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ABSTRACT: This contribution aims at an understanding, at a molecular scale,
of the state of CO2 molecules absorbed in glassy poly(ether imide) (PEI). This
issue has been challenged by combining different approaches that tackle the
problem from both the experimental and the theoretical viewpoints and
providing a comprehensive physicochemical picture. In situ FTIR spectroscopy
and gravimetry were exploited to gather relevant experimental information,
while molecular dynamics (MD), density functional theory (DFT), and
statistical thermodynamics approaches were used to model the behavior of the
binary system at different scales. Based on the findings of FTIR spectroscopy
and on DFT and MD calculations, it was determined that, among the possible
interaction configurations, some are prevailing. In particular, the carbon atom of
carbon dioxide molecules establishes relatively weak interactions prevalently
with the carbonyl groups of PEI. A quantitative estimate of such interaction has
been provided by MD calculations. The system was also analyzed using a lattice fluid model, specifically developed to deal with
sorption of low molecular weight compounds in glassy polymers, that is rooted on statistical thermodynamics, determining the values
of the isosteric heat of sorption and carbon-dioxide−polymer interaction energy. Finally, experimental data of CO2−PEI mutual
diffusivity have been interpreted using a semiempirical theoretical model accounting for the effects of the penetrant concentration, of
energy barriers associated with the occurrence of an effective diffusive jump, and of a thermodynamic factor.

1. INTRODUCTION
Sorption thermodynamics and mass transport of gases in
synthetic polymers is an important subject in view of its
scientific fundamental interest and of the considerable
industrial impact. This issue has been addressed with
experimental tools, with theoretical modeling and with
molecular simulations.1−13 For example, Theodorou and co-
workers reported a combined computational and experimental
study on the effect of CO2 adsorption on molten atactic
polystyrene properties.14 The motivation of these studies is the
important technological implications, in particular, in the fields
of polymeric membranes for separation of gaseous mix-
tures15−18 and of barrier polymers for packaging applications.19

Poly(ether imide)s are a class of commercial polymers
(under the trade names of Matrimid and Ultem) of choice for
the realization of hollow fiber membranes employed in
separations of CO2-containing gas mixtures, in view of their
high CO2 affinity, thermal and chemical stability, easy
filmability, and good mechanical properties.20 Membranes
realized with neat poly(ether imide)s or with poly(ether
imide)s mixed with inorganic fillers (so-called mixed matrix
membranes) find applications in many separation processes
involving CO2-containing gas mixtures, like biogas upgrad-

ing,21 purification of natural gas (gas sweetening),20 and
enhanced oil recovery.22

Separation operated by permeation through membranes
depends upon the relative values of diffusivity and solubility of
the gases composing the mixture. Membrane selectivity and
permeability of the components in a mixture are related to
molecular level phenomena such as competitive sorption
effects. Physical and chemical interactions between gas
molecules and the polymer matrix play a major role in
determining selectivity due to solubility differences.23 In this
respect, achieving a quantitative understanding and a reliable
mathematical description of the interactions between the
polymer backbone and carbon dioxide could be beneficial for
the rational design of PEI-based membranes for efficient
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separations.24 See Scheme 1 for the schematic representation
of the PEI molecular structure.
Besides the interactions of CO2 with functional groups in a

polymer chain, other relevant factors affecting CO2 solubility
are the steric hindrance effects related to the position of polar
groups on the polymer backbone, the number of electron-
donating groups, and the morphology of the polymer.25

Toward the aim of investigating these interactional issues, IR
spectroscopy is among the most informative experimental
techniques. In fact, it has been successfully employed to
characterize H-bonding systems in which the strength of the
interaction induces clearly recognizable effects in the probe
spectrum, which were exploited to identify and quantify the
involved molecular species.26,27 In the case of weaker
interactions as those produced by CO2, the perturbation of
the probe spectrum is more subtle and more challenging to
investigate. Yet, a careful vibrational analysis of the CO2
fundamental modes will provide experimental evidence of the
occurring interactions.
Our group has already performed several investigations

focused on sorption thermodynamics of low molecular weight
compounds in glassy polymers where modeling of the
thermodynamic behavior of the systems was combined with
the wealth of information provided by vibrational spectroscopy
and gravimetric measurements.26−30 In all the systems
considered, the results of vibrational spectroscopy were used
to tailor the structure of the thermodynamic model used to
interpret sorption thermodynamics. In particular, the inter-
pretation of experimental sorption isotherms was performed
using a statistical thermodynamics approach consisting of the
so-called nonequilibrium theory for glassy polymers with
nonrandom hydrogen bonding,31 NETGP-NRHB. This is a
model based on a compressible lattice fluid that accounts for
the nonequilibrium nature of glassy polymers and possible self-
and cross-specific interactions between polymer and penetrant
(e.g., hydrogen bonding and Lewis acid/Lewis base
interactions). This approach is based on extending to the
case of glassy polymers the theoretical framework of the
equilibrium NRHB equation of state, EoS,32,33 originally
developed by Panayiotou et al. to deal with rubbery polymers.
This extension was performed adopting the procedure
introduced by Sarti and Doghieri34,35 to extend sorption
equilibrium theories, based on the EoS, to the case of glassy
polymers. The same approach has also been used in the
present context. However, due to the weak specific interactions
between PEI and CO2, the terms that take into account the
contribution of the specific interactions have been eliminated
from the model, so that the version adopted in the present
study is referred to as the NETGP-NR model.
To gather further insight at a molecular level, some systems

were also analyzed in the literature by complementing
vibrational spectroscopy and statistical thermodynamics
models with molecular dynamics (MD) calculations.26 In the

present contribution we have further extended the multi-
disciplinary nature of the investigation. With the aim of
interpreting the experimental results provided by vibrational
spectroscopy and gravimetry for the PEI−CO2 system, besides
the statistical thermodynamic approach (NETGP-NR model)
and the MD simulations, we have also employed density
functional theory (DFT) calculations to elucidate the interac-
tional energy for the CO2−carbonyl adduct. These different
approaches provided consistent results in terms of thermody-
namic behavior and of relevant thermal features of the
polymer−gas mixture. This multidisciplinary methodology is
able to deliver a comprehensive and detailed physical picture of
the sorption process and provides a useful framework for the
design and performance assessment of membranes for gas
separations.

2. MATERIALS AND METHODS
2.1. Materials. Amorphous poly(ether imide) (PEI) films (Mn =

1.2 × 104 Da, Mw = 3.0 × 104 Da, glass transition temperature (Tg) =
210 °C, thickness 50.0 μm) were purchased from Goodfellow Co.
(Coraopolis, PA, USA). The films were dissolved in chloroform (15
wt %/wt concentration) to be solution cast on a tempered glass
support. For film thicknesses exceeding 25 μm a calibrated Gardner
knife was used to spread the solution over a glass support; the cast
film was subsequently dried for 1 h at room temperature, 1 h at 80 °C,
and then overnight at 120 °C. Last, the film was removed from the
substrate by immersion in distilled water at 80 °C. The final film
thickness was 56 ± 4 μm for the gravimetric measurements and 67.7
μm for the FTIR measurements. Thinner films for FTIR analysis
(below 5.0 μm) were prepared via a two-step, spin-coating process
performed by a Chemat KW-4A apparatus from Chemat Tech-
nologies Inc. (Northridge, CA, USA). Spinning conditions were 12 s
at 700 rpm for the first step and 20 s at 1500 rpm for the second step.
The spin-coated films were dried in the same conditions as for the
thicker films, and freestanding samples were removed in distilled
water at room temperature.

The pure polymer density has been measured at 25 °C by flotation
in a CaCl2 water solution, and it is equal to 1.297 g·cm−3. The
polymer density at other temperatures has been calculated using a
value of the thermal expansion coefficient, α, equal to 0.56 × 10−4

K−1.18

2.2. FTIR Spectroscopy. Spectroscopic analysis of the sorption
process was made by a time-resolved collection of spectra of PEI films
exposed to gaseous carbon dioxide at constant pressure and at
controlled temperature. The FTIR measurements were performed
under gas flowing using a modified Linkam cell, THMS350 V (Surrey,
UK), equipped with temperature control (−180 to 350 °C) and a
vacuum system. The cell was operated through service lines
connected to a mass-flow controller [MKS type GM50A (Andover,
MA, USA)] for setting the CO2 flux, while a solenoid valve regulated
the pressure inside the cell. The system was equipped with a Pirani
vacuometer and a MKS Baratron 121 pressure transducer (produced
by MKS Instruments, Andover, MA, full scale 1000 Torr, resolution
0.01 Torr, accuracy equal to ±0.5% of the reading).

A schematic representation of the experimental apparatus is
reported in ref 36. Differential sorption tests at 35, 27, 18, and 0
°C were performed by increasing stepwise the CO2 pressure within

Scheme 1. Molecular Structure of PEI
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the 40−150 Torr range. Further measurements on the sample
equilibrated at 150 Torr were performed in the temperature range 0
to −100 °C. Data collection was made by a Spectrum-100 FTIR
spectrometer (PerkinElmer, Norwalk, CT, USA), equipped with a Ge
on KBr beam splitter and a wide-band DTGS detector. Instrumental
parameters were set as follows: resolution, 2 cm−1; optical path
difference velocity, 0.20 cm/s; number of coadded scans, 32 for
equilibrium measurements, 1 for kinetic collections. Full absorbance
spectra (i.e., PEI plus sorbed CO2) were obtained using as
background the single-beam spectrum collected on the empty cell
at the same temperature and CO2 pressure of the test. The spectra
representative of absorbed CO2 were obtained by difference
spectroscopy eliminating the interference of the substrate, i.e., AD =
As − Ar, where AD, As, and Ar represent, respectively, the difference
spectrum (absorbed CO2), the sample spectrum (PEI after CO2
sorption), and the reference spectrum (fully dried PEI film).
2.3. Gravimetric CO2 Sorption Experiments. Stepwise sorption

experiments have been conducted with a gravimetric apparatus based
on a CAHN-D200 microbalance by Thermo Electron Co. (Waltham,
MA, USA) working at controlled temperature and gas pressure. The
balance has a resolution of 10−7 g and an uncertainty of ±3 × 10−7 g.
It is equipped with a measuring chamber whose temperature is
controlled by a thermal bath with an uncertainty of ±0.01 °C. The
whole apparatus is made leak proof with Swagelok fittings. A pumping
station combining a turbopump and a membrane backing pump
(Pfeiffer HiCUBE 80, ultimate pressure 10−7 mbar, pumping speed 35
L·s−1) is used to desiccate the polymer specimen before each
sequence of sorption steps. Two pressure transducers, MKS Baratron
121 A from MKS Instruments of 100 and 1000 Torr full scale
(resolution 0.01% of full scale and an accuracy equal to ±0.5% of the
reading), were used to record the pressure during the experiment.
Sorption tests are conducted by drying first the specimen under high
vacuum and then by modifying the pressure in the sample chamber
stepwise at fixed temperature. The experiments were conducted at
temperature values ranging from 0 to 35 °C. Both sorption kinetics
and the amount of CO2 absorbed at phase pseudoequilibrium were
collected at each pressure at the various temperatures. Further details
about the apparatus can be found in ref 37.
2.4. DFT Calculations: Computational Details. Quantum

chemical calculations were performed using the DFT by the
Gaussian09 package.38 Electronic configuration of all atoms was
described by the 6-31G(d,p) basis set.39−43 To properly identify
CO2−PEI interaction sites and to screen for lower energy level
configurations, we tested several starting geometries, performing, first,
constrained geometry optimizations, forcing the interaction between
CO2 and PEI in different binding points and different orientations.
The most promising structures were fully optimized, removing all
constraints. The M06L functional was employed for both geometry
optimizations and vibrational calculations. Minnesota functionals are
well known to reproduce very well noncovalent interactions and
weakly bound complex geometries.44,45 According to the level of
theory employed, IR frequencies were scaled by 0.950.46

The PEI molecular model was selected to be able to simulate the
relevant functional groups with the associated molecular environment.
The model consists of a section of a single PEI monomeric unit; see
Scheme 2.

If not indicated otherwise, all interaction energies, Eint, herein
reported were calculated as differences between the product energy
and the reactants’ total energy (see Supporting Information), and all
interaction energies were corrected for basis set superposition error
(BSSE correction) with the counterpoise approach of Boys and
Bernardi.47 Negative values for Eint mean stable PEI/CO2 adducts. All
geometries reported in this paper were fully optimized. Vibrational
analysis shows no imaginary frequencies for all reported minima.
2.5. Molecular Dynamics: Computational Details. To model

PEI chains and CO2, we adopted the OPLS-AA force-field.48,49 In the
Supporting Information, SI, the full list of used parameters for bonded
and nonbonded interactions is reported. In Scheme S1, the chemical
skeleton of the PEI repeating unit is reported together with atom type
tags. For all simulated systems, a PEI chain is composed of 12
repeating units. A phenyl group and a hydrogen atom are used as the
chain’s terminals. A pre-equilibration procedure to obtain a well-
equilibrated polymer melt structure is achieved by following the
procedure reported by De Nicola50,51 using subsequent relaxations
using the hybrid particle-field (hPF) method.52,53 In particular, hPF
simulations have been performed in an NVT ensemble by using the
OCCAM package.54 For all hPF simulations a time step of 1 fs has
been employed. The temperature has been kept constant at 570 K by
using the Andersen thermostat55 with a collision frequency of 7 ps−1.
The density field update frequency was set to 1 ps. A more detailed
description of the relaxation procedure can be found in ref 50. The
basics of the hPF simulation method employed here can be found in
refs 52 and 53. The relaxed polymer bulk configuration, obtained by
hPF simulations, has been used as an initial coordinate set for
standard atomistic MD.

To test the accuracy of our modeling approach in describing the
dynamics of polymer chains for the case of neat PEI and of a PEI
matrix containing absorbed CO2 molecules, additional calculations
have been performed aimed at the evaluation of the Tg of the
proposed atomistic model of PEI, as determined by the location of the
change of slope in the density−temperature curve.56−60 Three
systems have been considered: neat PEI, a PEI matrix containing
0.2004 g CO2/100 g PEI, and a PEI matrix containing 0.8064 g CO2/
100 g PEI. A series of constant-NPT MD simulations are performed
at different temperatures (each system was cooled from 700 K
stepwise to 300 K by decrements of 50 K), and the equilibrium
density was recorded for each of them. Full details of the adopted
procedure along with relevant results obtained are reported in Section
S2 of the SI (in the same section is also shown the agreement of
model predictions with experimental X-ray scattering intensities of
neat PEI at 308 K). The results of calculations give an estimation of
Tg of 494 +/− 4 K,59 thus providing an indirect mean of validation of
the accuracy of representation of polymer chain dynamics. It is worth
noticing that, from the performed calculations, the predicted values of
Tg of PEI−CO2 systems with a mass fraction of CO2 equal to 0.02 and
0.08 are indistinguishable from those predicted for neat PEI,
indicating that the dynamics of polymer chains is unaffected by the
presence of the amounts of CO2 considered in the present
investigation.

According to the experimental gas concentrations, corresponding
to the sorption isotherm obtained at 308.15 K and reported in Figure
7, a certain number of CO2 molecules have been randomly inserted in
the pre-equilibrated PEI matrix by using the Packmol package.61 In
total, four systems have been prepared (system compositions are
reported in Table 1). All atomistic simulations (PEI and PEI/CO2)
have been performed in the NPT ensemble by using the GROMACS
package.62 A time step of 2 fs was used for all simulations. The
nonbonded interactions modeled by Lennard-Jones potentials were
truncated after a cutoff of 1.1 nm, while the Coulomb long-range
interactions were treated by generalized reaction-field (ϵrf = 5, cutoff
1.1 nm). The temperature of the systems was controlled, at 308.15 K,
using the Berendsen thermostat,63 with a characteristic coupling time
τ = 0.2 ps. The pressure was kept constant at 1 atm using the
Berendsen barostat (τP = 2.0 ps).63 All bonds involving hydrogens
have been constrained by using the LINCS algorithm.64 For all PEI

Scheme 2. PEI Molecular Model Adopted in DFT
Calculationsa

aHydrogen atoms are omitted.
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systems including CO2 molecules, a pre-equilibration run of 15 ns was
followed by a production run of 600 ns, as indicated in Table 1.
2.6. NR and NETGP-NR Models: Description of Sorption

Thermodynamics and Relevant Thermal Properties. Non-
equilibrium thermodynamics of glassy polymers (NETGP)34,35 is a
theoretical framework rooted upon the thermodynamics of systems
with internal state variables65−69 aimed at describing sorption
thermodynamics of low molecular weight compounds in glassy
polymers. It is based on the extension of equilibrium thermodynamics
models to the case of pseudoequilibrium between an equilibrium
multicomponent penetrants fluid phase (where, generally, the
polymer is assumed not to be present) and the corresponding

polymer-penetrants phase locked in an out-of-equilibrium “glassy”
state. In the present contribution, we adopt the NETGP procedure to
extend the NRHB compressible lattice fluid (LF) model,32,33

obtaining a theoretical framework to be used to interpret the
thermodynamics of glassy polymer−absorbed gas systems. The
corresponding NETGP-NRHB model27,31 accounts for the non-
randomness of distribution of mean-field contacts and voids within
the lattice and for possible occurrence of strong specific interactions,
e.g., hydrogen bonding and Lewis acid/base interactions.

For the PEI−CO2 system under investigation, vibrational spec-
troscopy analysis, molecular dynamics simulations, and ab initio
calculations, also reported in the present contribution, provide
evidence for disregarding the occurrence of hydrogen bonding
(HB) interactions, as well as of other specific interactions, in the
implementation of the model. Based on this indication, to interpret
PEI−CO2 data we have adopted a simplified version of the NETGP-
NRHB model that does not account for specific interactions, which is
here referred to as the NETGP- nonrandom (NETGP-NR) model. It
is based on the general nonequilibrium expression of the Gibbs energy
obtained by extending the corresponding NRHB equilibrium model

Figure 1. Absorbance spectra in the 3250−2150 cm−1 range (A) and in the 770−550 cm−1 range (B) of the fully dried PEI (blue trace) and of PEI
equilibrated at 150 Torr of CO2 pressure. Both spectra were collected at −50 °C on a 2.6 μm thick film.

Figure 2. fwhh and relaxation time, τv, as a function of temperature in
the −100 to 35 °C range.

Figure 3. Integrated molar absorptivity, ε, as a function of
temperature in the 0−35 °C interval. The inset displays the analytical
signal (ν3) in the explored pressure range at 27 °C.

Figure 4. Fully optimized structures for PEI/CO2 complexes.
Hydrogen atoms are in white, carbon atoms are in gray, oxygens
are in red, and nitrogen atoms are in blue. Important distances and
corresponding interaction energies are also reported.
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without the HB contribution (referred to as the equilibrium NR
model).

The phase equilibrium between an external multicomponent fluid
phase (a mixture of penetrant in the liquid or vapor state), in which
the polymer is assumed to be not soluble, and a condensed glassy
polymer phase containing absorbed penetrant molecules can be
described by imposing the equivalence of chemical potentials of the
penetrants in the two phases. The chemical potentials of the
penetrants within the fluid phase can be described by the equilibrium
NR model, while the chemical potentials of the penetrants within the
polymer phase are expressed in terms of the NETGP-NR model.27

This is a pseudophase equilibrium in view of the nonequilibrium state
of the polymer phase.

The corresponding set of equations that dictates the pseudoequili-
brium condition is

=T n T P n n n( , , ) ( , , , , ..., )i i t
IE

p
eq

1 2 (1)

In eq 1 the number of penetrants is t, the total number of
components, including also the polymer species, is t + 1, and n⃗ ≡ (n1,
n2, ..., nt+1) is a vector of variables, each component of this vector
representing the number of moles of every component. The symbol
μiIE(T, n⃗, ρp) represents the chemical potential of penetrant i within
the polymer phase calculated using the NETGP-NR model. The
superscript IE (“instantaneous equilibrium”) refers to a relevant
assumption made in the development of the NETGP-NR model:

Figure 5. (a) Comparison between RDFs calculated at 303.15 K for C−OC (black lines) and C−N (red lines) pairs calculated for systems at
0.2004 and 0.8064 CO2 mass fractions. In panels (b) and (c) two representative snapshots showing the distance between the carbon atom C (CO2)
and atom types OC and N (imide groups) are reported. The carbon dioxide molecule is reported in yellow to highlight its position. Only a single
chain of PEI, interacting with a carbon dioxide molecule, is reported for simplicity. The OC and N type interacting with CO2 are labeled, while for
the remaining PEI chain the atom color code is blue (nitrogen), white (hydrogen), cyan (carbon), and red (oxygen). (d) Chemical structure of a
PEI repeating unit. Atom types are indicated by arrows (red text in brackets). For clarity, the hydrogen atoms are omitted except for the ones used
for the labeling. The label C is used for the carbon atom of carbon dioxide.

Figure 6. RDFs calculated at 308.15 K for the carbon and oxygen atoms of carbon dioxide with respect to PEI’s functional groups (these sites are
defined as center of mass of the corresponding functional group). Four different concentrations of CO2 in PEI have been considered. RDFs have
been calculated by time averaging the last 100 ns of the production runs.
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although a nonequilibrium value for polymer density is imposed, it is
assumed that the number of pair contacts in the lattice is calculated
using the equilibrium expressions (see the SI file for further details on
this point). The symbol μiIE(T, P, n1, n2, nt) represents the chemical
potential of penetrant i within the external multicomponent fluid
phase calculated using the equilibrium NR model. It is worth noting
that μiIE does not depend upon pressure (see the SI file). This is a
relevant result of the classical development of NETGP theory (see
refs 27 and 34).

More details on the NR and NETGP-NR models, on the
mathematical expressions provided for the chemical potentials, on
the related assumptions, and on the model parameters are reported in
the SI file.

For the system under investigation the glassy polymer is contacted
with only one penetrant, so that the external phase is pure gaseous
CO2, while the polymer phase is a binary mixture (for the binary
mixture at hand we use the subscript “1” to refer to CO2 and the
subscript “p” to refer to PEI). Equation 1 has been used to interpret
experimental sorption isotherms of carbon dioxide in poly(ether
imide) at several temperatures determining the values of the two
binary interaction parameters, k0 and aT (see the SI file for details),
from the fitting of the experimental data. Once the parameters have
been estimated, the equations of the NETGP-NR model have been
then used to predict some relevant thermal and interactional
properties. In fact, we have estimated, using this model, the isosteric
heat of sorption of CO2, ΔHCOd2

ISOST, in PEI (to be compared with its
value determined from experimental sorption isotherms) and the
interaction energy of an absorbed molecule of CO2 with the
surrounding polymer matrix (to be compared with its value estimated
by DFT calculations).

A theoretical estimate of the isosteric heat of sorption of a pure gas
in a glassy polymer can be obtained based on the following equation
(see the SI file for details):

=H H T P H T n( , ) ( , , )p1
ISOST

1,0
eq

1
IE

(2)

where H̲1,0
eq represents the corresponding equilibrium molar enthalpy

of the pure penetrant phase at a given pressure P and temperature T.
Its value is provided by the NR model (see the SI file) as applied to
the pure component case. H̅1

IE represents the partial molar enthalpy of
the absorbed gas and can be calculated from
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The values of μ1
IE and of ( )S

n
T n, ,p p

IE

1
can be calculated using the

NETGP-NR theory (see the SI for details). An independent estimate
of ΔH̅1

ISOST can be obtained based on experimental sorption data
collected at low pressure. In fact, in such conditions, since the gas-
phase fugacity coefficient can be set equal to unity (ideal gas limit)
and the gas-phase excess enthalpy difference, i.e., H̲i

g(T, P) − H̲i
g,* (T,

P = 1 atm), can be neglected, the following expression (see ref 70 and
also the SI) holds:

=H RT
P

T
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c
1
ISOST 2

a
1

i
k
jjj y

{
zzz

(4)

P and T are, respectively, the values of temperature and pure gas
pressure at which the absorption experiment is performed, while c1a
represents the amount of gas absorbed in the polymer phase. In the
present contribution, the term ( )P

T c

ln
a

1

is calculated re-elaborating

the experimental sorption isotherms, with no need of specifying any
functional form for the chemical potentials.70

The NETGP-NR model can be used also to evaluate theoretically
the interaction energy of an absorbed CO2 molecule with the
surrounding glassy PEI matrix. In a binary system, the mean-field
interaction energy per mole of penetrant in the limit of infinite
dilution, E̲1p,0, can be estimated using the NETGP-NR model once
the binary interaction parameters, k0 and aT, have been determined
from the fitting of experimental sorption isotherms. In fact, it can be
demonstrated (see the SI for details) that

= =E
N

zN q z qlim limp p
N

p
p p
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p p1 ,0 1

0

1
IE

1
1 1 1

0
1
IE

1
1 1 (5)

where ε1p represents the mean-field interaction per each LF contact
between a segment of species 1 and a segment of species p, N1
represents the number of molecules of penetrant in the penetrant−
polymer mixture, Γ1p

IE is the nonrandomness factor (see the SI for
details) for the contacts between a segment of species 1 and a
segment of species p under “instantaneous equilibrium” conditions,
and q1z represents the total number of external contacts for a
molecule of species 1 (the parameter q1 accounts for the structure of
the molecules of species 1 within the lattice, in terms of its subdivision
in r1 segments). The factor zN1q1 represents the total number of
external contacts of species 1 within the lattice. Finally, Θp represents
the ratio between the total number of contacts of species p and the
total number of contacts within the lattice, which in turn provides, in
the case of a random distribution of LF contacts, the probability that a
contact involves the species p. The limit present in eq 5 has been
calculated numerically.

The theoretical calculation of E̲1p,0 can be then performed using eq
5 once Γ1p

IE(x1, T, ρp) is known from the NETGP-NR model.
2.7. Modeling Mutual Diffusivity in a Glassy Polymer−

Penetrant Binary System. In the limit of low penetrant
concentrations in a rubbery polymer, a Fickian diffusive behavior71−75

is generally observed. Therefore, in a sorption experiment of a
penetrant in polymer slab (one-dimensional geometry, binary case)
the following equation describes the sorption kinetics:71

Figure 7. Experimental sorption isotherms of CO2 in PEI at several
temperatures. Continuous lines represent the best fitting results
obtained using the NETGP-NR model.

Table 1. MD Simulated Systems at Different Concentrations
of CO2

a

CO2mass/
PEI mass ×

100

no. of
PEI

chains

no.
of

CO2

no. of
particles

aver. box size (X, Y, Z)
[nm]

time
[ns]

0.2004 108 31 90 813 12.67 × 12.69 × 6.34 600
0.4016 108 71 90 933 12.63 × 12.73 × 6.38 600
0.6036 108 101 91 023 12.63 × 12.76 × 6.36 600
0.8064 108 141 91 143 12.65 × 12.73 × 6.38 600

aThe concentration as mass of CO2/mass of polymer × 100.
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where M0 is the initial mass of the penetrant present within the
polymer (uniform concentration), M(t) is the penetrant mass present
within the polymer at time t, M∞ is the asymptotic value of penetrant
mass present at infinite time, L represents the thickness of the sample
slab, and D12 is the so-called mutual diffusivity, assumed to be
independent of penetrant concentration (the so-called “ideal Fickian”
behavior). The sorption experiment modeled by eq 6 is performed
starting from an initial uniform concentration within the slab that is in
equilibrium with the external fluid phase. At the start of the
experiment, the pressure of the external fluid phase is stepwise
increased to a higher value, thus determining the start of the diffusion
process of the penetrant within the polymer. The concentration of the
penetrant thus reaches, at the end of the sorption process, a new
uniform equilibrium concentration. A fingerprint of the ideal Fickian
behavior is the linear dependence of tvsM t

M
( ) up to 0.5M t

M
( ) with

a slope that does not depend on penetrant concentration.
In the case of glassy polymers, mutual diffusivity is dependent on

concentration even at low concentrations.69,70 However, one can still
use eq 6 to interpret sorption kinetics provided that the change in
concentration during the sorption run is not too high (this type of
behavior is generally referred to as “nonideal Fickian” behavior). In
such a case, one can assume that the mutual diffusivity is roughly
constant during each sorption step. The value of D12 that one gathers
from fitting of the sorption curve thus represents an average of the
values corresponding to the uniform initial and final penetrant
concentration. This average value of diffusivity can be associated with
the mean value of concentration (arithmetic average of the initial and
final values of uniform concentration). In the present investigation
step sorption experiments have been performed at different values of
temperature. It was then possible to determine the dependence of
mutual diffusivity on penetrant concentration and temperature.

The mutual diffusivity coefficient, D12, in a penetrant−rubbery
polymer binary system can be expressed76−81 in terms of the so-called
intradiffusion coefficient of the penetrant, D1, that represents the
intrinsic mobility of penetrant in a binary mixture in the case of a null
value of the gradients of the chemical potentials of the two
components:

= =
( )

D D

D V

RTp

p p
T P

12 1

1 1
, , p

1

1

(7)

This equation holds true not only at small penetrant concentrations
but also over a major portion of the concentration interval of the
binary system.76,77 In eq 7V̂p is the partial mass volume of the polymer
in the mixture.

In the case of a glassy polymer, eq 7 still holds76,77 but the

“thermodynamic factor”,( )
T P, , p

1

1
, is now calculated numerically on

the basis of the NETGP-NR model (i.e., as
T ,

IE

p

1

1

i
k
jjj y

{
zzz , where the

expression of μ1
IE is provided by eq S19 coupled with eqs S8 and S15,

reported in the SI file. In the limit of low concentration of penetrant
in a glassy polymer, V̂p is approximately equal to 1/ρp (where ρp is the
nonequilibrium polymer density) since the partial mass volume of the
penetrant can be assumed to be equal to zero. Equation 7, where the
mutual diffusivity coefficient depends upon a “thermodynamic factor”
provided by the NETGP-NR theory, is referred to in the following as
NETGP-NR-DM (where DM stands for “diffusion model”).

Inspired by the Cohen−Turnbull expression for the self-diffusion
coefficient in the case of a one-component fluid,76 we have adopted
for the intradiffusion coefficient, D1, of a penetrant in a binary glassy
polymer−penetrant mixture the following simple empirical law:
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with α = σc/Ed. In eq 8D00 and Ed represent, respectively, a constant
pre-exponential factor and a constant activation energy term that
accounts for energetic barriers (related to the polymer−penetrant
interactions and to the cohesive energy of polymer molecules) to be
overcome to realize an effective diffusive jump of a penetrant
molecule, while σc represents a term accounting for the effect of
penetrant concentration (c [mass of CO2/mass of polymer]) on the
intrinsic penetrant mobility in the binary mixture. In principle, these
three constant parameters only depend on the nature of the
components of the binary mixture, and their values can be retrieved
from a nonlinear fitting of the experimental D12 data, using eqs 7 and
8.

3. RESULTS AND DISCUSSION
3.1. FTIR Spectroscopy. In Figure 1A,B are reported the

spectra of a fully dried film of PEI (blue traces) and of the
same film equilibrated at −50 °C under a CO2 pressure of 150
Torr (red traces). The antisymmetric stretching mode of CO2
(ν3) produces an intense signal at 2336 cm−1 in an
interference-free region, which is well suited for quantitative
analysis and for getting information at the molecular level (see
Figure 1A). The bending mode (ν2) is found at around 655
cm−1 but is weaker and partially overlapped to polymeric bands
(see Figure 1B). The intensity of the ν3 peaks is linearly
correlated to the CO2 concentration in the polymer according
to the Lambert−Beer law, as shown in Figure S1 of the SI file.
The isotherm evaluated spectroscopically at 35 °C in the range
0−160 Torr is reported in Figure S2 of the SI file.
Time-resolved FTIR measurements allow one to monitor the

sorption/desorption kinetics. At 35 °C and 70 Torr of CO2
pressure, the behavior is Fickian (see Figures S3A and S4 of
the SI file for the kinetics measurements based on the signal
corresponding to the stretching mode of CO2 (ν3)); as
expected, at 0 °C under the same pressure, the process slowed
down (Figures S3B, S4 of the SI file). Comparing the sorption
and desorption kinetics (Figures S5 of the SI file) it is noted
that at 35 °C they are coincident, which is indicative of a host/
guest system with no or very weak interactions. Conversely, at
0 °C a significant hysteresis is observed suggesting a
strengthening of the PEI/CO2 interactions at this temperature
that promote the dependence of CO2 diffusivity on
concentration (the value increases with concentration).

Further information on the host/guest interactions can be
gathered from the spectra of the probe and the substrate.
Considering first the antisymmetric stretching of CO2, it is
known that, according to the theory of vibrational line shapes,
the profile of this transition can be described by the sum of a
Gaussian and a Lorentzian band shape, both centered at the
peak maximum. The two-component profile is evident in
systems with no molecular interactions.80 In the case of a
collisional relaxation mechanism, this complex band shape is
due to the probe dynamics, in particular to free rotation in the
early stages of the relaxation process, producing the Gauss
component and a faster decay at later stages, giving rise to the
Lorentz band. Whenever a Gaussian component is evident, a
significant free-rotation regime exists, which, in turn, indicates
that the probe interrogates a poorly or noninteractive
environment with a sizable free volume.81 In the present
case, the ν3 vibration produces a sharp, highly symmetrical
peak centered at 2336 cm−1 plus a satellite band partially
resolved at 2324 cm−1. The latter is a nonfundamental
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vibration [a (v3 + v2) − v2 hot-band enhanced by Fermi
resonance] and does not originate from a CO2 population
other than that producing the main signal. Regressing the
experimental profile with a standard line shape model,82 it is
found that the 2336 cm−1 component is reproduced with high
accuracy by a single Lorentz function, while the weaker band at
2323 cm−1 is better simulated by a Gaussian band shape. The
results of the curve-fitting analysis are reproduced in Figure S6
of the SI file. Vibrational relaxation may occur through
numerous mechanisms, among which are inter- or intra-
molecular vibrational energy transfer, energy transfer by
collision, and vibrational dephasing from stochastic modu-
lation.83,84 It has been shown that for the case of the ν3 mode
of CO2 dissolved in water the vibrational relaxation time τv can
be derived from the full width at half-height (fwhh) of the
band according to85,86

=
×c

1
fwhhv (9)

At 35 °C the relaxation time is 1.65 ps: it increases linearly
on going from 35 to −40 °C and reaches a plateau value of
1.82 ± 0.01 ps in the −60 to −100 °C interval (see inset of
Figure 2). The value at 35 °C is fast compared to collisional
relaxation or dephasing processes, whose τv values typically
range between 5 and 10 ps at ambient temperature.84,87 This
result suggests a more efficient energy transfer process, in
particular a vibrational mode coupling.87 For CO2 dissolved in
water the τv was estimated to be 1.0 ps at 27 °C and showed an
analogous decreasing trend with temperature, although the
analysis was performed in the 27−250 °C range.86 The
observed behavior was attributed to the direct association of
H2O with CO2 molecules, which activates a vibrational
coupling path toward energy relaxation. The same mechanism
can be invoked in the present case, confirming the occurrence
of a molecular interaction between the probe and a functional
group on the polymer backbone. The band shape consisting of
a single, sharp Lorentzian strongly suggests that, within the
sensitivity limit of the technique, all the absorbed CO2
molecules are interacting and that the interaction is specific,
i.e., involves only a given functional group of the polymer.
The direct association of CO2 molecules with PEI binding

sites is further confirmed by the analysis of the ν2 mode. For
the isolated molecule this vibration is degenerate, but, in the
case of association, distortion of the linear O�C�O structure
removes the original D∞h symmetry and activates in-plane and
out-of-plane vibrations. In this situation, the signal splits in two
components, providing a clear signature of the occurring
interaction. In Figure S7A, of the SI file, is reported the ν2 band
of CO2 in PEI for spectra collected at sorption equilibrium in
the temperature range 35 to −50 °C. For comparison, Figure
S7B, of the SI file, displays the ν2 mode of CO2 absorbed in a
noninteracting medium (ethylene−propylene copolymer). The
splitting effect in the PEI/CO2 system is evident, while a single,
symmetrical profile is observed in the absence of interactions.
It has been demonstrated88−91 that the degree of splitting of
the ν2 mode (i.e., the difference between the frequencies of the
two components, Δν = ν2″ − ν2′) is a sensitive measure of the
interaction strength. In PMMA, where a Lewis acid−Lewis
base (LA−LB) interaction involving the oxygens of the
backbone carbonyls (LB) and the carbon atom of CO2 (LA)
was assumed, Δv amounts to 8 cm−1. Likewise, Δν is 7.7 cm−1

for poly(butyl methacrylate), 7.9 cm−1 for poly(vinyl acetate),
and 4.7 cm−1 for poly(vinyl fluoride); that is, it decreases as the

interactions (the Lewis base sites of the polymer) get weaker.
In the present system, the spectroscopic signatures point to an
analogous interaction mechanism, involving the imide carbon-
yls as LB. The ν2 components were resolved by an LSCF
analysis and provided a Δν value of 6.5 cm−1, revealing an
interaction strength lower than in PMMA, whose ΔH was
estimated to be 1.0 kcal/mol.88 The lower LB character of the
imide carbonyls compared to those in PMMA is to be ascribed
to the extensive conjugation of the C�O bond in the
substituted phthalimide structure. For the same reason,
phthalimide carbonyls are among the weakest proton acceptors
in H-bonding interactions.89

The involvement of the PEI carbonyls was further confirmed
by the red-shif t of both in-phase and out-of-phase ν(C�O)
modes in the presence of CO2, which is caused by a decrease
of the carbonyl force constant. The effect is very subtle
(maximum shift = −0.25 cm−1) and is best appreciated by
difference spectroscopy (DS). In Figure S8, of the SI file, is
reported the DS spectrum collected at −50 °C, which
evidences the red-shif t signature, i.e., two first-derivative
features centered at 1779 and 1726 cm−1. The difference
spectrum is featureless in the remaining frequency range,
suggesting that ether oxygens (at 1238 and 1215 cm−1),26

albeit potentially interactive, remain unperturbed. This
observation confirms the specific character of the C�O/
CO2 interaction.

The molar absorptivity, ε, of the ν3 mode was measured in
the temperature range 0−35 °C by combining the spectro-
scopic and the gravimetric isotherms (Figure 3). At 27 °C ε,
evaluated in terms of absorbance area, was 1.36 × 104 cm/
mmol, in good agreement with the value for CO2 dissolved in
water (1.58 × 104 cm/mmol).86 In terms of peak height, the
present value of 1.30 × 106 cm2/mol is to be compared to 0.9
× 106 and 1.5 × 106 cm2/mol reported, respectively, in refs 86
and 90.

A significant temperature dependence was observed,
described by the linear relationship

= ± × ° ±
× =

T

R

(cm/mmol) (234 79) ( C) (7 1.8)

10 ; 0.9883 2 (10)

It is explicitly noted that the validity of eq 10 is not
warranted outside the explored temperature range. An
analogous temperature effect on molar absorptivity was
reported for CO2 dissolved in water.86 These results have a
critical impact on the recently proposed technique for studying
the thermodynamics of weak solid−gas interactions via FTIR
spectroscopy (the so-called VTIR method), based on the
assumption of a negligible temperature dependence of ε.91
3.2. DFT Calculations: PEI/CO2 Structures and Vibra-

tional Spectra. We performed quantum chemical calculations
of different PEI/CO2 adducts with a 2-fold purpose: (i) to
identify the most stable supramolecular complex and the
preferential site of interaction on the polymer backbone; (ii) to
simulate the FTIR spectrum of the adduct, thus deepening the
interpretation of the spectroscopic results.

In order to look at all possible interaction sites between CO2
and PEI, several starting geometries have been tested. At first,
constrained geometry optimizations, forcing the interaction
between CO2 and PEI in different binding points (i.e., nitrogen
atom, phenyl ring, sp3 and sp2 oxygen atoms of PEI) and
different orientations, have been performed. Then, the most
promising structures were fully optimized, removing all
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constraints. Only three different minima were identified: one
that features CO2 coordinated to the PEI carbonyl group,
PEI(C�O)/CO2 (Figure 4A), one where CO2 coordination
involves both the carbonyl and, partially, the phenyl ring,
PEI(Ph)/CO2 (Figure 4B), and a last one where CO2 is
interacting with PEI through the etheric oxygen, PEI(C−O−
C)/CO2 (Figure 4C). The obtained results show quite clearly
that coordination of CO2 to PEI preferentially occurs through
the carbonyl oxygens of PEI. Even if coordination through
etheric oxygens appears to be energetically possible, it is less
favored, in particular, at low CO2 concentrations. The
PEI(C�O)/CO2 minimum (see Figure 4A) shows a C�
O−CO2 distance of 2.77 Å and an interaction energy around
−17 kJ/mol. The possibility of CO2 coordination through PEI-
phenyl rings was thoroughly investigated. The only stable
structure that we calculated displays just a “proximity” between
the CO2 and the phenyl ring, with a detected average distance
of 3.79 Å and a C�O−CO2 distance of 2.92 Å (see Figure
4B). This structure is almost isoenergetic with the previous one
(see Table 2). In fact, the slightly weakening of the C�O/
CO2 interaction is balanced by the proximity between the CO2
molecule and the PEI phenyl ring that contributes to stabilize
the structure.
A comparison between DFT-calculated spectra and their

experimental counterparts (see Table 2) highlights the
reliability of the QM analysis. Considering first the PEI(C�
O)/CO2 model, it is found that the simulated spectrum is able
to capture not only the direction of the shifts induced by the
interaction but also their absolute values, especially for the two
carbonyl components and the ν3 mode of CO2. For the ν3
mode, the agreement is less satisfactory both for the peak
position in the unperturbed model and for the predicted
perturbation. This discrepancy has been already documented91

and was ascribed to the distinct sensitivity of this vibration to
the properties of the surrounding medium. However, the

simulation correctly predicts the splitting of the ν2 signal,
originally at 620 cm−1, in two components at 613−629 cm−1,
due to the distortion of the linear CO2 structure. The
departure of the O�C�O angle (β) from 180° is a
characteristic of LA−LB complexes and is a sensitive measure
of the interaction strength.92,93 In the present case, a β value of
177.7° points to a moderate/weak LA−LB interaction, in
comparison to the reference values for a wide number of CO2/
donor complexes reported in ref 93.

The above considerations can be extended to the PEI(Ph)/
CO2 model. The calculated spectrum is essentially coincident
with the one previously discussed, confirming that vibrational
spectroscopy is unable to discriminate between the two
structures. The β value is 178.2°, due to the weaker interaction
strength.

Finally, the PEI(C−O−C)/CO2 model predicts a significant
perturbation of the νas(C−O−C) vibration calculated at 1199
cm−1 and observed at 1214 cm−1 (a red-shif t of 7 cm−1). This
effect is not detected experimentally, which confirms the
negligible involvement of the etheric oxygens in LA−LB
interactions.
3.3. Atomistic Molecular Dynamics Simulations. MD

simulations have been performed to model CO2 molecules
inside the PEI matrix at finite temperature and at the
concentrations corresponding to sorption experiments at
308.15 K, in order to directly compare simulation results
with FTIR, DFT calculations, and thermodynamic theory. To
this aim, we first obtained a reliable model of the PEI
amorphous phase and validated it against experimentally
determined density and X-ray scattering data. In order to
improve statistics, quite large atomistic systems (∼90 000
atoms) have been used. MD simulations of PEI amorphous
phase well compare with experimental densities (1267 g/cm3,
experimental range 1268−1286 g/cm3).94−97 Moreover, X-ray
scattering patterns, calculated from MD simulations, are in very

Table 2. Observed and Calculated Frequencies of the Relevant Normal Modes and Calculated Interaction Energies for the
Investigated PEI/CO2

mode description freq (calc), cm−1 freq (obs), cm−1 err % Δν (calc), cm−1 Δν (obs), cm−1 Ei, kJ/mol

CO2 ν2 620.2 669 7.3 ̵ ̵ ̵
ν3 2382.6 2349 1.4 ̵ ̵ ̵

PEI νs(C�O) 1734.0 1726 0.5 ̵ ̵ ̵
νas(C�O) 1773.0 1779 0.3 ̵ ̵ ̵
νas(C−O−C) 1198.8 1214 1.2 ̵ ̵ ̵

PEI(C�O)/CO2 ν2′ 613.4 652 5.9 −6.8 −17 −16.9
ν2″ 628.7 (15) 659 (7) 4.6 8.5 −10
ν3 2371.7 2336 1.5 −10.9 −13
νs(C�O) 1725.6 1722 0.2 −8.4 −4
νas(C�O) 1767.5 1776 0.5 −5.5 −3
νas(C−O−C) 1198.5 1214 1.3 −0.3 0

PEI(Ph)/CO2 ν2′ 613.0 652 6.0 −7.2 −17 −15.8
ν2″ 628.1 (15) 659 (7) 4.7 7.9 −10
ν3 2370.8 2336 1.5 −11.8 −13
νs(C�O) 1725.5 1722 0.2 −8.5 −4
νas(C�O) 1767.7 1776 0.5 −5.3 0.5
νas(C−O−C) 1199.0 1214 1.2 0.2 1.2

PEI(C−O−C)/CO2 ν2′ 618.5 652 5.1 −1.7 −17 −11.5
ν2″ 623.5 (5) 659 (7) 5.4 3.3 −10
ν3 2366.4 2336 1.3 −16.2 −13
νs(C�O) 1730.7 1722 0.5 −3.3 −4
νas(C�O) 1769.6 1776 0.4 −3.4 0.5
νas(C−O−C) 1192.0 1214 1.8 −6.8 1.2
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good agreement with experimental data (see Figure S9 of SI).
Radial distribution functions (RDFs) between the carbon and
oxygen atoms of CO2 against the functional groups belonging
to PEI chains calculated for all considered systems at different
compositions are reported in Figures 5 and 6. The strongest
interactions, corresponding to the highest peak in the RDF
distributions, are found between the carbon (C) of carbon
dioxide and the oxygen atoms (OC) of the carbonyl group. See
Figure 5a for the RDFs and Figure 5d for the atom type
definition. This result agrees with both FTIR experiments and
DFT calculations. More in detail, the maximum in the RDF is
found at ∼0.3 nm (first highest peak), and the lowest
minimum at ∼0.5 nm. A second broader and less intense peak
is found at ∼0.8 nm. For a distance larger than ∼1.5 nm, the
probability to find an OC atom is the same as for the
homogeneous bulk phase. From the RDFs reported in Figure
5a appears a non-negligible structuration for the pair of C
(from carbon dioxide) and N (imide groups of PEI). As can be
seen from the figure, the first peak of the C−N RDFs has a
similar height to that for C−OC, but the peak position is
shifted +0.2 nm with respect to the position of r = 0.3 nm of
the C−OC pair. This reflects, according to the molecular
geometry of the imide rings, the geometrical constraint (1−3
relative positions OC and N atoms) of this atom pair. For this
reason, we should consider as the strongest interaction the one
corresponding to the C−OC pair. Minor differences in the
RDFs are found as a function of CO2 weight fraction indicating
a negligible effect of CO2 concentration in the explored
composition range, as confirmed by FTIR measurements
showing band shapes consisting of a single, sharp Lorentzian.
Excepting for the relatively high structuration of C and
nitrogen atom N belonging to the imide group (see Figure 5a),
a weaker interaction is found for all other pairs (see panels a−g
in Figure 6). Looking at the oxygen atoms (O) of carbon
dioxide, we always found a weak interaction with all atoms
belonging to a PEI chain (see Figure 6d−g). These results
further confirm the observations gained by time-resolved FTIR
measurements, monitoring the sorption/absorption of CO2 in
PEI, from which it is clear that PEI weakly interacts with the
carbon dioxide (Figure S7B of the SI file).
Overall, MD simulations confirm that carbon dioxide

molecules interact primarily with oxygen atoms belonging to
carbonyl groups of the imide portion of PEI; this behavior is
found to be short ranged (within 0.3 nm). Furthermore, in the
limit of explored concentrations of carbon oxide in PEI, the
strength of the interaction is insensitive to gas content. This
view agrees with results coming from both FTIR spectra and
DFT calculations.
3.4. Sorption Thermodynamics of CO2 in PEI: Results

and Modeling. In this section is presented the theoretical
fitting of CO2 sorption measurements in PEI using data
obtained by gravimetry in this investigation. To the best of our
knowledge, only two data sets are available in the literature
near the range of pressure and temperatures investigated in the
present contribution.95,96 The comparison of these two
literature studies with our experimental results was possible
only for a limited number of data points, due to the partial
overlap of the experimental conditions, resulting in a good
agreement. However, since some important details on samples
used in refs 95 and 96 were missing (polymer density) and
since processing conditions to obtain the glassy polymer
samples were different from those adopted by us, we chose to

perform the theoretical interpretation only on our exper-
imental data.

In Figure 7 are reported the experimental sorption isotherms
of CO2 in PEI. The isotherms have been modeled using the
NETGP-NR model. The model parameters for pure PEI and
CO2 have been retrieved from the literature26,33 and are
reported in Table 3.

The phase pseudoequilibrium calculations require the value
of the out-of-equilibrium density of the polymer, ρp, within the
glassy mixture (see the SI file). In view of the low solubility
displayed by CO2 in the investigated pressure range, ρp is
assumed to be equal to the density of the dry polymer right
after the initial desorption stage that precedes a series of
consecutive sorption tests.

The value of the polymer density has been assumed to be a
function only of the temperature.34,35 Under the assumption
that the volumetric expansion coefficient, α, is constant in the
ranges of temperature and pressure investigated, ρp(T) has
been calculated according to the following expression:

= ep p
T T

,ref
( )ref

(11)

using as a reference density, ρp,ref, the pure polymer density at
Tref = 25 °C.

The determination of the mean-field interaction parameter,
k1p, as a function of temperature, according to eq S28 reported
in the SI file, has been performed by fitting concurrently all the
sorption isotherms determined at several temperatures (0, 10,
18, 27, 35 °C) with the NETGP-NR model, obtaining for the
interaction parameters the values k1p,0 = 0.301 and aT =
−0.001 00 K−1. As shown in Figure 7 the NETGP-NR model
provides an excellent fitting of the experimental sorption
isotherms of CO2 in PEI.

The experimental data have been re-elaborated by means of
eq 4 obtaining an estimated value of ΔH1

ISOST = −31.1 kJ/mol,
at T = 18 °C and at a value of CO2 concentration equal to 0.4
[g of CO2/100 g of PEI]. Once the values of the binary
interaction parameters were determined by fitting experimental
sorption isotherms, we were able to predict in the same
conditions, using the NETGP-NR model (eqs 2 and 3), a value
ΔH1

ISOST = −28.3. kJ/mol, which compares well with the value
retrieved directly from the experimental data.

Moreover, we have used the NETGP-NR model (eq. 5) to
estimate E̲1p,0 at 1 K by extrapolating at this temperature the
values of the model parameters calculated in the 0−35 °C
range. A value equal to −18.6 kJ/mol has been obtained, which
is quite close to the range of values [−15.8, −16.9] kJ/mol of
the two most stable conformers determined by means of DFT
calculations which mainly involve the interaction energy
between one molecule of CO2 and the polymer carbonyl
groups, PEI(C�O)/CO2. This result points to the consis-
tency between the thermodynamic and DFT approaches.

As further validation of the correct reproduction of carbon
dioxide/PEI interaction of the proposed MD model, we
calculated the excess of chemical potential of carbon dioxide in
the condition of infinite dilution (μiex,∞), which is a function of

Table 3. NRHB Lattice Fluid Parameters

εh̲ (J mol−1) εs̲ (J mol−1 K−1) Vsp,0 (cm3g−1) s ref

CO2 3468.4 −4.5855 0.79641 0.909 32
PEI 6775.3 5.503 0.7228 0.743 28
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the environment polymer (solvent) interaction with the CO2
(solute) using the Widom test particle insertion (TPI)
method, according to ref 97. As detailed in Section S5 of the
SI file, this value is compared with the corresponding
independent predictive calculation provided by the NETGP-
NR thermodynamic model. The excess of chemical potential
calculated with the two independent methods shows a good
agreement, thus validating the consistency of models in
representing CO2−polymer interactions.
3.5. Sorption Kinetics of CO2 in PEI: Results and

Modeling. Values of mutual diffusivity, D12, at different
concentrations of absorbed CO2 and at several temperatures
have been determined by fitting the experimental sorption
kinetics with eq 6. An example of an experimental sorption
kinetic curve for the 0−100 Torr pressure step at 0 °C is
reported in Figure 8, where M t

M
( ) is plotted as a function of t ,

along with the best fitting curve provided by eq 6, from which
it is evident the Fickian nature of the sorption mechanism.

Values of D12 have been determined at all the investigated
temperatures, evidencing a dependence on CO2 concentration.
These values are reported in Figure 9 as a function of the
average concentration during each sorption test at different
temperatures and have been interpreted using the NETGP-
NR-DM, based on eqs 7 and 8. As evident, this model provides
an excellent interpretation of data. The values of best fitting
parameters present in the expression of the intradiffusion
coefficient are reported in Table 4.
The value of Ed and the corresponding concentration-

dependent activation energy values Ed(1 − σcC) in the range of
concentration investigated are significantly higher than the
mean-field interaction energy per mole of penetrant, E̲1p,0. This
is expected, since Ed represents the activation energy in the
limit of zero concentration and accounts for energetic barriers
to diffusion related both to the polymer−penetrant inter-
actions and to the cohesive energy of polymer molecules, while
E̲1p,0 only accounts for penetrant−polymer interaction.

■ CONCLUSIONS
The description, the prediction, and the elucidation of
molecular mechanisms of weak interactions between CO2
and synthetic polymers are difficult, but fundamental to design
efficient materials suitable for membrane-based separations
ruled by solubility selectivity. The binary system made of CO2
molecules absorbed in glassy PEI has been thoroughly
investigated since this class of membranes is the material of
choice, as a neat matrix or combined with several types of
fillers, for separations of gas mixtures containing carbon
dioxide. The analysis has been performed by combining DFT
calculations, MD simulations, vibrational spectroscopy analysis,
gravimetric sorption measurements, and statistical thermody-
namics modeling. The concurrent application of these
approaches provided a consistent thermodynamic and detailed
atomic scale picture of the interactions.

Absorbed CO2 molecules prevalently establish a relatively
weak interaction with carbonyls of the imide groups of PEI as
indicated by the conformational DFT investigation and
confirmed by MD simulations. This conclusion is further
supported by the vibrational analysis of absorbed CO2
molecules (antisymmetric stretching, ν3, and bending, ν2,
modes) and of the substrate spectrum (νs(C=O) and
νas(C=O) vibrations both display a red-shift in the presence
of CO2).

Based on these indications, the thermodynamics of the
binary glassy PEI−CO2 system has been interpreted using the
NETGP-NR lattice fluid model, which does not consider the
presence of strong specific interactions between the polymer
and the penetrant. After concurrent fitting with the model
equations of gravimetric sorption isotherms of CO2 in PEI,
estimates of relevant parameters related to PEI−CO2
interaction energy have been obtained. In particular, we
predicted theoretically the isosteric heat of sorption of CO2 in
PEI, which compares very well with the value determined from
experimental sorption isotherms, and the interaction energy of
an absorbed molecule of CO2 with the surrounding polymer

Figure 8. Example of CO2 sorption kinetics in PEI determined
gravimetrically at T = 0 °C in the pressure range 0−100 Torr.
Normalized mass uptake of CO2 is reported as a function of square
root of sorption time. The continuous red line represents the best
fitting of data using eq 6.

Figure 9. Values of mutual diffusivity for the CO2−PEI systems,
obtained by fitting of the sorption kinetics data using eq 6, reported as
a function of the average concentration of CO2 during the sorption
step.

Table 4. CO2 Intradiffusion Parameters

Ed(kJ mol−1) α [dimensionless] D00(cm2 s−1)

39.29 2.82 0.011
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matrix, which is in good agreement with the value estimated by
quantum chemistry (DFT) calculations.
Finally, mutual diffusivity of CO2 has been determined

experimentally at several temperature and concentration values
and accurately interpreted using free volume theory where the
expression of the driving force for diffusion had been calculated
on the basis of the expression of chemical potential of absorbed
CO2 provided by the NETGP-NR model.
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