo-Equilibrium (PE) state, in the sense
that the two-phase equilibrium is attained with the polymer phase
in a kinetically locked non-equilibrium state. This procedure has
been applied to many binary and ternary polymer-penetrant
glassy systems with a good agreement with experimental data,
extending several statistical thermodynamics equilibrium models,
ranging from lattice fluid models [50] to perturbation theories
[177], resulting to be a powerful tool to predict the solubility of low
molecular weight compounds in polymers where specific inter-
actions are not present.

In the following, we discuss the fundamental aspects of the
NETGP theory with reference to binary polymer-penetrant systems
(the subscripts ‘1’ and ‘2’ refer, respectively, to the penetrant and
the polymer) and then we address the specific case of extension of
the equilibrium Sanchez - Lacombe lattice fluid theory.

The starting point is the expression of the Gibbs energy for a
uniform polymer-penetrant mixture in the non-equilibrium glassy
state, considering a fixed number of moles of polymer, n, The
Gibbs energy is taken as being a function of the set of state
variables T, P, n; and p, [52]:

G=g(T, P,ny, pp) (147)

Here n; is the number of moles of penetrant. The polymer density,
0 2, is the additional order parameter representing the internal state
variable of the polymer-penetrant mixture. As anticipated, it
quantifies the departure of the system from the equilibrium state.
As dictated by thermodynamics endowed with internal state
variables [178], in non-equilibrium conditions the rate of variation
of p », is itself a function of the state of the system, i.e:

2 _fir v, ) (148)

The qualitative and quantitative definition of the functional
form of this evolution kinetics is a rather challenging task.
However, when the temperature is much lower than the glass
transition temperature of the polymer and the penetrant
concentration is sufficiently small, the system relaxation rate is
correspondingly small and, consequently, the value of f can be
considered to be negligible, although not exactly zero, even when
the system is far away from true equilibrium. From this it follows
that, in such conditions, p , can be assumed to take a constant
value, referred to with the symbol p, __, and the polymer-penetrant
mixture, when exposed to a pure penetrant, attains an apparent
time invariant composition which corresponds to a PE state.
Conversely, if the time to achieve this PE state is of the same order
of magnitude of the characteristic time of evolution of the order
parameter, a thermodynamically consistent expression for evolu-
tion kinetics of p, is required [52].

Obviously, the value of p, ., p, . cannot be retrieved from an
EoS expression but is dictated by the intrinsic evolution rate of the
polymer as determined by the thermo-mechanical and penetrant
concentration history. A suitable choice for p, ., p, ..is the value of
density of the pure starting polymer, pJ, in the cases where the
penetrant induced swelling is negligible. Conversely, if a penetrant
induces a non negligible swelling, it can be often still possible to
assume a quasi-constant value for p, at each pressure, but its value
is different from that of the density of the starting pure polymer. In
this event, one needs either to retrieve experimentally the value of
the specific volume of the polymer-penetrant system at each
absorbed penetrant concentration at PE with the external pure
fluid phase, or, alternatively, to assume a dependence of the
polymer density on the partial pressure of the swelling penetrant.
In particular, at low penetrant activities in the pure fluid phase in
contact with the polymer (as is the case of several light gases [179-
181]), a simple linear form is appropriate for this dependence and
the value of p, ., can be in fact expressed as:

Pz.oo(P) = 10[2)(1 - kswP)

where it has been introduced a swelling coefficient, ks, [182]. If
experimental data on specific volume are not available, ks,, can be
used as a further fitting parameter of sorption isotherms. In the
case of a number ‘k’ of penetrants, Eq. (149a) takes the following
form:

P -1
pZJm(P):: Pg (1 jLz{:kswjpz)

i=1

(149a)

(149b)

where P; is the partial pressure in the external phase of penetrant ‘i’
and ks,,; is the associated swelling coefficient.
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In brief, when the conditions are met, the glassy mixture is
assumed to be in a kinetically hindered state resulting in a time
invariant value of p . Accordingly, we have that [50]:

% =0 (150a)
and
P2 = Pan # P5(T, P11y) (150b)

We consider now the specific case of a phase PE between a pure
penetrant and a polymer-penetrant mixture which is in a
kinetically hindered state. It is explicitly noted here that we
consider the simplified case of a polymer that is insoluble in the
external penetrant phase. On the basis of the first and second laws
of thermodynamics and if the assumption formalized by Egs. (150)
holds true, it can be proven [52] that the thermodynamic condition
for phase PE is still dictated by the equivalence of penetrant
chemical potentials in the two phases in contact. Moreover, on the
same basis, it can also be demonstrated that the chemical
potentials of the penetrant and of the polymer in the polymer-
penetrant are not dependent on P. The pseudo phase equilibrium is
then expressed as:

11 pot (T 18, p2.c) = 11 exe(T, P) (151)

The superscript ‘PE’ emphasizes the fact that Eq. (151) refers to a
pseudo-equilibrium condition. The value of penetrant chemical
potential in the polymer-penetrant mixture is calculated, consis-
tently with previous procedure, according to the following
expression:

aG

— 152
OMilr p g, (152

ltl,pol::

where, in view of PE condition, the derivative on the r.h.s. side of
Eq. (152) is evaluated at p, = p, . and ny = nfEt.

To proceed with the calculation of the chemical potential, an
explicit expression for non-equilibrium G is needed. This expres-
sion for G can be obtained as the logarithm of the generic term of
the Gibbs partition function where the density of the polymer
takes a specific value of p, . Actually, there is another,
straightforward, way to obtain the expression of nonequilibrium
chemical potentials. The procedure is based on the relevant result
of the NET-GP approach that the nonequilibrium Helmholtz energy
of the system is independent of pressure and, consequently, it is
found that its value is the same as the corresponding equilibrium
value provided by an EoS of choice at the same temperature,
polymer density and composition (although at a different
pressure):

a"E(T, P,ny, py) = a™(T, ny, py) (153)

From Eq. (153) it follows that, under the non-equilibrium glassy
state conditions, the chemical potential of the penetrant can be
calculated as:

JalNE
NE _ (904 154
M ( 90 )T. 02 (154)

One can then evaluate the non-equilibrium chemical potential
by simply equating it to the corresponding equilibrium value
calculated at the same temperature, composition and polymer
density:

WYE(T, Py, py) = (T, ny, py) (155)

This approach is straightforward when the selected EoS theory
provides the expression of equilibrium chemical potential in a

closed analytical form. More attention should be applied in cases
where the theory just provides a general expression of chemical
potential that has to be coupled with minimization conditions to
obtain the expression of equilibrium chemical potential. This is the
case, for example, of the NRHB theory.

In implementing this procedure, Sarti et al. started from several
equilibrium statistical thermodynamics EoS theories, ranging from
lattice fluid theories [50] to perturbation theories [177]. In
particular, if one considers the extension to the out-of-equilibrium
conditions, of the Sanchez-Lacombe theory, the following expres-
sion is obtained [50]:

B0 pn(e psy)— 12+ (ry — 1)/~ plin(1 —~ p) 1

—~ p[rvi (P + P — $54p7) | /(RT) (156)
where
Ap* = {P’{ +P;—2(1- klz)‘/P’{Pz} (157)
It is worth noting that:
p2.oc
~p == 158
020" (158)

where w; is the mass fraction of the polymer and p *the closed
packed density of the mixture.

Eq. (156) is the relevant expression of the so-called Non-
Equilibrium Lattice Fluid (NELF) model [50], that is a specialized
version of the general NETGP theory.

2.2.2. Extension of equilibrium NRHB model to glassy polymers: the
NETGP-NRHB model

In the previous sub-section, it has been illustrated a procedure,
rooted on thermodynamics endowed with internal state variables,
developed to extend equilibrium theories to describe phase PE for
glassy polymer-penetrant systems exposed to a fluid phase. This
approach has been later generalized [183] to systems consisting in
a polymer and more than one penetrant. To deal with glassy
polymer-penetrants systems exhibiting specific interactions, such
as hydrogen-bonding or formation of Lewis acid/Lewis base
complexes, our group, still exploiting the NETGP framework, have
proposed an extension of the NRHB model to the case of non-
equilibrium glassy polymers [184], developing the so called
NETGP-NRHB model. As in the original development of NETGP
model proposed by Sarti and Doghieri [52], also in this case the
model addresses the situation in which no spatial gradients of any
variable is present.

The procedure to extend NRHB model is significantly more
complex than in the cases presented in the previous sub-section in
view of the higher number of internal variables involved. In fact,
beside the polymer mass density in the mixture, pp, i.e. the mass of
polymer per unit volume of the mixture, the other internal state
variables, to be accounted for the description of the glassy state, are

also the set of variables N a,BH and N ij, that have been already
introduced in the sub-section devoted to the NRHB model. As
extensively discussed there, the values of these variables at
equilibrium is dictated by the minimization conditions of Gibbs
energy to be imposed (Eq. (52)) as a function of P, T, N. Conversely,
in nonequilibrium conditions, the values of these variables are
determined by the system of ordinary differential equations
expressing their evolution kinetics. These kinetics expressions can
be complex functions of the non-equilibrium state of the system,
that is expressed in terms of the whole non-equilibrium set of the
internal state variables.
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Again, it is assumed that the polymer is insoluble in the external
fluid phase in contact with it, thus determining that the number of
polymer molecules, N,, is constant in the polymer phase. As
already discussed in the description of the NRHB model, when
describing the thermodynamics of the polymer-penetrants mix-
ture, we deal with more than one internal variable. For the first one
the choice made here is the polymer mass density in the mixture,
pp- Itis worth noting that, since N, in the mixture is assumed to be
constant, it would be possible to use, equivalently, as internal state
variable also the total volume of the mixture, V, as has been
reported in the development of NRHB equilibrium model. Since we
are following here the NETGP approach, it is preferred the use of pp.
In addition, there are also two sets of other extensive internal

variables, i.e. N oz,BH and N ij, as it emerged from the discussion on
NRHB theory. Beside these internal variables, the state of the
system is also defined by external state variables. These are the
temperature, T, the pressure, P, and the set of variables represent-
ing the number of molecules of each component present in the
mixture, i.e. N = (N3,Ny, ... Ne.j, Np). The external fluid phase,
assumed to be without polymer macromolecules, is considered as
being in an equilibrium state, that is represented only by the
external variables P, T and number of molecules of each penetrant.

Consistently with these premises, one can find the expression
for Gibbs energy for the polymer-penetrant mixture in a non-
equilibrium condition, generically represented as:

G=g(T,P,Ny,Na,....Ne_1, Np, p,, N ij,N afp) (159)

This expression can be obtained by taking the logarithm of the
generic term of the Gibbs partition function provided by the NRHB
theory, at a specific non-equilibrium values of p,,N ij and N otﬁH.
Eq. (159) has to be coupled with the systems of constitutive
equations describing the evolution kinetics of all the internal
variables of the polymer-penetrants mixture, in non-equilibrium
conditions:

% =Tp <T7P,N1,N27 s Ne—1, Np, pp, Nij,N a,BH) (160a)

—a’gt” =TN IJ(T P,Ni,Na,...,Ne_1, Np, pp,N ij,Nozﬁ”) (160b)
H

8N8(:/3 :rNO!/S”<T7P7N17N27---7NH, N,, pP7Nij7NaﬂH)

(160¢)

It is difficult to identify proper expressions for the rates of
evolution of these variables toward their equilibrium values. There
are two ways of avoiding this issue, that is either assume that these
rates are infinitely fast (the variables thus being always at their
equilibrium values) or assume that these rates are infinitely slow
(the variables thus staying indefinitely at whatever value they may
have). To this end, in the development of NETGP-NRHB model
illustrated in this sub-section, an instantaneous evolution kinetics
has been assumed for the two sets of internal state variables N ij

and N oe,BH while, similarly to what has been proposed by Sarti and
Doghieri in the original NETGP development, the polymer density
in the glassy mixture, pp, is considered to be in a kinetically
hindered state resulting in a time invariant non-equilibrium value,
Op.o» s Will be discussed later.

The physical grounds on which is founded the assumption of

instantaneous evolution of the state variables Nij and N aﬂH
stands in the presumption that the dynamics of such variables do
involve prevalently local rearrangement of the system, which take

place on a time scale much smaller than the long time scale of the
relaxation processes associated with the volumetric ageing of the
mixture toward a true equilibrium state. In other words, it is
assumed that the values of N ij and N 8" are the ones that the
system would exhibit if it was at equilibrium at the current values
of polymer density, pressure, temperature and concentration. That
is, the values of these variables are provided by minimization

conditions of G toward N ij and N a8 :

<BG> = Oforeachi,j =0,1,...tandj > i (161a)

8Nij PTN, pp.Nrszij

< ai > =0 foreacha, B (161b)
aNaﬂ PTN, 0p.NSsop

Evidently, these values do not correspond to the equilibrium
ones, in view of the fact that the value of p, is not the one dictated
by the equilibrium condition, that is minimization condition of G
toward p, (as we will see later, in the simple case of infinitely slow
evolution kinetics of polymer density, its value is ‘frozen’). This
assumption, in view of the previous arguments, is indicated as
instantaneous equilibrium (IE) hypothesis for the state variables N ij
and N o". Consequently, a non-equilibrium value of G corre-
sponds, in the proposed framework for the NETGP-NRHB model, to
a value calculated under the illustrated IE hypothesis, G£:

GIE _

=g"(T.P,Ni,....Ne_1,Np. op) (162)

The value of the internal state variable, pp, is provided by its
evolution equation:

o0y _
ot

rp<T7PsN]7“~7Nt7‘laNp’ IOP’NijIE(Trp’Nl’"'ﬁNtf‘l:NpHOP)vN

f@.H(T7P~,N‘l7""Ntthpva))
=15 (T,P,N1,...,Ne_1,Np, pp) (163)

Based on the previous discussion, it follows that:

oG )
Rl £0
(8,0,; PT.N NyN,

From Eqs. (162) and (163) it is evident that, due to the IE
assumption, the constitutive class of the polymer-penetrant
system is {T,P,Ni,...,Ni_1,Np, pp}, that is perfectly equivalent
to the constitutive class of the original version of multicomponent
NETGP formulation, where p, represents the sole internal state
variable. It is then possible, from this point on, to replicate the same
procedure of NETGP approach, observing that now G plays the
role of G in the original NETGP model. Introducing here the
simplifying assumption that the value of pp takes a time invariant
value, pp_, (infinitely slow evolution kinetics), as is frequently
done when applying the original NETGP procedure, we have that:

(161c)

a
e — HE(TP. Ny . Ne 1, Ny, pp.) 0 (164)

As reported for the original NETGP procedure, in the case of
infinitely slow evolution kinetics of polymer density, phase
equilibrium is still dictated by the equivalence of chemical
potentials for the different penetrants. To highlight that this
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phase equilibrium involves a polymer mixture in a PE state, we
introduce the superscript ‘PE’ and we can write the equivalence of
chemical potentials for the generic penetrant k in the two phases in
contact as:

MEP"I(T’P’ Nllevnw
E
= MI(,Qext(Tvp:NlAextv )

fo])NP7 pP,oc)
Nt 1ext)fork=1,...t -1 (165)

Here /’l’;fpol represents the non-equilibrium molecular chemical

potential of component k within the polymer-penetrant mixture,
given by:

BGIE
= () (166
</ PN Py

Conversely, uﬁ%xt represents the molecular chemical potential

of penetrant k present in the external fluid phase. Its expression is
directly provided by the equilibrium NRHB theory.

The previous description reports, in a synthetic way, the
formalism of the procedure used in the NETGP-NRHB approach. In
the next paragraphs we provide a detailed discussion of
the equations that are operatively used in interpreting phase
equilibria.

We start from the expression of the generic term of the Gibbs
energy provided by the NRHB model (Gnryg), see Eq. (113). It is
important to note that, for the purposes of the NETGP-NRHB
development, in expression (113) ~ p and ~v (~v =1/~ p) are
replaced by pp, using the following relationship:

mp mp

m n
M~ VV* + NH VO
a;ﬂ;( B aﬁ)

o — (167)

Once this substitution is performed, we obtain the general
expression of Gibbs energy, G, ie. g(T,P,N{,Na,...,

Ni_1, Np, pp . ,Nij,N oz,BH). Actually, in view of the Instantaneous

Equilibrium assumption, the sets of variables N ij and N a,BH are a
function of the other variables (i.e. T,P,N1,Na,...,N¢_1, Np, op . )
through the minimization conditions for G. uif,, can then be
calculated as:

IE _
/Lkpal"

(o)
oNj P.T.Njuk. Pps N ii.N "

> [( ) (W) )
i=0 j>i aNU PT.N, pp . :Nrsyij 8Nk P.T.0p o Njzk

Mﬁ

1 oNH
+3 op (168a)
oN},
vt B=1 P TN, pp N iiNSs o P,T.0p Nz
Since, in view of IE assumption, we have that:
<88—6> =0fori= .,t andj
Nii/prn, Ppos Nrszip:Nitg
=i+1,...,t (169a)
( af, > =0foreache, B (169b)
aNaﬁ PT.N, pp ers#jaNgﬁ
It follows that:
aG
IE
K pot = <*) (168b)
Fepol Ny, P.T.Njuk. Ppo N ii.N o

In summary, according to this approach, uLﬁpol is calculated by
performing the derivative, with respect to N, of the general
expression of the Gibbs energy, G, ie. g(T,P,N{,N,,...,
Nt,th,me,Nij,NocﬂH), at fixed values of Nij and Nozﬁ”,
dictated by minimization conditions (i.e. Eqs. (169a) and (169b)).
The final expression is:

lLﬁ;OIZ:ln ¢@
kT 61( Tk , q q
+In~ p — rkln<l —~ p) 72""(?7 1)ln(1 Pt 0)
Z T dx & k Vg
+2q,( Iny — =*InI ) - - [d In <—>}
5 Ak ( kk e 00 ~T, ; « Voo
- k VE
- |agin( (170)
B Vop

where ~ p is calculated using pp = pp_,.. The values of I'yy, I'go, 1%,

Veo, VP and vog are calculated by imposing the minimization
conditions. It is important to note that, as proposed in the literature
[99], it can be commonly assumed that the volume change of
formation of an af contact, Vaﬂ, is equal to zero.

This assumption allows significant simplifications. In fact, in
such a case, the expression of the minimization conditions for I'y,
o0, V4, Vao, vaﬁ and vgg, takes the same form as for the equilibrium
NRHB theory (i.e. Egs. 115a,b). Moreover we have also that:

~ P = Ppo/(@pp") (171)

Where wp, is the mass fraction of polymer while, according to
NRHB framework,

t t
> %Mw, > NiMy,

s i=1 _i=1
b= T T N (172)

Consistently with the original version of NETGP theory by Sarti
and Doghieri, also in this case the expression of chemical potential
of component k in the polymer phase, is independent on pressure.

2.3. Molecular dynamics and Monte Carlo methods

Computer simulations of molecular models provide a viable
alternative to theories of Equation of State for polymeric mixtures
in view of limitations, approximations and some spurious results
of the latter. Atomistic models, with a full chemical detail of
molecules, are often extremely demanding in terms of computer
resources. The challenging simulation of polymeric system,
endowed with intrinsic long range spatial correlations of macro-
molecules, is then more efficiently tackled by using coarse-grained
molecular models that, if one adopts proper effective potentials,
can provide a reliable prediction of the phase behavior of various
polymeric systems. [185].

The simulation of solution of semiflexible polymers has been
performed using Monte-Carlo (MC) algorithms for self-avoiding
walk used to describe macromolecules on a Lattice. Among these
type of models, we mention here the so-called ‘bond fluctuation’
model [186-189] where macromolecules are represented, in a
coarse-grained picture, as a series of effective monomers
connected by bond vectors in a cubic lattice. This approach
provided also a reasonable qualitative description of polymer
dynamics [188,189].

Simulation of polymer solution has also been performed using
off-lattice coarse-grained models, adopting both MC algorithms
and MD techniques. A successful example of off-lattice coarse-
grained model is that of ‘bead spring’, where a macromolecule is
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represented as an effective chain of beads [185]. A bead represents
an effective monomer, integrating in one unit several atoms. The
bonds between consecutive beads on a single chain is ruled by the
combination of a finitely extensible nonlinear elastic (FENE)
potential and by a Lennard-Jones (L]) potential while between non
bonded beads only a Lj potential is acting. In the model picture, a
low molecular weight solvent molecule in a mixture with polymer
molecules, is represented by a single bead, interacting with all the
other beads by a L] potential.

Approaches based on coarse-grained models, which are less
demanding than atomistic simulations in terms of computer
resources, can provide valuable information on the phase behavior
of polymeric systems, granted that the adopted effective potentials
are good enough. Both MD and MC methods can be used to this
aim. MD simulations are based on the numerical solution of
Newton’s equations of motion written for a system of interacting
particles. Conversely, MC methods are aimed at the determination
of probability distributions, calculated by means of random
numbers, to be used to calculate averages of several observables.

Use of MD simulations to investigate phase coexistence in
polymeric systems requires the proper choice of the statistical
ensemble. In fact, since the number of molecules (') considered in
the simulation is finite, the statistical ensembles are not all
equivalent as they would be in the thermodynamic limit (i.e.
N — o0). The canonical #VT ensemble can be used, implementing
the proper ‘thermostat’, to study phase equilibria by MD
simulation of kinetics of phase separation up to establishment
of equilibrium. These procedures become particularly cumber-
some in the proximity of critical points and the simulations require
large systems and computation times, particularly in the presence
of very long macromolecules [185]. MD simulations of phase
equilibria in polymer systems can also be performed in the
isothermal-isobaric &#PT ensemble, coupling the system to a
‘barostat’. The equality of chemical potentials in the phases at
equilibrium is imposed by using a procedure based on the Widom
virtual particle insertion/deletion technique [190]. Effects associ-
ated to a finite size and the assessment of the actual achievement
of a true phase equilibrium require a careful analysis of the results
to avoid erroneous conclusions when using MD simulations.

By MC method one obtains the probability distribution of the
different microstates for a system at equilibrium, to be used to
compute the average of a specific observable, realizing artificial
moves of the system, from a configuration to another, that have to
be submitted to the Metropolis acceptance test [191]. As compared
to MD simulations, MC methods allow the use of Grand Canonical
and Semi-Grand Canonical ensembles.

Application of coarse-grained MD simulations and MC methods
to binary mixtures requires information on interactions between
the different species. The simplest predictive approach is to use the
Lorenz Berthelot combining rule [192] to predict the parameters of
the non-bonded Lennard-Jones binary interaction potential
between different species. However, often a fitting correction
factor to the Berthelot rule has to be introduced to account for
peculiarities of interactions between molecules that are necessar-
ily neglected in the simplified, somewhat blurred, coarse-grained
view. Alternatively, one can use the Berthelot rule in combination
with nonbonded binary interaction potentials for each species that
properly account for specific interactions. In both cases, additive
parameters have to be introduced, compromising predictive
capability of calculations.

The use of simplified pair potentials is obviously an approxima-
tion but provides a reasonable description of the behaviour of real
materials. A more rigorous approach should obviously include three-
body terms into the expressions of intermolecular interaction.

Overall, the coarse-graining approach can be considered as a
useful means to provide a first rough estimate on phase equilibria

of polymer solutions, also for polar solvents like CO, and NHs,
although is not suited to deal with aqueous solutions, in view of the
clustering tendency of water molecules, and of polyelectrolytes.

Investigation of phase equilibria involving polymer solutions is,
at this stage, still a challenging task, in view of the large length and
time scales to be spanned. Reliable results ae limited to the case of
flexible homopolymers with relatively short chains without an all-
atom modeling of solvent. Further steps are needed towards a
better theoretical understanding of polymer solutions and their
properties.

We provide here a few examples of the application of atomistic
simulations to gas sorption in polymers. In particular, we mention
the case of the simulation of CO, sorption in a high free volume
polymer of technological interest, the PIM-1 that is a polymer of
intrinsic microporosity, performed by Heuchel et al. [193]. These
authors, using the Gusev-Suter transition state theory [194,195],
overestimated solubility coefficients. Results in close agreement
with experiments were instead obtained by Fang et al. [196,197]
which applied the Widom Insertion Method. More recently,
Kupgan et al. [198] used a combination of Grand Canonical Monte
Carlo and Molecular Dynamics simulations to simulate CO,
sorption in PIM-1 up to 50atm. There are examples also of
simulation of sorption of gas mixtures in polymers. One is the work
by Neyertz and Brown [199] which performed large-scale MD
simulations to predict the solubility of O,/N, mixtures in ultrathin
polyimide films, in good agreement with experimental results.

3. Strategies for model validation and estimation of parameters
3.1. Experimental approaches

In the previous sub-sections we have introduced lattice-fluid
and perturbation EoS theories (e.g. NRHB and SAFT) capable of
accounting for association phenomena present in mixtures
containing highly polar and strongly associating compounds, as
are mixtures where self- and cross- hydrogen bonding and Lewis
acid/Lewis base type interactions do establish.

In the simplest cases, both classes of models require for pure
compounds, in the absence of long-range forces, the knowledge of
three scaling parameters (four in the case of SAFT-VR) and of two or
three parameters for each kind of self-association interaction.
Additive parameters are required when also long-range forces are
accounted for (as is the case of SAFT variants accounting for the
presence of electrostatic forces). In the case of low molecular
weight compounds, the values of all these parameters can be
retrieved from liquid and vapor densities and of vapor pressures
over a significant range of temperatures. Conversely, in the case of
polymers are generally used the PVT data of the compound in the
molten state in a wide range of temperature and pressure, when
available. These data are obviously unattainable if the polymer
degrades before melting. In this event, a viable option could be the
extrapolation of the values of the three scaling parameters
determined for short chain compounds to polymers, when the
chemical structure is similar. Another approach, that has been
proposed when using PC-SAFT [154,155,200] is that of combining
pure polymer density data with VLE and LLE phase equilibria data
for binary mixtures of the polymer of interest with different low
molecular weight compounds, to gather the values of both pure
polymer parameters and of binary interaction parameter.

For associating compounds, the association parameters, relative
to short-range interactions, could also be calculated on the basis of
the experimentally determined value of the enthalpy and entropy
of interaction, using the liquid-vapor equilibrium data only for the
determination of the three scaling parameters. However, it is first
necessary to determine the association scheme, i.e. the number
and type of association sites.
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As discussed in the description of NRHB and SAFT models, in the
case of binary mixtures a binary interaction parameter is
introduced (to be used in the combining rules for the calculation
of cross interaction energy). Typically, the value of this interaction
parameter, in the case of binary mixtures of a polymer and a low
molecular weight compound, can be retrieved by using the
expression of chemical potentials provided by NRHB or SAFT
models to fit phase equilibrium data as, for example, sorption
isotherms of the low molecular weight compound within the
polymer, preferably determined at several temperatures. Theoret-
ical expressions for the estimation of the binary interaction
parameter have also been used [117], but their application is
generally limited to binary mixtures of two low molecular weight
compounds. For cross-associating binary mixtures, the values of
the parameters ruling the cross-interactions are also required. Also
in this case, these values can be retrieved by fitting phase
equilibrium data, e.g. sorption isotherms. Otherwise, if both
compounds are self-associating, calculation of these parameters
could be performed by exploiting some combining rules of self-
associating parameters, as already discussed in section 2.1.7.1.

In the light of the previous discussion, one appreciates how
vibrational spectroscopy can provide experimental data from
which the fraction of non-associated molecules, that is a key
property in association theories, can be calculated, thus allowing
validation and development of these theoretical approaches. It is
worth noticing here that, when comparing spectroscopic data with
results of theoretical modelling, one should pay attention to
compare equal quantities, i.e. site fractions or molecule fractions.
Spectroscopic data could also provide useful information to
determine what is the most suitable association scheme (i.e.
number and type of proton donors and proton acceptors present on
a molecule that establishes specific hydrogen bonding). Unfortu-
nately, there are few contributions in the literature addressing
these issues, both for mixtures of low molecular weight
compounds and for mixtures including polymers.

3.2. Gravimetric methods

The gravimetric method for the measurement of sorption
isotherms in polymers is based on the detection of the weight
increase/decrease of a polymer sample due to gas or vapor
sorption/desorption [201]. The sample is exposed to a controlled
environment consisting in a gas or vapor at controlled pressure and
temperature.

There are several devices that can be used to measure the
weight change of the polymer sample. One of the first to be used is
the quartz spring microbalance (McBain balance) [202,203]. In Fig.
4 is reported a schematic of an equipment based on a McBain
spring balance. Measurement of spring extension/contraction
determined by weight increase/decrease can be converted, by
calibration, into mass change values. In a typical sorption
experiment, after degassing the sample, pressure is rapidly
increased and the elongation of the spring is monitored, relative
to a constant length reference rod, using a cathetometer or a
camera, till the attainment of sorption equilibrium. Gas or vapor
pressure can then be increased stepwise obtaining a sorption
isotherm at a fixed value of temperature.

Other devices can be used to monitor the weight change in
place of the spring microbalance, such as a Cahn electro-balance
[204], a magnetic suspension microbalance [205] or a quartz
crystal microbalance [206].

3.3. Pressure decay method

Another experimental technique for the measurement of gas
and vapour sorption isotherms is the pressure decay method [201].

VN
Feed { \
gas/vapor { GR /

N

R N B

Quartz spring

Vent

Vacuum

Reference

ccb
rod

camera

Computer
Liquid N, trap Water — )
IN
Water-jacketed
—
\@é‘ sorption cell

Fig. 4. Schematic representation of a McBain quartz spring sorption apparatus. The
polymer sample hangs from the quartz spring located in the sorption chamber. (P:
pressure transducer; GR: gas/vapor reservoir).

The evaluation of the amount of absorbed penetrant is based on the
measurement of the decrease of gas pressure in the environment
around a polymer sample in a closed cell, promoted by the sorption
itself. Using a molar balance equation for the penetrant in the gas
phase, performed between the time of start of the experiment and
after the attainment of sorption equilibrium and based on the
values of the volume of the sample and of the measuring cell, to be
known with a high accuracy, one can estimate the absorbed
amount of penetrant within the polymer sample. Source of errors
could be the accuracy of pressure measurement that decreases as
the full scale range of the transducers increases, the reliability of
the Equation of State for the penetrant in the gaseous or vapor
phase, the occurrence of possible swelling of the polymer sample
that affects the estimation of the actual headspace volume of the
measuring cell and, in the case of vapor sorption, the possible
adsorption of the penetrant on the walls of the measuring cell. A
discussion of the design criteria for a pressure decay apparatus, in
the case of single-volume and dual-volume measuring cell, is
reported in [207]. A schematic of a dual-volume pressure decay
apparatus is reported in Fig. 5.

Pressure decay apparata were also developed to evaluate gas
mixture sorption in polymers, by combining barometric measure-
ments and gas chromatographic analysis [208], see Fig. 6.

3.4. Vibrational spectroscopy and its role in association theories

Infra-red (IR) and Raman spectra arise as a result of transitions
between quantized vibrational energy levels. In IR spectroscopy
these transitions occur by absorption of electromagnetic radiation
of appropriate energy (frequency); in Raman spectroscopy a
visible/NIR laser line promotes the system to a high-energy virtual-
state which is unstable and quickly decays to the ground state. In a

> Computer
r--=>

Gas
cylinder

Vacuum

Valve

Polymer sample

Fig. 5. Schematic of a pressure decay apparatus (dual-volume dual-transducer
configuration) (P: pressure transducer). Dashed box indicates a temperature-
controlled chamber.
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Fig. 6. Scheme of the mixed-gas equipment for the measurement of sorption in polymers. (GC—gas chromatograph; P, P, Pc - pressure transducers). Adapted from reference

[208].

limited number of cases the process ends-up to vibrational energy
levels other than the ground state, which produces the so-called
inelastic scattering, i.e., scattered radiation with a frequency
different from that of the exciting radiation. Collection of
inelastically scattered radiation provides information on vibra-
tional energy levels complementary to that given by Infrared
spectroscopy [209].

Molecular vibrations can range from the very simple motion of
two atoms (the stretching of a bond in a diatomic molecule) to
highly complex displacements of every atoms in a polyatomic
structure. The vibrational spectra, therefore, become richer of
signals (and of information) as the structural complexity increases.
The position and intensity of the peaks in IR and Raman spectra are
dictated by the geometry of the vibrating unit and the strength of
the bonds involved, which is the underlying reason for the
usefulness of these techniques in structural analysis. Furthermore,
as we will elaborate in the forthcoming paragraph, the signal
intensity exhibits a more or less complex functional relationship
with the concentration of the absorbing species in a mixture,
which forms the basis for developing accurate and reproducible
analytical methods [210,211].

The rationale of adopting spectroscopic techniques for investi-
gating the sorption behavior of polymers lies in the wealth of
information at molecular level that could be extracted therefrom and
that is unavailable when relying on purely gravimetric data.
Obviously, the type of information and the level of detail that are
accessible depend on the nature of the chosen spectroscopic tooland,
in particular, on the time frame of the probing electro-magnetic
radiation. Another critical parameter is the bandwidth of the
generated signals which dictates the spectroscopic contrast, (i.e. the
possibility to discern the signature(s) of the penetrant within the
complex pattern generated by the polymer substrate), and the
feasibility of multiplexed detection. In both these respects,
vibrational spectroscopy provides distinct advantages. Infrared
and Raman spectra consist of a highly specific pattern of signals
with narrow bandwidths (typically, less than 1nm against - for
example - over 50nm in fluorescence spectra) which can be
regarded as a true fingerprint of the compounds they originate from.
In addition, a number of these signals are very sensitive to the
establishment of molecular interactions, particularly H-bonding,
and this sensitivity can be exploited for identifying the different
molecular aggregates being formed in a system. Counterbalancing
this advantage, molecular interactions produce considerable band
broadening as a consequence of the wide distribution of geometries
and force constants occurring in supramolecular aggregates. This

effect limits and often prevents full resolution of the different
components that make up the observed profiles and, in many
instances, one has to resort to resolution-enhancement approaches.
These will be discussed in detail in the forthcoming paragraphs.

Another limitation of the vibrational techniques results from
the intensity enhancement of the bands [in particular, v(OH)/
V(NH) modes] upon the establishment of the interaction. This
poorly predictable effect complicates the quantitative analysis;
several ways to circumvent the problem have been proposed in the
literature and will be discussed in detail.

However, among the manifold benefits that vibrational
spectroscopy has to offer in the present application, the principal
is perhaps its nature of a true solid-state sampling technique
coupled with an exceptional sampling flexibility. Thus, commercial
films in the thickness range between 200 and 10 wm are readily
characterized by FTIR/Raman with little or no post-processing.
Whenever thinner films are required for specific applications (i.e.,
from 0.1 to 5 wm) these may be prepared by suitable spin-coating
methods. The open architecture of the FTIR/Raman spectrometers
and the remote-sensing capabilities makes it rather straightfor-
ward to develop in-situ, time-resolved measurements, which are
essential to achieve the stability and the quality of data that are
mandatory for the present application.

3.4.1. Quantifying the penetrant concentration by vibrational
spectroscopy

Quantitative analysis by infrared spectroscopy relies on the
relationship between the amount of absorbed electromagnetic
radiation and the quantity of absorbing material. This relationship,
in its more general form, can be written as:
d—P = 7NCMO’EXTdL
P
where P is the incident power (i.e., the number of incident photons
per unit time), N the Avogadro’s number, C, the molar
concentration of the absorber in the sampling volume, ogxr the
extinction molecular cross-section and L the optical path-length
(in the above formula the scattered radiation, i.e., s, is considered
negligible). When the measurement is performed on the radiation
crossing the sample (transmission mode), integration over the
crossed optical path gives:

(173)

B L
/ %P — _Nowg / CpdL— lnl% — _NopaCrL (174)
Po 0
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where Py and P; are the incident and the transmitted power,
respectively and Cr is the total concentration of analyte in the
sample.

The Transmittance, T, is the ratio between the transmitted and
the incident power or, for consistency with most literature
notation, the ratio between the transmitted radiation intensity
(Iy) and the incident radiation intensity (Ip):

P I

= — = — = exp(—NogxrCrL) = exp(—aCrL) (175)

Py Ip
the term o = Nogxr is the linear molar absorptivity. In the
analytical applications of FTIR spectroscopy the most widely used
photometric quantity is Absorbance, A, defined asA = log;,(Io/I1),
which allows linearization of Eq. (175) in the well-known Lambert-
Beer form (Eq. 179):

_ Ip _ _ NCTO'EXTL
A =log;, <E> = —logoT = ~nio (176)
and, defining the decadic molar absorptivity as:

_ Nogxr
&= nio (177)
A =¢elCr (178)

¢ is the quantity generally referred to in the literature (omitting
the term decadic). Other terms have been used to designate this
constant and are still encountered nowadays (extinction coeffi-
cient, absorption coefficient) which generates a certain degree of
confusion; molar absorptivity is the preferred nomenclature [212].

In applying the seemingly straightforward relationship (178) to
real-world problems, there are a number of points to be carefully
considered.

i) First and foremost, the photometric observable A is linearly
related to a volumetric concentration. When a correlation is made
between spectroscopicand gravimetric measurements of penetrant
uptake, the gravimetric values are expressed in terms of weight
ratios. These can be converted into molar concentration knowing
the density of the system. While for low solubility (1-2wt %)
penetrants the density can be safely considered coincident with that
of the pristine sample and invariant with penetrant uptake, thisis no
longer true when the penetrant uptake becomes conspicuous.
Severe nonlinearities in the Beer-Lambert diagrams are often due to
neglecting the density variation during a sorption process.

ii) ¢ is a way of expressing the absorption cross-section of a
molecule (see Eq. (177)), which physically corresponds to the
effective area of a homogeneous incoming beam from which the
molecule will absorb every photon. It is a physical constant
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S T I N B
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z
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(expressed in m?) related to the structure of and the electronic
distribution within the molecule. In particular:

o = 2| (%) ()" ()’
3c [\ 0Q; 0Q; 0Q;

where c is the speed of light in vacuo, u is the dipole moment of the
absorber and Q; is the normal coordinate of the respective
vibrational mode. This quantity must be evaluated for converting
A into Cy, which is one of the most difficult tasks when applying
spectroscopic monitoring to sorption processes. As it is apparent
fromEq. (179), ogxr is a sensitive function of du/dQ;, the transition
dipole moment. Molecular interactions, especially H-bonding, may
significantly alter this parameter, which implies a considerable
sensitivity of ¢ to the molecular environment, a sensitivity even
greater than peak position, that is customarily employed to evaluate
interaction strength. The above argument stresses the need of
estimating the respective ¢ values whenever multiple molecular
aggregates are formed, for example, when there exist diferent
interaction sites on the polymer backbone. This is not always
feasible, which may prevent a complete characterization of the
system in terms of species population. Again, assuming an average
value for the molar absorptivities of different species, as it is often
done, may lead to severe nonlinearities in the A vs Cr diagrams.

iii) In the present application the optical path, L, corresponds to
the sample thickness; it is an experimental variable in transmis-
sion measurements, while, as we will see later, it is a fixed quantity
in the Attenuated Total Reflection (ATR) mode. In transmission, L
can be used to adjust the sensitivity (see Eq. (178)) provided the
polymer substrate makes no or limited interference in the
analytical frequency range. Obviously, the sensitivity increment
is achieved at the expenses of the time to equilibration and a trade-
off is to be established between sensitivity and experiment
duration. As an example, for the case of water sorption in
thermoplastic polyesters, where the polymer produces negligible
signals in the 3800 - 3000cm ! range, the sensitivity reaches
100 ppm for a 40 pm thick film that achieves equilibrium in 150s.
In this and in analogous cases the limit of detection can be further
improved (if needed) by increasing L.

The ATR sampling is based on the detection of the evanescent
radiation produced at the boundary between a propagating
medium (an ATR crystal, also called internal reflection element,
IRE) and a rarer medium (the polymer film). The experimental set-
up is schematically depicted in Fig. 7A,B.

The evanescent field is produced in conditions of total
reflection, i.e., when the angle of incidence, 6, exceeds the critical
angle, 6., defined as: 6. = arcsin(n,/n;) where n, and njare the
refractive indices of the rarer and the denser medium, respectively.

(179)

Vapor penetrant

° ///m
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IR path
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Fig.7. A): Schematic diagram illustrating the ATR sampling mode. B): experimental setup for diffusion measurements by ATR spectroscopy. Figures reprinted with permission

from [213]. Copyright 2002 American Institute of Chemical Engineers (AIChE).
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The evanescent field, E, decays exponentially in the rarer medium
as:

2\?
E—wap{i?(sinze E—ﬂ ) z} (180)

where Ej is the field strength at the boundary, A is the radiation
wavelength in the denser medium and z is the distance from the
surface. Eq. (180) can be conveniently re-written as:

E = Epexp(—y2) (181)

where y, the electric field amplitude decay constant, is given by

1
11
27 {sinzé’ - (%) }2
Y (182)
When the rarer medium absorbs at specific frequencies, the
intensity of the reflected wave will be correspondingly frustrated,
which results in an absorption spectrum analogous (but not
coincident) with that in transmission. Thus, in analogy with Eq.
(173), we may write
dl

A acudz (183)

where [ is the radiation intensity and « is the linear molar
absorptivity (o« = N-ogxrtakes the same values as in transmission).
We indicate with the symbol 2 the quantity In(I/lp). It is
unfortunate that 4 is often called Absorbance, especially among
the ATR community [213-215], thus generating some confusion
with the customary meaning of the term (i.e. the decadic logarithm
of the ratio between incident and transmitted intensity). In the
present context, 4 will be designed as the natural Absorbance to
specify its derivation from the natural logarithm. To combine the
Beer-Lambert relationship with the field strength Eq. (181) it is
necessary to postulate the weak absorption condition:

L e ~1— afromwhichdl = —Iyda (184)
0

and, substituting into Eq. (183):
o

dﬂ:lo

Culdz (185)

which, upon integration, yields:
d
A= / %Ichz (186)
0
0

d is the distance from the surface travelled by the evanescent wave
before vanishing (conventionally, before E < Ey/e). Putting o* =

a/ly and sincel = E?, we end up with [214,215]:
d
A— /a*Egexp(_Zyz)chz (187)
0

Eq. (187) is valid for a single reflection experiment. In case the
geometry of the IRE allows for m multiple reflections, the integral
in Eq. (187) is to be multiplied by m.

An important consideration is that the quantity d, which
resembles the optical path L in transmission measurements, is
strongly dependent on the wavelength of the radiation, A,
according to the Harrick equation [216]:

d= A . (188)

2y {sin29 — (2—?)2}_

Thus, the depth of penetration changes across the spectrum,
typically from around 0.2 .m at 4000 cm ! up to around 10 um at
450 cm~, depending on the geometry and the IRE parameters in
Eq. (188). This effect makes the ATR spectrum less intense in the
higher frequency side and more intense in the lower, in
comparison to the transmission spectrum. d can be controlled in
a narrow range (compared to L) by adjusting the angle of incidence,
0, (if the experimental setup allows for this), or by choosing an IRE
with appropriate refractive index.

Quantitative analysis by Raman spectroscopy is based on the
relationship between the intensity of the inelastically scattered
radiation and the concentration of scattering centers [217,218]. The
problem is best treated by factorizing sample and laser variables
with respect to the collection variables. A specific scattering
intensity Isca, expressed in photons-sr—'cm=2.s~! can be conve-
niently defined as:

Isca = PpBDr (189)

where Pp is power density of the laser beam (photon-s~!cm™);
B =42/N is the Raman cross section (cm?molecules™"sr™"); D is
the density of scattering centers in the sampling volume
(molecules-cm™3) and ¢ is the path length illuminated by the laser
beam (cm). o = ®/] is the ratio between the total scattered power,
®, and the irradiance of the laser beam, J, Thus, 8 represents the
fraction of the total intensity scattered in a given direction within
an infinitesimal element of the whole solid angle, §2 (sr), around
the scattering center.

Analogously, an instrumental collection function
C (cm?-sr-e~-photons—') expressing the fraction of the total
scattered light that is collected and measured by the instrument
can be defined as:

C=ApS2pTQ (190)

where Ap is the area sampled by the spectrometer ( cm?); §2p is the
collection solid angle of the instrument (steradians, sr); T is the
instrumental transmission (unitless); Q is the quantum efficiency
of the detector [electrons (e~)-photons~']. Both the instrumental
transmission and the quantum efficiency are frequency dependent
variables. The observed intensity (in photoelectrons) is:

I(v) = IscaCt = (PpBDI)(ApS2pTQ)t (191)

where t is the exposure time in seconds. Consider two scattering
species i and j producing two separate peaks at frequencies v; and
v;. Their intensity ratio is given by:

Ivi) _ BDiT(v)Q(vi) _ . Di _ 1

where K = [B;T(v))Q(v)]/[8T(v;)Q(v;)] is a constant depending
only on the choice of the analytical peaks and is invariant with the
instrumental parameters provided the two peak are recorded in a
single measurement. n; and n; represent the number of molecules
of the respective species in the sampling volume. According to Eq.
(192), quantitative analysis by Raman spectroscopy is never
performed on the absolute intensity values of a single analytical
peak, as in transmission FTIR, but is always based on intensity
ratios.

3.4.2. Monitoring sorption processes by ATR-FTIR spectroscopy

One of the first systematic studies on the use of Infrared
spectroscopy for measuring diffusion coefficients in polymers
dates back to the early 1980s; the experiments were performed in
the attenuated total reflection mode. Remizov and co-workers
[219] investigated the transport of low molecular weight com-
pounds (acetone, methyl ethyl ketone and benzene) in
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polyethylene. The aim of the study was to demonstrate the
feasibility and accuracy of the ATR measurement of diffusion
coefficients. Albeit the authors recognized the exponentially
decaying nature of the evanescent field, no attempt was made
to correct for this effect. The obtained diffusivity values were
comparable to those from conventional gravimetric measurements
but the spectroscopic data were plagued by a conspicuous degree
of scatter. In perspective, it can be readily perceived that the
problem originated from the off-line experimental procedure,
analogous to the conventional pat-and-weight method, by which
the polymer film was removed from the optical element after each
measurement. This caused difficulties in establishing a consistent
degree of contact between the sample and the IRE, which in ATR
spectroscopy is an essential requirement for achieving accurate
and reproducible reflectance values. After this seminal contribu-
tion, only a limited number of papers appeared in the following
decade [220-222]. It was not until the early nineties of the past
century that several research groups independently initiated long-
term programs on the development of ATR-based methods for
investigating small-molecule and macromolecule transport [223].
A steady flow of papers has appeared since then, which constitutes
now a consolidated body of knowledge.

The relationship between the photometric observable 2 and the
penetrant concentration is more involved in ATR than in
transmission for it involves the exponentially decaying nature of
the evanescent field (Eq. (187)). Thus, in order to simulate the
sorption Kinetics, it is necessary to postulate a concentration
profile to be convoluted with the ATR absorption relationship.
Fieldson and Barbari [214] considered the case of a Fickian one-
dimensional diffusion in a polymer film of thickness 2 L in contact
with an infinite bath of penetrant. If the concentrations at the two
interfaces (z =L andz = —L) are instantaneously established at a
value C; and the initial concentration of penetrant is zero, then the
concentration C at any position in the film, z, and at any time, t, is
[224]:

~ =1

4. (-1)" —-D(2n + 1)*7%t 2n + 1)nz
H;Z(nﬁlexp{ (2n )ﬂ]cos{(n )”] (193)

412 2L

where D is the diffusion coefficient. Integrating Eq. (193) over the
film thickness, one obtains the mass of absorbed penetrant as a
function of time:

M & 8 -D(2n + 1)27121 (194)

=1- ex

M, ; (2n 4 1)*m2 p{ 412
where M; and M, are the mass sorbed within the polymer at time ¢t
and at equilibrium, respectively. Often, to simplify the calculations,
the short-times and the long-times solutions of the differential
mass balance equation are used, respectively written as [214]:

05
G
M; 8 —Dm%t

e =) oo

By substituting the Fickian concentration profile, C(zt) obtained
from Eq. (193) into the ATR relationship (i.e. substituting for Cy; in
Eq. (187)) and integrating, one obtains [214]:

A 8y fﬁ {exp<g> [fexp(—2yL) + (-1)"(2y)] }

A" Tl —exp(—2yD)] 2n+1)(4y2 +f2)

n=0

(197)

Where

_ -D(2n+1)°7%t
412

and

_(2n+ D
I= 2L

Eq. (197) has been used for regressing time-resolved ATR data
either in full or in more compact forms after some simplifying
assumptions [213-215,225,226]. Experimentally, for measure-
ments of small-molecules diffusion, a polymer film is cast on
the surface of the IRE, which provides an optimum interface
contact. This assembly is then mounted in an ATR flow-cell, or, in
some cases, contacted with a static penetrant reservoir (a filter-
paper impregnated by the liquid penetrant). In this experimental
configuration great care should be taken to ensure that no
deformation/buckling of the cast film occurs upon sorption, which
may cause the film surface to loose contact with the IRE, severely
affecting the spectrum quality. In Ref [214]. the authors measured
the diffusivity of water in poly(acrylonitrile) (PAN) using the long-
times approximation (Eq. (196)). The ATR estimation provided D
values in good agreement with earlier gravimetric data and
demonstrated a significant dependence of the transport properties
on the thermal history of the sample. This dependence was
attributed to sample annealing which produces a crystalline phase
impervious to the penetrant, and to the removal of residual solvent
incorporated during film casting. In a further contribution by the
same group, Case Il diffusion was considered and its incorporation
into the formulas of evanescent field spectroscopy was imple-
mented [215]. Case I transport behavior is unique to polymers and
is related to the swelling of a glassy phase by a low molecular
weight penetrant. It produces a front of constant penetrant
concentration advancing from the polymer-penetrant interface
into the polymer bulk at a constant velocity, v.

For this case, the concentration profile as a function of position
and time can be expressed as:

C(z,t) =Co(z+ vt —L) (198)
where 77 (x) is the Heaviside step function, defined as:

0 ={1320}

Substituting into Eq. (187) and integrating, one obtaines:

A 1—exp(2yvt)

e~ T exp2y0) (199)
for ut/L < 1. When the systems behaves as predicted by this simple
model, equilibrium is reached when the dimensionless quantity
ut/L goes to unity. A specific feature of Case Il diffusion is that 14/.4.,
approaches unity with an exponential trend, which makes it easy
to distinguish, via ATR spectroscopy, Case Il from Fickian behavior.
In Ref. [215] the authors examined the diffusion of acetone in
polypropylene and of methanol in polystyrene and poly(methyl
methacrylate). They demonstrated the ability of ATR spectroscopy
to discriminate between diffusion models (i.e. Fickian for acetone/
polypropylene and methanol/polystyrene, Case II for methanol/
poly(methyl methacrylate)). The diffusivity data presented therein
were unavailable at the time, not only for the investigated systems
but also for other common penetrant/polymer pairs of technologi-
cal relevance, which gave further impetus to the development of
the FTIR-ATR method. The methanol-based systems highlighted a
further feature of the spectroscopic approach, that is the ability of
detecting molecular interactions, especially H-bonding. Although
no specific bandshape analysis was performed in this seminal
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contribution, the possibility of exploiting the molecular informa-
tion contained in the time-resolved spectra was clearly recognized.
Later, the same group examined the diffusion of methyl ethyl
ketone (MEK) in poly(isobutylene), comparing the spectroscopic
and the gravimetric techniques [226]. The authors developed a
setup for the simultaneous measurement of spectroscopic and
gravimetric data, which facilitated the comparison between the
two approaches. The diffusivities evaluated by the two techniques
agreed well (3.85-10~8 cm?/s by spectroscopy and 3.72-10~8 cm?/s
by gravimetry). A further benefit of using FTIR-ATR (as well as
transmission FTIR) over gravimetry is the possibility of investigat-
ing multicomponent diffusion. This advantage was exploited in
studies dealing with the transport of vapor mixtures of toluene and
MEK in Poly(isobutylene) [227,228]. The mutual diffusion coef-
ficients of the two components were successfully evaluated and it
was shown that, under certain experimental conditions, the
diffusivity of the fastest penetrant (MEK) was increased by the
additional free volume created by the slower penetrant. The
solvation process was separated from diffusion in the system MEK/
vinyl alcohol-vinyl butyral copolymers [213]. Deconvolution of the
carbonyl band of the penetrant allowed measuring the equilibrium
constant and the diffusion coefficient simultaneously. Analysis of
the time-resolved spectra also allowed the authors to verify and
confirm the local equilibrium hypothesis for the investigated
copolymers. By separating the H-bonding formation from the
effective diffusion process, it was possible to estimate a true
diffusivity, which was found coincident with that of a probe
(methylene chloride) with a close Lennard-Jones diameter and a
negligible interactive character. The diffusion of acrylonitrile in a
heterogeneous polymeric membrane (phase-segregated polyure-
thane) was investigated adopting a similar transport model. The
study revealed that the main factors controlling the diffusion
process were the surface to volume ratio and the available surface
binding sites. Both these factors were successfully quantified by
ATR-FTIR spectroscopy [225].

The work of Furlan [229] illustrates the impact of polymer
morphology on transport properties. The diffusion of decyl alcohol
in hydrogenated polybutadienes was investigated by FTIR-ATR. The
sorption was found much slower and the uptake lower that those
predicted by a simple two-phase model. The author interpreted
these effects as being due to an intermediate phase present in the
system to a considerable amount, which behaves in-between a
fully accessible amorphous and a completely impervious crystal-
line phase. Van Alsten and Coburn [230] investigated the transport
of water in glassy polyimides differing for cure conditions and
backbone structure. They concluded that the main factors affecting
the diffusion behaviour were chain stiffness, crystallinity and the
density of the amorphous phase. The spectra of absorbed water
were found to be significantly sensitive to the macromolecular
environment: at least three distinct environments were detected,
pointing to a considerable degree of inhomogeneity in the
investigated materials. Sammon and co-workers [231] studied
by FTIR-ATR spectroscopy the sorption of water and methanol into
poly(ethylene terephthalate), PET, of varying crystallinity degrees.
The behavior of the H,O/PET system was found to be Fickian, with a
marked decrease of diffusivity with increasing crystallinity. No
evidence of swelling was observed. Conversely, the sorption of
liquid methanol is non-Fickian and is accompanied by significant
swelling. Increasing the crystallinity reduced the swelling effect,
hence the sorption rate, possibly due to a free-volume reduction.
The sorption rate of methanol was found to be higher than that of
water, likely because of the swelling effect. A very interesting and
unique feature of the ATR-FTIR method is the possibility it offers to
study interdiffusion of polymers. This phenomenon is challenging
to monitor; for instance, the measurement is unfeasible by
transmission FTIR. The simplest application of the ATR approach

is when the two components are both amorphous and the
experiment is performed at a temperature above the respective
Tg's. In these conditions, the system displays a Fickian behaviour,
which can be easily modelled by the relevant ATR/mass transport
equations. Jabbari and Peppas [232] investigated the interdiffusion
of polystyrene (PS) and poly(vinyl methyl ether) (PVME), a fully
compatible polymer pair, below and above the T, of PS. At 105 °C (T,
+5°C) the interdiffusion coefficient was 1.1-107'>cm?/s, a value
intermediate between the self-diffusion coefficients of the two
components. At 85°C (Tg - 15°C) the behavior deviated severely
from the Fickian model and was time-dependent. To fit the kinetic
data at both temperatures a linear combination of Fickian and Case
II models was adopted. At 85°C Case II was the dominant
contribution (70 %) while at 105°C Case I prevailed markedly
(80 %). The spectroscopic analysis also revealed that, after the
establishment of intimate contact, the fastest diffusing component
(PVME) swells the slower (PS) prior to starting interdiffusion
across the interface [232]. To deepen the fundamental under-
standing of the macromolecular transport in semicrystalline
polymers, Van Alsten and co-workers studied the diffusion of
amorphous PS into amorphous and a semicrystalline PS as a
function of the molecular weight (i.e., the size) of the polymeric
penetrant [233]. In this elegant experimental investigation the
spectroscopic contrast for discriminating the penetrant from the
substrate was achieved by using monodisperse, perdeuterated
atactic PS as diffusant and fully hydrogenated atactic or isotactic PS
as substrate. The latter was annealed in different conditions to vary
the crystallinity degree. The diffusivity values of the D-PS tracer in
PS melts were found in excellent agreement with literature data
based on ion-beam experiments. For semi-crystalline samples
non-Fickian kinetics were observed at low temperatures and high
penetrant molecular weight. It was proposed that the permeability
of the substrate is controlled by the size and connectivity of the
amorphous phase in comparison to the size of the diffusant. Thus,
when the dimension of the penetrant approaches that of the
amorphous regions between the crystallites, the capacity of the
diffusing macromolecules to undergo the required reptation for
passing through is hindered, resulting in a reduction of the
transport rate [233].

We conclude this section with a brief discussion on what is
considered the most relevant application of ATR spectroscopy to
polymer/penetrant systems, namely the study of polymer proc-
essing by high pressure or supercritical (sc) CO,. The ATR sampling
has unique features that make it an unsurpassed experimental
approach for these demanding investigations. Among others, the
fact that the electromagnetic probe does not reach the surrounding
environment, which removes any interference from the intense
signals of the gas phase. A large body of studies has accumulated
along the years, starting from the pioneering work of the Kazarian’s
group, who first described an experimental arrangement for in-situ
collection and discussed in detail the various issues related to data
processing and interpretation [234-237]. One of the open
questions for exploiting the potential of scCO, processing as a
green-chemistry approach is a fundamental understanding of the
molecular interactions taking place between the functional groups
of the diverse polymer substrates and the carbon dioxide. In this
respect, major contributions were given for thermoplastic
polyesters (PMMA and its co-polymers [234,238], PET [239-
241]), syndiotactic polystyrene [242] and poly(ethylene glycol),
PEG [243]. A recent, very interesting contribution [244] discusses
new insights into the interaction mechanisms and reports the
relative thermodynamic parameters obtained by in-situ ATR
spectroscopy, for numerous polymer systems subjected to high
pressure CO, processing. The ATR sampling mode offers a further
advantage, i.e., the possibility of quantifying concurrently CO,
sorption and the substrate swelling. This unique feature has been
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exploited in a number of studies on commercial reverse-osmosis
membranes [245], coordination polymers [246], poly(dimethyl
siloxane) elastomers [237], PEG [243,247], polyketones [248] and
hyper-cross-linked polymer sponges [249]. More advanced exper-
imental approaches based on ATR spectroscopy are being actively
developed for the present application, owing to its enormous
technological interest. Among them, it is worth mentioning the use
of ATR-FTIR microspectroscopy, which provides imaging capabili-
ties for the collection of spatially resolved data [250]. The principal
results obtained in the last decades on polymer processing by high
pressure CO, as investigated by ATR-FTIR have been summarized in
a recent review article [251].

3.4.3. Development of experiments in the transmission mode

Concurrently with the development of the ATR-FTIR method,
other groups explored the possibility of monitoring the sorption
process by means of FTIR transmission measurement. This
alternative approach, described in detail in Ref. [252], is based
on time-resolved FTIR transmission measurements performed on a
polymer film placed in a cell where it is exposed to a controlled
pressure of a pure penetrant vapor phase and kept at a controlled
temperature (see Fig. 8 for a schematic of the apparatus). This
experimental approach was developed to respond to a number of
drawbacks of the ATR sampling mode. The key factor to ensure the
quality of an ATR spectrum — the sample-to-IRE contact — is
rather difficult to control, especially in long-term measurements.
In fact, while the deformation of the polymer film due to sorption
may be tolerated in transmission measurements, it produces a
considerable worsening of the spectrum and of the quantitative
accuracy in ATR. This problem has often restricted the use of the
ATR technique to short time tests, preventing the attainment of a
true equilibrium, which had to be extrapolated by suitable
diffusion models [215,227,228]. This procedure may induce
additional uncertainty in the determination of the diffusivity
values. To optimize the contact, films were directly cast on the IRE.
This protocol is efficient but has limited applicability for
thermosets which are difficult to remove, once cured, without
damaging the surface of the expensive crystal.

The Absorbance to concentration relationship is much simpler
in transmission than in ATR (compare Eqs. (178) and (187)), as the
former does not include the exponential decay term of the
evanescent field in the integral over the thickness dimension.
Therefore, gravimetric measurements can be directly correlated
with their spectroscopic counterparts, irrespective of any concen-
tration gradient along the thickness dimension. On the downside,

pressure
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Fig. 8. Schematic representation of an experimental setup for sorption measure-
ments of vapors in polymers by transmission FTIR spectroscopy. Reprinted with
permission from [252]. Copyright 2001 Elsevier Ltd.

it should be mentioned that the transmission mode is restricted to
sorption of gases or vapors. In fact, contrary to what happens in
ATR, in the transmission mode the electromagnetic probe samples
both the polymer film and the surrounding environment. Thus,
monitoring the diffusion of penetrants in the liquid phase would
require extremely thin liquid layers to prevent saturation of the
spectrum signals. For the same reason, the transmission mode
demands a very careful control of penetrant pressure (and
temperature) within the diffusion chamber for a correct back-
ground compensation. Luckily, the performances of a diffusion
chamber in terms of stability and time to achieve steady
conditions, can be monitored photometrically with great accuracy.
It has been demonstrated that a well conditioned apparatus is able
to reach constant pressure in less than 20s and that, after this
transient, the baseline is very consistent, which allows a reliable
monitoring of sorption kinetics in the time scale of hundreds of
seconds. This is the normally observed time range for sorption of
water vapor in films of thickness from 20 to one hundred pm.

As an example, in Fig. 9A is reported the time evolution of the
baseline (i.e., the single-beam spectrum collected at time t ratioed
against the background collected at the end of the run) for a test in
which the apparatus is filled with methanol vapor from zero to
6.7 Torr at 35°C. At time zero (closed valve, green trace in Fig. 9A)
the v(CO) roto-vibrational band of methanol at 1033cm~' is
negative, being the pressure inside the cell lower than the
reference pressure. The transient period comprises six spectra
collected every 3s, after which the signal vanishes and a very
consistent baseline is recorded for the rest of the run. (2 h long).
The noise level at 1033 cm ™! is at 8 x 10~% absorbance units (A.U.),
essentially the same value recorded elsewhere (see the inset of Fig.
9A, where the red, blue and green traces were recorded at 21, 1800
and 7200s). By increasing the test pressure, the time to reach
steady conditions decreases further. Fig. 9B displays a typical
sorption test by transmission FTIR, of methanol vapor in an
amorphous polyimide at a relative pressure, p/po, of 0.3 (i.e.
69.95 Torr). In the inset, the data collected at various p/po, values
are reported in a Fick’s diagram [253].

To measure the diffusion of gases, a slightly different set-up has
been proposed [254,255], whose schematic diagram is represented
in Fig. 10.

In this case, the accessible temperature range was extended to
-180 =+ +350°C and pressure control was achieved dynamically by a
mass-flow controller/pressure-valve system. Provision was made
for monitoring the diffusion of gas mixtures (two mass-flow
controllers connected in parallel) taking advantage of the
spectroscopic contrast among the mixture components. This setup
performed comparably to the static diffusion cell in terms of
baseline stability but the time to reach constant pressure was
higher (100-120s, depending on the p value), which limits the
detection of very fast sorption kinetics. As an example of the
diffusion measurement performed with the apparatus of Fig. 10, a
sorption/desorption cycle of CO, in a commercial polyetherimide is
represented in Fig. 11.

3.4.4. The advent of Raman spectroscopy

Raman spectroscopy plays an important role for investigating
sorption processes, but has a main drawback in comparison to IR,
which is related to its reduced sensitivity. This problem is a direct
consequence of the inelastic character of the Raman process,
whereby out of a population of 10° photons that are scattered
elastically (Rayleigh radiation) only one is scattered inelastically.
Thus, the Raman cross-section of most analytes is low, and the
limits of detection relatively high. For example, CO, absorbed in
solid/liquid matrices displays a significant IR cross-section (1200 L
mol~!ecm~![256]) which makes it readily detectable down to 1-10
3 wt % levels. Conversely, the reduced Raman cross-section renders
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Fig. 9. (A): Time-resolved spectra collected in two hours interval to test the baseline stability of the diffusion cell. (B): Monitoring of the sorption of methanol vapor in an
amorphous polyimide by transmission FTIR. The inset represents the Fick's diagrams at different p/p, values (from the curve with the lower slope to the curve with the higher
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CO, essentially undetectable up to values around 0.5wt % [257]
and allows the usage of the Raman technique only when the
amount of absorbed penetrant is large, such as, on exposure to
supercritical conditions [258]. The issue of poor sensitivity is

Mass flow

[l
m controller

partially alleviated in case of analytes exhibiting exceptional
Raman activity, such as dyes or fluorescent molecules (which, in
turn, may show adverse interfering effects) or when resonance
mechanisms may contribute to enhance the spontaneous
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Fig. 10. Schematic representation of an experimental setup for diffusion of gases in polymers by transmission FTIR spectroscopy. Reprinted with permission from [255].
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emission. This is why the study of the diffusion of dyes in films and
fibers by Raman approaches has been an active research area in the
last two decades. In particular, the investigators took advantage of
the capability of contemporary Raman instrumentation (Confocal
Raman Microscopes, CRM) of reconstructing a chemical image of
the sample by use of the spectroscopic contrast among the
components, with a spatial resolution of 1 x 1 um in the x-y plane
and of around 2 pm along the z dimension. This experimental
approach allows the measurement of the concentration gradients
developing in a diffusion process, a relevant information that is not
straightforward to obtain. Fleming and co-workers [259] measured
and modelled the diffusion of the dye Disperse Red 1 (DR1)ina PET
film subjected to supercritical CO,. The concentration profiles of
the dye were monitored by confocal Raman microscopy and the
effect of the diffraction distortion was minimized by adopting an
oil-immersion objective. The authors were able to reconstruct the
gradients across the thickness dimension for 230 wm thick slabs
and demonstrated the possibility of evaluating diffusion coef-
ficients of DR1 directly from CRM data (D=6.75 +1.01-10 ¥ m?s~!
at 200bar and 80°C). Successful modelling of the data set was
achieved by a Fickian diffusion mechanism. The authors stressed
the non-destructive character of the approach, as opposed to the
conventional mechanical sectioning (slicing) procedure, which
may alter the polymer morphology and/or the distribution of the
diffusant in the matrix.

An analogous approach was applied to PET fibers: the Disperse
Yellow 23 dye was incorporated in the fiber by supercritical CO,
processing. Sizable dye-concentration gradients were detected
along the line normal to the fiber surface, which were monitored
as a function of dyeing time. The diffusion coefficient evaluated from
the CRM data compared favorably with those from literature. It was
found that the z-scanning mode provided reliable results up do a
depth of 45 wm from the fiber surface. The study demonstrated the
capability of the technique to monitor concurrently and correlate
the dye distribution and the morphological features of the fiber
matrix, which represents a significant advantage for the characteri-
zation of dyed fibers. It is to be mentioned that in these early studies
the measurements were performed off-line, due to the difficulties in
coupling the high pressure environment to the microscopic setting.
Later on, recognizing the potential of the Raman approach,
numerous investigators developed in-situ experiments, which were
very helpful for a better understanding of a variety of high
temperature and high pressure processes, in particular the
supercritical CO, processing of polymers. The principal results of
these endeavors have been recently summarized in a comprehen-
sive review article to which the interested reader is referred [258].

3.4.5. Tools for data analysis

3.4.5.1. Difference spectroscopy and least squares curve fitting. It
often occurs that the analytical bandshape is complex and poorly
resolved. This effect originates from two concurrent factors: i) the
molecular interactions of the probe with the polymer substrate
and/or with itself; ii) the occurrence of interfering signals from the
polymer substrate in the analytical range.

The first issue is especially severe with H-bonding interactions.
In fact, in the v(OH) range, the signal relative to the proton donor
undergoes a downward shift (red-shift) by an amount proportional
to the interaction strength and a marked increase in intensity, also
related to the H-bonding energy. Furthermore, due to the
distribution of geometries and force constants that occurs in a
supramolecular aggregate, the v(OH) band broadens considerably
in comparison to the signal produced by an isolated molecule.
Typically, the FWHH of a H-bonded v(OH) mode increases by a
factor between 5 and 10 with respect to the signal produced by a
“free” OH group. Another complication arising for one of the most
investigated probes, H,0, is the mechanical coupling of the two
stretching modes, which produces two signals (antisymmetric at
higher frequency, symmetric at lower). Thus, the number of active
modes in the analytical range is doubled with respect - for
example - to an alcohol or a tertiary amine.

As for the second issue, the v(OH)/v(NH) range, which is where
the most useful signals for monitoring concentration and
molecular interactions of H-bonding probes are located, is
crowded if the polymer also possesses these functionalities
(polyamides, polyols), but is otherwise relatively free from
interference. A notable exception is represented by polymers with
carbonyl groups (polyesters, polyimides) which exhibit a well
resolved peak at around 3450cm™!, originating from a non-
fundamental vibration [ 1% overtone of the vC=0) for polyesters or
a combination v,5(C=0) + vs(C=0) for polyimides]. The main
approach to eliminate the interfering signal of the substrate is
difference spectroscopy (DS). The method relies on the Beer-
Lambert relationship (Eq. (178)) and on the absorbance additivity:

n
Awor(vV) = Ai(v) (200)
i=1

In the case of a two-component system, Eq. (200) reduces to
As(v) = A1(v) +Az(v) and, if the sample spectrum, A ,displays a
frequency interval where the component 1 does not contribute,
As(v) = Ay(v) for v comprised in that range. When the spectrum of
the component 2, A, is experimentally accessible, we may use it
to digitally subtract the contribution of 2 from the sample
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spectrum until the above frequency range is reduced to zero (to the
baseline). In doing so, the contribution of 2 is eliminated in the
whole spectrum range. This process is accomplished by iteratively
changing a subtraction factor k, according to:

Ap(v) = As(V) — KArgs (v) = 0 (201)

Combining Egs. (178) and (201) the meaning of the k factor is
apparent:

Av) G L Gl
- =2 s 25 202
Anj(v) ( )

Cn#l¢q' le¢q
where p ; is the density of component 2 and C; is its concentration
in the system expressed in the same units as p ». Ls and L, are the
thicknesses of the films used to collect the sample spectrum and
the reference spectrum, respectively. Sorption/desorption of a
penetrant in a polymer substrate is a special case of two-
component systems. Here the component 1 is the penetrant and
the component 2 (the one whose FTIR spectrum is experimentally
available) is the so called dry sample, i.e. the film after the drying
protocol. The difference spectrum is representative of the sorbed
penetrant and is obtained according to Eq. (201). If the uptake is
very limited (1 + 2wt %) and the swelling is negligible, C; = p, ;
Ls = Ly, and, from Eq. (202), k=1. Thus, in the above conditions,
the starting spectrum can be directly subtracted from the entire set
of spectra collected during a sorption/desorption run. Conversely,
in case of density (and hence, thickness) changes, the k value
becomes time-dependent and is to be evaluated point-by-point
either manually or by suitable regression algorithms. It should be
noted that, in the latter case the FTIR experiment will allow - in
ideal conditions - to carefully monitor both the swelling (through
the k values) and the sorption processes. From the above discussion
it follows that the essential requirement for a successful
application of DS is a reliable reference spectrum. The dry sample
may or may not belong to this category, depending on whether or
not the penetrant induces significant perturbations to the
vibrational response of the substrate. The perturbation is never
zero but, in many instances, it can be tolerated. Fig. 12A,B displays
the absorbance and the difference spectra in the v(OH) range
(3900-3200 cm™!) of a commercial polyetherimide equilibrated at
different water vapor activities [260]. In this interval the substrate
exhibits a sharp peak at 3485 cm ™! which is the already mentioned
Vas(C=0) + v5(C=0) combination mode, plus other minor features.
DS is effective in isolating the penetrant spectrum but induces an
artifact in the form of an apparent maximum at 3475 cm™},
highlighted in Fig. 12B. This feature can be (and has been) confused
with an unresolved peak, but is actually a derivative-type profile (i.
e., a two-lobe profile, approximately symmetric, with a minimum

k=

3485

0.28

0.20

012

Absorbance (A.U.)

0.04

3800 3600 3400 3200

Wavenumber (cm')

Fig. 12. Absorbance (A) and difference (B) spectra of a commercial polyetherimide (Ultem 1000%) film 37.7 wm thick equilibrated at different relative pressures of water Qi

below the baseline, and a maximum above). The effect is typically
observed in DS when a peak in the sample spectrum is shifted with
respect to the reference spectrum. A red-shift (i.e., towards lower
wavenumbers) produces a profile where the minimum precedes
the maximum; the sequence is inverted for a blue-shift. In the case
of the polyetherimide the effect is generated by the shift of the
combination peak in the wet-sample with respect to the reference
position (in the dry sample), which in turn, is a consequence of the
H-bonding interactions established between the carbonyl groups
and the water molecules. The effect is therefore due to the
perturbation brought about by the penetrant; it is subtle in
comparison to the overall signal and, once it has been recognized
as an artifact, can be safely ignored in the subsequent data analysis
(vide infra). In other cases, when the penetrant uptake is larger and
more interactions are formed, severe distortion of the analytical
band-shape may occur, which can complicate or even prevent full
resolution of the components.

When proton donors like OH or NH are present in the polymer
substrate, a 3D network is formed by self-association of these
units. This is the typical situation in polyamides, polyols or epoxy
resins. The above networks produce strong signaling in the v(OH)/
V(NH) range, in the form of broad bands with complicated and
asymmetrical shapes. These profiles reflect the H-bonding
equilibrium and, in particular, the length of the H-bonding chains,
which affects both the position and the breadth of the resulting
signals. If the self-association equilibrium is perturbed (by rising
the temperature, for instance) the band-shape changes to a
significant extent. The v(OH) spectrum of a penetrant like water
occurs in the same region as the spectrum of the H-bonding
network of the substrate and it would require difference
spectroscopy to be isolated. However, an H-bonding penetrant
may perturb the self-association equilibrium of the substrate with
the consequence of modifying substantially its v(OH)/v(NH)
bandshape. In these situations, the dry spectrum is no longer a
valid reference to be subtracted from the wet spectrum, and this is
clearly reflected in the appearance of distorted and/or poorly
defined profiles in the DS spectra.

To illustrate the above argument, in Fig. 13, red trace, is reported
the spectrum of a fully dried film of a commercial polybenzimi-
dazole (Celazole® S26). The purple trace in the same figure refers
to the spectrum of the same film equilibrated at a water vapor
activity of 0.5, containing 12.0 wt % of penetrant, while the blue
trace is the difference spectrum (wet-sample - dry-sample) [261].
The DS trace has a distorted profile with a sequence of maxima and
minima that is not representative of the true penetrant spectrum
but is produced by the shift/widening of the unresolved
components of the substrate spectrum after penetrant uptake.

0.20
0.16
0.12
0.08

0.04

Absorbance (A.U.)

0.00

3800 3600 3400 3200
Wavenumber (cm™)

vapor. Traces in (B) represent the spectra of H,O sorbed in the polymer. Green trace, dry film; blue, p/po=0.1; black, p/po=0.2; dark red, p/po=0.3; magenta, p/po=0.4; dark
green, p/po=0.5; red, p/po=0.6. Reprinted with permission from [260]. Copyright 2017 American Chemical Society. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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comparison to the main band. The second component arises from
the ‘free’ carbonyls, which absorb at higher frequency. The latter
represents the main contribution to the overall signal intensity.
The separation between the two components, Av, is directly
proportional to the H-bonding strength. Generally, with penetrants
like water or alcohols the resolution is not achieved, nor a clear
shoulder is discernible on the right-side of the vC=0 peak. This is
because the FWHH of the two components is lower than or
comparable to Av. The reference spectrum for DS is experimen-
tally available, being coincident with the vC=0) peak in the fully
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Fig.13. Red trace; FTIR spectrum in the 4000 - 1900 cm ™! range of a thin film (10.8
m) of a commercial polybenzimidazole (Celazole® S26). The film was fully dried
under vacuum at 150 °C [261]. Purple trace: Spectrum of the same film equilibrated
at a water vapor activity of 0.5 (H,O uptake=12.0wt %). Blue trace: Difference
spectrum wet-sample - dry-sample. Red and purple traces are represented in their
actual absorbance scale. The difference spectrum is arbitrarily offset along the Y axis
to facilitate the comparison. Reprinted with permission from [261]. Copyright 2018
American Chemical Society. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

This is an extreme case in which a conspicuous uptake coupled
with a significant perturbation of the polymer spectrum makes the
DS tool inappropriate.

DS can be used for purposes other than that of removing the
interference of the polymer substrate. When a well-resolved peak
of the substrate can be identified whose position is significantly
altered by molecular interactions with the penetrant (a typical
example is the carbonyl stretching vibration(s) of polyesters or
polyimides) this shift-effect can be used to estimate the population
of interacting groups. The approach, originally developed by
Maréchal [262], was successfully employed in a number of
polymer systems with H,O or methanol as penetrants
[260,263,264]. It relies on the circumstance that the observed
shift is, in fact, due to the presence of two unresolved components:
one originates from the interacting carbonyls and is accordingly
located at lower frequency. Its intensity is usually weak in

Absorbance

dried polymer, which can be subtracted out from the wet-spectrum
to isolate the contribution of interacting carbonyls. The critical
point of this procedure is to identify a criterion to correctly
evaluate the subtraction factor k, which has now a different
meaning than before. A viable criterion is to reduce as much as
possible the experimental profile to a horizontal baseline drawn in
the high frequency side of the band. When the DS spectrum crosses
the baseline producing a negative lobe, oversubtraction has
occurred and the k value has gone beyond its true value. An
application of the method is illustrated in Fig. 14, relative to a
polyimide film containing 2.54 wt % of water [263].
The physical meaning of k is derived from the relationship:

AD =As — Aref =L (Ffo + F,be — kaCmf) (203)

where the subscripts f and s refer, respectively, to ‘free’ and H-
bonded carbonyls and Cy; is the total (volumetric) concentration of
carbonyls in the sample.

In the hypothesis of thickness invariance, the subtraction
condition reads:

Lg (Cf — kC[O[) =0 (204)
from which
C C
k=—L or=b —1_k 205
Co *" Can (205)

It is noted that the fraction of bound carbonyls is directly
accessed via the k value, without prior knowledge of the & /¢, ratio,
which is generally#1. The fraction of interacting carbonyls
represents a relevant information that can be compared with
the concentration of H-bonded penetrant evaluated independently

-0.2
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1720 1710 1700 1690
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Fig. 14. Difference Spectroscopy on the carbonyl band [v,;C=0)] of a polyimide film containing 2.54 wt % of absorbed water. The figure displays the experimental spectra of
the dry and the wet sample (denoted, respectively 0 wt % and 2.54 wt %) and the DS spectra obtained with three values of the k factor, as indicated. Over-subtraction for k= 0.80
is apparent in the form of a negative lobe on the left side of the band. The inset displays the difference spectra obtained by the method described in the text for the film
equilibrated at the indicated values of water vapor activity (a,). Reprinted with permission from [263]. Copyright 2007 American Chemical Society.
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from the spectrum in the v(OH) range to verify the proposed
structures of the supramolecular aggregates [260]. The band-shape
of proton-donor penetrants like water or methanol as isolated by
DS is still complex: it comprises several components more or less
resolved depending on the system under scrutiny. Examples of
these profiles, relative to water sorbed in a polyester [poly(L-lactic
acid), PLLA] and in the polyetherimide Ultem 1000® are reported
in Fig. 15A and B, respectively.

Full resolution of the components, which allows one to fully
characterize the system at the molecular level, is achieved by
application of Least-squares curve fitting (LSCF) methods. The level
of confidence of the LSCF results - often questioned - critically
depends on the complexity of the bandshape and on partial
resolution features like shoulders or slope changes in the
experimental profile. It is very useful the synergic use of the
results of other resolution-enhancement approaches like 2™¢
derivative analysis, Fourier self-deconvolution and two-dimen-
sional correlation spectroscopy [266]. The spectra represented in
Fig. 15 do not raise specific issues: two out of three components
display well defined maxima, while the third can be suitably
simulated by a symmetrical bandshape (gaussian). The regression
results simulate accurately the experimental data and the LSCF
parameters - shape function, FWHH, position - are very consistent
within the dataset of any specific system. As evidenced in Fig. 15,
the FWHH and the shape-function parameters relative to a specific
probe in different polymer substrates also compare favorably.
Differences are noted in the position of the components and in the
relative intensity of the band at the lowest frequency. As will be
discussed in the forthcoming paragraph, the former is a mean-field
effect related to the dielectric constant of the medium, while the
latter is due to the degree of probe self-association. It has been
demonstrated [253,260,263,264] that a proper choice of the shape
function is critical for achieving an optimum simulation of the
experimental profiles. For H,0 the mixed Gauss-Lorentz model has
been used extensively:

X — X
FWHH

f(x) = (1 — Lr)Hexp {f( )24ln2} +Lr (206)

4 (F){/;l)fﬁl)z +1
where X, is the peak position, H the peak height and Lr is the
fraction of Lorentz character. In several systems it was found that
the low-frequency component invariably converges toward a
purely gaussian bandshape (i.e., Lr=0), while the intermediate
component retains a significant Lorentz character. The high-
frequency peak often displays an asymmetrical shape, which
makes symmetric functions, as Eq. (206), unsuitable. This effect
occurs because, as it will be discussed later, the peak is actually an
unresolved doublet. These situations were handled by use of

]
~ 012
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< 3575
o 008 ’
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< 0 : : . . . :
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Wavenumber (cm'1)

asymmetrical shape-functions as the log-normal model [253,260]:

2 > (X —x0)-(p* - 1)
(lnp)z : FWHH

where p is the asymmetry index, i.e., the ratio between left and
right half-widths. Considerable improvements in the simulation
were achieved by use of this alternative function for the high-
frequency component.

Having resolved the band-shape components, one is in the
position of converting their intensities into absolute concentration
values of the different species that were spectroscopically
identified. To this end it is necessary to evaluate the molar
absorptivities, ¢;, of each species since, as already noted, &;'s are
very sensitive to the chemical environment. This is a non trivial
task and is accomplished by coupling spectroscopic and gravimet-
ric data collected in closely matching conditions. An illustration of
the adopted approach for the system H,O/PLLA (see Fig. 15A) is
reported below [265]. Two district water species were identified: i)
isolated molecules bound to PLLA carbonyls, commonly referred to
in the literature as first shell water and ii) molecules self-interacting
with the above species forming dimers, second shell water. This
nomenclature is generally adopted when dealing with sorbed H-
bonding probes absorbed in macromolecular systems [267]. The
molar absorptivities of the two species were denoted, respectively,
& (for bound to carbonyls) and &, (for self-associated). Coupling the
Beer-Lambert expression for the total concentration of sorbed
water with the mass-balance relationship, one obtains:

Abc + Asq

flx) = H~exp{

+ 1} (207)

Crot = el T el (208)
Crot = Cpe + Csa (209)
Aoe _ g, 1 e (210)

~  — Sbc
Crot &sa Cror

The C;,, values were taken from the gravimetric measurements
as a function of p/p,. The density of PLLA (1.240 g/cm?), assumed
invariant with H,O sorption, was employed to convert gravimetric
weight ratios into volumetric concentration values. The compo-
nents at 3575 and 3521 cm~! were selected as analytical peaks for
the bc and the sa species, respectively, for reasons that will become
apparent later. Eq. (210) predicts the linearity of the Ap./Ctor VS
Asa/Ceor plot, with a negative slope equal to the molar absorptiv-
ities’ ratio ¢&,./&sq and intercept equal to¢,-L. The experimental
values exhibit the expected behaviour (see Fig. 16) and the
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Fig. 15. Curve fitting analysis of the spectrum representative of water absorbed in PLLA (A) and in Ultem 1000® (B). The figures display the experimental profile (red trace),
the best-fitting curve (blue trace), and the resolved components (black traces). The samples were equilibrated at p/po=0.5 for PLLA and at p/po=0.6 for Ultem 1000%. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 16. Plot of A,./Cor as a function of As/Cror for the system H,O/PLLA.

absorptivity values calculated therefrom were ¢, =41.3 km/mol
and &g, = 90.2 km/mol. These values compare favourably with those
obtained for other systems with H,O as penetrant [H,O/Poly(e
-caprolactone): PCL, &, =72.2 km/mol and &, =98.2 km/mol; H,0/
polyetherimide: ¢,.=34.5km/mol and &, =89.7 km/mol] [260].

3.4.5.2. Two-dimensional correlation spectroscopy. A recently
developed approach to improve the resolution of complex
bandshapes, which has been demonstrated to be especially
effective for H-bonding systems, is Two-dimensional correlation
spectroscopy (2D-COS). This technique provides significant resolution
enhancements and valuable information about the dynamics of the
system. Itis a perturbative method that relies on imposing an external
stimulus to a system initially at equilibrium. A correlation analysis is
then performed on the spectral response of the system, by measuring
the covariance of two signals (peaks’ absorbance, in the present case)
as a function of a third common variable related to the perturbing
function (time, in the present case). In view of the relevance assumed
by 2D-COS in the spectroscopic analysis of diffusion processes, a brief
summary of its principles is given [268]. A time-dependent spectral
intensity y(v, t) observed for a period T = Tmax — Tmin Produces a
dynamic spectrum ~ y(v, t), defined as:

y(vv t) fy(v)for Tmin <t< Tmax
~y(, t) = (211)
0 otherwise

In Eq. (211) y(v) represents the reference spectrum, which is
intended to eliminate the static component of the signal. It can be
chosen in different ways depending on the specific response
function. For non-periodic functions, the two most convenient
choices are the static or time-averaged spectrum, defined as:

T
) = %/y(v, t)de (212)
0

or the ground-state spectrum, well before the application of the
stimulus (at t < 0). The complex cross-correlation function
between dynamic spectral intensities at wavenumbers v; and
v,, which represents the basic formula of 2D-COS analysis is given
by Eq. (213):

D(v1,v2) + W (v, 1) = % / ~Y(0r,@)~ Y w)do  (213)
5

where ®(vy,v;) and ¥(vy,v,) are the synchronous and the
asynchronous 2D spectra, respectively, ~ Y (vq,w) is the forward

Fourier transform (FT) of the dynamic spectrum at v; and
~ Y*(v9,w) is the conjugate FT of ~ y(v,,¢), i.e.,

+00
~ Y, ) = ~y(vy, t)e i @tdt (214)
400
~Y*(vy,w) = / ~y(vy, t)etdt (215)

—00

In Egs. (213-215) w is the Fourier frequency, i.e. 1/t, not to be
confused with the spectral frequency v. For a number of response
functions the integrals in Eqs. (214-215) and their product in Eq.
(213) can be solved in closed form. These analytically accessible
functions include the exponential decay, one of the most common
for chemically or physically evolving systems:

~y(v, t) =AW)-e Mt fort >0
~yt) =

0 otherwise

(216)

To simplify the treatment, it is assumed that T, = 0 and Tyax >>
1/k(v), which implies that the reference spectrum can be set to
zero. In Eq. (216) A(v) is the initial absorbance value and k(v) is the
rate constant for the peak at wavenumber v. For two peaks at
frequencies vy and v, having different values of A and k, Eq. (213)
becomes:

00

. AW1)A(Vy) [ k(v1)k(va) + ilk(vr) — k(v]w + @w?
D(vy, Y(vy, = d
(V1,v2) +1%¥(vq,12) p '0/ [kz(l)]) +w2] [k2<v2) +w2] 13)
(217)
Solving the above integral, one obtains:
_A(M)A(v2) 1
v, v2) = T k(vy) +k(vp) (218)
W(v1,vy) = A(v1)A(vy) Ink(vy) — Ink(vy) (219)

T k(vy) + k(v2)

If the values of the two decay constants are comparable, i.e.
k(vq) =~ k(vy), Eq. (219) further simplifies to:
2A(v1)A(V2) k(v1) — k(1)

T k(v1) + k(v2)

W(vy, ;) = (220)

From Eqgs. (219-220) it emerges that, for exponential decay
dynamics, asynchronicity means that two signals evolve with
different rate constants. If the decay constants are equal, no
asynchronous correlation develops, regardless of the initial
intensities of the signals. This is a very useful feature for it
improves the resolution of extensively overlapped peaks by
decreasing the total number of components present in the
frequency spectrum. A detailed discussion of this effect is reported
in ref. [255]. The synchronous map has lower specificity since the
resolution enhancement is only due to the spreading of the
frequency data over a second wavenumber axis. This effect is often
insufficient to separate the components in the profiles of strong H-
bonding penetrants like water or methanol [253,263]. The cross-
peaks at off-diagonal positions reflect any couple of signals
evolving in time; the spectrum along the main diagonal (always
positive) is the power or autocorrelation spectrum, which provides
information on the signals more susceptible to the external
perturbation. According to Eq. (218), the autopeaks, when fully
resolved, may afford quantitative estimates of the decay constants.

Further information may be gathered from the sign of the cross-
correlation peaks, which reveal dynamic relationships between
two signals according to the so-called Noda rules [268,269]. Those
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Fig. 17. Integrated absorbance (3720 - 3000 cm™!) of the H,0 band as a function of
time for a sorption experiment on the HO/PCL system at 30 °C and p/p, = 0.6. Solid
dots are the experimental data; the continuous line is the regression of the data
with a two component exponential of the same form as Eq. (219) (see text). The
inset represents the time evolution of the analytical band. Reprinted with
permission from [271]. Copyright 2014American Chemical Society.

of interest in the context of diffusion experiments are: i) In the
synchronous spectrum the sign of a cross-peak is positive if the
correlated signals change in the same direction (they both increase
or decrease) and is negative otherwise. ii) In general, if an
asynchronous cross-peak located at coordinates vy, v, is positive,
Y(v1,1,) > 0, the intensity change at v, is accelerated with respect
to the intensity change at v,. In the specific case of exponential
decay kinetics, this means that k(v;) > k(v;) [269,270]. If
Y (v1,12) <0 the opposite relationship between the decay
constants holds true. iii) The above relationship remains valid as
long as ®(vy, ;) is positive; otherwise, it is to be reversed.

It has been demonstrated that any linear transformation of the
original response function leaves the sequential order unaltered
[269]. This implies that normalization of the kinetic curves is
immaterial and that the conclusions drawn for Eq. (216), can be
extended to a response function of the type:

~y(v,t) = A(V) (1 - e*’“) (221)

which represents the long-term solution of the Fick’s model (Eq.
196), expressed in terms of absorbance.

Finally, it is noted that the band-shape of the asynchronous
peaks can also provide useful information: a correlation between

x 10

A 6

3000

5 3300
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o
[0]
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E
>
S 3600
®
g 2
3900
0

4000 3700 3400 3100
Wavenumber (cm™)

two sharp components gives rise to a sharp peak, while a
correlation between a sharp component and a much broader band
results in an elongated shape. A conical feature is observed when
the interacting signals are both broad.

As an example of the application of 2D-COS to a real system, in
the following we discuss the analysis of the time-resolved data
gathered during a sorption/desorption experiment on the system
H,O/PCL [271].

The integrated area of the v(OH) band of sorbed water is
reported in Fig. 17 as a function of sorption time. The process can be
accurately described in terms of the Fick’s equation (Eq. (194)),
yielding a diffusion coefficient of 4.93-10~7cm?/s, in good
agreement with earlier literature values obtained gravimetrically
[272]. Phenomenologically, the response function of the system is
suitably simulated by a two-component exponential of the same
form as Eq. (221) (see Fig. 17, continuous line) i.e.,

Al) = A (1-eht) 45 (1 - e ) (222)

Assuming the two components to be related to distinct species
involved in the diffusion process, it is possible to interpret the 2D-
COS results in terms of Eqs. (216-220). In Fig. 18A,B are reported,
respectively, the synchronous and asynchronous maps obtained by
the 2D-COS analysis of the absorbance spectra represented in the
inset of Fig. 17.

The synchronous map shows the two components already
resolved in the frequency spectra (3628, 3549cm™"'), plus the
relative correlations; thus, it does not provide any resolution
enhancement. All the synchronous correlations are positive
according to the growing trend of both signals. Better-defined
features are present in the asynchronous spectrum: in the lower-
side region with respect to the main diagonal four cross-
correlations are identified (the upper-side features are redundant
owing to the antisymmetric character of the asynchronous matrix).
These occur at [3595-3635cm™! (-)], [3550-3595cm™! (+)],
[3456—3635cm™! (—)], and [3465-3550 cm ™! (—)]. The correlation
intensity goes to zero at 3635-3550cm ™! and at 3615—3456cm ™.
It is concluded that the four distinct components at 3635, 3595,
3550 and 3456 cm ™! are arranged pairwise: the two signals at 3635
and 3550cm™! evolve synchronously [¥(v;,v,) =0] and at a
different rate with respect to the doublet at 3595-3456cm™!
which is also correlated synchronously. In particular, from to the
sign of the cross-peaks, and according to the Noda rules, in the
sorption experiment the doublet at 3635-3550 cm ! grows faster
than the doublet at 3595-3456cm™'. The above information is
essential for a correct assignment of the resolved components,

3000 x10°
B | Mos

"= 3300 { Mo.4
o 2
£ ";«.- k
5 3600 # '
c - - s
> = | e ¥
©
E; ]

3900 | M08

73700 3400 3100
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4000

Fig. 18. Synchronous (A) and asynchronous map (B) obtained by 2D-COS analysis of the time-resolved spectra collected during the sorption experiment on the system H,0/
PCL at p/pp=0.6 (sequence shown in the inset of Fig. 17). Reprinted with permission from [271]. Copyright 2014 American Chemical Society.
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insofar as the synchronously correlated signals are likely generated
by a single molecular species, while asynchronous correlation
implies distinct species. The elongated shape of the cross-peaks at
[3456—3635cm™! (—)] and [3465-3550 cm™! (—)] indicate that the
correlation occurs between a sharp signal (at 3635 and 3550cm ')
with a significantly broader band (at 3456 cm~'). Conversely, the
narrower cross-peaks at [3595-3635cm~! (—)] and [3550-
3595cm~! (+)] reflect the correlation between two sharp
components. The whole pattern can be interpreted in terms of
two distinct water species, each producing two signals. This
conclusion is sound when considering that that a single H,O
molecule produces two vV(OH) modes, (out-of-phase at higher
frequency and in-phase at lower frequency). Of the four identified
signals, three are sharp (the doublet at 3635-3550cm ™! and the
components at 3595cm™!), the fourth, at 3465cm™!, is broader.
This suggests that the H,O molecules producing the former
doublet have two equivalent O—H bonds, i.e., these molecules
retain the original C,y symmetry. Conversely, the species produc-
ing the signals at 3595-3465cm™~! has two hydrogens with a
distinct chemical environment. In particular, the broad band can be
associated with an O—H bond interacting with a proton-acceptor,
while the sharp signal is due to a ‘free’ O--H. As we will discuss
later, this doublet is characteristic of self-associated water in the
form of dimers. Finally, we note that the asynchronous spectrum
obtained in the desorption experiment is coincident with that of
Fig. 18 in terms of overall pattern but the sign of all peaks is
reversed. This implies that, on desorption, the doublet at 3595-
3465 cm ™! evolves (decreases) faster than that at 3635-3550cm ™.

3.4.5.3. Quantum Chemistry methods as a tool for spectral
interpretation. The assignment of the numerous components
making up the penetrant spectrum and the interpretation of the
effects induced on the substrate spectrum by molecularly
interacting penetrants is a non-trivial task. One of the most
powerful tools to tackle these problems is the first principle
simulation of the vibrational spectra. By this approach, tentative
structures of the supramolecular aggregates are optimized using
appropriate model chemistries (mainly, Density Functional Theory,
DFT, and second order Mdeller-Plesset perturbation theory, MP2).
Upon convergence to a meaningful stationary state, the theory
provides the complete set of force constants plus the relevant
geometric parameters. These are input in a classical Normal
Coordinate Analysis (NCA) scheme as the F and G matrices (Wilson
GF method), which produces the frequency, the form and the
symmetry (if any) of the whole set of normal modes [209]. In
addition, modern computational platforms often allow the
estimation of infrared and Raman intensities, other relevant
parameters for interpretative purposes [273,274]. Once an
appropriate simulation of the experimental spectrum has been
achieved, the analysis allows one to confirm the proposed
structure of the supramolecular aggregate and to establish the
vibrational origin of the observed IR/Raman signals. There are
numerous issues along the way to get the final solution of the
vibrational problem. These issues are to be taken in careful
consideration; otherwise, computational approaches may produce
meaningless or misleading results. First, the molecular model is to
be chosen properly: it should be able to capture the structure (G
matrix) and the electron density distribution (F matrix) of the
system and, at the same time, remain of a manageable size. This is
especially true when computationally intensive calculations such
as infrared and/or Raman intensities are required. Thus, polymer
chains are simulated by short segments capable of reproducing the
chemical environment in terms of interaction sites and steric
hindrance around them. Furthermore, molecular models
containing aliphatic chains and multiple conformational degrees
of freedom, such as aliphatic esters or amides, are known to exhibit

shallow Potential Energy Surfaces (PES) [275,276]. A preliminary
PES exploration to identify relevant stationary state(s) is a
fundamental step in the structure-optimization strategy because
any ab-initio method will invariably localize the minimum that is
closer to the initial input geometry. Conformational searching is
generally performed by Molecular Mechanics (MM) using
algorithms based on the Metropolis-Montecarlo method. These
maximize computational efficiency and afford PES searching of
very complex structures in reasonable amounts of time. The
stationary state(s) identified by MM represent the starting points
for the ab initio optimization. The characterization of the relaxed
geometry is even more critical when dealing with supramolecular
aggregates: in this case, the two interacting units (the
substructures) are not linked by a covalent bond with its strict
directional and dimensional parameters but are connected by
much weaker interactions, which are more difficult to simulate
reliably. For instance, H-bonding is not explicitly implemented in
several MM force fields. Recent strategies for starting-point setting
rely on structural databases analysis [261]: the two substructures,
relaxed at the chosen level of theory, are manually arranged so as to
occupy the position of maximum likelihood occurrence of the
molecular interaction under consideration. This arrangement is
obtained by reference to specialized databases [277-279] that
display the probability of occurrence and the spatial features of
interactions between pairs of functional groups. The databases
focus but are not limited to H-bonding interactions; they are
composed by searching structural libraries as Protein Data Bank
(PBD) and Cambridge Structural Database (CBS) for non-bonded
interactions between a contact group (B) and a central group (A).
The resulting scatterplot shows the experimentally observed
distribution of B around A and provides information about the
frequency and directionality of intermolecular contacts. As an
example of the above approach, Fig. 19A displays the scatterplot
relative to the central group imidazole interacting with the contact
group H,0, which has been employed to set the starting point
geometry for the molecular model of the polybenzimidazole
hydrate [261].

Fig. 19B is an alternative representation in terms of contour
density surfaces, calculated by dividing the space around the
central group into a grid and counting the number of contact atoms
in each grid volume. The two interacting sites of the imidazole unit
are readily recognized in Fig. 19B and the starting-point geometry
for ab-initio optimization was obtained therefrom by positioning
the two H,0 molecules in the red spots of the highlighted areas.
Fig. 19C displays the resulting structure relaxed at the B3LYP/6-
31G(d) level of theory in which the two contact groups are
localized within the area of maximum likelihood occurrence [261].

The QM/MM approach was employed to identify the molecular
aggregates for the case of PCL interacting with two penetrants,
namely H,O and CO, [257,271]. The aliphatic ester pentyl
hexanoate (PHEX) was selected to mimic the proton-acceptor/
electron-rich groups on the polymer chain (C=0 and C—0—C) and
the steric hindrance in the proximity of these sites.

The structure of the supramolecular aggregate with water (H-
bonding interaction), relaxed at the B3LYP/6-31 G(d) level of theory
is reproduced in Fig. 20A. It was found that the calculated
geometrical parameters of the donor/acceptor pair comply with
the general H-bonding formation criteria. The out-of-phase and
the in-phase v(OH) modes of H,0 in Structure of Fig. 20A are
shifted downward with respect to the isolated molecule by -41 and
-63cm™! respectively, while the d(HOH) vibration is shifted at
higher frequency by +26 cm™.. These effects are characteristic of
water acting as proton donor and represent the signature for the
occurrence of H-bonding. The experimentally observed frequen-
cies compare well with those calculated and allowed an
unambiguous assignment of the doublet observed at 3635 -
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1

Fig.19. Scatterplot (A) and density contour plot (B) for the central group imidazole interacting with the H,O contact group. The density contour plot was employed to identify
the position of the contact groups for the starting geometry of the supramolecular model of polybenzimidazole hydrate, whose optimized geometry is reproduced in (C).
Reprinted with permission from [261]. Copyright 2018 American Chemical Society.
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Fig. 20. (A): Optimized geometry of pentylhexanoate/H,O H-bonding complex, a model for the H,O/PCL system. Reproduced with permission from [271]. (B): Optimized
geometry of pentylhexanoate/CO, complex, a model for the CO,/PCL system. Atoms’ color code: white =H; grey = C; red = O. Reprinteed with permission from [257]. Copyright
2016 American Chemical Society. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3550 cm™ to the v.s(OH) and vs(OH) modes of the water molecules particular, the MP2 /6-31(d) model chemistry was selected as a

H-bonded to the PCL carbonyls. On the basis of the QM/NCA results
it was also possible to rule out the involvement of the ether-like
oxygens in H-bonding with water [271].

Toreproducereliably the properties of the CO,/PCL system, which
involves weak interactions of the Lewis-acid/Lewis-base type (LA-
LB), higher-level theories than DFT were required [280-282]. In

suitable compromise between accuracy and computational cost
[257,283,284]. The QC/NC analysis confirmed LA-LB as the main
interaction mechanism, but also highlighted the occurrence of weak
H-bonds acting cooperatively to stabilize the supramolecular
complex. The LA-LB contacts were identified almost exclusively on
PCL carbonyls because of steric factors. The determined optimized
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interactions. In section 4 several examples illustrating in detail
this procedure will be provided.

To compare the IR quantitative analysis with the simulations
performed using the NRHB and NETGP-NRHB approaches, the
volumetric concentration of different penetrant species from IR is
to be transformed into the moles of self and cross specific
interactions per mass of polymer occurring within the penetrant/
polymer system, that are provided by the models.

The relationships between the above quantities depend on the
specific system and could be highly complex in view of the
multiplicity of interacting species that can, in addition, be
characterized by a dual nature (e.g. they may act both as a proton
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Fig. 21. Comparison between the experimental spectrum (blue trace) of PBI
equilibrated at a water vapour activity of 0.1 and the calculated spectrum (red trace)
of the hydrate model of PBI. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

geometry of the supramolecular aggregate with CO, is reproduced in
Fig. 20B. The vibrational origin of the doublet observed at 676 -
648 cm™! in the Raman spectrum of sorbed CO, and its diagnostic
character were identified. In fact, this feature appears only upon the
interaction establishment as a consequence of the loss of the original
D.n symmetry by the CO, molecule. The perturbation effects
brought about by the penetrant on the PCL spectrum were also
interpreted in the light of the vibrational analysis.

The QC/NCA is even more informative when extensive self-
association in the polymer substrate takes place because of the
presence of OH/NH groups on the backbone. As already mentioned,
this complicates the analysis and makes the computational results
a primary support towards a proper interpretation. An example of
such a situation is represented by the system H,O/polybenzimi-
dazole (PBI) [261]. PBI is a high-performance technopolymer
capable of forming an extended and rigid H-bonding network
through NH.--N interactions. This is reflected in the complex
bandshape observed in the 3900 - 2500cm ™' range (see Figs. 13
and 21).

The IR spectrum of the hydrate model of PBI, calculated at the
B3LYP/6-31 G(d) level of theory (red trace in Fig. 21) was in good
agreement with the experimental spectrum and allowed the
interpretation of the complex pattern. In particular, the analysis
provided the unambiguous assignment of three bands of absorbed
water at 3628, 3550 and 3174 cm™~ .. Furthermore, the theoretical
evaluation of the absolute intensities for these v(OH) components
allowed the identification of selected signals to be correlated with
gravimetric data for calibration purposes, and made available a
means for evaluating the absolute concentration of specific H,O
species.

3.4.6. A synergic approach combining NRHB modelling, gravimetry,
FTIR in situ spectroscopy and spectral interpretation

Equilibrium and dynamic experimental results obtained from
gravimetric measurements and from in-situ vibrational spectros-
copy along with the elaboration of the spectra by performing
subtraction spectroscopy, LSCF and 2D-COS, provide a wealth of
qualitative and quantitative information on the interactions
established in the penetrant/polymer system exposed to a gaseous
or a vapor phase of a low molecular weight penetrant. The
experimental outcomes consists in the amount and type of self-
and cross-interactions established in the system and in the
identification of the groups involved. This information can be
effectively used to tailor the structure of the terms accounting for
interactions in NRHB or SAFT models and to verify the quantitative
theoretical predictions regarding the amount of established

donor and a proton acceptor). When the number of species is
limited, full molecular characterization of the occurring inter-
actions can be gathered from IR spectra.

To illustrate the general methodology, we confine our attention
to relatively simple H,O/PLLA binary system discussed previously.
In this case, the IR quantitative analysis provides the concentration
of first-shell and second-shell water species, in terms of moles/cm®.
The molecular aggregate is illustrated in Fig. 22 along with the
frequencies of the relative signals. In the figure the first-shell water
is denoted ‘bc’ (bound to carbonyls) and the second-shell is referred
to as ‘sa’ (self-associated).

The relationships between the volumetric concentration of a
penetrant species and the corresponding moles of established
Hydrogen Bonds, take the following form:

Css Ny . i _ m

j;s =

) S -
ppol Mpol ! ppol Mo

(223)

where Cg and Cg are, respectively, the volumetric concentration of
first- and second-shell water species provided by IR analysis, 0 por is
the density of the polymer in the mixture, m,, is the mass of
polymer in the mixture, ny; represents the moles of self-HB
interactions established by water molecules (subscript ‘1’ refers to
water in the NRHB model framework) and n, represents the moles
of cross-HB occurring between the proton donor groups of water
molecules and the proton acceptor groups (carbonyls) present on
polymer backbone (subscript 2’ refers to polymer in the NRHB
model framework). fss and fg represent ‘stoichiometric’ factors that
account for the number of interactions formed by a single water
species. In the present system (see Fig. 22), fis=1 and fz=2. The
value of these stoichiometric factors may change with the system
considered and with the penetrant concentration. Information on
these factors can be gathered by vibrational spectroscopy.

’—3521 om”
3628 cm“—l '

*‘&j
R

————

13576 cm’™

9

Fig. 22. Schematic representation of the two water species identified in the H,O/
PLLA system. ‘bc’ stands for bound to carbonyls, corresponding to first-shell water;
‘sa’ stands for self-associated water, corresponding to second-shell water.
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3.5. Inverse gas chromatography

In this sub-section we review the essentials of the Inverse Gas
Chromatography method for the determination of key thermody-
namic properties of materials. The main reason for this is to
appreciate the capacity of a new approach to solution thermody-
namics, the Partial Solvation Parameter (PSP) approach, for
material characterization, which is exposed in section 3.8.1.

Inverse Gas Chromatography (IGC) is a relatively simple yet
powerful technique for the investigation of material, especially,
polymer properties or for material characterization through
material interaction with low molecular weight solvent — probes
[285-288]. It is based on measurement of retention times, tg, of the
probes injected into the gas chromatography column containing as
immobile phase the investigated material (polymer, drug, ionic
liquid, etc). A probe non-retained or non-interacting with the
immobile phase is also used and its retention time, ty;, is subtracted
from the corresponding time of the interacting probes. This
corrected retention time is the key IGC datum out of which the
specific retention volume, Vg, of the probe per unit mass of the
material is determined. The neat retention volume, Vy, is first
determined from the flow rate of the carrier gas, Fc, through the
equation [285-288]:

V= Fc(tgr — tm) (224)

and the specific retention volume, reduced to 273K, is obtained
from the defining equation:

_273.15Vy
T w

Vg (225)
where, w is the mass of the investigated material (say, polymer) in
the column.

As long as we may assume that the probe sorption in the bulk of
the studied material (liquid) phase has reached equilibrium, Vg
may be used for obtaining a number of useful thermodynamic
properties of the investigated material. The sorption enthalpy is
obtained from the temperature dependence of V; through the
following equation [285-288]:

dinVg
d(1/T)

AHs = —R (226)

In the majority of cases, IGC experiments are conducted at
infinite dilution of the probe (component 1 or solute) in the studied
material (immobile) phase (component 2 or solvent). This is
convenient since probe - probe interactions may be neglected, and
Henry’s law applies. At infinite dilution of the probe and at
equilibrium with the stationary liquid phase, a most useful
thermodynamic quantity, namely, the mole fraction activity
coefficient, (a;/x;)>, is obtained through the equation [285-289]:

(B11 — V1) (227)

0
Iy — In (273.1512) s

p9VeM, ) RT

M, in Eq. (227) is the molar mass of the immobile phase, while
p:1° V3, and By; are the saturated vapor pressure, molar volume and
second virial coefficient of the solute-probe at T.

Quite often, the molar mass M, is not easily defined, such as in
the cases of crosslinked polymers or composite materials [290]. In
these cases it is more convenient to obtain, instead, the weight
fraction activity coefficient, (a;/w)>, from the following equation
[290]:

273.15R

o _n(27315R) _pY g
In§2; _l"<p9vg1v11> (B — V1) (228)

where, now, M; is the molecular weight of the solute — probe.

Once the activity coefficient of the solute is known, the excess
chemical potential or the partial molar excess free energy are
obtained through the classical equation:

E,o

g] 00

RT ~ Ins23 (229)
In practice, however, when the investigated material is a

polymer, the quantity of key interest is the Flory-Huggins yx

interaction parameter or the residual mole fraction activity

coefficient at infinite dilution, which, in the present context is

obtained from the following equation [44,287-291]:

. 1%
x = Iny3 —1—lnv—;
., {273.15Rv, po
- ln(p?VgV]> — 1B = V1) (230)

Where, viand v, are the specific volumes of probe and polymer,
respectively.

Partial molar excess enthalpy and entropy may be also obtained
through the classical equations:

R A 1o

R~ 9(1/T) ~— a(1/T) (231)
and
_Eoo __ EE‘OO - Tgll:-r)C
g - (232)

IGC is widely used for the determination of the solubility
parameter, 8,, of the investigated material. Unfortunately, this is
most often done on the basis of Hildebrand’s Regular Solution
Theory (RST) [292,293] through the equation:

Vi
X=RT

Guillet and coworkers [294,295] have rearranged Eq. (233) as
follows:

2 2
(%%) - <%) 81 — (%) (RST) (234)

Eq. (234) is, then, the working equation for obtaining &, by
plotting the left-hand side quantity versus the probe solubility
parameter, d;. A straight line is presumably obtained and 8, is
obtained either from its slope or the intercept. It is crucial to stress
the point that RST Eqgs. (233) and (234) cannot apply when y is
negative, as is often the case when the studied material interacts
via strong specific forces such as hydrogen-bonding or acid-base
interactions. A drastically different approach should be followed in
this case [42,55,296,297], as explained in the sub-section devoted
to Partial Solvation Parameters.

IGC is also used for the surface energy characterization of solid
stationary phases. In the case of polymers, this would imply IGC
experiments at temperatures below glass transition temperature,
Tg. Both, weak dispersive (d) as well as strong specific (sp) surface
energy interactions are obtained via IGC. The adsorption free
energy change, AG.q, is related to the neat retention volume
through the following equation [298-300]:

(81— 83)° (RST) (233)

~AGu = —(AGly + AGH) = RTInVy + C (235)

The constant C is related to the reference states and its value is
not required in practical applications.

When inert n-alcane probes are used, the adsorption free
energy is related to the dispersion surface energy components, y9,
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through the Fowkes equation [301-303]:

—AGyy = —AGY; = 2Naa,/y4y4 (inert probe 1) (236)

where, N, is Avogadro’s number and a is the cross-section area of
the probe molecule. Combining Eqs. (235) and (236), the following
working equation is obtained:

RTInVy = 2Naa,/y4-y4 — C (inert probe 1) (237)

By plotting the left-hand side of Eq. (237) versus the square root of
the known dispersion surface energy of the probe, one obtains the
corresponding dispersion surface energy component of the studied
solid, 5% (Schulz method). In the alternative Dorris-Gray method
[304], the contribution of the methylene group of n-alcane probes
is considered only by plotting the left-hand side of Eq. (237) versus
the number of probe carbon atoms. From such a plot one obtains
the increment per CH, group in the sorption free energy through
the equation:

H VIC\;nHerz
AGH: — _RTIn <vc”ﬂ> (238)
N
The final working equation of the Dorris-Gray method is:
2
1 [—AGE
Vi <WC”2> (239)
Vi, AdCH,
where [305]:
Yy, = 35.6 + 0.058(293.15 — T) (240)

Specific or acid-base surface energy components are also
obtained from IGC though in a less approximate manner [305,306].

In essence, IGC belongs to sorption measurement methods and
its main task is the estimation of the partition coefficient between
the gas and the stationary phase. When Henry’s law is obeyed by
the sorption isotherm, IGC gives for the solubility coefficient in
units of cm3(STP)/atm cm? [307,308]:

%
s1= %‘;2 (241)
where, p°=1 atm is the standard outlet pressure of the column and
p2 is the density of the stationary phase. At infinite dilution, then,
the NELF model [50] (cf. section 2.2.1) gives for the solubility of

solute-probe 1 in glassy polymer 2 the following expression (STP:
standard temperature and pressure conditions):

; 5P v 0% P -
o ) ([ (g 5
ns3 ”(PSTPT)+r1{ + v 2 n e + v

PoT; [Ps
+2'§12p*T P; (242)
2

The only adjustable parameter in the NELF model is &;5, and, as
shown, it may be determined from simple IGC measurements.

3.6. PVT properties and dilatometry

In the case of polymers, pure component EoS parameters are
typically obtained by nonlinear regression of equilibrium volu-
metric data of the material in a molten-rubbery state. In the
following we report in some detail the generally adopted
experimental procedure.

In Fig. 23 is reported the scheme of a common commercial
apparatus specifically designed to measure Pressure-Volume-
Temperature (PVT) relationships of polymeric fluids (GNOMIX
high pressure dilatometer, Boulder, CO, USA). This equipment is
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Fig. 23. Schematic representation of GNOMIX high pressure dilatometer.

based upon the well-established bellow technique: an hydrostatic
pressure is imposed over a sample whose volume is known at the
starting pressure and temperature of the dilatometric experiment.
The volume change of the sample is calculated by measuring the
volume of the cell containing the sample surrounded by a
confining fluid (typically mercury), by means of a linear variable
differential transformer mounted beneath the pressure vessel. The
corresponding volume changes of the sample, induced by the
applied pressure, are calculated after subtraction of the volume
change of the confining fluid from the total volume of the cell. This
technique is extensively described in [309]. This dilatometer
provides only measurements of volume change so that, in order to
determine the actual value of the volume, it is required the
knowledge of the polymer density at a known temperature and
pressure condition (being known the polymer mass inserted
within the instrument).

The required value of density can be, for instance, measured by
helium pycnometry. The pycnometer evaluation of the sample
density can be also combined with gravimetric sorption tests in the
case that the amount of gas adsorbed within the sample
significantly affects the measurement of the pressure in the
pycnometer gas phase, thus inducing an intrinsic error in the
sample volume estimation. An alternative method to measure the
density of a polymeric sample at room pressure and fixed
temperature is based on the Mohr-Westphal balance. In this case
the polymeric sample is first immersed in a liquid phase, (e.g.
deionized water) at controlled temperature conditions, then the
liquid phase density is adjusted by adding a second component (in
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the case of water can be typically used salts, such as CaCl,) until the
density of the liquid solution matches that of the sample, i.e. until
the neutral flotation condition of the sample is attained. Finally, the
fluid density is measured by the Mohr-Westphal balance. Also in
this case a possible source of error in the estimate of sample
density is the adsorption of liquid solution within the sample. In
such event, one should account for liquid sorption on the basis of
the sorption isotherm.

It is worth noting that, for both the techniques briefly described
above, further error in the density estimations could arise if the gas
or the liquid solution induce a significant swelling of the sample.
Actually, the use of helium gas picnometry, at a pressure of around
1atm, is not expected to promote a significant swelling of the
sample.

The dilatometric measurements using the GNOMIX apparatus
can be performed by following different protocols. One consists in
an isothermal compression procedure, performed by increasing
the pressure in a stepwise manner. With a standard equipment,
such as the one described in Fig. 23, it is possible to span pressures
ranging from 0.1 MPa up to 200 MPa and set temperature values
from 25°C up to 450°C. At each value of pressure several
measurements are performed, for statistical averaging purposes.

The EoS model parameters for pure polymers, can be retrieved
by a concurrent nonlinear regression of equilibrium volumetric
data at different pressures and temperatures. In this respect, it is
worth reminding that the pure component scaling parameters of
the NETGP extension of a given equilibrium EoS theory, are the
same as ones of the equilibrium EoS itself.

In the case of non crystallizable polymers, the volumetric data
are collected for coupled values of temperature and pressure at
which the material is in a “rubbery” state, i.e. above the glass
transition temperature, T, at the test pressure. In the case of semi-
crystalline polymers, data need to be collected for coupled values
of temperature and pressure at which the polymer sample is in a
melt state, i.e. above the melting temperature, T, at the test
pressure. It is worth noting that both T, and T,, of a pure polymer
significantly increase with the applied pressure.

As an example, in Fig. 24 is reported a set of dilatometric data
obtained by means of a GNOMIX apparatus for a pure polyether-
imide (PEI) [310]. These data were used to retrieve the EoS
parameters, by a performing a concurrent fitting with the NRHB
model. In the case of PEI, the model provides an excellent fitting of
the experimental results in the whole range investigated. Since no
specific self-interactions are expected for this polymer, as also
suggested by the results of vibrational spectroscopy analysis [260],
the adopted version of NRHB model contains only the physical
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Fig. 24. Experimental equilibrium volumetric data for PEI (full circles) and best
fitting curves obtained by using NRHB model.

Table 4

Values of scaling parameters of the NRHB model retrieved from concurrent fitting of
dilatometric data for molten PEIL The parameter ‘s’ (the value of surface to volume
ratio) was not obtained from fitting but has been calculated using the UNIFAC group
contribution scheme [87,88].

& [J/mol] & [J/mol] Vi,o [cm®/mol] s

6775.2 5.503 0.7228 0.743

contribution and the only fitting parameters involved are the
lattice fluid scaling parameters.

The values of NRHB scaling parameters for pure PEl obtained from
the fitting procedure i.e. &}, ¢}, and Vgp o are reported in Table 4.

A difficulty arises in the determination of the pure polymer
parameters of the EoS models belonging to the SAFT family. In fact,
since for polymers are available only density data in the molten
state as a function of temperature and pressure, this limitation
affects the reliability of the energy related parameter to be used in
binary mixture calculations. For this reason, the evaluation of SAFT
parameters for a pure polymer is performed by complementing the
pure polymer data with experimental phase equilibrium data for
binary mixtures involving a penetrant and the polymer of interest
(see, for example [115,311].

3.7. Vapor-liquid phase equilibrium

The pure EoS parameters for low molecular weight compounds
can be retrieved by a non-linear regression of vapor-liquid phase
equilibrium data. As an example of such procedure, in Fig. 25 are
reported vapor pressure and density data for methanol at vapor-
liquid phase equilibrium used to determine pure methanol NRHB
parameters.

Each methanol molecule presents an OH group, which acts both
as a proton donor and a proton acceptor site so that specific self HB
interactions are established within each pure methanol phase.
Hence, besides the scaling parameters, NRHB modelling of pure

methanol phases requires the knowledge of the energy (E(]’] ) and

the entropy (S?] ) of formation of this self hydrogen bonding. In the
case that no ab initio calculation or in situ spectroscopic
determination of such HB parameters are available, a feasible

alternative procedure consists in including EY, and S9, as
additional adjustable parameter to be used for data fitting. The
results of this fitting procedure is illustrated in Fig. 25 and the
corresponding best fitting parameters are reported in Table 5. The
NRHB model provides an excellent fitting capability in a wide range
of temperatures, sufficiently lower than the methanol critical
point. Actually, the NRHB parameters provided by this simulta-
neous fitting procedure can be successfully used to reproduce also
data in supercritical conditions (results not shown for the sake of
brevity), remarking that, as expected, EoS model only fails in the
proximity of critical conditions, due to the first neighbour
interaction approximation.

Concerning the EoS of SAFT family, for non-associating
components there are three pure-component parameters to be
determined, two of which represent a geometrical description of
the molecular structure while the third is related to the attractive
interactions. These parameters, in the case of low molecular
weight compounds, are again determined by simultaneous fitting
of vapor-liquid phase equilibrium data (i.e. vapor pressure and
densities) and are available in the literature for numerous
compounds [116,134,312].

It is worth noting here, that the performances of EoS-based
theories in interpreting sorption thermodynamics depend signifi-
cantly upon the quality of model parameters for pure components.
In particular, as shown in the literature [313], the capability of pure
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Fig. 25. Vapor-liquid equilibrium data for pure methanol. Experimental data (full circles) and curves resulting from best-fitting with NRHB model (solid lines). Experimental
data from https://webbook.nist.gov/chemistry/fluid/ (accessed on November 9, 2012)].

Table 5

Values of scaling parameters of the NRHB model retrieved from concurrent fitting of
vapor-liquid phase equilibrium data for methanol. The parameter s (the value of
surface to volume ratio) was not obtained from fitting but has been calculated using
the UNIFAC group contribution scheme [87,88].

& [Jjmol] &, [J/mol] v;,, [cm®/mol] S

E; [J/mol] S}, [J/(mol K)]
4186.7 0 1.210 0.941 -23857 —20.4243

fluid parameters in the SL model to allow good modelling of pure
fluid properties is reflected in the degree of efficacy of the model
predictions for the multicomponent mixture thermodynamics. In
general, a single set of parameters is not capable of providing good
interpretation of experimental results in a large range of pressures
and temperatures and, in particular, outside the range where they
have been estimated. Actually, several sets of SL pure component
parameters can be found in the scientific literature for the same
compounds. The detailed discussion provided by von Konigslow
[71] for the case of CO,, highlights the effect of the selected set of SL
parameters for the pure compound on the performances of SL
model in interpreting sorption thermodynamics of CO, in rubbery
polymers.

Moreover, another important issue is that any model should not
be used to fit experimental data in regions where it is not expected
to provide good results (e.g. near critical points, in the case of
models adopting mean-field approximation) or related to proper-
ties that are not expected to be well interpreted by the model itself
(e.g properties associated to internal molecular degree of freedom
in the case of SL model).

Finally, also the intrinsic quality of the experimental data has a
considerable effect on the reliability of estimated pure components
parameters. Unfortunately, information on the quality of data,
typically carried by the statistical estimate of their error bounds, is
not always available.

3.8. Predictive approaches

Quantum Mechanics (QM) or Quantum Chemistry (QC)
calculations can be used to estimate the values of pure component
model parameters in association theories (e.g. SAFT and NRHB). For
the theories belonging to the SAFT family, methods have been
developed to determine the association parameters as well as the
‘physical parameter’ (number of segments, segment energy and

segment diameter) as well as to define the combining rules in
mixtures [117]. In the following it is illustrated in some detail the
procedure based on Partial Solvation Parameter (PSP) approach
[40-44,53-55] to determine parameters of the NRHB theory. To
this aim are used expressions bridging molecular descriptors,
predicted by means of the PSP approach, to the EoS parameters.

3.8.1. The Partial Solvation Parameter (PSP) approach in polymer
solution thermodynamics

The Partial Solvation Parameter (PSP) approach is a novel
predictive thermodynamic framework, which combines elements
from the Solubility Parameter approach [293,314-317], the
Solvatochromic/LSER approach [317-323] and the COSMO-RS
theory of solutions [105,108,324]. It retains the simplicity of the
Solubility Parameter approach and it has molecular descriptors
that can be mapped one-to-one to the Abraham/LSER descriptors.
Alternatively, these descriptors may be derived from the moments
of the quantum-mechanics based COSMO-RS o-profiles. Because
of this combination, the PSP approach has a broader range of
applications compared to each of the above three approaches. In
what follows, we will briefly present the PSP essentials. Details
may be found in the recent relevant literature [40-44,53-55].

Originally [40-44], PSPs were heavily based on cosmoments
and COSMO-RS database [105,108,324]. In the more recent
developments [53-55], PSPs are based on the freely available
Abraham’s QSPR/LSER molecular descriptors [322,323,325]. Due to
space limitations, we will confine ourselves here to these more
recent developments. However, some key concepts should be
clarified first.

3.8.1.1. Key concepts and definitions. The cohesive interactions in a
pure compound are, in general, different from its solvation
interactions with solvents. Some molecules may self-associate in
their pure state via hydrogen bonding interactions while some
others cannot self-associate but can only cross-associate with
different molecules. The cohesive energy, then, or the heat of
vaporization cannot be used to determine the hydrogen bonding
capacity of these latter molecules. This is why PSPs are focusing on
solvation rather than on cohesion. The compounds are divided into
two major classes, the homo-solvated and the hetero-solvated
ones. The homo-solvated molecules are the molecules in which all
types of intermolecular interactions are operational in pure state as
well as in solution. In contrast, in hetero-solvated molecules the
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Fig. 26. Surface charge distribution in representative molecules.

types of operational intermolecular interactions in solution may be
different from those in pure state. Typical representatives of homo-
solvated and hetero-solvated compounds are aspirin and acetone,
respectively, as shown graphically in the upper part of Fig. 26. The
surface charge (o) profile of aspirin contains, both, acidic (blue) as
well as basic (red) surface areas and may self-associate, while
acetone does not possess acidic areas and can only cross-associate
with another acidic compound This distinction leads to the
distinction between the well known cohesive energy density (ced)
and the solvation energy density (sed):

Oty + Opy + Ohy = Oy = Sed (243)

In the PSP framework, each compound / molecule is character-
ized by four major PSPs, which have the same dimensions as the
solubility parameters (MPa'/?).

The first PSP, oy, is called dispersion PSP, it reflects cavity effects,
hydrophobicity, and dispersion or weak non-polar interactions,
and maps McGowan volume, V,, and excess refractivity, E, LSER
descriptors [322,323,325] of the compound through the following
equation [54,55]:

04 = 1004 /% (dispersion PSP) (244)
m

Vi in this equation is the molar volume of the compound.

The polarity PSP, oy, reflects dipolar (Debye-type as well as
Keesom-type) interactions and maps the polarity, S, LSER
descriptor [322,323,325] of the compound through the following
equation [54,55]:

op =100, ,Vim (polarity PSP) (245)

These two PSPs, when combined, give the non-hydrogen-
bonding PSP of the compound:

31Vy+E+S

Onhp = 100 Vo

(Non — Hydrogen Bonding PSP)  (246)

The rest of PSPs and LSER descriptors reflect the stronger or
specific interactions of the hydrogen-bonding type or the Lewis
acid / base interactions. The hydrogen bonding donor or acidity PSP
is defined as follows [54,55]:

0ca = 100, /Vi (acidity PSP) (247)
m

Similarly, the hydrogen bonding acceptor or basicity PSP is
defined as follows [54,55]:

oy = 100, /VE (basicity PSP) (248)
m

These are free-energy descriptors as indicated by the subscript,
G.

The above definitions serve a dual purpose. First, they establish
the one-to-one mapping of LSER descriptors into PSPs and, second,
they act as the vocabulary for translating the PSP thermodynamic
framework for mixtures [54,55] into an equivalent framework
exclusively in terms of LSER descriptors. One might, then, utilize
efficiently the rather large body of freely available information on
LSER descriptors in the open literature [325] for the prediction of
thermodynamic properties in a vast range of systems, conditions,
and system complexities. In the next subsection we will recall the
essentials of the mixture formalism [54,55] but in terms of the
above LSER descriptors.
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3.8.1.2. Mixture thermodynamics with PSPs. The activity coefficient
is considered here to be a product of the combinatorial and residual
contributions. Following our previous practice [42,53-55], we will
adopt the classical Guggenheim - Staverman expression [1,86] for
the combinatorial contribution to the activity coefficient
(superscript, C):

(@) s Zqan (8 £ % 1,
Iny; = ln(xi> +2q,1n <¢i> + T (lirj = Iiry) (249)
In the infinite dilution limit of solute i in solvent j, Eq. (249)
reduces to:

Iny; = ln% + %qiln% + 2irJ (qui - qirj) + (l - %’) (250)

In the LSER/PSP framework, we will have three separate
contributions to the residual activity coefficient arising from the
dispersion, the polar, and the hydrogen-bonding or acid/base
intermolecular interactions. The first two contributions are of the
classical quadratic form of solubility parameter or cohesive energy
density differences, which, when expressed in terms of LSER

descriptors, take the following form [54,55]:

2
10000V ; > E E
VE _ x19P2 1 2
Iny1* = 7T <\/3'1+Vx,1 \/3.1+Vx72> (251)

and

2
10000V, 105 (| S S,
Iy} =——¢7 Vi \[Vi2 (252)

As observed, these two contributions are always positive.
Negative contributions (y values less than unity) may arise from
the third contribution only (hydrogen-bonding or acid-base
interactions) to be discussed next. It is also important to notice
that, for these two contributions, we need the E/V, and S/V, ratios
for component 2 and not the absolute E and S values.

The third residual contribution to the activity coefficient arises
from the hydrogen-bonding (or Lewis acid/base) interactions in
the system. In the LSER/PSP framework homo-solvated or self-
associated compounds [40-44] are compounds that possess, both,
acid and base sites. Compounds which possess just one type of
such moieties (either proton donors or proton acceptors — acid or
base groups) are called hetero-solvated compounds [40-44]. They
exhibit some kind of “chameleonic” behavior, that is, they behave
with different polar interaction capacity depending on the
compound they interact with. However, in the present case,
where hydrogen-bonding will always be present in the system, all
compounds are characterized by a single set of their LSER
descriptors. In Table 6 are reported the LSER descriptors of some
common compounds.

In the general case, both components, solute and solvent have
donor as well as acceptor groups and the contribution to the
activity coefficient may be obtained by applying Veytsman’s
statistics [35,36,54,55], as described above.

In our typical case of a mixture of solvent (component 2) with
the solute (component 1) both possessing donor and acceptor sites,
the equation for the hydrogen-bonding contribution to the activity
coefficient takes the following simple form:

X1 “In X1
X1 =TIV —Tvi2 X1 =TIV —Tv
— [rlvn =+ 21n(1 -1 U]])]

Iny4 = |rjvy —In

mixture
purel

(253)

Table 6

The LSER-type Molecular Descriptors of Common Solvents [54,55].
Solvent Vy E S A B
n-PENTANE 0.813
n-HEXANE 0.954
n-HEPTANE 1.095
n-OCTANE 1.236
n-NONANE 1.377
n-DECANE 1518
CYCLOHEXANE 0.845 0.410 0.007
CARBON TETRACHLORIDE 0.739 0.460 0.244
BENZENE 0.716 0.610 0.266
TOLUENE 0.857 0.600 0.320
ETHYLBENZENE 0.998 0.610 0.363
ACETONE 0.547 0.191 0.703 0.493
METHYL ETHYL KETONE 0.688 0.170 0.697 0.510
METHYL ACETATE 0.606 0.140 0.640 0.450
ETHYL ACETATE 0.747 0.110 0.618 0.450
n-PROPYL ACETATE 0.888 0.090 0.597 0.450
n-BUTYL ACETATE 1.028 0.071 0.597 0.449
TETRAHYDROFURAN 0.622 0.291 0.524 0.479
1,4-DIOXANE 0.681 0.330 0.744 0.635
CHLOROFORM 0.617 0.430 0.481 0.150
DICHLOROMETHANE 0.494 0.390 0.574 0.100
DIIODOMETHANE 0.766 1.325 0.690 0.05 0.2
METHANOL 0.308 0.280 0.439 0.539 0.804
ETHANOL 0.449 0.250 0.419 0.537 0.964
1-PROPANOL 0.59 0.228 0.420 0.580 1.033
1-BUTANOL 0.731 0.220 0.420 0.607 1128
1-PENTANOL 0.872 0.220 0.420 0.620 1.052
1-HEXANOL 1.013 0.210 0.420 0.576 1.004
1-HEPTANOL 1154 0.209 0422 0.568 1.024
1-OCTANOL 1.295 0.200 0.421 0.574 1.067
ISOPROPANOL 0.59 0.210 0.366 0.526 1.030
2-BUTANOL 0.731 0.220 0.370 0.543 0.991
CYCLOHEXANOL 0.904 0.461 0.557 0.505 1.090
PHENOL 0.775 0.808 0.880 1.066 0.526
ETHYLENE GLYCOL 0.508 0.400 0.833 1118 1.763
DIMETHYL SULFOXIDE 0.613 0.520 1.72 0.970
WATER 0.167 0.000 0.450 1.168 1.168

The corresponding hydrogen-bonding contribution at infinite
dilution, takes the following approximate analytical form:

1+ Ay 12 — Nug2
An 12

1+Ap2 — N
HW — {NHBJ + 211](] - NHBJ)} (254)

an’fb"oo = %NHB.Z —In
-1

where, the Nyjps are given by:

Anij + 2 = \[Ani (Ani +4)
Nygjj = 5 (255)
and

1% G
Anij= % -exp (R'JT> (256)

GZ'ﬁis the free-energy change upon formation of one a- hydrogen
bond (or one i-j hydrogen bond since, in our case, the types of
donors and acceptors are associated with the types of molecules i
and j). It is this quantity which requires the knowledge of the
hydrogen-bonding LSER descriptors, A; and B; With known
descriptors, this free energy change is obtained from the following
simple equation [54,55]:

Gl = ~20000,/A;B; (at T = 25°C) (257)

This equation is sufficient for calculations at ambient con-
ditions. In order to extend it to remote conditions of temperature
one has to insert in it the entropic contribution. On adopting the
universal value of —26.5 J]-K~'mol~! for the entropy change upon
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hydrogen bond formation [54,55] for alkanols (average energy
change —23000 J-mol~!) and the assumption that the entropy
becomes zero when the hydrogen bonding energy is zero, the
working equations become:

Eyp = —30450VAB (258)
Sus = —35.1VAB (259)

and the general equation for the free energy change at any
temperature T:

Gup = —(30450 — 35.1T)VAB (260)

The above equations may, now, be combined in order to obtain
the final working equation for the residual activity coefficient or:

Iy = n({F 1) =

2 2
10000V, 1 > E E, S S,
=" '= 31+——4/31+~—] + —
RT Vx.l Vx.2 Vx,l VX.2

X1 X1
+|rivy — In: —1In
X1 —Tvn =T X1 = T1V11 = M1V21 ] mixe

=[rrvir +2In(1 = r12v11) | pyren (261)

This is the desired working equation, which is a most useful
equation in handling phase equilibria and related properties in
systems of solutes with solvents. Detailed numerical examples of
calculations with PSPs and further explanations may be found in
recent publications [326,327].

3.8.1.3.  Equation-of-state  considerations  and  solubility
parameters. Volumetric or PVT data over a broad range of
temperature and pressure are usually highly accurate and, thus,
they constitute a valuable source of information for the
characterization of fluids. This information is extracted from
PVT data through an appropriate equation-of-state framework.
The exchange of information between equation-of-state scaling
constants and PSPs was discussed recently [328] by using the
above equation-of-state model. The same model will be used in
order to inter-relate LSER descriptors with its scaling constants.

As mentioned above, in the NRHB approach each fluid is
characterized by two scaling constants, the hard-core density (or,
equivalently, the hard-core specific volume), p;* = 1/vyy;*, and the
average per segment van der Waals interaction energy, ¢;*. Both
scaling constants may be considered to be temperature dependent
but these temperature corrections cancel out at 25 °C, which is the
reference temperature for the PSP definitions.

The potential energy of a homo-solvated compound consists of
two parts. The first part arises from all types of intermolecular
interactions except hydrogen bonding and the second part arises
from the hydrogen bonding interactions. Thus, the cohesive energy
density (square of solubility parameter, ;) or the potential energy
per unit volume is given by the following equation [54,55,328]:

Ep sOe 1" — VHAEhb _

cmzﬁzm:47ﬁ§7—=JM+ﬁb (262)
where:

N
| (263)

PSPs have the same dimensions as solubility parameter (MPa®>)
and, thus, op, and o, may be considered as alternative
estimations of 8spp and 85 ,n, cOMponents.

In the simpler Lattice-Fluid (LFHB) version (s = I"=1) [27], Eq.
(262) reduces to the simpler form:

82 =~ p2e" — vy~ pAEp,
975 ~ 100002 5,E-5— () 46 — 2, + o7 (LFHD

(262a)

Eq. (262) (or Eq. (262a)) is a most useful equation, bridging the
LSER/PSP with the equation-of-state approach. We should underline,
here, two points: First, the nominator in Eq. (262) may be estimated
(with the equation of state) for the liquid and for the vapor phase at
the same external conditions and, from their difference, one may
obtain the heat of vaporization of the compound. Second, the
hydrogen bonding contribution to the molar potential energy (and to
heat of vaporization) is obtained from the product of the interaction
energy change upon formation of one hydrogen bond, AEy,;,, with the
total number of such hydrogen bonds, Ny/N = rvy. The equation-of-
state calculations with PSP require the knowledge of p* or of V* for
each compound. The latter quantity is linearly related with V, or
Viaw Of Veosm or with their combination and, of course, it may be
obtained directly from molar volume data.

This PSP formalism can be used for both concentrated as well as
infinitely dilute systems, for small molecules as well as for high
polymers and copolymers. It may, in particular, be used for the
surface characterization of polymer and other solid surfaces. In
fact, it may be used in order to obtain the corresponding surface
energy components, Ysvg, Y and vy, of the solid surfaces [54,55].
The contact angle 6 of a liquid L on a polymer surface P is given by
the quadratic equation [54,55]:

PH(1 + cost) =2(\/Vherhe + \/YEVE + \/YiYS) (264)

The range of applications of the PSP approach is rather vast. It
may be used for the prediction of phase equilibria in highly non-
ideal systems, for the solubility of solids, such as drugs, in various
solvent systems over an extended range of temperatures, or for the
sorption of solvent vapors on polymer surfaces. Various examples
are reported in reference [54,55]. It may, in particular, be used for
the complete thermodynamic characterization of solid surfaces via
a novel method exposed in reference [55]. The way by which
inverse gas chromatography (IGC), volumetric PVT data, or contact
angle data may be combined for the integral characterization of
polymeric materials is schematically shown in Fig. 27.

Having the PSPs of a polymer, one may predict its Flory-Huggins
interaction parameter, y;5, not only with a solvent but also with
another polymer. This, then, may be used for the prediction of
polymer - polymer miscibility — a subject of high technological
importance. It may, as an example, predict the effect of copolymer

: N
Approach  Molecular Descriptors Experimental
Data
)
Equation-of-State —=PVT
QSPR/LSER Y
G
/ yl()lul
Interface/ M vy Contact
Wetting Angles
- J
- J

Fig. 27. The interconnection of molecular descriptors of the various thermody-
namic approaches and their typical provenance.
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composition on its miscibility with another polymer or copolymer.
It may also use experimental or theoretical information on
oligomers or low molecular weight analogs in order to characterize
high polymers [44,55].

The significant advantage of the current PSP/LFHB combination
is the simplicity of the key bridging Eq. (262a), which maps PSPs
onto equation of state scaling constants and hydrogen-bonding
parameters. Any other equation-of-state framework, such as the
various SAFT-type variants, should seek the analogous of Eq. (262a)
and then apply the above methodology in order to make phase
equilibrium calculations.

4. Case studies and applications
4.1. Gas and vapor sorption
4.1.1. Sorption themodynamics in rubbery polymers

4.1.1.1. Applications of Sanchez-Lacombe theory. Several authors
investigated sorption equilibria in amorphous binary rubbery
polymer-penetrant mixtures in a wide range of temperature and
pressure, up to penetrant supercritical conditions. In particular,
many of these studies were focused on polymer-gas systems of
interest for foaming, packaging or separation processes, in which
the mean field interactions contribution was sufficient to properly
describe the interactions among the components. As expected, in
these cases the SL model showed a satisfactory (correlation)
capability in interpreting the sorption thermodynamics of the
polymer-penetrant mixtures investigated when the temperature,
pressure and penetrant concentration conditions guarantee that
such mixtures are in a rubbery state. Among these studies we
mention here the relevant work of Sato et al. [329-331] and
Tomasko et al. [332] dealing mainly with polymer-supercritical gas
systems of interest for gas foaming processes.

For instance, Sato et al. [329] investigated the solubilities of
nitrogen and carbon dioxide in an amorphous polystyrene (PS)
under high temperatures and pressures interpreting the results
with SL theory. In particular, the authors selected a range of
temperatures and pressures which assured that the analyzed
polymer-penetrant mixtures were in rubbery conditions when in
equilibrium with the pure penetrant. To this aim were selected
temperatures which were above the pure polymer glass transition
temperature and the pressures were small enough so that the
mechanical effect of the penetrant pressure on the polymer chains
mobility was negligible as compared to the plasticization effect
induced by the sorption of penetrant in the mixture. In Fig. 28 are

& e Ll T T
L Carbon dioxide + Polystyrene il

. | — cal (S-LEOS)
€ o1} !
= 413.2K
8. k2= 0,117
&
3 L 4532K
$ k12 =<0.132
2
.>.. 005 T
3
3

0.00 ; o i i i

0 5 10 15 20 25

Pressure [MPa)

reported the sorption isotherms for the systems polystyrene-
carbon dioxide and polystyrene-nitrogen along with curve fitting
performed using the SL model, assuming a temperature dependent
mean field binary interaction parameter.

The pure component penetrant LF scaling parameters were
retrieved by a non-linear regression of equilibrium properties. As
evident in Fig. 28, the SL model provided a fully satisfactory
correlation capability. From these and other investigations, SL
model emerged as a well-established tool suitable for correlation
of sorption isotherms of gases and vapors in rubbery amorphous
polymer systems, not displaying a significant contribution of polar
and/or specific interactions.

Condo et al. [333] assessed the SL model capability to correlate
multiple equilibrium thermodynamics properties of polymer-
penetrant systems. In particular, they investigated the sorption
thermodynamics of CO5 in poly(methyl methacrylate) (PMMA) and
polystyrene (PS). To this aim, once the pure component LF scaling
parameters were retrieved by fitting pure components equilibrium
data, the authors used the SL model to correlate the sorption
isotherms for each of the two amorphous rubbery binary mixtures
by using only the corresponding binary interaction parameters for
fitting purposes. Then, the authors used the SL model in
combination with the Gibbs-Di Marzio (GD) entropy criterion
[172,334] to predict glassy-rubbery state maps that compared well
with available experimental data. In section 4.2 this issue is
specifically addressed.

In a following paper [335] the procedure of Condo et al. [333]
was extended, adopting the SL theory to correlate equilibrium
volumetric data, solubility data and glass-rubbery state maps for
the system PMMA-CO,. Due to the reduced number of equilibrium
dilation data available in the literature for polymer-penetrant
mixtures (and in particular for the one selected in this work), the
authors developed an innovative technique based upon ADSA
(axisymmetric drop shape analysis) to optically measure volumet-
ric properties of polymer-penetrant mixtures in situ during
sorption/desorption tests. More in detail, the experimental
swelling and sorption isotherms data collected for the system
investigated ranged from 40°C up to 200°C and the pressure
ranged from atmospheric pressure up to 100atm. The pure
component LF parameters were retrieved by performing a non
linear regressions of the corresponding equilibrium data and a
temperature dependent mean field interaction parameter was
introduced in the mixing rule of the binary system. The value of
this parameter was retrieved by a non-linear regression of
isothermal equilibrium volumetric data and the results are
reported in Fig. 29a,b. A preliminary investigation was carried

} Nitrogen + Polystyrene
— — cal. (S-L EOS) 4532K
E‘ k2 =0.199
2 9 - 4132K ]
3 Kz2=0213
g 3732 K 1
$ k12m= 0.223
S
> 0.005f 1
3
2
o
(7]
.000 . . y v
8 0 5 10 15 20 25
Pressure [MPa}

Fig. 28. Experimental sorption isotherms and curve fitting using SL model for the systems polystyrene-carbon dioxide (left) and polystyrene-nitrogen (right). Reprinted with

permission from [329]. Copyright 1996 Elsevier B.V.
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Fig. 29. a,b. Experimental data for equilibrium swelling induced by CO, sorption in
PMMA at various temperatures. Solid lines represent the results of curve fitting
using SL model. Reprinted with permission from [335]. Copyright 2005 American
Chemical Society.

out in order to estimate, at each temperature, what was the
pressure range which assured the PMMA-CO, system to be in a
rubbery state. As evident in Fig. 29a,b, the SL model provided a very
good correlation of experimental equilibrium swelling data
(equilibrium swelling was defined as the ratio equilibrium volume
mixture to the equilibrium volume of pure polymer at the same
temperature and at 1atm).

Once the mean field interaction parameter, k;;, was determined
as a function of temperature, the SL model was again used in
combination with the GD entropy criterion to predict the glass
transition depression induced by the penetrant (see section 4.2 for
a discussion of the issues related to the GD criterion). Model
predictions were also validated against experimental data
retrieved in literature by using an high pressure DSC. In addition,
using the calculated value of k; and of its temperature dependence,
the authors predicted, by means of the SL model, the equilibrium
sorption isotherms that were compared with experimental
gravimetric sorption isotherms. In Fig. 30 is reported, as an
example, the comparison between the SL predictions and the
experimental data at 50°C in a pressure range which assured that
the PMMA- CO, system was in a rubbery state.

Sanly and Erkey [337] adopted the SL EoS theory to model the
demixing pressures of a binary mixture of amorphous rubbery
hydroxy-terminated poly(dimethylsiloxane) and carbon dioxide
(PDMS(OH))-CO,) at various temperatures. More in details,
polymer samples with two different molecular weights were
selected and, for both of them, the demixing pressures were

Mass Fraction (%)
5 o

T T T T

20 40 60 80 100 120 140 160
(c) CO3 P (bar)

Fig. 30. Experimental sorption isotherms for the system PMMA- CO,. Blue symbols
represent data collected by Wissinger et al. [336]. Lines represents the predictions
obtained by SL theory. Reprinted with permission from [335]. Copyright 2005
American Chemical Society. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

experimentally obtained by using a constant volume view cell at
three temperatures (313.2 K, 323.2 K and 333.2K), in a wide range
of compositions (up to 0.718 polymer weight fraction). Two
different types of phase separation were observed in the system
during the depressurization process, depending on the composi-
tion: respectively a bubble point or a cloud point. Finally, a mixture
critical point was also determined for one of the two systems
investigated. The bubble points data were correlated by using the
SL model, adopting a temperature dependent mean field interac-
tion parameter as the only fitting parameter. As usual, pure
component LF scaling parameters of the two components were
retrieved as by their corresponding equilibrium data. The SL model
provided an acceptable correlation capability of the experimental
results, despite the fact that self Hydrogen Bonding interaction
between the terminal OH groups of the polymer are expected to
occur within the system and, in addition, that acid/base Lewis
cross-interactions could occur between the penetrant and the
silanol groups on the polymer backbone. In particular, the model
correlation exhibited a full satisfactory qualitative agreement with
the trends observed for both the systems investigated, reproducing
the observed LCST behavior. However, the quantitative agreement
was less satisfactory with a relative error concerning the bubble
point data ranging from 2 % up to 30 %.

The same authors also investigated, by using the SL model, the
bubble point data reported by Garg et al. [338] for the system
(PDMS(CH3))-CO.. For this system the SL theory is expected to be
suitable, in view of the absence of hydrogen bonding interactions.
Indeed, the results concerning the bubble point data at a given
temperature reported in Fig. 31 confirms the quite satisfactory
correlation capability of the SL EoS for this system. In particular, the
higher deviation between the experimental data and the model
calculations at high penetrant concentration, were partially
attributed by the authors to the inherent difficulty to measure
correctly the bubble points in such conditions.

EoS models with a more complex structure than random mean
field lattice fluid models are required to deal with systems
involving specific interactions, as will be illustrated in sub-sections
41.1.2 and 4.1.1.3.

4.1.1.2. Applications of PHSCT and SAFT. Gross and Sadowski
[115,154] demonstrated the quite good capability of SAFT and,
even better, of PC-SAFT, in predicting (i.e. using k;»> =0) the vapor
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Fig. 31. SL model predictions of bubble point data at T=323.13K, for the system
(PDMS(CH3))-CO, (polymer molecular weight 308.000 g/mol). The SL mean field
interaction parameter is indicated in the caption of the figure as §;;. Reprinted with
permission from [338]. Copyright 1994 American Chemical Society.

liquid equilibrium for the non-associating polyethylene/toluene
system, assuming that no polyethylene is present in the vapor
phase and using only experimental information on pure
components (see Fig. 32).

Good correlation capability was also obtained using PC-SAFT in
the more challenging case of liquid-liquid equilibrium for the non-
associating polypropylene/n-pentane system [115]. In this case PC-
SAFT approach provided a correct interpretation of the experi-
mental results (see Fig. 33) at three temperatures by using, as
fitting parameter, only the temperature-independent binary
interaction parameter.

Another example of successful interpretation of liquid-liquid
phase equilibrium is the case of HDPE-butyl acetate system [340],
that has been modelled using simplified PC-SAFT approach to
correlate data (k;=0.0156) (see Fig. 34). The system displays both
upper and lower critical solution temperature (UCST and LCST),

e
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©  Exp. Data (M=1710g/mal)
—— PGC-SAFT
----- SAFT
0.0 ; :
00 02 04 06 08 1.0
Wee

Fig. 32. Vapor-liquid phase equilibrium for the olyethylene-toluene system at
T=120°C. Pressure is reported vs weight fraction of polyethylene. Experimental
data (black and white circles) are from [339]. Lines represent predictions (k; =0)
obtained using SAFT and PC-SAFT models. Reprinted with permission from [154].
Copyright 2002 American Chemical Society.

T=450, 460 and 470K. Pressure is reported vs weight fraction of polypropylene.
Comparison of experimental cloud points (symbols) with PC-SAFT calculations
(kj=0.0137, assumed to be independent of temperature). M,, of polypropylene is
50.4 kg/mol and M,y/M,, =2.2. The polymer was assumed to be monodisperse in the
calculations. Adapted from [115].

behaviour that is qualitatively well described by the model. The
two set of data for HDPE of two different molecular weights are
both interpreted using a single binary interaction parameter.

In [155] are shown the rather good performances of PC-SAFT in
describing the cloud point data for LDPE in several solvents, using
as fitting parameter a binary interaction parameter for each LDPE/
solvent system.

PC-SAFT has been used to predict phase behaviour of ternary
systems, assuming that the thermodynamics is still dominated
only by binary interactions. Predictions were obtained based on
model parameters determined from pure components data and on
binary interaction parameters determined from experiments
performed on binary subsystems. An example is the successful
interpretation of the phase behaviour of PMMA/MMA/CO, ternary
system [341].

Application of PC-SAFT to interpret the phase behaviour of
copolymer/solvent systems requires the calculation of pure
copolymer segment parameters from the corresponding homo-
polymers. Moreover three binary parameters are needed: two
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Fig. 34. LLE data for the HDPE-butyl acetate system. Lines are curve fitting with
simplified PC-SAFT. Reprinted with permission from [340]. Copyright 2004 Elsevier
B.V.
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Fig. 35. Cloud point pressure vs temperature (in K) for the poly(ethylene-co-1-
butene)/propane system. B indicates the mole percent of butene in the copolymer.
Polymer weight fraction is about 0.05 %. Symbols represent experimental data and
lines are the results of PC-SAFT calculations. Adapted from [115].

parameters account for the interactions of the solvent with each of
the monomer and can be retrieved from homopolymer/solvent
systems, while a third parameter accounts for the interactions
between unlike monomer segment of the copolymer and has to be
retrieved from copolymer/solvent data. In Fig. 35 are reported the
experimental data for cloud point pressure of the poly(ethylene co-
1-butene)/propane system along with curves calculated by using
the PC-SAFT approach extended to the case of copolymers [167].
The pure-component parameters for the copolymer were calcu-
lated from those of poly(ethylene) (HDPE) and poly(1-butene) and
the HDPE/propane and poly(1-butene)/propane binary parameters
for were determined for the homopolymer systems. The ‘internal’
interaction parameter accounting for interactions between an
ethylene segment and a butene segment was retrieved from a one
point fitting of the cloud-point curve of the copolymer containing
35 % butene monomers. The model has then been used to predict
the behaviour of the copolymer/solvent system in the whole range
of copolymer compositions (curves reported in Fig. 35).

An example of application of simplified PC-SAFT to the case of
associating compounds is the polyethylene glycol 1500 (PEG
1500)/water system (see chap. 14 in ref. [117]). Satisfactory results
(see Fig. 36) were obtained with simplified PC-SAFT with a binary

PEG 1500
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w water

Fig. 36. Vapor-liquid equilibrium (sorption isotherms) for the PEG 1500-water
system. Symbols are experimental data and lines are predictions with simplified
PC-SAFT (k;;=0). Reprinted with permission from [117]. Copyright 2010 John Wiley
and Sons.

parameter k;=0 and using pure component parameters for PEG
entirely based on low-molecular weight homologues. The —OH
and —O- groups have been assumed to be the association sites on
PEG molecule. The association parameters (association volume and
energy) are assumed to be constant for PEG of different molecular
weights.

Arce and Aznar [342] compared the modelling capability of SL
EoS and of PC-SAFT in the case of mixtures of a polymer and a low
molecular weight compounds. To this aim, they investigated the
phase behavior of several commercial biodegradable polymers and
copolymers in supercritical fluids (SCF). In particular, they selected
binary systems formed by poly(D,LLactide) with, respectively,
dimethyl ether, carbon dioxide, chlorodifluoromethane, difluoro-
methane, trofluorometane,l,1,1,2-tetrafluoroethane. In addition,
they also investigated the poly(butylene) succinate-carbon dioxide
and poly(butylene)succinate-co-butylene adipate-carbon dioxide
systems and the ternary system poly(D,L, Lactide)-dimethyl ether-
carbon dioxide.

Following well-established procedures (described in section 3),
which can be applied in general for any EoS model, the pure fluid
scaling parameters for the low molecular weight compounds were
retrieved by fitting pure component VLE data, while the pure
polymers scaling parameters were obtained as best fitting
parameters of dilatometric pure component equilibrium data. In
view of the types of chemical groups involved in these systems, no
specific interactions were introduced in the PC-SAFT modelling
approach. Hence, only the binary mean field interaction param-
eters have been considered for data best fitting. In the case of the
ternary system it was also determined the binary mean field
interaction parameter for the carbon dioxide-dimethyl ether
couple, by performing non-linear regressions of VLE data. For all
the binary polymer-SCF fluid systems investigated the PC-SAFT
model provided an excellent modelling capability, with particular
reference to the determination of cloud point isopleths, whereas
the SL modelling performances were less good, but still
satisfactory.

Once all the corresponding binary interaction parameters were
determined, the authors also applied the two models, in a purely
predictive fashion, to the case of ternary system formed by poly(D,
L, Lactide)-carbon dioxide-dimethyl ether. In Fig. 37 are compared
the modelling predictions for this ternary system with
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Fig. 37. Cloud point isopleths of polyD,L, Lactide M.W.=30,000 g/mol in solvent
mixtures of carbon dioxide and dimethyl ether, at different carbon dioxide mass
fractions (wco,). (@ wco, =0.0000; M wco, =0.01283; A wco, =0.02127; @
wco, =0.03280; W wco,=0.04222; & wcp, =0.04955;0  wco, =0.06310;
Wco, =0.07279). Results of calculations performed using the semi-empiric
Peng Robinson (PR) equation of state are also reported [343]. Reprinted with
permission from [342]. Copyright 2005 Elsevier B.V.
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experimental data. In particular, the authors compared several
cloud points isopleths, reported in Fig. 37 in terms of pressure vs
temperature. Each isopleth was referred to an equilibrium of phase
in which the same assigned carbon dioxide concentration occurs
within one of the two coexisting phases. In particular, each
calculation refers to an assigned temperature, the assigned carbon
dioxide concentration of one of the isopleths experimentally
detected and an additional assigned value (experimentally
measured) of concentration in one of the two-coexisting phases,
so that all the other concentration and the pressure were
calculated as dictated by phase equilibrium and mass balance.
This procedure demonstrated how the PC-SAFT model is a valuable
tool to predict the phase equilibria behavior of a ternary system
starting from the evaluation of the relevant model parameters for
the corresponding binary systems. Conversely, the predictive
performances of the SL theory resulted less effective, but still
satisfactory.

Comparison of the performances of models of the SAFT family
with SL was also provided by Chen et al. [344]. The authors
interpreted the sorption thermodynamics of several subcritical
and supercritical fluids in molten rubbery polymers, as well as in
semi-crystalline polymers displaying amorphous rubbery
domains, comparing the performances of the SL, the PC-SAFT
and the CK-SAFT theories. For the sake of comparison, the authors
also performed calculations with the empiric cubic equation of
state proposed by Sako, Wu and Prausnitz (SWP) [345]. 21 binary
systems were considered, formed by several polymers (PMMA,
LDPE, HDPE, PIB, PVAc, PTFE, PVDF, PBS, PS, PBMA) with several low
molecular weight compounds (N,, CO,, C;Hy, C4Hqg, i50-C4H1p).
Each of these systems was reasonably well modelled assuming that
no specific interactions are present in the pure components
systems as well as in the corresponding binary mixtures so that the
two SAFT-type models were implemented in the form which
disregard the self- and cross-association terms allowing a more
consistent comparison with pure mean field EoS models.
Moreover, for all the systems investigated it was reasonably
assumed that each of this high monodisperse molecular weight
polymer was not dissolved in the external fluid phase. Following
the usual procedure the pure fluid model parameters were
determined by a non-linear regression of VLE equilibrium data
for the low molecular weight compounds and were retrieved by a
non-linear regression of dilatometric equilibrium data in the case
of polymers. Finally, the models were used to correlate sorption
equilibrium isotherms, assuming only a temperature-dependent
binary interaction parameter, k;;, as best fitting parameter.

In the case of polymer-penetrant mixtures in which the
polymeric phase is semicrystalline, the common biphasic assump-
tion was made, so disregarding the contribution of non-homoge-
neous interphase domains. In addition, the crystalline domains
were assumed to be impervious to the penetrant. On the basis of
this extensive modelling investigation, the authors concluded that,
for the investigated systems, both PC-SAFT and SL EoS provided a
satisfactory correlation capability in the case of amorphous
polymers. As an example, in Fig. 38 is reported the case of the
system PVAc-CO,.

These results are reasonable when dealing with systems where
no specific interactions take place and it is in line with the results
provided by similar comparative investigation between the SL
theory and a SAFT-type model reported above. A notable result of
such investigation is that PC-SAFT represents an improvement,
compared to the CK-SAFT model, for the description of sorption
thermodynamics of polymer-penetrant mixtures. In particular, the
two models differ only in the way the dispersion term is obtained
according to the perturbation approach. In the case of CK-SAFT, the
Helmholtz energy is built starting from the properties of Argon as
reference fluid, assuming the latter as being formed by single
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Fig. 38. Experimental sorption isotherms of CO, in PVAc. Data taken from ref. [346].
Reprinted with permission from [344]. Copyright 2009 Elsevier B.V.

spheres. Conversely, the PC-SAFT dispersion term is obtained
according to the second order perturbation theory of Barker and
Henderson [347,348], assuming therefore a bonded sphere chain
as reference fluid. On this basis, it is expected that the PC-SAFT
model is better suited to deal with equilibrium thermodynamics of
mixtures involving high molecular weight compounds.

More recently Markocic et al. [349] have investigated the
solubility of supercritical carbon dioxide within polyethylene
glycol of various molecular weights, by correlating the sorption
isotherms respectively with the SL model and the SAFT model in
the version proposed by Huang and Radosz [49,116]. In particular,
in the implementation of SAFT model, no specific interactions
within the system were taken into account, so that the only fitting
parameter was in both the models the corresponding mean field
binary interaction parameter. The authors found that, assuming a
temperature and pressure dependent values of k;;, both the models
exhibited a substantially equivalent and reliable correlation
capability, which was able to account for the observed different
behavior exhibited by the system as a function of the molecular
weight of the polymer.

In [350] the SAFT, in the version proposed by Huang and Radosz
[49,116,] and the PC-SAFT [134] models, were tested by correlating
the thermodynamics of polymer-solvent mixtures over a wide
range of temperatures and pressures. To this aim polymer-solvent
phase equilibria involving homopolymers (polyolefins) as well as
copolymers were investigated. As already pointed out, the models
of the SAFT family allow to explicitly account for different polymer
properties that affect significantly the phase behavior. Among
these properties are included the molecular weight, the polydis-
persity and the macromolecular architecture, with particular
reference to hetero-bonded chains. This extensive validation
investigation led the authors to conclude that the deviations of
the best-fitting PC-SAFT correlations from the experimental data
were only marginally smaller as compared to the case of SAFT
model, resulting in both cases quite satisfactory.

The case of mixtures endowed with association interactions
was addressed in a paper by Kouskoumvekaki et al. [351]. The
authors adopted the version of the simplified PC-SAFT EoS theory
proposed by Von Solms et al. [135] to deal with mixtures endowed
with association contribution (i.e. hydrogen bonding) with the aim
of modeling the thermodynamics of binary and ternary mixtures of
polyamide 6 with several solvents (water, g-caprolactam, ethyl
benzene and toluene). In particular, in the investigated systems,
the water and the g-caprolactam are hydrogen bonding self-
associating compounds so that both self- and cross-association
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terms need to be accounted for. The main purpose of this
investigation was to reproduce, in a purely predictive fashion,
the equilibrium thermodynamics of the polyamide 6/ e-caprolac-
tam/water ternary system, since it is of interest for the modelling of
one of the most common processes for the synthesis of polyamide
6 based on a hydrolytic polymerization route. To this aim the
authors firstly obtained the pure component parameters of the
model. For the self-associating compounds, besides the three
scaling parameters two additional parameters have to be intro-
duced, i.e. the association energy (well depth), ¢4 and the
dimensionless association co-volume k4p. The pure g-caprolactam
system was considered to be endowed with hydrogen bonding
specific interactions occurring between the N—H group and the
C=0 group present on the aromatic ring, so that the model
parameters required for it were a total of five and were retrieved by
anon linear regression of pure component VLE data. Due to the fact
that the energy of HB interaction established within the system
was comparable with the mean field values, multiple solutions was
provided by this fitting procedure, including one obtained by
disregarding such association interaction. For this reason, to assess
which was the most reliable set of parameters for pure
g-caprolactam, they were tested by correlating VLE data of several
binary systems of €-caprolactam respectively with octane, decane,
dodecane, and acetic acid. For each of these four compounds the
pure component parameters were already well established in the
literature, with the alkanes not displaying any association
parameter and with specific self interactions being present only
in the case of acetic acid. The simplified PC-SAFT provided a
satisfactory correlation capability for the four binary systems
investigated, (the corresponding k;; being the only fitting parame-
ter for any binary system).In particular, in the case of &-caprolac-
tam/alkanes systems the corresponding k; was fixed equal to zero.
In the case of the e-caprolactam-acetic acid mixture, different
kinds of cross hydrogen bonding interactions are expected to occur,
in addition to the two self association interactions of the two pure
compounds. In this respect for each kind of cross specific
interaction established within the mixtures considered, the
corresponding association term were obtained according to Elliot’s
mixing rule [352] so that they were predicted as a function of the
corresponding pure component parameters and of the concentra-
tion. Once the most reliable set of parameters for pure
g-caprolactam have been successfully identified by this procedure,
the binary system of interest for this study, i.e. the one formed by
water and e-caprolactam, was investigated. Two sets of VLE
isothermal equilibriium data were simultaneously correlated quite
satisfactory by assuming as only best fitting parameter the
corresponding temperature independent k; parameter (k; =
-0.07). The five parameters of self associating water were taken
by the literature and again Elliot’s mixing rule was adopted to
obtain the parameters of the two types of cross association
interactions which were expected to establish within the binary
system (i.e the one among N—H groups and O—H groups and the
one among C=0 groups and O—H groups).

Having fully characterized the binary water/e-caprolactam
system, the other two binary systems of interest (i.e. polyamide 6/
water and polyamide 6/€-caprolactam) were investigated, first
determining the pure polymer parameters. To this aim, it has been
assumed that one proton donor site (N-H) and one proton acceptor
site (C=0) are present on each repeating unit. The pure polymer
component parameters were then validated against VLE data of
two binary systems (i.e. polyamide 6/toluene and polyamide 6/
ethyl benzene) for which the second component parameters were
already well established in literature. The model correlations for
the two systems considered, were fully satisfactory adopting the
corresponding k; parameters as the only optimization parameter
and were quite acceptable even assuming k;=0. Once the
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Fig. 39. VLE data (liquid refers to the polymer-water phase exposed to pure water
vapor phase) for the binary system polyamide 6/water. Solid lines represent results
of best fitting performed using simplified PC-SAFT with the temperature dependent
k; as fitting parameter. Experimental data taken from [353]. Reprinted with
permission from [351]. Copyright 2004 American Chemical Society.

parameters of the polymer were succesfully validated, the authors
investigated the two binary systems of interest, i.e. polyamide 6/
water and polyamide 6/e-caprolactam, in order to obtain the
corresponding k;; by best-fitting procedures (still assuming Elliot’s
mixing rule for cross association parameters). In Fig. 39 is reported,
as an example, the result for the system polyamide 6/water in
phase equilibrium with pure water. The model provided a quite
satisfactory interpretation of data for both the binary systems
obtaining from the best-fitting procedure of binary data a
temperature-independent value of kj= -0.011 for the polyamide
6/e-caprolactam system and a temperature dependent k;; for the
polyamide 6/water system (k;=-0.04 at T=>543.15K).

Finally, once all the pure compound scaling parameters and
each k; of the three associated binary sub-systems had been
carefully estimated, the simplified PC-SAFT model was applied to
predict the thermodynamics of the phase equilibrium between the
binary water/e-caprolactam vapor phase and the polyamide 6/
g-caprolactam /water ternary system.

In Fig. 40 is reported the curve predicted by the model using the
ki’s obtained from the respective binary systems the model
predictions and the experimental data at T=543.15K. These
calculations were performed at different assigned composition
of the water/e-caprolactam vapor phase and for a given
experimentally measured concentration of one of the two
penetrant within the ternary system, so that the other penetrant
composition and the equilibrium pressure were calculated by
imposing the phase-equilibrium conditions dictated by the
equivalence of penetrant chemical potential in the two co-existing
phases. In addition, in the same figure, is also reported the curve
obtained by fitting the equilibrium data for ternary equilibrium
using the binary k;; for the polyamide 6/water system as fitting
parameter (the value of k;; was in this case estimated to be equal to
-0.11, that is higher than the value obtained from the correlation of
the polyamide 6/water binary data at the temperature of interest (i.
e.-0.04 at545.15 K). In this case a much better accordance with data
was obtained.

4.1.1.3. Applications of panayiotou-vera and NRHB. In this sub-
section, are presented some applications of Panayiotou and Vera,
PV, and Non-Random Hydrogen Bonding, NRHB, models to
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Fig. 40. Predicted and correlated and experimental total pressure data for the
ternary system polyamide 6/water/e-caprolactam at T=543.15K 543.15K ( (1) ¢
-caprolactam; (2) water (3) polyamide 6). Symbol M refers to model prediction,
symbol x refers to model correlation using the k; parameter for the binary
polyamide 6/water system as fitting parameter. The binary interaction parameters
are ki =-0.07, k;3=-0.04, k3 =-0.011 (prediction) and k;> =- 0.07, k;3=-0.11, ko3 = -
0.011 (correlation).Solid line represents the straight line Pcyc=Pexp. Experimental
data taken from [354]. Reprinted with permission from [351]. Copyright 2004
American Chemical Society.

polymer-penetrant systems endowed or not with inter- and
intramolecular interactions.

Performances of the PV model [68,69] were compared to those
of SL model in the paper by Garg et al. [338] in the case of polymer
melts in phase equilibrium with a gaseous pure penetrant phase,
ranging from low penetrant pressures up to supercritical
conditions. In particular they focused on the poly(dimethyl
siloxane) (PDMS)-carbon dioxide and on the polystyrene (PS)-1,1
difluoroethane systems. Due to the high solubility of the
penetrants, in both cases a significant swelling of polymer melts
occurs, so that at the temperature values characterized by the
highest solubility of penetrant (at the lower temperatures), S-
shaped solubility isotherms were found. After determination of the
Lattice Fluids scaling parameters for pure penetrant and polymer,
both the models were used to correlate different sorption
isotherms, by assuming as best fitting parameter the binary mean
field interaction parameter (assumed to be temperature depen-
dent). The SL correlation capability was quite satisfactory, but a
clear improvement was exhibited when using the PV model. Since
the cross-mean field interactions differ significantly from the
arithmetic mean value of the self-mean field interaction energies
at the investigated temperatures, this results in a tendency to non-
random distribution of contacts which is accounted for by the PV
model but not by the SL model, which assumes random mixing. As
an example of such comparative investigation, in Fig. 41a,b is
reported the sorption isotherms of PDMS-CO, system along with
curve fitting performed using SL and PV models.

In macromolecular systems, possible hydrogen bonding inter-
actions influence rather strongly their thermodynamic properties.
In Figs. 42 and 43 are presented vapor - liquid equilibrium data for
polymer - solvent systems endowed with both self- and cross-
association interactions, along with predictions (i.e. with k;j=0)
and correlations (using kj; as fitting parameter) provided by the
NRHB model. Pure fluid parameters were taken from [99]. These
results show that the NRHB model is able to satisfactorily predict (i.
e. without the use of any binary adjustable parameter) the VLE of
such binary mixtures, while, using one fitted binary interaction
parameter, the model very accurately describes the solvent
solubility in the liquid phase.
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Fig. 41. (a) Sorption isotherms of CO, in PDMS. Solid lines represent best-fitting
curves obtained with SL model. Reprinted with permission from [338]. Copyright
1994 American Chemical Society. (b) Sorption isotherms of CO, in PDMS. Solid lines
represent best-fitting curves obtained with PV model. Reprinted with permission
from [338]. Copyright 1994 American Chemical Society.

Missopolinou et al. [92,93] used a slightly different version of
the NRHB, which assumes that the intersegmental energy, €*, and
the close packed volume, vg,* are temperature independent, while
the segment volume v* is an adjustable fluid-specific parameter.
They applied the model to systems with alkoxy-alkanols, com-
pounds which are capable for both intra- and inter-molecular
association. In particular, they applied the NRHB model to interpret
data for excess enthalpies of binary mixtures of 2-ethoxyethanol
with several hydrocarbons. Examples of the curve fitting of the
heat of mixing are reported in Figs. 44 and 45. Fitting parameter
were the binary interaction parameter used in the Berthelot-type
combining rule for cross interaction energy, &5, and the binary
parameter, {12, used for the calculation of the cross term, vj,,
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Fig. 42. Butanol - poly(vinyl acetate) VLE. Experimental data [355] (points), NRHB

predictions (dotted lines, k; =0) and correlations (solid lines, k; =0.01372). Pure
fluid parameters from reference [99].
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Fig. 43. Water - Poly(ethylene glycol) VLE. Experimental data [356] (points), NRHB
predictions (dotted lines, k;; =0) and correlations (solid lines, kj; =0.01238) with
pure fluid parameters from reference [99].

appearing in the expression for the average segmental volume
calculations, v*, according to the following equations that are
specificic for the adopted version of NRHB model [93]:

V' = @1V] + 2010,V + B,V5 (265)
§ vil/3 +v31/3\°
Vlzzglz(il / 52 /) (266)

After the fitting procedure, the model was used to calculate the
separate contributions from non-hydrogen-bonding (dispersion
and polar) interactions, from intermolecular, as well as from
intramolecular hydrogen bonds, also shown in Figs. 44 and 45.

Interestingly, the behaviour of the binary mixture with benzene
is different in two points: the maximum and the shape of the HE
curve. The maximum value is about half the values of the systems
with the n-alkanes. The decreased maximum value for the benzene
system could be explained on the basis of the occurrence of o-7
hydroxyl - aromatic ring interactions (exothermic process). The
asymmetric shape of the HE curve could be explained by the
difficulty of breaking the interactions in the 2-ethoxyethanol - rich
region: In this region, the low presence of benzene fails to break
the interactions of the pure 2-ethoxyethanol, while in the
benzene-rich region the breakage of the intermolecular hydrogen
bonding is rather extensive.

As observed in Figs. 44 and 45, the contribution of the
intramolecular hydrogen bonds to the heats of mixing of the
studied systems is by no means negligible. The important point is
that its contribution is negative (exothermic). An explanation of
this negative contribution comes from spectroscopic data [79],
that indicated that at low concentration, the degree of intramo-
lecular hydrogen bonding is increasing with increasing mole
fraction of 2-ethoxyethanol much more than the degree of
intermolecular hydrogen bonding. It is also known that, at the
low concentration region, the inert solvent does not influence
essentially the intramolecular hydrogen bonds, while it causes the
destruction of the intermolecular bonds, as the interacting
molecules fail to come close together (proximity condition).

The prediction of the NRHB model for the contribution of
intermolecular hydrogen bonding is positive for all binaries, while
the contribution of the van der Waals interactions are negative
(exothermic) for the system with benzene but positive (endother-
mic) for the other systems with n-alkanes, which corroborates the
above established picture.

E -1

Excess Enthalpy, H | J mol

| I I R |

PR [ I |
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Fig.44. Experimental (points) [93] and calculated (lines) heats of mixing for the system x 2-ethoxyethanol + (1-x) n-octane at 318.15 K. The contributions from intermolecular
hydrogen bonds (dash,—), dispersive interactions (dot,---), and intramolecular hydrogen bonds (dash dot,----- ) are shown by separate lines.
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Fig. 45. Experimental (points) [93] and calculated (lines) heats of mixing for the
system x 2-ethoxyethanol + (1-x) benzene at 318.15K. The contributions from
intermolecular hydrogen bonds (dash,—), dispersive interactions (dot,:-), and
intramolecular hydrogen bonds (dash dot,----- ) are shown by separate lines.

In binary mixtures of benzene with plain ethers there are no
hydrogen bonding interactions. It is worth pointing out that the
enthalpies of mixing for these binaries are negative. Typical
examples are the mixtures of 1,4-dioxane with benzene at different
temperatures [357] and of 1,2-dimethoxyethane (an isomer to 2-
ethoxyethanol) with benzene [358,359]. The latter experimental
data are compared with the predictions of the NRHB model for the
system x 2-ethoxyethanol + (1-x) benzene in Fig. 46 and, as is
shown, the experimental values for the binary mixture with 1,2-
dimethoxyethane coincide with the calculated contribution of the
dispersive (non-hydrogen bonding) interactions. From literature
data we also see positive enthalpies of mixing in binaries of n-
alkanes or cycloalkanes with ethers. Typical examples are the
mixtures of n-hexane or cyclohexane with 1,2-dimethoxyethane
[360]. This further supports the validity of NRHB model.

An example of the synergic use of gravimetric and spectro-
scopic experimental analyses in combination with NRHB model to
interpret sorption thermodynamics for the case of a rubbery

1000 4 P -

5004 ¢

Excess Enthalpy, H" 1 J mol”
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00 02 04 0.6 0.8 10

Ethoxyethanol mole fraction, x

Fig. 46. Comparison of the experimental [361] excess molar enthalpies, HE, at
298.15 K for the system x 2-ethoxyethanol + (1-x) benzene, o, with the predictions of
the NRHB model for the contributions from intermolecular hydrogen bonds (—),
dispersive interactions (---), intramolecular hydrogen bonds (----- ) and the total HE (
). The contribution of dispersive interactions is compared with the experimental H:
for the system x 1,2-dimethoxyethane + (1-x) benzene: [, data from ref. [358]; <,
data from ref. [359].

polymer endowed with specific interactions (associations) by
hydrogen bonding, is the case of water sorption in poly propylene
sebacate (PPSeb) [362]. PPSeb is a biodegradable semicrystalline
aliphatic polyester with a glass transition temperature and a
melting temperature respectively equal to -53.1°C and 56.8°C
[363]. Sorption isotherms have been determined gravimetrically at
several temperatures while qualitative and quantitative informa-
tion on water and polymer self-hydrogen bonding and water-
polymer cross associations established in the polymer-water
mixture, at phase equilibrium with pure water vapor at different
pressures, have been gathered by means of in-situ FTIR transmis-
sion spectroscopy. The structure of the association adducts has
been investigated, highlighting several kinds of water ‘species’ and
identifying the chemical groups of the macromolecule actually
involved in the specific self-association and cross-interaction with
absorbed water molecules. This information has been used to tailor
the structure of the NRHB equations adopted to interpret sorption
thermodynamics, identifying the specific association to be
accounted for. The model has been used to fit water sorption
isotherms and then to predict the amount of different types of self-
hydrogen bonding (i.e. water-water and polymer-polymer) and
cross-hydrogen bonding (i.e. water-polymer) established within
the water-polymer mixture, that have been compared to the
corresponding values calculated on the basis of FTIR spectroscopy.

It is worth mentioning that the NRHB model has been
developed for amorphous polymers. The use of this theoretical
approach in the case of semi-crystalline PPSeb has been justified by
assuming [362,364] that the crystalline phase is impervious to
water and thus a simple rescaling of the overall solubility is
adopted to account for the fraction of amorphous phase. However,
there is the possibility that the crystalline phase, even being
actually not able to sorb water molecules, exerts a constrain effect
that could partially affect the predictive capability of the NRHB
approach.

The water-PPSeb system is endowed with a number of possible
specific interactions. Self-HB establish among proton donors, PDs,
and proton acceptors, PAs, groups present on water molecules (it is
assumed that each water molecules carries two proton donors, that
are the two hydrogen atoms, and two proton acceptors, i.e. the two
lone electron pairs on the oxygen atom) that is identified as ‘11’
interaction. Self-HB interactions can involve also polymer mole-
cules. In fact, possible interactions are those between terminal OH
groups acting both as PA and PD, (OH/OH interaction labelled as’
33’) and those between the carbonyl groups along the chain, acting
as PA, and the terminal OH groups acting as PD (OH/C=0
interaction labelled as’ 32"). Cross-HB establish between PD groups
on water molecules and the carbonyls in PPSeb backbone (H,0O/
C=Ointeraction labelled as’ 12’). Two further interactions are those
between terminal OH groups of the macromolecule acting as PD
and oxygen atom of a water molecule acting as PA (OH/H,0
interaction labelled as’ 31’) and between terminal OH groups of the
macromolecule acting as PA and hydrogen atoms of a water
molecule acting as PD (H,O/OH interaction labelled as’ 13°).

The results of the FTIR analysis, performed at 30 °C, point to the
involvement of terminal hydroxyls on PPSeb in a medium strength
H-bonding interaction, as proton donors, with C=0 acceptors
present on the backbones. This self-interaction does not seem to be
significantly perturbated by the presence of sorbed water. Based on
the analogies of the H,O/PPSeb system with the H,O/PCL system
[271] and exploiting the information gathered from complemen-
tary spectroscopic approaches (i.e. 2D-COS and LSCF analyses of
the OH band of absorbed water for the difference spectra as well as
ab-initio, quantum chemistry calculations), authors interpreted
the outcomes of vibrational spectroscopy concluding that two
water ‘species’ are present: first shell, ‘fs’, water molecules
bridging, by hydrogen bonding, two carbonyl groups (‘12
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Fig. 47. Schematic representation of the two water species identified by the spectroscopic analysis of the HO/PPSeb system: (A) first shell water, (B) second shell water.

interaction) and second shell, ‘ss’, water molecules self-associated
to first shell water molecules via HB-interaction involving an
hydrogen atom of an ss water molecule and the oxygen atom of a fs
water molecule (‘11’ interaction). The two kinds of molecular
aggregates are schematically represented in Fig. 47.

Quantitative assessment of the concentration of each of the two
water species (Ci and Cg) was obtained by elaborating the
analytical peaks attained by the LSCF analysis of the OH band of
absorbed water. To this aim, the same molar-absorptivity values (
(&5 and &) as determined in the case of the H20/PCL system [271]
were used, in view of the mentioned close similarities between the
two systems. The concentrations of the two water species at 30 °C,
evaluated by using this procedure, are reported in Fig. 48 as a
function of the relative pressure of H,O vapour in phase
equilibrium with the H,O/PPSeb mixture. In the same figure are
also reported the sum of the concentrations of the two water
species evaluated spectroscopically and the sorption isotherm
evaluated gravimetrically. There is a perfect coincidence between
the spectroscopic and the gravimetric estimates providing
evidence that the possible contribution of other molecular species
(i.e. other interactions involving water molecules) are below the
detection limit of the adopted technique.
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Fig. 48. H,0O/PPSeb system at phase equilibrium with water vapour at different
relative pressures, at T=30°C. Total concentration of water absorbed in PPSeb as
estimated spectroscopically (Ciot (spect)) and from gravimetric measurements
(C(grav.))» concentration of first shell water (Cs), concentration of second shell water
(Css), reported as a function of the relative pressure of water vapour. Reprinted with
permission from [362]. Copyright 2016 Elsevier Ltd.

Water sorption thermodynamics was interpreted by using the
NRHB model. In the implementation of the model, the molar
volume change upon formation of any type of hydrogen bonding
has been assumed to be equal to zero. In the case of water, lattice
fluid scaling parameters and the E9, and S?, self HB parameters (i.e.
‘11’ interaction) have been taken from the literature [365]. In the
case of PPSeb, the lattice fluid scaling parameters were calculated
by fitting PVT data (see Fig. 49) while the HB self-interaction
parameters (i.e. ‘32’ and 33’ interactions) were taken from the
literature [95,365,366]. Regarding the cross-interactions, the

parameters associated with cross HB ‘31’ (i.e. E9, and S%,) and

‘13’ (i.e. Y5 and S9;) have been calculated as geometric mean of the
corresponding parameters for the ‘33’ and ‘11’ interactions [366]

(as a consequence, ES; = E%; and S3, = $%;). The only parameters
used to fit gravimetric sorption isotherms were the mean field
interaction parameter, k;», and the molar internal energy of
formation and entropy of formation of ‘12’ interaction, respectively
EY, and S9,. The NRHB model provided an excellent concurrent
fitting (see Fig. 50) of the water sorption isotherms at four different
temperatures (25, 30, 35 and 40 °C) with the following values of the
parameters: k;» = -0.092, E?z = -12.715kJ/mol and 5?2 =-10.23]/

(mol K). Fitting performed by using only E?z and 5(1’2 as fitting
parameters and imposing k;> =0, resulted to be significantly worse
(see Fig. 50).
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Fig. 49. PVT behaviour of PPseb. Comparison between experimental densitytem-
perature isobars of PPseb in amorphous equilibrium state (points) and the best
fitting prediction of the NRHB model (lines). Isobars pressure values are equal to
0.101325, 10,20, 30,40, 50, 60, 70,80, 90, 100, 150 and 200 MPa. Reprinted with
permission from [362]. Copyright 2016 Elsevier Ltd.
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Fig. 50. Water sorption isotherms in PPseb at T=25, 30, 35 and 40°C. Points
represent experimental data determined gravimetrically. Continuous and dotted
lines represent, respectively, best fitting curves provided by the NRHB model
including k; as fitting parameter and by the NRHB model with k;>=0. Reprinted
with permission from [362]. Copyright 2016 Elsevier Ltd.
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Fig. 51. NRHB predictions for the amount (expressed in moles per gram of
amorphous polymer) of the different types of HB contacts established in the PPseb-
water mixture at equilibrium with water vapour at several values of relative
pressure, at 30 °C. Reprinted with permission from [362]. Copyright 2016 Elsevier
Ltd.

The use of NRHB model to perform fitting of isotherms, besides
providing estimates of model parameters, supplied also quantita-
tive estimates of the amount of the different kinds of hydrogen
bondings established in the H,O/PPSeb system (see Fig. 51). These
estimates are in qualitative agreement with the outcomes of
vibrational spectroscopy analysis. In fact, the prevailing self-
interactions are the OH/C=0 (i.e. ‘32’), that remain rather constant
in value and unaffected by the presence of water, as also indicated
by the results of vibrational spectroscopy investigation. The other
significant self-interaction is of the H,O/H,0 type (i.e. ‘11’) while
most of the cross-interactions are the H,O/C=0 (i.e. ‘12’).

In particular, in Fig. 52 the estimates of the concentration of
self-HB H,0/H,O contacts (i.e. ‘11’ interaction) and of the
concentration of cross-HB H,O/C=0 (i.e. ‘12’ interaction) provided
by the NRHB model are compared with the results of spectroscopic
analyses (after proper transformation of the amount of the
different water species in terms of amount of hydrogen bonds).
The model is able to capture the qualitative behaviour detected

Water mass fraction

Fig. 52. Comparison of predictions of NRHB model with results of spectroscopic
analyses for the amount of self-HB ("11’) and cross-HB (‘12’) established by water
molecules in the H,O/PPSeb at 30°C. Reprinted with permission from [362].
Copyright 2016 Elsevier Ltd.

spectroscopically, although the quantitative matching is not
entirely satisfactory. The reason of this quantitative mismatch
has been tentatively attributed by the authors to the presence of
interphase regions, characterized by sorption thermodynamics
properties that are in-between those of rubbery amorphous
regions and of crystalline domains. Another possible source of this
partial discrepancy has been identified in the molecular weight
distribution of the investigated PPSeb samples, caused by the
polymerization process, that does not allow a reliable estimate of
the amount of terminal OH groups.

NRHB modelling of sorption thermodynamics has also been
used to investigate the CO,/PCL system [257], in combination with
Raman spectroscopy and with quantum chemistry calculations
followed by complete normal coordinate analysis for the calcula-
tion of the Raman spectra.

CO, sorption in molten PCL (T =353 K) at elevated pressures (up
to 7.1 MPa) has been investigated experimentally using a Raman
line-imaging setup, suitably arranged to allow, after proper
calibration, the quantitative assessment of carbon dioxide
concentration in both the time-resolved and the space-resolved
modes. The resulting perturbation of the spectral features with
respect to reference systems were analysed to investigate the
effects of carbon dioxide - polymer interactions on the vibrational
pattern. A schematic illustration of the experimental set-up is
reported in Fig. 53. A laser beam is focused onto a pendant drop of
molten PCL located in a temperature controlled and optically
accessible pressure chamber, allowing the detection of the 90°-
scattered light. The chamber is connected, by service lines, to a
syringe pump that pressurizes the CO, and to a pressure
transducer. The laser power is concentrated in an approximately
cylindrical volume with a diameter of 100 wm ca. The Raman
signals are detected from several positions along the waist of the
laser beam focus, through the detection part of the Raman line
imaging setup. The set up allows resolving the length of the
measurement volume in 40 increments of 64 pwm length each. The
inelastically scattered light from each of these 40 measurement
positions is dispersed in its wavelength components resolving a
wavelength range of 546 nm up to 605nm, corresponding to a
Raman shift range of 480 cm~! up to 2270 cm™" (collection of 40
Raman spectra).

In Fig. 54 are compared the spectrum collected for the neat PCL
at 353K and atmospheric pressure and the spectrum of the CO,/
PCL mixture at 353K at equilibrium with gaseous CO, at 6.2 MPa.

10.1016/j.mser.2019.100525

Please cite this article in press as: G. Mensitieri, G. Scherillo, C. Panayiotou et al. Towards a predictive thermodynamic description of Fsorption
processes in polymers: The synergy between theoretical EoS models and vibrational spectroscopy. Mater. Sci. Eng. R (2020), https://doi.org/

4622
4623
4624
4625
4626
4627
4628
4629
4630
4631
4632
4633
4634
4635
4636
4637
4638
4639
4640
4641
4642
4643
4644
4645
4646
4647
4648
4649
4650
4651
4652
4653
4654
4655
4656
4657
4658
4659
4660
4661
4662
4663
4664


http://dx.doi.org/10.1016/j.mser.2019.100525
http://dx.doi.org/10.1016/j.mser.2019.100525

4665
4666
4667
4668
4669
4670
4671
4672
4673
4674
4675
4676
4677
4678
4679
4680
4681
4682
4683
4684
4685
4686
4687
4688
4689
4690
4691
4692
4693

G Model
MSR 100525 1-88

G. Mensitieri, G. Scherillo, C. Panayiotou et al./Materials Science and Engineering R xxx (2019) 100525 61
CO, in |
out polymer
/J// drop

lascr

imaging and spcctral
dispcrsion

1

™

spectral detection

Fig. 53. Schematic illustration of the experimental setup for Raman line-imaging. Reprinted with permission from [257]. Copyright 2016 American Chemical Society.
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Fig. 54. Raman spectra collected for neat PCL (red trace) and for a PCL/CO, mixture after equilibration with gaseous CO, at 353 K and 6.2 MPa (blue trace, arbitrarily shifted for
comparison purpose). Reprinted with permission from [257]. Copyright 2016 American Chemical Society. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

Both spectra were collected at the centre of the drop. Three fully
resolved peaks at 1294, 1430, and 1722 cm ! are evident for the
neat PCL while, in the case of the polymer equilibrated in gaseous
CO,, characteristic peaks of the absorbed carbon dioxide are
identified at 1371 1264 and at 676 — 648 cm™ .. The spectrum of
dissolved carbon dioxide was isolated by subtracting the spectrum
of neat PCL from that of CO,/PCL mixture. In Fig. 55 is compared the
subtraction spectrum for the case of CO,/PCL mixture equilibrated
at 6.2 MPa with the spectrum of gaseous CO, at 6.2 MPa, at
T=353K. In the difference spectrum it is evident a derivative type
feature, centred at 1722 cm™!, associated to a blue shift of the C=0
stretching vibration of PCL. The couple of signals at 1371 and 1264
cm~! in the difference spectrum is a Fermi dyad. These two
components appear to be red-shifted in the PCL solutions with
respect to the gas phase. Based on the values of these shifts -
corrected to properly account for Fermi resonance effects which
perturb the true vibrational frequencies of the original transitions -
the authors estimated that the partial molar volume of CO; in the
PCL solution amounts to 39.8 cm®/mol, being constant in the whole
investigated range of pressure.

By combining a spectroscopically available quantity (i.e. the
ratio of the intensity of the peak at 1371 cm™!, the upper Fermi-
dyad, and of the intensity of the carbonyl peak at 1722 cm™", I;zq/Ic)
with gravimetric sorption isotherm, it was possible to convert the
spectroscopic signals into absolute concentration values of CO,.

Quantum chemistry calculation on model PCL/CO, aggregates
and Raman spectroscopy analysis indicated that the most relevant
interaction is of Lewis acid-Lewis base (LA-LB) type and involves
the carbon of CO, as electron acceptor and the oxygen of the > C=0

unit on PCL as electron donor. On this basis, the NRHB model used
to interpret sorption thermodynamics has been structured to
account only for the LA-LB interaction involving the carbonyls. The
model provides a very good fitting of gravimetric sorption isotherm
data at 353K, collected up to 5 MPa, using as fitting parameters the
mean-field binary interaction parameter, k;; (=0.182) and the
molar Helmholtz energy of formation of the specific CO,—carbonyl
interaction (=-11,000]/mol [367].

The NRHB model has been used to predict the molar volume of
PCL/CO, mixtures (see Figs. 56A,B) in equilibrium with gaseous
CO,. The predictions are in excellent agreement with available
data [367,368]. The EoS model provided also estimates for the
values of partial molar volume of CO, in the polymer mixture. The
average value predicted for partial molar volume of CO,, in the
range of interest, was 3809 cm>/mol, that is close to the value of
39.8cm®/mol, calculated from the vibrational spectroscopy
analysis (see Fig. 57).

Finally, based on ab-initio calculations and Normal Coordinate
Analysis (NCA) - performed on an appropriate low molecular-
weight model compound (the chosen molecule was Pentylhex-
anoate, PHEX), suitably selected to mimic the chain segments
where the relevant conformational degree(s) of freedom is (are)
localized - the authors identified the most stable supramolecular
complex and the preferential site of interaction on the polymer
backbone, and evaluated theoretically the Raman spectra of the
adduct according to the normal coordinate method. This analysis
indicated that the stability of the supramolecular complex is
controlled more by the accessibility of the donor than by its
electron-density and evidenced also the role played by the
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Copyright 2016 American Chemical Society.

occurrence of weak H-bonds acting cooperatively to stabilize the
supramolecular Lewis acid — Lewis base complex. These calcu-
lations confirmed that the CO,/PCL interactions involve preferen-
tially PCL carbonyls identifying as most likely geometry for the
interaction complex the one reported in Fig. 58. Another relevant
outcome of this analysis is that the doublet appearing at
676 —648cm~!, in the spectra of the PCL/CO, solutions, is
generated by the bending modes of carbon dioxide and is to be
considered as a specific signature for the occurrence of an
attractive interaction of the CO, with PCL since it appears as a

consequence of a significant distortion from linearity of the
molecule induced by the interaction.

4.1.1.4. Comparing NRHB theory and the SAFT family of models. On
the basis of the structure of the two main classes of models
discussed in this review, the NRHB model and the SAFT ‘family’ of
models, in our opinion, the two approaches display similar
performances when using the same number of parameters. The
SAFT models, thanks to the possibility of adding up several types of
Helmholtz energy contributions, is more flexible and able to deal
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with more complex systems, although at the expenses of a higher
calculation complexity and a higher number of parameters to be
determined.

At the best of our knowledge, there are no contributions
available in the literature comparing systematically the perform-
ances of these two classes of models for systems involving polymer
species. There are, however, a few manuscripts where the
performances are compared in the case of mixtures involving
low molecular weight compounds. These results are briefly
summarized in the following.

A first investigation aimed at comparing the performances of
NRHB model with those of the CK-SAFT model [49,116] was
performed by Tsivintzelis et al. [95]. The authors investigated the
phase behaviour of different low molecular weight binary and
ternary systems, including also systems displaying polar and
associating (hydrogen bonding) interactions. On the bases of this
investigation, the authors claimed that NRHB model provides in
many cases more accurate correlations for pure components and
for binary systems involving self-associating components, whereas

177.65°

. A

Fig. 58. Optimized structure of the PHEX/CO, complex. Color code: white = H;
grey =C; red = 0. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

the two models display similar performances in describing phase
equilibria correlation of highly asymmetric binary non-polar
systems.

Afterwards, a more extensive comparison on the modelling
capability of NRHB approach and of sPC-SAFT theory [135] was
reported by Grenner et al. [94] and by Tsivintzelis et.al. [96].

In the first contribution, the authors investigated more than 100
different binary mixtures of low molecular weight compounds,
considering systems whose components were respectively non-
polar, weakly polar, strongly polar and/or endowed with hydrogen
bonding specific interactions, and focusing, in particular, on the
modelling capability of vapor-liquid equilibria. To this aim the
models were also used to retrieve pure components parameters
from vapor-liquid equilibria. The performances of both approaches
were substantially equivalent.

In the second paper, the authors selected several binary
mixtures of low molecular weight compounds endowed with
polar and/or hydrogen bonding specific interactions, focusing on
the corresponding liquid-liquid equilibria. The overall conclusion
derived from this extensive investigation is that both models
provide satisfactory and quite similar results in terms of fitting and
predictive capability on the phase equilibria behaviour. In
particular, for liquid-liquid equilibria, NRHB provides more
accurate correlations, whereas the sPC-SAFT provides more
accurate predictions. Moreover, both the models provided similar
predictions for the fraction of non hydrogen bonded molecules in
different systems, ranging from pure alkanols a to alkanols-n-
hexane mixtures.

A further, more challenging comparison of the predictive
capability of the NRHB model respect to the PC-SAFT model in its
version for polar fluids, i.e the Perturbed-Chain Polar statistical
associating theory (PCP-SAFT), has been performed by Paduszynski
et al. [369]. In particular, the authors modelled the phase diagrams
of several binary complex associating systems formed by an ionic
liquid (PMPIP][NTf2] and an alcohol of different chain length
(ranging from butan-1-ol to undecane-1-ol). To this aim, according
to a previous work of Tsioptsias et al. [370], NRHB model was
implemented by explicitly accounting for physical (dispersive)
interactions and, in addition, treating ionic, polar and HB specific
interactions established within the mixture, as strong specific
interactions all described by means of Veytsman statistics.
Conversely, in the implementation of PCP-SAFT, the dipolar
interactions were independently accounted for by adding the
Gross-Vrabec term (which does not introduce further parameters)
to the residual Helmholtz energy. Moreover, ionic interactions
were described associating a permanent dipole moment to the
ionic liquid molecule. The authors found that both the models
displayed similar performances in predicting the pure fluid
properties of ionic liquids (with one set of pure component
parameters) as well as in describing the liquid-liquid equilibria
phase diagrams for each of the different binary systems
investigated.

4.1.2. Sorption themodynamics in glassy polymers

4.1.2.1. Applications of NELF (NETGP-SL) theory. To deal with
sorption thermodynamics in non-equilibrium glassy polymers
one needs to use suitable modelling approaches accounting for the
out-of-equilibrium nature of the material. In this sub-section we
analyse in some details the NELF theory, that is able to cope with
the glassy nature of the polymer for systems that are not endowed
with specific interactions.

As discussed in sub-section 2.2.1 of this review the Non-
Equilibrium Lattice Fluid (NELF) model was developed by applying
the NETGP procedure to extend the equilibrium SL model to deal
with polymer-penetrant systems in a glassy state [50]. Further

10.1016/j.mser.2019.100525

Please cite this article in press as: G. Mensitieri, G. Scherillo, C. Panayiotou et al. Towards a predictive thermodynamic description of Fsorption
processes in polymers: The synergy between theoretical EoS models and vibrational spectroscopy. Mater. Sci. Eng. R (2020), https://doi.org/

4761
4762
4763
4764
4765
4766
4767
4768
4769
4770
4771
4772
4773
4774
4775
4776
4777
4778
4779
4780
4781
4782
4783
4784
4785
4786
4787
4788
4789
4790
4791
4792
4793
4794
4795
4796
4797
4798
4799
4800
4801
4802
4803
4804
4805
4806
4807
4808
4809
4810
4811
4812

4813

4814
4815
4816
4817
4818
4819
4820
4821
4822
4823
4824


http://dx.doi.org/10.1016/j.mser.2019.100525
http://dx.doi.org/10.1016/j.mser.2019.100525

4825
4826
4827
4828
4829
4830
4831
4832
4833
4834
4835
4836
4837
4838
4839
4840
4841
4842
4843
4844
4845
4846
4847
4848
4849
4850
4851
4852
4853
4854
4855
4856
4857
4858
4859
4860
4861
4862
4863
4864
4865
4866
4867
4868
4869
4870
4871
4872
4873
4874
4875
4876
4877
4878
4879
4880
4881
4882
4883
4884
4885
4886
4887
4888
4889

G Model
MSR 100525 1-88

64 G. Mensitieri, G. Scherillo, C. Panayiotou et al./ Materials Science and Engineering R xxx (2019) 100525

development was the application of NETGP procedure, respective-
ly, to a version of the SAFT equation of state which did not account
for specific interactions and to the Perturbed Hard Sphere Chain
Theory (PHSCT). These two extensions will be discussed in sub-
section 4.1.2.2.

In sub-section 2.2.1 it has been illustrated that a key point in the
implementation of NETGP is that this procedure relies on the
knowledge of the polymer density in the polymer-penetrant
mixture, i.e. the value of pp.., that is asymptotically attained under
phase PE conditions, at each imposed pressure, temperature and
concentration of the penetrant phase in contact with the polymer
sample, or, for the case of binary systems, at each penetrant
pressure and system temperature. We start analysing here the first
example of application of NELF model, that illustrates the
fundamentals of such procedure. Sarti and Doghieri [50,52,371],
first applied the NELF model to predict the PE sorption isotherms of
several binary polymer-penetrant systems: CO, N, and C;Hy4 in
Bisphenol A-Polycarbonate (PC) and in Hexafluoro Polycarbonate
(HFPC), CO; in Polymethylmethacrylate (PMMA) and Polystyrene
(PS) and N, and CH,4 in Tetramethylpolycarbonate (TMPC). In these
investigations the effectiveness and reliability of the model was
properly tested in a merely predictive way by selecting binary
systems for which both solubility and volumetric data of the
mixture in PE of phase conditions were available in the literature.
In fact, the LF scaling parameters of the SL model for each
penetrant were obtained by a non-linear regression of pure
penetrant vapor-liquid equilibrium data while, for the polymers,
were retrieved by a non-linear regression of PVT equilibrium data,
according to the procedure discussed in sub-section 3.6. The binary
“mean field” interaction parameter ¥ of the NELF model, was set
equal to 1 (ideal geometric mixing rules for the component
characteristic LF pressures). All the PE isotherms investigated
referred to temperatures well below the pure polymer glass
transition temperature T, In view of the limited penetrant
solubility, also the polymer-penetrant mixture was assumed to
be frozen in a glassy state. As for the value of pp. at any penetrant
pressure, it was determined on the basis of volumetric data
retrieved from the literature, so that no adjustable parameters
were introduced in the prediction of penetrant sorption isotherms
in the polymers. Once the value of density pp., was experimentally
available, the NELF model provided for all the investigated systems
a powerful tool to predict the phase PE conditions. In Fig. 59a,b are
reported some examples of the investigated systems.

Once the model has been tested on such model binary polymer-
penetrant mixtures, in a series of following papers its application
was extended to several systems, proposing also a predictive
procedure to be used in the quite common case that no volumetric
data on the polymer-penetrant glassy mixture are available. To this
aim, in two seminal papers [182,373] the authors performed an
extensive experimental campaign on PE sorption isotherms for
several amorphous polymer-penetrant systems, (with penetrant
ranging from light gases to low molecular weight hydrocarbons)
working at temperatures well below the Tgs of the pure polymers.
One of the conclusions of these investigations was that, as
expected, in the limit of low penetrant concentrations (i.e, in the
limit of low penetrant pressures), the value of pp., can be assumed
substantially equal to the one of the pure polymer right before it is
exposed to the penetrant, since both “instantaneous elastic”
dilation effect and the mechanical compression effects induced by
the penetrant, can be considered in such case negligible. In
addition, the authors observed that for polymer-penetrant
mixtures well below the T; and in the case that no significant
specific interactions are involved, the relevant excess of free
volume inherently associated to the glassy nature of the system
plays a dominant role in determining penetrant solubility as
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Fig. 59. (a) Sorption isotherms of CO, and C,H,4 in PC at T=35°C. Symbols are
experimental data by Jordan and Koros [372]; lines represent NELF model
predictions. Reprinted with permission from [52]. Copyright 1998 Elsevier Science
Ltd. (b) Sorption isotherms of CO, in PMMA at T=33, 42 and 59°C. Symbols are
experimental data by Wissinger and Paulatis [336]; lines represent NELF model
predictions. Reprinted with permission from [52]. Copyright 1998 Elsevier Science
Ltd.

compared to the effect of the parameter ¥, so that the latter could
be set, as a first approximation, to be equal to one.

The same authors have later proposed an operative procedure
to extend the effective range of applicability of the NELF model to
the case of high penetrant pressures, in the frequent occurrence of
lacking of dilation data for the mixture. To this aim, they analysed
several experimental data [336,372,373] inferring that, for
polymer-penetrant mixtures well below their glass transition
temperature, the following empiric equation holds:

Pp o = PRI — kswp) (267)

where o9 represents the starting pure PE polymer density at
pressure p=0atm (i.e. right before starting the sorption test) and
ksw is a swelling coefficient which depends upon the polymer-
penetrant couple and is itself a non-equilibrium parameter, which
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Fig. 60. Comparison of experimental sorption isotherms for C;H4 and CO, in PC at
35°C and the results of NELF calculations using the ‘two points parameters
correlation strategy’ and the S, two parameters correlation’. Reprinted with
permission from [182]. Copyright 2001American Chemical Society.

depends on both thermomechanical and sorption history of the
specific polymer sample [374].

In view of the linearity of Eq. (267), to retrieve the PE density
values of the polymer in the mixture required for the NELF model
calculations at each pressure, it is sufficient to know only two
values for density: i) a value for pp., at a selected pressure, that can
be calculated by using the phase PE equations if the absorbed
penetrant concentration at that pressure is experimentally
available and by setting the value of the interaction binary
parameter, ¥, equal to 1; ii) the experimental value of p§.i.e. the
density of the pure polymer before the sorption tests or,
alternatively, another value for pp., at a different selected pressure,
at which the penetrant concentration of the penetrant in the
polymer at phase PE is available from experiments. The authors
defined as ‘two points parameters correlation strategy’ the
procedure based on the calculation of two values for pp..

A second proposed procedure was based on the knowledge of the
infinite dilution solubility of penetrant within the polymer, S,, and of
a value for pp., referred to as ‘S, two parameters correlation’.

Other alternative procedures were also proposed by the same
authors, based on a non linear fitting of the sorption isotherms
using three parameters, i.e. ¥, ks, and o9 or two parameters, i.e. ¥
and ks, in the case that o is available from experiments. This last
option has recently emerged as the one to be preferentially
adopted [374,375].

In [182,373] it has been tested the reliability of the different
procedures. In Fig. 60 is reported, as an example, the comparison
between the ‘two points parameters correlation strategy’ and the
‘S, two parameters correlation’.

On each investigated system, the authors found that these two
approaches show a satisfactory correlation capability. In particular,
the authors, as a consistency check, found a substantial agreement
between the value of pure polymers density calculated using the
two approaches and the corresponding experimental values.

Obviously, it would be desirable to have available the
experimental values for polymer density, as a pure component
and in the mixture. However, while the pure polymer density, 0,
can be easily determined by performing helium picnometry
measurements or using other standard techniques, the experi-
mental set-up for a direct volumetric measurements on a polymer-
penetrant mixture is quite complex and requires in-situ optical
and/or spectroscopic techniques.

CO, partial pressure (atm)

Fig. 61. Solubility of N,O and CO, in PMMA at 35°C; as a function of CO, partial
pressure at a fixed N,O partial pressure of 5.05 atm. Experimental data taken from
[377]. Lines represent predictions of NELF model for ternary systems. Reprinted
with permission from [376]. Copyright 2011 American Chemical Society.

The multicomponent version of NELF model [183] was also
successfully employed to model solubility of gas mixtures in glassy
polymers, as is the case of solubility of CH4/CO, mixtures in poly
(2,6-dimethyl-1,4-phenylene oxide)(PPO) and of CO,/C;H4 and
N,0/CO, mixtures in poly(methyl methacrylate) (PMMA) [376]. To
this aim, the NELF model was first used to correlate the sorption
isotherms of the corresponding polymer-gas binary sub-systems,
retrieving the two polymer-penetrant binary interaction param-
eters, ¥;, and the two binary swelling parameters, Kg,,;. As for the
binary interaction parameter of gas pairs, it could be estimated by
non-linear regression of experimental data of the gas mixtures by
using the SL model, but in that investigation [376] it was simply set
equal to 1. In addition, the value of density of pure polymers before
sorption tests was taken from experimental measurements.
Regarding the density of polymer in the ternary mixtures, an
additive behavior has been assumed, i.e.:

Ppoe = Pp(1 — ksw.1D1 — Ksw.2D>) (268)

where p; represent the partial pressure of penetrant i and the ks,
swelling parameters are those determined for the corresponding
binary sub-systems.

Once all the binary adjustable parameters were estimated, the
NELF model was used in a fully predictive fashion in order to predict
the solubility for the corresponding ternary systems. This full
predictive approach was possible in view of the adopted mixing
rules, which do not introduce any ternary parameter. Actually, this
was the main purpose of such investigation, since generally the
evaluation of solubility in ternary system requires an experimental
set-up and test procedures that are more complex as compared to the
ones used for the gravimetric determination of sorption isotherms in
binary systems. In Fig. 61 is reported an example of application of
such approach for the prediction of solubility in the case one of the
ternary systems investigated in [376], that confirms the reliability of
the illustrated predictive procedure.

The NELF model was also used by Sarti et al. to interpret
sorption thermodynamics of pure penetrants in polymer blends
[378]. A procedure was proposed to model the phase PE of gases
and vapors in glassy amorphous miscible polymeric blends of
polystyrene (PS) and tetramethyl polycarbonate (TMPC). The gases
investigated were, respectively, methane (as a non-swelling
penetrant) and carbon dioxide (as a swelling penetrant). Also in
this case was made the reasonable assumption that the external
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Very recently, Mensitieri et al. [254] combined NELF modelling
with FTIR analysis to gather an insight, also from a molecular
perspective, on the sorption thermodynamics of CO, in PEI, at
pressures ranging from 40 to 160 Torr and at several temperatures.
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Fig. 62. Sorption isotherms of CO, in PS-TMPC blends. Data from [379]. Continuous
lines are NELF model predictions based on the binary parameters and swelling
coefficients obtained for each of the polymers. Reprinted with permission from
[378]. Copyright 2004 American Chemical Society.

phase is only formed by the low molecular weight compound so
that, once the mass fraction of the two polymeric component is
fixed in a given blend-penetrant system, mass balance allows the
straightforward expression of the density of the two polymeric
components in the mixture, p;, as a function of the overall blend
density in the mixture, p,. Consequently, this latter variable was
selected as the only internal state variable for the out-of-
equilibrium blend-penetrant glassy system. According to the
mixing rules of NELF model for ternary systems, three mean field
interaction parameters are needed. The binary interaction
parameter for the polymer couple was taken as equal to 1. In
addition, in the case of CO, (swelling gas), it was assumed that the
value of ks, for the blend is the volume average of the two swelling
parameters of the two for the binary polymer-CO, sub-systems.
The curve fitting parameters (for methane, the two “mean field”
polymer-penetrant binary interaction parameters and, for carbon
dioxide, the two “mean field” polymer-penetrant binary interac-
tion parameters and the two ks, parameters) were retrieved by a
nonlinear regression procedure of PE solubility isotherms of the
corresponding polymer-penetrant binary sub-systems. Finally, the
NELF model was applied to predict the PE solubility isotherms of
blend with different PS/TMPC ratio. A very good agreement with
experimental data was found, as shown in Fig. 62, where is
reported the case of solubility of CO, in PS/TMPC, for a PS/TMPC
mass ratio ranging from 0.2 up 0.8.

—~ 1.01 2336 A
=
< 08
g 0.6 S
g o4 < 2324
[o]
3 024 .
< 00 —
' 2350 2300

Wavenumber (cm™)

Subtraction spectroscopy analysis was performed on both thick
(37.7 p.m) and thin (2.6 pm) PEI films, in the spectral region that
contains the signals associated, respectively, to the absorbed CO,
molecules and to the macromolecules, with specific attention on
the intense carbonyl bands of PEI. With reference to absorbed CO,
molecules, there are two signals centered respectively at 2336 and
655cm~'. The main band 2336cm~! is associated to the
antisymmetric stretching mode (v3), while a satellite peak, present
at 2324cm™, is a non fundamental transition associated to the
same species that generated the main absorptionat 2336 cm™ . The
signal at 655 cm™! is associated to the CO, bending mode (1) is a
quite weak signal that is also superimposed onto intense polymer
bands. Hence, to perform a quantitative analysis and to gather
information at the molecular level, it has been selected the signal
at 2336cm~ L The integrated absorbance of the 2336cm™! band
has been collected at several values of pressure of CO, in contact
with PEI, as a function of time up to the attainment of sorption
equilibrium. In Fig. 63A are reported the subtraction spectra
collected at sorption equilibrium at different values of CO,
pressure and at 35°C, collected in the spectral region where are
located the signals associated to the antisymmetric stretching
mode of carbon dioxide. In Fig. 63B is reported the correlation
between the integrated absorbance of the v; band and the carbon
dioxide percent uptake, as measured gravimetrically, collected at
the same values of pressure.

2D-COS analysis was performed on the time resolved subtrac-
tion spectra collected in the 2250-2420cm™! range, for the
sorption experiment performed at 150 Torr and at T=35°C. The
elaborated synchronous and asynchronous spectra are reported in
Fig. 64A,B. There is evidence of a main component in the frequency
spectrum at 2336cm™!, plus a weak, fully resolved feature at
2324 cm™. The synchronous map displays off-diagonal wings that
indicate the occurrence of a further component significantly
broader than the main peaks, pointing to the presence of a broad
Gaussian component superimposed onto a sharper component of
larger intensity. The asynchronous peak is featureless, thus
indicating that all the components in the vs profile evolved
synchronously. These results led the authors to the conclusion that
a single molecular species produced all the observed components.

The dynamics of CO, molecules absorbed in PEI, emerging from
these spectral features, has been preliminarily assumed to consist
in very short free-rotation regimes (the Gaussian component,
barely detectable in the frequency spectrum) interspersed with the
formation of specific type of interaction of a single molecular

8 B
y =41.05x; R?=0.9954 /
~ 6 P
8 yd
o 4 o
< /,/
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2 -
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0 0.05 0.1 0.15 0.2
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Fig. 63. (A): The v; band of CO, after sorption equilibrium at different pressures. (B): Absorbance of the v; band as a function of sorbed CO, as evaluated gravimetrically at

35°C. Adapted from [254].
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Fig. 64. Synchronous (A) and asynchronous (B) spectra obtained from the time-resolved spectra collected during the sorption experiment performed at 150 Torr and at 35°C

on the CO,/PEI system. Adapted from [254].
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Fig. 65. Difference spectra in the PEI carbonyl range obtained for thin PEI films
equilibrated at several temperatures with CO, at a pressure of 150 Torr. Adapted
from [254].

species of CO, with the polymer substrate (the main sharp
component).

Further analysis was directed to the identification of the
functional group(s) of the PEI backbone that was (were) involved in
the formation of the adduct with CO,. In fact, the interaction of the
absorbed molecules with functional groups of PEI determine a

2324 cm-1 2336 cm-1
(hot-band) (va3)

Fig. 66. Schematic representation of the CO,/C= 0 interaction. Adapted from [254].

-3
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Fig. 67. Gravimetric sorption isotherms of CO, in PEI at 18, 27, and 35 °C. Results of
data fitting performed concurrently for the three isotherms and provided by NELF
model are reported as continuous lines. Adapted from [254].

perturbation to the spectrum of the substrate consisting in peak
shifts and/or band-shape distortion, that can be used to gather
information on the geometry and on the electron-density
distribution of the molecular aggregate. Involvement of imide
carbonyls in specific interactions with absorbed CO, molecules,
albeit rather weak, is witnessed by limited red-shifts (maximum
shift of the main carbonyl component=0.25 cm~') occurring for
the peaks associated to the in-phase, vi,(C=0), and out-of-phase
stretching, Voop(C=0), of the imide carbonyls, that evidence a
lowering of the peaks frequency (see Fig. 65, where are reported
the difference spectra obtained in the PEI carbonyl frequency
range, i.e. 1820-1660cm™', at a pressure of 150 Torr and at the
different temperatures, on thin polymer films). The carbon atom of
the carbon dioxide molecule establishes a weak Lewis acid/Lewis
base interaction with the imide carbonyls, as schematically
represented in Fig. 66. Conversely, the bands associated to C—O—C
stretching modes as well as aromatic peaks remained unaffected,
thus indicating that both the ether oxygens and the aromatic rings
are not involved in specific interactions with absorbed CO,
molecules.

In view of the weakness of the Lewis acid/Lewis base
interactions established by CO, molecules with PEI carbonyls,
sorption thermodynamics in glassy PEI was interpreted using the
NELF approach, with no account for any specific interaction. The
model provided a good concurrent fitting of experimental
gravimetric sorption isotherms determined at 18, 27, and 35°C,
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up to ca. 400 Torr (0.05 MPa), see Fig. 67, using as fitting parameter
only the binary interaction parameter, x;,. A value of
X12=0.0313 £ 0.003 was estimated, with a small deviation from
the geometric mixing rule for characteristic pressure. The adopted
scaling parameters for the Sanchez-Lacombe EoS of pure PEI and
CO, are reported in Table 7. The (non-equilibrium) density values
of neat PEl, pp ., at each temperature (assumed here to be time-
independent) used in the model, were taken from the literature
[310] and are reported in Table 8.

The group of Sarti has also used the NELF approach to analyse a
system endowed with hydrogen bonding interactions [380]. Water
sorption in an amorphous glassy Polylactic (PLA) at different
temperatures was investigated, comparing gravimetric and “in
situ” time-resolved FTIR-ATR spectroscopic data with predictions
of NELF model. To this aim, the authors assumed that the binary
interaction parameter, ¥, of NELF model, takes the same value both
for the rubbery and the glassy state of PLA, being related only to the
nature of polymer-penetrant interaction. Hence, they retrieved its
value performing a nonlinear regression with SL model of water
sorption isotherms, at temperatures above the T, of neat PLA. As for
ksw, optical dilation measurements on the glassy PLA-water
mixture confirmed that its effect was negligible, as expected in
view of low water sorption amount and of the glassy state of the
system. Once both ¥ and ki, were available and p9 had been
measured, the NELF model was used to predict water sorption
isotherms. Since the NELF model does not take into account for the
presence of HB interactions within the polymer-penetrant
mixture, it showed a quite good predictive capability only at
relatively low water activities (a,, < 0.65) at the different
temperatures investigated. In particular, the model is not able to
reproduce the upward concavity of water sorption that is
associated to the onset of the formation of HB water clusters
within the system, which involve more than just dimeric water, as
confirmed by the FTIR-ATR measurements.

Similar results were obtained in a following paper [368] dealing
with the sorption of water in poly(methyl methacrylate) (PMMA)
at several water vapor activities (0 — 0.85), at T=25, 35, and 45 °C.
The swelling coefficient was taken to be zero (ks,=0) while the
binary interaction parameter was retrieved by best fitting of
sorption data at 35°C, obtaining a value k;, = - 0.05.

Using this value were predicted the water sorption isotherms at
T=25 and 45 °C, assuming the binary interaction parameter to be
temperature independent. A good agreement of predictions with
experimental data was found up to a water activity of about 0.5,
above which significant deviations were evident at all the
investigated temperatures, as evident in Fig. 68. The mismatch
between model predictions and experimental data at a,,>0.5 was
attributed to the occurrence of self-association of water molecules

External Water Vapor Pressure (kPa)

Fig. 68. Water vapor sorption isotherms in PMMA at 25, 35, and 45 °C. Symbols
represent experimental data. Dashed lines are predictions provided by NELF model
(dashed lines). Reprinted with permission from [381]. Copyright 2013 American
Chemical Society.

that is not accounted for by NELF theory. The occurrence of water
self-association and of formation of clusters at higher activities
was confirmed by time-resolved FTIR-ATR spectroscopy measure-
ments.

These last results clearly indicate that models explicitly
accounting for specific self- and cross-interactions have to be
used for sorption thermodynamics in glassy systems endowed
with hydrogen bonding as is the case of NETGP-NRHB approach
reported in section 4.1.2.3.

4.1.2.2. Applications of NETGP-PHSCT and NETGP-SAFT. NETGP-
PHSCT and NETGP-PC-SAFT models, if applied to systems that are
not endowed with specific interactions and associations, provide
performances which are similar to the simpler NELF model. As an
example, the experimental solubility isotherms of C; Hg and C; Fg
in Teflon AF1600 and 2400 at 35 °C were interpreted using NETGP-
PHSCT (with the perturbation term, which represents the
contributions of mean-field forces, that is of the van der Waals
type [124]) and NETGP-PC-SAFT models [177]. The density of the
two polymers in the binary mixtures were available from
volumetric dilation data. Both models provided a quite good
predictions (i.e. with no adjustable parameters, assuming
Y =1-kj=1) of solubility data for CFs in the two
fluoropolymers, while, in the case of C;Hg, a binary interaction
parameter, k;, equal to about 0.10 had to be introduced to fit the
experimental isotherms. Similar results were also obtained using
the NELF model. The need, for all the three model, to introduce a
value of ¥ # 1 has been attributed to the failure of the geometric
mean rule, that is based on the assumption made by London that
the values of first ionization potentials are similar for all the
substances [382].

The performances of two NETGP-PHSC models, characterized
by different expressions for the perturbation term representing the
mean field interaction potential, were compared for the analysis of
sorption of CH4 in poly(ethylmethacrylate) (PEMA), of CO, in
polycarbonate (PC) and of N, CH,4, C;Hg and C3Hg in Teflon AF2400
[370]. Both the models do not account for association terms and
use a different pair interaction potentials between chain segments.
In fact, the NETGP-PHSC(VdW) model includes a perturbation term
that is of the van der Waals type (van der Waals type of interaction
potential) [384]. Conversely, the NETGP-PHSC(SW) model includes
a second order perturbation term for a square well potential of
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Fig. 69. (a): Sorption isotherms of CH4 in PEMA at T=25°C. Continuous line and dashed line represent, respectively, the predictions (k;=0) provided by NETGP-PHSCT(SW)
and by the NETGP-PHSCT(VdW) models. (b): Sorption isotherms of CH4 in PEMA at T = 25, 35 and 45 °C. Continuous lines and dashed lines represent, respectively, the results of
best-fitting correlations performed with the NETGP-PHSCT(SW) (k;; = -0.040) and the NETGP-PHSCT(VdW) (k; = -0.095) models. Reprinted with permission from [383].

Copyright 2006 Elsevier B.V.

variable width (square well form of interaction potential) [127].
The two models provide a representation of the dependence of gas
solubility on temperature and pressure that is consistent with
experimental data. In most of the cases, a value of the interaction
parameter, k;;, different from 0 needs to be used. As an example, in
Fig. 69 is reported the case of sorption of CH, in PEMA, proving the
poor predictive capability (i.e. with k;=0) of the two models.

Overall, the NETGP-PHSCT(SW) provides a better interpretation
of experimental sorption isotherms in the glassy state of polymers
as compared to NETGP-PHSCT(VdW).

Afterwards, Davis and Elabd [381] have investigated water
vapor sorption within glassy PMMA. The NETGP-SAFT model was
used to interpret sorption thermodynamics, accounting for self-
hydrogen bonding interactions among water molecules by
introducing two additional pure-component parameters (eap/k
and «4p) for water, whose values were taken from the literature
[116]. As for the case of NELF, already discussed in the previous
sub-section, the swelling coefficient has been taken to be zero
(ksw=0), while the binary interaction parameter was retrieved by
best fitting of sorption data at 35°C, obtaining a value k;>=0.006.
Using this value, the water sorption isotherms at T=25 and 45°C
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were predicted, assuming the binary interaction parameter to be
temperature independent. As evident in Fig. 70A, this model
provides an excellent prediction of experimental data, that at high
activities is significantly better than that provided by NELF model.
The same approach was adopted to describe water sorption
thermodynamics in PLA. Also in this case, at high water activities,
NETGP-SAFT performs better than NELF (see Fig. 70B). A good
agreement between NETGP-SAFT theoretical predictions and
experimental water sorption isotherms was also found for other
four glassy polymers, i.e. polyacrylonitrile, PAN, polyethylene
terephthalate, PET, polyvinylchloride, PVC, and polystyrene, PS,
thus proving that NETGP-SAFT, with an association term account-
ing for water self-association, does provide a reliable interpreta-
tion of water sorption in hydrophobic glassy polymers.

As underlined, the previous implementation of NETGP-SAFT
model accounts only for penetrant specific self-interactions and is
limited to the cases in which no cross polymer-penetrant and
polymer self-interactions do establish within the glassy mixture.
Later, Liu and Kentish [385] have applied the NETGP approach to a
version of PC-SAFT model, including an association term (short
range association interactions, i.e. hydrogen bonding, according to
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Fig.70. (A): Water sorption isotherms in PMMA at T =25, 35 and 45 °C. Continuous lines are predictions obtained using the NETGP-SAFT model. (B): Water sorption isotherms
in PMMA at T=25, 35 and 45 °C. Dashed lines and continuous lines are, respectively, predictions obtained using the NELF and NETGP-SAFT models. Reprinted with permission

from [381]. Copyright 2013 American Chemical Society.
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a model proposed by Champan et al. [45] and an induced-
association term (according to an approach proposed by Kleiner
and Sadowski [166]) to deal with sorption thermodynamics in
glassy PLA and PMMA.

In particular, the NETGP PC-SAFT model (without association
and induced-association terms) was first successfully employed to
describe CO, sorption in PMMA using a best fitting procedure to
estimate the binary interaction parameter, k; and the swelling
coefficient, ks,. Conversely, PC-SAFT did not provide, as expected,
an acceptable interpretation of data, since it does not account for
the non-equilibrium glassy state of the polymer.

In the case of water sorption in PLA and PMMA the authors used
the PC-SAFT and NETGP-PC-SAFT approaches, both accounting for
water self-association and for polymer-water induced association. In
contrast to the case of CO, sorption, they found that the PC-SAFT
model, although generally valid only for rubbery polymers, provides
an excellent fit of water sorption isotherms both in PLA and PMMA,
using as fitting parameter only the binary interaction parameter, k;;.
The authors postulated that this unexpected result was due to the
negligible effect that, in the case water sorption, has the excess free
volume on the total water sorption, as compared to the prevailing
role of polymer-water induced-association. Moreover, they also
concluded that accounting only for water self-association and
disregarding induced-association, leads to significant underesti-
mation of the total amount of water sorbed by using PC-SAFT.

Also NETGP-PC-SAFT (with ks, =0) model, including the water
self-association and the polymer-water induced association terms,
exhibited a satisfactory fitting capability in the case of water-PLA
system. In contrast, a reasonable fitting, but worse than that
obtained with PC-SAFT model, could be obtained with NETGP-PC-
SAFT, in the case of water sorption in PMMA, only by introducing
ksw as adjustable parameter. These results are in contrast with
those of Davis and Elabd [381,368], which found that the NETGP-
SAFT model provides satisfactory results without any induced-
association contribution. This discrepancy was tentatively attrib-
uted, by Liu and Kentish, to the different association scheme
(number of association sites) adopted for water molecules in the
two works.

4.1.2.3. Applications of NETGP-NRHB model. In this sub-section we
discuss some applications of NETGP-NRHB model to the case of
systems where both specific self- and cross-interactions are
expected to occur. All these interactions are properly accounted
for in the modelling and, notably, a careful assessment of the
qualitative and quantitative consistency between the theoretical
predictions and the outcomes of vibrational spectroscopy is
performed, in terms of amount and type of specific interactions
established in the polymer-penetrant systems.

Water sorption thermodynamics in a series of polyimides (PIs)
with an increasing fluorine content has been investigated
[267,386] by combining vibrational spectroscopy analysis, gravim-
etry and NETGP-NRHB modelling. Using in-situ FTIR measure-
ments, coupled with gravimetric determination of sorption
isotherms, the authors gained relevant experimental information
useful in developing the structure of the NETGP-NRHB model.
Vibrational spectroscopy has been exploited to determine the type
of interactions established in the different H,O/PI systems, the
involved interacting sites on the polymer backbone and a
quantitative estimate of the concentration of different water
‘species’ (i.e. water molecules characterized by different kinds of
self- and cross-HB interactions). In particular, the spectroscopic
results have been analysed by using difference spectroscopy, LSCF
and 2D-COS. By coupling this information with the results of
gravimetric measurements, it was possible to evaluate the molar
absorptivity of each water ‘species’, thus allowing the quantifica-
tion of their populations.

00O
PMDA-ODA
O 0-O-
6FDA-ODA
Deegestels
- hle.

6FDA-6FpDA 3

Fig. 71. Repeating units of the different investigated PIs. Reprinted with permission
from [267]. Copyright 2012 American chemical Society.

The repeating units of the investigated Pls are reported in Fig. 71.

Difference spectra (i.e. water saturated PI - dry PI) in the OH
stretching region, voy (i.e. wavenumber range 3800—3200cm™ 1),
representing absorbed water, are compared in Fig. 72 for the three
investigated Pls at phase PE with water vapor, at a relative pressure
p/pPo=0.6 and at T=30°C. The complexity of the band profiles
reflects the occurrence of different water species. As evident, the
amount of absorbed water significantly decreases as the fluorine
content increases, as also confirmed by gravimetric water sorption
isotherms reported in Fig. 73.

To gather further insight on the interactional issues, 2D-COS
investigation in the 3800—3200 cm ! wavenumber range has been
performed on the time-resolved spectra collected in-situ during
sorption at different relative pressure of water vapor. In Fig. 74 are
reported the asynchronous correlation maps for the three PIs at a

x 10¢ 36|38
0.30
3570 — : PMDA-ODA
N — :6FDA-ODA
g 0204 — : 6FDA-6FpDA
o
< 010
00
T T T T 1
4000 3800 3600 3400 3200 3000

Wavenumber (cm-!)

Fig. 72. Difference spectra, normalized for the sample thickness, in the voy region
for the H,O/PI systems at sorption equilibrium with water vapor at p/po=0.6 and
30°C. Reprinted with permission from [267]. Copyright 2012 American Chemical
Society.
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Fig. 73. Gravimetric water vapor sorption isotherms for the three investigated PIs.
Reprinted with permission from [267]. Copyright 2012 American Chemical Society.

relative pressure equal to 0.6. The analysis of the asynchronous
spectra, for the case of PMDA-ODA, evidenced the presence of two
couple of signals, one at 3660—3570cm~! and the other at
3616—3456 cm ™, that have been interpreted as an indication of
the occurrence of two different water species. A similar pattern has
been found for the case of 6FDA-ODA. In the case of 6FDA-6FpDA a
third, additional, component at 3700cm™"' has been found, that
evolves at the same rate as the doublet at 3616—3456cm ™.

The identification of polymer sites actually involved in the HB
interactions was based on the investigation of the perturbation of
PI spectrum determined by the absorbed water. In Fig. 75 are
reported the fully dry IR spectra for PMDA-ODA and G6FDA-ODA
(blue trace) and for the same PIs after equilibration with water
vapor at p /[po=0.6 (red trace). In the same figure are also reported
(in an expanded scale) the difference spectra (i.e. wet-dry). The
spectra are reported in three different spectral regions, where are
positioned relevant peaks associated to potential proton acceptor
groups on the backbone.

In the 1800—1680 cm ™" region it is evident the red-shift (also
confirmed by the two derivative type features present in the

! PMDA-ODA

3200 Pt ——
- 0.08
§ 2400 0.04
%
£ , 0
2 3600)
g 0 -0.04
=

-0.08
3800 o

3800 3600 3400 3200
Wavenumber (cm™)

difference spectrum, with the negative lobe preceding the positive
one) of both the asymmetric and symmetric stretching modes of
the imide carbonyls (i.e. v,5(C=0) and vy(C=0)). This evidence
indicates the involvement of carbonyls in HB interactions, that
determines a lowering of the force constant of the double bond.
This picture is also consistent with the blue shift observed for the
1378 cm~! band. In fact, this band is essentially associated with the
in-plane deformation of the N—C—O group, that displays a stiffer
force constant upon establishment of HB involving the carbonyls.
Another significant outcome of this spectral analysis is that the
relevant band at 1244cm~!, associated to the asymmetric
stretching vibration of the C—O—C bond, remains practically
unaffected by the presence of absorbed water, thus indicating that
the involvement of ether oxygens as proton acceptors in HB can be
safely ruled out, confirming previous experimental results [387]
and molecular dynamics simulations [388].

The results of vibrational spectroscopy were used to figure out
the HB aggregates formed in the H,O/PI systems. In detail, the
couple of signals at 3660 and 3570 cm™! have been attributed to
the out-of-phase and in-phase stretching of water molecules
interacting by HB with carbonyls (structure I in Fig. 76, water
belonging to the so-called ‘first shell’ hydration layer) while those
at 3616 and 3470cm™' have been associated to self-associated
water (structure II in Fig. 76, water belonging to the so-called
‘second shell’ hydration layer), i.e. water molecules forming,
prevalently, dimers with water molecules interacting with carbon-
yls. The signal at 3616 cm ™! has been assigned to the OH stretching
of the OH bond not involved in the interaction while the signal at
3470cm~! has been assigned to the OH stretching of the
interacting OH bond. It is worth noting that the wavenumber
values reported here refer to the specific case of PMDA-ODA,
slightly different values are detected in the case of 6FDA-ODA and
6FDA-6FpDA. The signal at 3700 cm™~, detected only in the case of
SFDA-6FpDA has been associated to self-associating water
molecules (structure III in Fig. 76) by HB that involves their
oxygen atom.
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Fig. 74. 2D-COS asynchronous spectra obtained by elaborating time-resolved spectra acquired during water sorption at p / po=0.6 for the three investigated PIs. Reprinted

with permission from [267]. Copyright 2012 American Chemical Society.
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Fig. 75. Spectra of PMDA-ODA and 6FDA-ODA in three different regions. Blue traces refer to dry Pls while red traces refer to Pls after equilibration with water vapor at p |
Po =0.6. Difference spectra (wet-dry) in the same regions are also reported (black trace). Reprinted with permission from [267]. Copyright 2012 American Chemical Society.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Based on arguments used to interpret sorption thermodynam-
ics of a similar system (i.e. H,O/PEI), that will be illustrated later,
one can conclude that the ‘first shell’ water molecules actually
bridge two carbonyls (see scheme I). It corresponds to a 1:2
stoichiometry interaction between water and carbonyls. In fact,
there is no evidence of a sharp component at around 3690 cm™,
that is a fingerprint of water molecules interacting with only 1
carbonyl (i.e. 1:1 stoichiometry interaction) [389]. Moreover, the
2D-COS analysis confirms that the water species producing the
signals at 3660 — 3570 cm™! have two equivalent O—H bonds, as it
is expected in the case of 1:2 stoichiometry interaction.

With the aim of obtaining a quantitative estimate of the two
different water ‘species’, LCSF analysis of the water band profile in
the OH stretching wavenumber range has been performed, guided
by the results of 2D-COS analysis to identify the number of
components and the relative peak positions to be considered. Two
analytical peaks were chosen, one representative of the ‘first shell’
water (i.e. the peak at 3568 cm ™!, for the case of 6FDA-ODA) and
the other representative of ‘second shell’ water(i.e. the peak at
3495cm~!, for the case of 6FDA-ODA). The sum of the two
integrated absorbances of each component, normalized by the
sample thickness, L, are reported in Fig. 77 for the three
investigated PIs as a function of total water concentration as
determined gravimetrically. All the values lie on a single curve. The
evident non linearity is associated to the fact that the molar
absorptivity of ‘first shell’ water (¢ ), whose concentration prevails
at low total water concentration and low values of p | po, is smaller
than molar absorptivity of ‘second shell’ water (¢ ), whose relative

concentration increases as the value of total water concentration
and values of p |/ pg increase. From the initial linear behaviour, the
value of ¢ ¢ has been estimated to be 670 & 50 km/mol, from which
a quantitative estimate of the concentration of ‘first shell’ water
was obtained as:

Asses
G ="t (269)

The concentration of ‘second shell’ water, Cg, has been obtained
by the difference between the total water concentration evaluated
gravimetrically and Cg. From this value the ¢ ¢ was estimated to be
equal to 1700 + 100 km/mol.

In Fig. 78 are reported, for the three PIs, the values of the
concentration of ‘first shell’ and ‘second shell’ water at 30°C as a
function of p/po. The values of the ratio of the concentration of
first-shell and second-shell water are collectively reported for the
three PIs vs total water concentration in Fig. 79. Interestingly, all
the values display a common trend.

Water sorption thermodynamics in PIs was interpreted using
NETGP-NRHB approach [386] only for 6FDA-ODA and 6FDA-6FpDA
since, in the case of PMDA-ODA, the polymer degrades near its
glass transition temperature and the scaling parameters of the EoS
for the pure polymer cannot be retrieved from fitting PVT data
above the glass transition temperature. The NRHB parameters used
for pure 6FDA-ODA and 6FDA-6FpDA as well as for water are
reported in Table 9. Results of fitting of gravimetric sorption
isotherms at 30°C are reported in Fig. 80. The two fitting
parameters were the binary interaction parameter, ¥;; = (1 —
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Fig. 76. Schematic representation of the HB interactions in the investigated H,O/PI systems. Atoms color codes: white = H; grey =C; red =0, blue =N; cyan=dummy. The
structures represented are those of the 6FDA-ODA and the 6FDA-6FpDA polyimides. Also indicated, are the frequencies of the stretching vibrations of the O—H bonds for the
different water species. Reprinted with permission from [267]. Copyright 2012 American Chemical Society. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

ki2), and the molar Helmholtz energy of formation of polymer/

water HB interaction, A%, (numerical values are reported in
Table 10). Based on the spectroscopic results the model accounted
for the presence of four proton acceptor groups (carbonyls) per
repeating unit of polymer. Each water molecule was assumed to
carry two proton donor and two proton acceptor groups. The
densities of the two polymers have been assumed to keep a
constant, frozen-in, non-equilibrium value, equal to that of the
starting dry material, assuming that absorbed water does not affect
them. Fitting of sorption isotherms by NETGP-NRHB model
provided also a quantitative estimate of the amount of each of
the different hydrogen bonding adducts that form within the
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Fig. 77. (Asses + A3495)/L as a function of water concentration in the investigated PIs.
Curve is intended for eye guidance only. Reprinted with permission from [267].
Copyright 2012 American Chemical Society.

polyimide-water mixture at phase equilibrium with water vapor at
different relative pressures. In Figs. 81 and 82, for the case of 6FDA-
ODA and of 6FDA-6FpDA, these estimates are compared with the
outcomes of vibrational spectroscopy (after their conversion in
terms of moles of self-HB occurring between water molecules and
moles of cross-HB occurring between water molecules and
polymer backbone, both normalized per mass of polymer). An
excellent matching was found between model predictions and
experimental results.

A system with similar thermodynamic characteristics is the
water/polyetherimide (water/PEI). It has been investigated [260]
adopting the same approach as for the case of water/PlIs, based on
the combination of gravimetry, vibrational spectroscopy and
modelling of sorption thermodynamics by means of the NRHB
model. Further molecular details on the type and amount of
adducts formed by hydrogen bonding were also provided by
molecular dynamics simulations.

The repeating unit of PEI is reported in Fig. 83. Difference
spectra were obtained by performing subtraction spectroscopy
(subtraction of dry PEI spectrum from the spectra collected for the
H,O/PEI system). Time evolution of the difference spectra was
available for each sorption test up to attainment of water sorption
equilibrium. Of particular interest, in the present context, is the
region of the v(OH) band that conveys spectral information on
absorbed water. Difference spectra, collected at sorption equilibri-
um conditions at several relative pressure of water vapor, are
reported in Fig. 84. The OH-stretching region is characterized by
similar features as for the case of the H,O/PIs systems illustrated
before, with an analogous fine structure that has been interpreted
as an indication of the presence of different water species.

10.1016/j.mser.2019.100525

Please cite this article in press as: G. Mensitieri, G. Scherillo, C. Panayiotou et al. Towards a predictive thermodynamic description of Fsorption
processes in polymers: The synergy between theoretical EoS models and vibrational spectroscopy. Mater. Sci. Eng. R (2020), https://doi.org/

5421
5422
5423
5424
5425
5426
5427
5428
5429
5430
5431
5432
5433
5434
5435
5436
5437
5438
5439
5440
5441
5442
5443
5444
5445
5446
5447
5448
5449
5450


http://dx.doi.org/10.1016/j.mser.2019.100525
http://dx.doi.org/10.1016/j.mser.2019.100525

5451
5452
5453
5454
5455
5456
5457
5458
5459
5460
5461
5462

G Model
MSR 100525 1-88

74 G. Mensitieri, G. Scherillo, C. Panayiotou et al./ Materials Science and Engineering R xxx (2019) 100525
1.4 — ; 0.8 — ,
—~ 12} [ o Firstsnel . /A’ O - First Shell ;y B
s 1 - * @ 0.6 L| O:Second Shell X x ]
£ I | ©: Second Shell . g S I
Eg 0.8 | : 7 I’,,// ?; 04| E////) |
£ 06| . T / ] £ -
= Y £
o 04y S 1 0 02! e
¥ I
0.2 | I ‘T/I//
0 i i i i i i 5 —Y . ; .
0 01 02 03 04 05 06 07 0 01 02 03 04 05 06 07
p/p
o PP,
0.7

T T

0.6 | | O: First Shell
0.5 L | O: Second Shell

0.4 L

(e} (mmol/cm3)

0 01 02 03 04 05 06 07 08

p/p,
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Reprinted with permission from [267]. Copyright 2012 American Chemical
Society.

2D-COS was performed on the time-resolved sorption mea-
surement carried out at p/pg=0.6, obtaining the asynchronous
map reported in Fig. 85. Four different components were detected,
arranged pairwise: the 3655—3562 cm™' couple evolving synchro-
nously at a faster rate as compared to the 3611-3486 cm™! couple,
also evolving synchronously. These results indicated that two
distinct water species are present, each of them producing two OH-
stretching modes (in phase at lower frequency and out of phase at
higher frequency).

Information on which interacting groups on the polymer
backbone are actually involved in interactions has been gathered
from subtraction spectroscopy performed on thin polymer films.

Table 9
NRHB parameters for pure polyimides and pure water [386].

Interpretation of the spectra was carried out also relying upon full
Normal Coordinate Analysis (NCA) based on quantum chemistry
methods rooted on Density Functional Theory (DFT). As for the case
of H,O/PIs systems, the results of this analysis highlight the
involvement of the imide carbonyls as proton acceptors in H-
bonding. Conversely, the involvement of ether oxygens in
interactions was found to be negligible. In Fig. 86 are reported
the difference spectra (subtraction of dry polymer spectrum from
the spectra of PEI equilibrated with water vapor) collected in the
frequency range 1820-1660 cm ', at different relative pressures of
water vapor. It is evident a red shift of both the peaks associated to
the symmetric and antisymmetric stretching modes of the imide
carbonyls, at all the relative pressures. This effect is caused by the
electron-density withdrawing operated by the proton which, in
turn, determines a lowering of the C=0 force constant.

In the light of the outcomes of vibrational spectroscopy, the
authors propose that the two peaks at 3655-3562cm™! are
respectively associated to asymmetric and symmetric stretching
modes of isolated water molecules interacting with the PEI
carbonyls with a 2:1 stoichiometry of the carbonyl-to-water
interaction. It means that each of these water molecules bridges
two carbonyls belonging to different imide groups and that only a
negligible fraction of H,O molecules forms a single H-bonding with
an imide carbonyl. Conversely, the two peaks at 3611-3486cm™!
are associated to water molecules self-interacting with the above
water species. In Fig. 87 are reported the proposed architectures of
the two aggregates along with the associated peak frequencies.

A quantitative estimation of the concentration of the two water
species at sorption equilibrium has been obtained by combining
LCSF analysis of the spectral profiles in the v(OH) region with the
gravimetric sorption isotherm. The following equation has been

Component & [J/mol] &, [J/(mol K)] Vo [em®[g] E3Y [J/mol] ™ [J/(mol K)] V3% [em?/mol]
6FDA-ODA 5988.5 43186 0.5736 -
6FDA-6FpDA 54711 3.8652 0.5174 -
Water 5336.5 ~6.506 0.9703 -16100 -14.7 0
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Fig. 80. Fitting by using NRHB model of Water sorption isotherms determined
gravimetrically at 30°C for 6FDA-ODA and 6FDA-6FpDA polyimides.

Table 10
NETGP-NRHB fitting parameters for the two PIs/H,0 systems [386].
System U2 A%, [J/mol]
6FDA-ODA/water 0.787 -12,400
6FDA-6FpDA/water 0.869 -12,100
_ 15
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Fig. 81. Self- and cross- Hydrogen Bonding established in 6FDA-ODA/water mixture
as a function of absorbed water mass fraction.

used to retrieve the molar absorptivity of first- and second-shell
water (& i and & g):

Aﬁ <§ﬁ) As
=gl — () 270
Crot fs &ss) Crot ( )

where L is the sample thickness, Ag and A are the integrated
absorbances (Ag and A are, respectively referred to the analytical
signals at 3562 and 3468 cm™!), Cy is the volumetric concentra-
tion as evaluated at equilibrium at each water vapor activity. In
Fig. 88 are reported the results of LSCF analysis performed on the
subtraction spectrum along with (see the inset) the Ag/Cior VS Ass/
Cior data and their fitting with Eq. (270) curve for evaluating the
absorptivities of the analytical peaks (¢ x=34.5km/mol and ¢
ss=89.7 km/ mol). It was then possible to use the Lambert-Beer
relationship (i.e. Cx=Ag/(L-es) and Ci=Aq/(L-ess)) to estimate the
absolute concentration of each water species at sorption equilib-
rium. These values are reported in Fig. 89A as a function of mass
fraction of water at equilibrium. Moreover, based on the
spectroscopic analysis performed on thin films, it was achieved
a quantitative evaluation of carbonyl groups involved in HB
interactions, see Fig. 89B. As shown in the same figure, the
concentration of interacting carbonyls is identical to the double of

water mass fraction

Fig. 82. Self- and cross- Hydrogen Bonding established in 6FDA-6FpDA/water
mixture as a function of absorbed water mass fraction.

concentration of first shell water, consistently with a 2:1
stoichiometry of the carbonyl-to-water interaction.

Quantitative estimates supplied by MD simulations for the
values of Cg, Css and of concentration of carbonyls involved in HB
interactions, compare very well with the results of FTIR
spectroscopy (see Figs. 89A,B). MD simulations provided also an
interesting insight on the bridging of carbonyls by first-shell water.
From this analysis it emerged that intramolecular bridges prevail
(see Fig. 90). First-shell water molecules prevalently form HBs with
two consecutive carbonyl oxygens. Interchain water bridges are
less frequent, although their number increases with water
concentration.

Water sorption thermodynamics in PEI has been again
described by NETGP-NRHB model. Polymer density has been
assumed to be time-invariant, taking the same value as that of the
dry polymer at the temperature of each of the isotherms. Sorption
isotherms at four temperatures (30, 45, 60 and 70°C) have been
determined gravimetrically and are reported in Fig. 91. Based on
the results of vibrational spectroscopy, in the building of the
model, only one type of proton acceptor groups (the imide
carbonyls) has been accounted for. The values of EoS scaling
parameters for pure PEI and of water and of self HB parameters for
pure water were already available [310]. The curves resulting from
the concurrent fitting of PE sorption data with the NETGP-NRHB
model are reported in Fig. 91. Three fitting parameters were used:
the energy and entropy of formation of water — polymer cross-HB
(E%, and $%,) and the mean field binary interaction parameter
(Y¥r12=1-k;2). As for the case of Pls, the volume of formation of
water — polymer cross-HB has been taken to be equal to zero. The
values determined for the thee parameters are reported in Table 11.

As for the case of polyimides, quantitative estimates of the
amount of each of the different hydrogen bonding adducts that
form within the PEI-water mixture at phase equilibrium with
water vapor at different relative pressures have been obtained
from the fitting procedure of the experimental sorption isotherms.
In Fig. 92 these estimates are compared to the outcomes of
vibrational spectroscopy and of MD simulations (after their
conversion in terms of moles of self-HB occurring between water
molecules and moles of cross-HB occurring between water
molecules and polymer backbone, both normalized per mass of
polymer), achieving a reasonable agreement.

4.2. Retrograde vitrification

EoS approaches can be effectively exploited to predict glassy
and rubbery domains for amorphous polymers exposed to low
molecular weight compounds at different values of temperature
and pressure. Occurrence of glass transition in a polymer —

10.1016/j.mser.2019.100525
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Fig. 83. Repeating unit of PEL Different atom types are explicitly labeled. Reprinted with permission from [260]. Copyright 2017 American Chemical Society.
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Fig. 84. Difference spectra of a PEI film at sorption equilibrium with water vapor at
different relative pressures (Greentrace, dry film; blue, p/po=0.1; black, p/pp=0.2;
dark red, p/po=0.3; magenta, p/po=0.4; dark green, p/po=0.5; red, p/po=0.6) at
T=30°C. Reprinted with permission from [260]. Copyright 2017 American Chemical
Society. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 85. 2D-COS Asynchronous map referred to time-resolved spectra collected I
water sorption experiments performed at p/po=0.6 and T=30°C. Reprinted with
permission from [260]. Copyright 2017 American Chemical Society.

penetrant system is ruled by penetrant pressure and system
temperature. In fact penetrant pressure has a direct mechanical
effect on the glass transition temperature (Tg) and an indirect effect
associated to the plasticizing action of dissolved penetrant that, in
turn, is related to the dependence on temperature and pressure of
the solubility of the penetrant itself within the polymer (the higher
is the concentration of the penetrant the higher is the depression of
T, of the system).

Condo et al. [333] modelled the dependence of the T, of the
polymer-penetrant system on the pressure of penetrant in contact
with the polymer, on the basis of the Gibbs — Di Marzio criterion
for glass transition [171,334], stating that at T, the configurational

0.15 -

0.08 -

AA (AU)
o
o
o

-0.08 4

1780 1740 1700 1660

Wavenumber (cm-')

1820

Fig. 86. Difference spectra collected in the1820 - 1660 cm ™' range for PEI film with
a 3.0 wm thickness after equilibration at different relative pressures of water vapor.
Red navy trace: p/po=0.1; light blue: p/po=0.2; purple: p/po=0.3; blue: p/po=0.4;
red: p/po=0.5; violet: p/pp=0.6. T=30°C. Reprinted with permission from [260].
Copyright 2017 American Chemical Society. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

mixture entropy is zero. This approach is rooted on the
interpretation of glass transition as a second order thermodynamic
transition, i.e. on the existence an ideal glass transition tempera-
ture, T,, that occurs in a polymer, kept constant all the other
conditions, at infinitely slow cooling starting from a rubbery state.
The adopted expression of the configurational entropy was
provided by Sanchez-Lacombe EoS [5]. Four different types of T,
vs penetrant pressure diagrams were identified, ranging from type
I to type IV [333]. The so-called retrograde vitrification relevant
phenomenon was evidenced consisting in the occurrence of a
rubbery-to-glass transition as temperature increases. As an
example, under isobaric conditions, for a polymer-penetrant
mixture at equilibrium with a penetrant fluid phase, the
phenomenon occurs when an increase in temperature determines
an increase in polymer segmental mobility that is overcome by a
reduction of this mobility determined by a decrease of penetrant
solubility within the polymer phase. This phenomenon is
schematically represented in Fig. 93, in the case of a type IV
behavior [390].

Pierleoni et al. [391], for the case of thin films of atactic
polystyrene (aPS) exposed to toluene vapor, adopted dynamic
desorption/sorption experiments to create a T; vs pressure
diagram, obtaining a map for rubbery and glassy states of the
polymer that displays a type IV behavior. The experimental set-up
was arranged to control with high accuracy the rate of change of
the temperature of the system and/or of the pressure of the vapor
phase. In Fig. 94 are schematically illustrated the experimental
patterns of the three types of scan of temperature and pressure
values: isobaric, isothermal and iso-activity tests. An example of
the results of isothermal dynamic desorption/sorption experi-
ments is reported in Fig. 95.
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Fig. 87. Representation of two water species proposed for the PEI/H,0 system. On the left side are depicted the isolated water molecules belonging to the first hydration layer
of penetrant (first shell) and, on the right side, are depicted the self-associated water molecules belonging to the second-shell hydration layer (second shell). Reprinted with
permission from [260]. Copyright 2017 American Chemical Society.
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Fig. 88. LCSF analysis of the subtraction spectrum in the OH-stretching region for PEI-H,0 system at water sorption equilibrium at p/pp=0.6 and 30°C. Are reported the
experimental profile (red trace), the best-fitting curve (blue trace) and the resolved components (black traces). In the inset are reported data for Ag/Cio; VS Asg/Cror and the
fitting performed using Eq. (270) curve for evaluating the absorptivities of the analytical peaks. Reprinted with permission from [260]. Copyright 2017 American Chemical
Society. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 89. (A): Values of (i and C;, estimated from FTIR spectroscopy and from MD simulation, reported as a function of relative pressure of mass fraction of water in the water-
PEI mixture at equilibrium with water vapor at different p/po. Dotted lines are a guide for the eye. (B): Concentration of interacting carbonyls of imide groups determined from
FTIR spectroscopy and resulting from MD simulations are reported as a function of mass fraction. Experimental values of C;; and 2xCy are also reported for comparison
purposes. Reprinted with permission from [260]. Copyright 2017 American Chemical Society.
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Table 11
0.015 NETGP-NRHB fitting parameters for the PEI/H,O system [260].
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Fig. 91. Gravimetric water sorption isotherms in PEL. Symbols are experimental
points. Dotted lines are the results of concurrent curve-fitting of the four isotherms
using NETGP-NRHB.

The authors, considering the glass transition as being a second
order thermodynamic transition, provided a proof of the fact that,
if such a transition occurs in a rubbery polymer mixture in
equilibrium with a penetrant in the vapor state (first order
equilibrium curve), at the junction between the first order and
second order equilibrium curves one observes discontinuities in
the values of the derivatives of mass fraction of penetrant in the
polymer mixture as a function of temperature or pressure. On this
basis they were able, starting from the identification of such
discontinuities in dynamic desorption/sorption experiments, to
construct the rubbery-glassy map for the toluene-aPS system.
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Fig.92. Comparison of the predictions of the NETGP-NRHB model for the amount of
self- and cross-HBs with the outcomes of FTIR spectroscopy and of MD simulations.
Reprinted with permission from [260]. Copyright 2017 American Chemical Society.
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Fig. 93. Schematic glass transition temperature - pressure plot reporting a type IV
behavior and associated retrograde vitrification phenomenon for a mixture of a
polymer with a low molecular weight penetrant. Reprinted with permission from
[390]. Copyright 2018 American Chemical Society.
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Fig. 94. Schematic illustration of the patterns of the three different types of
‘dynamic’ sorption tests performed by Pierleoni et al. [391]. Reprinted with
permission from [390]. Copyright 2018 American Chemical Society.

In a companion paper [390], were presented rubbery-glassy
maps for the toluene/aPS system predicted theoretically by using
the NRHB model, without the terms accounting for specific
interactions. The model was first used to perform a concurrent

201 T=40°C

18 4 dp/dt = 0.16 mbar/min
16
14
12

Mass ratio x 100

Pq

10 15 20 25 30 35 40
Toluene pressure [mbar]

Fig. 95. Isothermal dynamic desorption/sorption experiments performed on PS in
contact with toluene vapor at 40 °C of toluene in PS and at constant rate of change of
the pressure of toluene vapor equal to 0.16 mbar/min. Rubbery to glassy state
transition during dynamic desorption step is highlighted by an arrow. Reprinted
with permission from [391]. Copyright 2017 American Chemical Society.

fitting of toluene sorption isotherms in PS at several temperatures
(ranging from 40 to 110°C), obtaining an excellent agreement. The
only fitting parameter was the mean field interaction parameter,
k1> (=-0.0015 £ 0.0002). NRHB scaling parameters for toluene and
PS were taken from the literature [39,95]. Expressions for entropy
of the mixture were those of the NRHB model. It is to be noted that
in the NRHB theory, as for any lattice theory, the only entropy
accounted for is the configurational one. As a consequence, the
application of the GD criterion consists in taking equal to zero the
total equilibrium entropy of a polymer-penetrant binary mixture
calculated using NRHB model. According to the NRHB approach the
total (configurational) entropy is:

Stot = Str + Sup = St + StFNR + SHa (271)

where S, is the total configurational entropy of the system, that is
made of a ‘lattice fluid’ contribution, S;5 and an ‘Hydrogen
Bonding’ contribution, Sy, that is neglected in the case of toluene/
PS system. S;r contribution is, in turn, the sum of a random
contribution, S;gr (this would be the total lattice fluid contribution
in the case of random mixing) and of a term accounting for non-
random distribution of site contacts in the lattice, S;gnr.
The random term has the following expression:

Stk = Sirr + SiFR (272)

SC:r is an external ‘configurational’ contribution that is
expressed as:

Sirr/(RTN) =

(1=~ v)n(l =~ p) + (I +In(r~v)) /1= xilnx;

+ (2/2)(~v—=1+q/1)(1 -~ p+q/r) (273)

while SN is an ‘internal’ or ‘molecular flexibility’ contribution to
entropy [392], expressed as:

Sikr/(RFN) = <‘%> Iné; (274)

1

where 9; is the so-called
[172,333,393,394].

The non-random lattice fluid contribution is given by [395]:

StrNr/(RPN) =

chain flexibility = parameter

z

5 |-y = Din(Too) — grin(Tn) — Ppin(T)
+(~ v = 1)(©1:Or-In(Ag1)-T'o1 + O2-Or-In(Agz)-To2)
+‘r’—;¢1-@2-@r-zn(Au>-Fu] (275)

The expression of the Syg term is not reported here since is not
relevant for the toluene/aPS system. In Egs. (273-275), x;

Ag
represents the molar fraction of species i, and Aj = e<“_rj>
where Ag; = & + &5 — 2(1 — ki2) (eqg;)°” and &; = & 2. Here i,
i=0.12 and & = 0. Finally, @, = 95—

Details and relevant issues related to the calculation of d; for
each component of the mixture are reported in [390]. It suffices
here to mention that its value is related to the so-called flex energy
for bonds within the molecules of the two components. The flex
energy for each of the components is assumed to be neither
dependent on temperature nor on composition. Its value could be
calculated by zeroing the equilibrium entropy of a pure component
- polymer or penetrant - at T,. Since this temperature is virtually
unattainable, for all practical purposes, in the case of a polymer,
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Fig. 96. Comparison of experimental data for T, vs P taken from ref. [391] with
theoretical predictions obtained using the NRHB model. Reprinted with permission
from [390]. Copyright 2018 American Chemical Society.

one may retrieve the value of flex energy from the experimentally
accessible glass transition temperature, T, (see ref. [396] for
arguments in support of this choice). In the case of the low
molecular weight penetrant, the assumption of full flexibility is
adopted, i.e. of zero flex energy. NRHB model was then used to
obtain theoretical predictions of glass transition temperature as a
function of fluid pressure. To this aim it was solved the set of
equations including the phase equilibrium condition between
polymeric mixture phase and toluene vapor (i.e. the equivalence of
chemical potentials of the two components in the two phases), the
equations of state for pressure for each of the two phases, and the
equation expressing the zeroing of equilibrium configurational
entropy of the mixture. The solution of this set of equations
provides information on the couples of values of temperature and
pressure of the vapor phase at which the equilibrium configu-
rational entropy is zero for a rubbery polymer-penetrant mixture
in phase equilibrium with an external fluid phase.

In Fig. 96 are reported the NRHB model predictions obtained as
described above [390] compared with results obtained by
performing isothermal, isoactivity and isobaric dynamic desorp-
tion/sorption experiments at a pressure change rate of 0.16 mbar/
min [391]. Theoretical predictions were very close, qualitatively
and quantitatively, to the experimental outcomes.

At this point, some remarks on the procedure illustrated above
to predict the glass transition temperature are appropriate. The
theoretical approach of Gibbs and DiMarzio is rooted on the
physical interpretation of glass transition upon cooling as
emerging from a significant reduction of the number of accessible
configurational states related to the increase of rigidity of polymer
chains. Relevant successful quantitative predictions obtained from
application of this approach are reported in the literature
[397,398]. The role of the “configurational entropy” S€ (i.e. the
contribution to the total entropy of the fluid related to the number
of distinct configurational states, with exclusion of vibrational
contributions) is pivotal in the GD theory. Unfortunately, it is rather
difficult to gather a fully reliable quantitative estimate of S¢ from
experiments or from numerical simulations.

Dudowicz et al. [399], in the contribution where they propose a
generalization of the classic entropy approach to glass formation
starting from an analysis of previous entropy theory, provide a
review of the strengths and weaknesses of the GD theory. In their
contribution, Dudowicz et al. highlight as the vanishing of S€ upon
cooling has been suggested to actually result from the intrinsic
inaccuracy of the meanfield calculations of the GD theory and
report as even the identification of a vanishing S¢ with a second-
order phase transition and of the glass transition temperature with
the temperature of this hypothetical transition has been criticized.

The zero entropy GD criterion has been also challenged by
Wittmann and by Binder et al. [400-402] that questioned the
Gibbs-Di Marzio interpretation that the experimentally accessible
glass transition reflects the vanishing of configurational entropy at
a temperature T, in the case of a quasi-static cooling. In particular,
Wittmann, adopting an improved lattice fluid framework, demon-
strated that the hypothesized transition temperature, T, (i.e. the
lowest temperature at which the configurational entropy of the
system is non-negative) vanishes as the coordination number of
the lattice diverges, thus inferring that the existence of such a
transition is likely a consequence of the approximations intro-
duced by the statistics associated to development of the partition
function.

However, Dudowicz et al. [399], as final assessment, suggest
that the concept that glass formation results from an ‘entropy
catastrophe’ still provides a viable model for a qualitative picture of
polymer glass transition, as also supported by mean-field
calculations for spin models [403-405] that are in line with
results generated from GD theory. According to Dudowicz et al.
[399] it can be inferred that S¢ does not vanish but becomes
critically small near T, and the conceptual issues of GD theory can
be largely overcome by considering the configurational entropy of
the lattice model to represent the excess configurational entropy
relative to the entropy of the glass.

In the light of these arguments and of the fact that the GD
theory deals with an ‘ideal glass transition temperature’ (thus
disregarding its difference with the experimentally accessible Tg)
we can comment on the physical soundness of the approach
proposed, in the publications reviewed in this section, to predict
the dependence of glass transition temperature of a binary
polymer-penetrant system. As discussed, this approach is based
on the combination of the GD criterion of zeroing of configu-
rational entropy at the transition with the expression of S©
provided by a compressible lattice fluid theory. Actually, it has to be
considered as an empirical method, guided by the ‘entropy
catastrophe’ concept, to scale the experimentally accessible glass
transition temperature of the pure polymer to the case of polymer-
penetrant mixtures.

4.3. Bubble nucleation and polymer foaming

Porous polymers or polymer foams are attracting particular
attention as candidate materials in numerous applications such as,
scaffolding for tissue engineering, thermal and sound insulation,
packaging, sporting equipment, airplane and automotive parts,
microelectronic and optical devices [392,406-410]. Supercritical
fluids (mainly CO, and N,) are often used for polymer foaming
either in batch or in continuous processes. There is, then, a series of
issues to be addressed for a rational design of polymer foaming
[411]. Apart from the solubility of the blowing agent in the polymer
matrix, one has to account for interfacial phenomena, viscosity/
viscoelasticity issues and, especially, for the peculiar phenomenon
of retrograde vitrification [333,411]. The very formation of pores
inside the matrix may be done by triggering nucleation either by
pressure induced phase separation or solvent induced or even
temperature induced phase separation. It is then of primary
importance to have a reliable and versatile equation-of-state
model as a guide for the rational design of the production of porous
polymers with the appropriate pore size and pore size distribution
[411]. NRHB theory is particularly suited for this purpose [412].

In this sub-section, we will first recall the essentials of the
classical theory of homogeneous nucleation and, subsequently, we
will see how NRHB may assist in the design of porous polymer
structures. Heterogeneous nucleation also occurs when nuclei are
produced on two-phase boundaries, i.e. on the surface of solid
particles (fillers or impurities), on preexisting gas cavities, or
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between areas of different density due to dispersed crystallites.
However, in most cases of neat polymer foaming the results are
discussed assuming homogeneous nucleation.

The first step in polymer foaming is the dissolution of the
blowing agent (say, carbon dioxide) in the polymer matrix. The
saturated system is, subsequently, destabilized thermodynamical-
ly by pressure reduction, as an example. According to the classical
homogeneous nucleation theory, the change in the system free
energy due to gas nuclei formation inside the metastable polymer
matrix can be written as the sum of the free energy gain related to
the new phase formation and the cost (increase) of the free energy
due to the formation of the interface. Thus, in a closed isothermal
system in equilibrium, the free energy change per unit volume due
to the formation of new phase cluster is given by the following
equation [413,414]:
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In this equation, r is the radius of the spherical cell or cluster, y
the interfacial tension, and AP the pressure difference due to the
supersaturation of the system. Eq. (276) is derived assuming
homogeneous nucleation and that the new cluster phase has bulk
phase properties at the same physical state. When AG is plotted
against cluster size, a curve is obtained exhibiting a maximum at a
critical radius r, or:

dAG 2y
=0 = =55 (277)
The maximum AG value for homogeneous nucleation is

obtained by substituting Eq. (277) into Eq. (276), resulting in
the following key equation:

AG = AP+ 472y (276)

. 16my3
Giom =5 412 (278)
The main difficulty of applying Eq. (278), is that the interfacial
tension between a nucleus with critical size and the metastable
polymer matrix is not directly measurable [415]. Thus, in most
cases, in order to apply the classical nucleation theory, this
interfacial tension is approximated with the corresponding
interfacial tension of the macroscopic interface at equilibrium.
Besides <y, much attention should be paid to AP in Eq. (278).
This AP is the pressure difference due to supersaturation of the
system. According to Gibbs [416], this pressure difference, AP=P; -
P,, is the difference of the pressure, Py, that the nucleating phase
would have at the same temperature and chemical potential with
the metastable phase, minus the actual pressure, P,, of the
metastable phase [417]. Very often, this pressure difference is
approximated by the actual pressure drop (quench) during the
rapid depressurization of the system [392,418]. However, with this
approximation the energy barrier for nucleation is rather under-
estimated [417]. On the other hand, this pressure difference,
AP=P; - P,, can be quite well estimated using an appropriate
equation of state model through the following phase equilibrium
condition [416]:

Mga (T, PasXga) = g (T, Pp) (279)

where, T is the temperature, X, is the mole fraction of the gas inside
the metastable polymer phase (usually, set equal to the equilibri-
um solubility at saturation conditions), i¢ is the chemical potential
of the gas; subscripts « and g denote the metastable phase, o, and
the nucleating phase, 3, respectively, while superscript, o, denotes
pure substance (here, the nucleating phase is pure gas).

Having the free energy barrier for nucleation, Eq. (278), the
nucleation rate, N,, which represents the number of stable nuclei
produced in the system per unit time and unit volume, is given by

Pressure / MPa

Fig. 97. Sorption of CO, in polystyrene. Symbols represent experimental data [420]
and lines NRHB calculations.

the following Arrhenius-type equation:

—AGy
No = Jiexp( =) (280)

where, k is the Boltzmann constant and J; a kinetically determined
pre-exponential constant.

From the above exposition and Egs. (276-279), it is clear that
application of the nucleation theory requires a sufficiently accurate
estimation of the dissolved amount of fluid (foaming agent) in the
polymer matrix, and also the estimation of the induced plasticization
of the polymer matrix, of the interfacial tension between the gas
nuclei and the polymer phase, as well as of the chemical potentials of
all components in the metastable polymer and nucleating phases. As
mentioned already, NRHB model can be of much assistance here.

First of all, NRHB and its variations (LFHB, QCHB, COSMO-NREF,
LFCOSMO), as an equation-of-state model, is well suited for the
estimation of solubilities and phase equilibria over a broad range of
pressure and temperature. Second, it is able to describe well the
polymer matrix plasticization and the retrograde vitrification. In
addition, it may be used for a satisfactory estimation of the effect of

=00 1=003
a40 W=0.07] - uppery
420 '
400

Temperature / K

Glassy

— :
10 15 20 25 30 35 40
Pressure / MPa

o
o 4

Fig. 98. The plasticization behavior of CO, — PS system. Experimental data (solid
circles, o) and NRHB predictions (solid line). Open circles (o) show the calculated
glass transition point and w the weight fraction of CO, on every sorption isopleth.
The pressure and temperature conditions used for the foaming experiments that
refer to constant sorption conditions are also shown (solid squares, W) on the
w=0.10 and w=0.11 isopleths [419].
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Tsivintzelis et al. [419] have studied the foaming of polystyrene +
with CO,. Solubility data over a broad range of T and P, were 10° : : . 0
obtained previously by Pantoula et al. [420]. NRHB correlates 0.095 0.100 0.105 0.110
rather well the experimental data, as shown in Fig. 97. This fitting CO, weight fraction
provides also with the binary adjustable parameter) and, thus, the (B)

model may now be used for predictive calculations. The PS
plasticization by CO,, including retrograde vitrification, was
calculated by adopting the Gibbs-DiMarzio assumption of zero
entropy at the glass transition, as discussed by Tsivintzelis et al.
[392]. These experimental glass transition temperatures are
compared with the model predictions in Fig. 98. In the same
figure are also shown the NRHB predictions for the sorption
isopleths (dot lines) and the points on those isopleths (solid
squares), which were selected for performing the constant
sorption foaming experiments [420].

Assuming that the surface tension of the pure supercritical CO,
is zero, and that the polymer - dissolved CO, system is a

10000 5

1000

100

AGpom ! KT

10

Pressure / MPa

Fig. 100. Energy barrier for nucleation against saturation pressure in the
polystyrene-CO, system assuming a very rapid isothermal depressurization to
ambient pressure. The dash horizontal line denotes the conditions used for
performing foaming experiments at a constant energy barrier for nucleation.

Fig. 101. Average pore diameter and cell population density for porous structures
obtained at pressure and temperature conditions that refer to a constant energy
barrier for nucleation [419], reported as a function of foaming temperature (A) and
of CO, weight fraction.

homogenous liquid mixture, the interfacial tension between the
polymer (plus dissolved CO,) phase and the pure CO, gas was
calculated, following Reid et al. suggestion [421], as:

Vi = (1= weo) vyl (281)

These calculations, over a range of temperatures, are shown in
Fig. 99. With the above information, we may now apply Eq. (278)
and calculate the energy barrier for nucleation. These calculations,
over a range of temperatures and pressures, are shown in Fig. 100
[419]. This is a most useful plot for the rational design of polymer
foaming. This plot was used to explain successfully the observed
porous structures along the isopleths of Fig. 98 [419].

In Fig. 100 are also reported, by a dashed line, the experimental
conditions (T, P) for performing foaming experiments under
constant nucleation barrier. Under these conditions we expect
similar porous polymer structures. Indeed, the obtained cell
densities and mean pore diameters were fairly constant over the
studied temperature range and the range of foaming agent content
(dissolved CO, or external pressure), as shown in Fig. 101.

The above calculations are indicative of the capacity and
usefulness of NRHB model for the design of polymer foaming
process and porous polymer products for a variety of applications.

4.4. Gel swelling and collapse

NRHB or LFHB are particularly suited to handle the swelling of
equilibrium amorphous network structures, either by ordinary
solvents or by solvents in the near critical or supercritical state.
What is needed is the addition to the physical and hydrogen-
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bonding terms in the partition function, of a third term accounting
for the rubber elasticity. Equivalently, one may write for the Gibbs
energy of the network structure the following equation:

G = Gpp + Gy + Gy (282)

Various expressions may be used for G [422-425] or for the
elastic factor in the partition function [423,424]. For convenience,
the interpolation expression of Birshtein et al. [425] for the most
common tetrafunctional cross-links will be used here:

3y 1
Ge = kTTE <a§ *ng -2+ lnas) (283)

The key quantity in Eq. (283) is the swelling ratio, as°, that is the
ratio of the equilibrium total volume of the swollen structure to the
equilibrium volume of pure polymer at same temperature and
pressure of the system, or:
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In the previous expressions, v, is the effective number of
crosslinks in the rubber network. Vp, and Vy are the non-hydrogen-
bonding and the hydrogen bonding contributions, respectively, to
the total volume of the system. Subscript ‘2’ refers to the pure
(unswollen polymer). All the other symbols have been defined in the
section 2.

The “elastic” contribution to the equation of state (the extra
term due to Eq. (283)) is:

Ve (pz 1IN
T{v V2<a5 a§+2>a§ (285)

Thus, as an example, the full LFHB equation of state of swollen
networks is:

1\ s Ve 1 1\1
~P+~T[ln(1—~p)+~p(1—?)+§lnl“oo+[vv—2<a§—a—§+i)@”:0
(286)

Of course, the presence of the elastic term modifies the
hydrogen-bonding minimization conditions, which now become:

v, - vi
b _ 0ExXp ap 4,J§1<?¥? 4,41§4+A1>Agfg§
Va0 UOﬁ kT V2 Ots 2 Ols

— I foreach o, B (287)
Aup

In a similar manner, in the case of a binary system, the
contribution to the chemical potential of the solvent (indicated by
subscript ‘1), due to the elastic term is:

Ve (o 1 1N 1
ri~ Vvv] v, (as P + 2> P (288)
In the general case of f-functional crosslinks the ‘!/,’ in the
parentheses in Eqs. (286-288) should be replaced by the ratio 2/f.
In the case of charged (hydro)gels, an electrostatic contribution
to the above formulae should be added. For small charge densities

and m charged segments per network chain, a good approximation
is the van’t Hoff equation for the electrostatic effect, or:

Gion = —kTmveIn(rN) (289)

In the case of a binary system, the electrostatic contribution to
the chemical potential of the solvent is given by:
Ve V
Vo Voo

—mri~ vv* (290)

Fig. 102. Swelling ratio of PDMS rubber with supercritical carbon dioxide at 35°C.
Comparison of experimental data (symbols) [428] with calculations (solid line).
Reprinted with permission from [424]. Copyright 1992 Elsevier Ltd.

One may further use the classical Donnan equilibrium theory in
order to correct the expression for the chemical potential if the
surrounding water of the charged (hydro)gel may be considered a
dilute electrolyte solution. The above formalism is sufficient for
handling swelling and collapse of network structures over a broad
range of external conditions. In practical calculations, the
equilibrium swelling ratio is obtained by setting w;-p;° =0 and
solving for polymer volume fraction. It should be mentioned that
Eqgs. (283-285) and (288-290) (or the corresponding equations if
Flory’s expressions for the elastic term are chosen) may also be
used with the plain PV equation of state [72,73,113,426,427] - a
precursor of NRHB model.

In Fig. 102 is reported a first comparison of experimental [428]
swelling ratios with calculations based on the above formalism
[424]. As shown, the agreement is quite satisfactory up to rather
high external pressures.

In Fig. 103 are compared similar calculations with experimental
data on the swelling capacity of poly(ethylene oxide) (PEO) gels in

700 L\-\ 1HT

v v " OHT

3HT
4HT

Swelling Capacity (pph)

T T T T T T T T T T T
250 260 270 280 290 300 310
Temperature (K)

Fig. 103. Swelling capacities of PEO gels of different cross-link densities in
chloroform as a function of temperature. Symbols are experimental data [429]. The
two dashed lines are the predictions of the model for the lowest (upper curve) and
the highest (lower curve) cross-link densities. Solid lines are calculated by slightly
varying the binary interaction parameter.
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shown in Fig. 105, the model can reproduce well the volume phase
transition (gel collapse) near 306 K.

5. Conclusions

Sorption thermodynamics of low molecular weight compounds
in rubbery and glassy polymers is of relevance for numerous
technological and engineering applications. To this end, the
predictive capability of thermodynamic models would be highly
desirable for material design purposes.

Reliable theoretical approaches need to account for several
complex phenomena, such as penetrant and polymer self- and
cross-associations and nonequilibrium nature of the glassy state.
The Equation of State theories, discussed in this review, provide a
consistent framework to build reliable models for sorption
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Fig. 105. Swelling ratio of water + PNIPA gel as a function of temperature. Symbols
are experimental data from Marchetti et al. [430]. The dashed line are the LFHB
model calculations by Lele et al. [429]. Adapted from [429].

chloroform as a function of temperature for four values of cross-
linking densities [429]. The two dashed lines in Fig. 103 are pure
predictions of the model for the two extreme cross-linking
densities. In view of the complexity of the systems, the agreement
is rather satisfactory.

Lele et al. [429] have also measured the swelling capacity of the
above crosslinked PEOs in water. It is assumed that the water
molecule carries two proton acceptor sites per oxygen atom in PEO
chains. It is expected that the number of available oxygen sites for
hydrogen-bonding will diminish as the degree of crosslinking of
the PEO chains increases. This number is not known but the model
could be used to estimate it. These calculations and predictions are
compared with experimental data [429] in Fig. 104 displaying a
good agreement.

A most interesting application of the model is the description of
gel collapse shown in Fig. 105. The studied gel is the poly(n-iso
propyl acrylamide) (PNIPA) hydrogel. Lele et al. [429] have
assumed that the scaling constants of PNIPA are equal to those
for poly(methyl methacrylate) and were able to calculate, by the
LFHB model, the swelling ratio as a function of temperature. As

thermodynamics, able to deal with these complexities providing
not only the interpretation of sorption isotherms but also of other
relevant features, that include volumetric behavior of rubbery
polymers, interfacial properties of polymer mixtures, enthalpy of
sorption and plasticization phenomena.

In this review the attention has been focused on several EoS
approaches, ranging from equilibrium random mixing compress-
ible lattice fluid theories, accounting only for mean field
interactions, to equilibrium theories explicitly accounting for
several kinds of association phenomena and interactions. Sorption
thermodynamics for the out-of-equilibrium polymers below T,
has also been addressed, illustrating an effective procedure that is
used to extend equilibrium theories to the case of non-equilibrium
glassy mixtures. Overall, the illustrated class of models actually
provide a rather reliable framework for interpretation of absorp-
tion phenomena for which an increasing number of predictive
capabilities is being developed.

In this regard, a relevant issue is related to the evaluation of the
values of model parameters. This topic has been treated,
illustrating both experimental and predictive methods to retrieve
these values. A promising approach to gather qualitative and
quantitative information on self- and cross-interactions is based on
vibrational spectroscopy. The provided examples show the
possibility of detecting the chemical groups actually involved in
the interactions and the quantification of the amount of the
different types of hydrogen bonding interactions occurring in a
polymer-penetrant system. Efforts should be devoted to the
evaluation of entropy and energy of formation of the specific
interactions that could be used to find trends to be extrapolated to
the case of substances for which there is a lack of experimental
characterization.

A key factor towards the attainment of increased predictive
capability is to exploit the synergy between the different
experimental techniques and the theoretical approaches, possibly
combining the wealth of information delivered by vibrational
spectroscopy, with gravimetry, dilatometry, EoS based modelling
of sorption thermodynamics, molecular dynamics, quantum
chemistry and quantum mechanics calculations. Important
improvements are also needed for the prediction of sub-Tg
relaxation behavior and the volumetric evolution of the material
as a function of the histories of temperature, pressure and
penetrant concentration, since polymer density in the mixture
still remains an important parameter heavily affecting the
reliability of sorption models for glassy polymers.

Worth of mention is the theory of Partial Solvation Parameters,
a new type of predictive thermodynamic models, which combines
elements from quantum mechanics, statistical thermodynamics
and QSPR approaches and has the potential to remove some of the
key limitations of the successful COSMO-type thermodynamic
models. Its capacity to handle surface characterization of polymers
| solids is one of its promising features of particular interest to the
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Colloids and Surface Science Community. Much of its strength
resides on the way hydrogen bonding is implemented in both
concentrated as well as infinitely dilute systems.
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