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ABSTRACT: In the present study, a Raman line-imaging
setup was employed to monitor in situ the CO2 sorption at
elevated pressures (from 0.62 to 7.10 MPa) in molten PCL.
The method allowed the quantitative measurement of gas
concentration in both the time-resolved and the space-resolved
modes. The combined experimental and theoretical approach
allowed a molecular level characterization of the system. The
dissolved CO2 was found to occupy a volume essentially
coincident with its van der Waals volume and the estimated
partial molar volume of the probe did not change with pressure. Lewis acid−Lewis base interactions with the PCL carbonyls was
conﬁrmed to be the main interaction mechanism. The geometry of the supramolecular complex and the preferential interaction
site were controlled more by steric than electronic eﬀects. On the basis of the indications emerging from Raman spectroscopy, an
equation of state thermodynamic model for the PCL−CO2 system, based upon a compressible lattice ﬂuid theory endowed with
speciﬁc interactions, has been tailored to account for the interaction types detected spectroscopically. The predictions of the
thermodynamic model in terms of molar volume of solution have been compared with available volumetric measurements while
predictions for CO2 partial molar volume have been compared with the values estimated on the basis of Raman spectroscopy.

■

INTRODUCTION
Poly(ε-caprolactone) (PCL) is a synthetic polyester which
ﬁnds wide application in several technological ﬁelds and, in
particular, in the biomedical sector. The reasons for its success
are manifold: it is semicrystalline with a melting point above
body temperature (Tm = 332−337 K), and a Tg of 213 K, which
imparts toughness, being the amorphous phase in the rubbery
state.1,2 PCL is readily degraded by microorganisms and was
proposed as a biodegradable packaging material. This
application was limited by the sensible price of the polymer
in comparison to competing materials. It was later recognized
that hydrolytic degradation under physiological conditions was
also feasible, albeit at a slower rate compared to natural
biopolymers like poly(ethylene glycol) (PEG) and poly(lactic
acid) (PLA)3 because of the presence of ﬁve hydrophobic CH2
moieties in the repeating unit. Applications have been proposed
for PCL and PCL-based copolymers as delivery devices and
commercial sutures.1,4,5
By far, the most successful application of PCL is in tissue
engineering. In this area, it is employed as a matrix material to
© 2016 American Chemical Society

realize scaﬀolds with designed microstructure. These provide
structural support and controlled mass transport for the
growing tissue, also serving as 3D template for cell adhesion,
proliferation and diﬀerentiation. PCL and chemically modiﬁed
PCL’s, owing to their biocompatibility, tunable biodegradability, easy fabrication and adequate mechanical properties,
have been used for a wide spectrum of scaﬀolds for skin,
cartilage, bone, and cardiac constructs.6 One of the most
promising technologies for scaﬀold preparation is the CO2foaming process, which can provide porous structures with
carefully controlled morphology.7−9 Among the attractive
features of this processing technology, the most relevant is
certainly its solvent-free, green-chemistry character. Gasfoaming is a complex process based on the nucleation and
growth of gas bubbles (internal phase) dispersed throughout a
polymer matrix (continuous phase) and its eﬀective design
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Figure 1. Schematic diagram representing the experimental setup for Raman line-imaging.

complete normal coordinate analysis for the calculation of the
Raman spectra in terms of both frequency and intensity. The
above analysis allowed us to identify the main interaction sites
on the polymer backbone and to conﬁrm the interaction
mechanism. The calculated Raman spectra were found to be in
excellent agreement with the experiment, conﬁrming the
predictive capabilities of the chosen model chemistry and
supporting the proposed molecular structure of the PCL/CO2
aggregates. These spectra also allowed a deeper interpretation
of the observed eﬀects. In particular, it was shown that the
speciﬁc signatures for the formation of the supramolecular
aggregates are to be sought in the vibrational pattern of the
CO2 probe, while neither the carbonyl stretching nor the C−
O−C stretching modes of PCL can be reliably used for this
purpose.
The PCL−CO2 system was also analyzed in the framework
of an equation of state (EoS) thermodynamic model based
upon a compressible lattice ﬂuid theory endowed with speciﬁc
interactions. The interactional part of the thermodynamic
model was tailored to account for the main interaction sites on
the polymer backbone and for the detected interaction
mechanism that emerged from the experimental and computational study. The predictions of the thermodynamic model in
terms of molar volume of the PCL−CO2 solution and of CO2
partial molar volume are consistent, respectively, with
experimental volumetric measurements and with the Raman
results.

requires speciﬁc information on the polymer/gas solution such
as mass transport,10−12 rheological properties,13 and thermodynamics.14 Moreover, the central role played by the speciﬁc
interactions between the CO2 molecules and the macromolecular chains has been recognized and requires in-depth
study.15 A number of investigations have recently appeared on
mass transport and solubility of CO2 in PCL16−18 and the
available data have been interpreted mostly by thermodynamic
approaches describing the temperature eﬀects on CO 2
solubility. More advanced models based on lattice ﬂuid theory
have been also proposed.16,17 Vibrational spectroscopy
techniques, such as Fourier transform infrared spectroscopy
(FTIR), attenuated total reﬂection FTIR (FTIR-ATR), and
Raman spectroscopy are powerful tools to deepen the
molecular-level understanding of these systems. Attractive
features of the above techniques are sensitivity, speciﬁcity,
and versatility, which aﬀords the straightforward implementation of elaborated experimental set-ups for the in situ
monitoring of diﬀusion processes in carefully controlled
conditions of temperature and pressure.19,20 Several experimental approaches have been proposed to investigate CO2
diﬀusion under high pressure and in the supercritical regime: an
innovative setup based on high-pressure Raman-line imaging is
proposed in the present contribution.
Previous works based on FTIR-ATR and FTIR have detected
speciﬁc interactions between CO2 and several polymers
containing electron-rich units.19,21 In particular, carbonyl
containing polymers [poly(methyl methacrylate, PMMA,
polycarbonate, PC, poly(L-lactic acid), PLLA, poly(D-lactic
acid), PDLA, PCL] showed, in the presence of dissolved CO2,
signiﬁcant shifts of the ν(CO) vibration.20,21 Also the
spectrum of dissolved CO2 showed distinct modiﬁcations with
respect to the unperturbed gas phase: a splitting of the
characteristic bending mode was observed, attributed by several
authors to the breaking of the CO2 original symmetry.21,22
In the present study an experimental approach is described to
monitor in situ the CO2 sorption at elevated pressures (0.62 to
7.1 MPa) in molten PCL. The method is based on a modiﬁed
Raman line-imaging setup, which allowsafter proper
calibrationthe quantitative measurement of gas concentration
in both the time-resolved and the space-resolved modes.23 The
spectroscopic data gathered in this way were analyzed in terms
of perturbation of the spectral features with respect to reference
systems to highlight and interpret the eﬀects of the PCL/CO2
interactions on the vibrational pattern. To this end, quantum
chemistry calculations based on the Moeller−Plesset perturbation theory (MP2)24−26 on model systems simulating the
supramolecular aggregates were performed, followed by a

■

EXPERIMENTAL SECTION

Materials. PCL (CAPA 6800) was supplied by Solvay
Warrington (Cheshire, WA4 6HB, UK), as a 100% resin in the
form of 3 mm pellets, with a weight-average molecular weight,
M̅ w of 1.0 × 105 D and a number-average molecular weight, M̅ n,
of 5.2 × 104 D, with a polydispersity of 1.9. The pellets had a
density of 1.158 g/cm3, a melting temperature, Tm, = 333 K and
crystallinity degree of 58% (DSC). A hemispherical polymer
drop was created on the base of a titanium rod with a diameter
of 3.15 mm. Details on drop preparation are given elsewhere.17
CO2 with a purity of 99.5% was purchased from Linde,
Germany.
Apparatus. The investigation of gas transport within the
molten polymer has been performed by using the apparatus
depicted in Figure 1, made up of an optically accessible pressure
chamber combined with a Raman line imaging setup.
The optically accessible pressure chamber consisted of a
stainless steel vessel equipped with three glass windows. Two
windows were arranged line in sight in order to permit the laser
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before starting the test; then, a series of 50 back-to-back images
was acquired from neat PCL. Each series consisted of 40
Raman spectra, acquired with an exposure time of 6 s from the
40 increments along the waist of the laser beam. Pressurization
was then started and, immediately after opening the valve
connecting the syringe pump to the chamber, Raman images
were recorded every 30 s, until the spectra did not show any
variation in time, deﬁning the attainment of equilibrium.
Pressure was increased in a stepwise manner. Furthermore, in
order to gain information on sorption at equilibrium, a series of
50 equilibrium images of the drop under CO2 atmosphere were
recorded likewise, at each equilibrium pressure. All images were
acquired with the same camera settings and with an exposure
time of 6 s.
Computational Methods for Conformational Searching and Quantum Chemistry-Based Normal Coordinate
Analysis (QCB-NCA). Molecular Mechanics (MM) calculations were performed using the MM+ force ﬁeld, which is an
extension of the popular Allingher’s MM2 force ﬁeld.27,28 The
potential energy surface of the model compound was explored
by a conformational search algorithm adopting the Monte
Carlo multiple minimum (MCMM) scheme29 for systematic
variations of the selected dihedrals. All MM computations were
made with the programs’ suite Hyperchem Pro6, from
Hypercube Inc. (Gainesville, FL).
Quantum chemistry calculations were performed using the
MP2/6-31G(d) level of theory and basis set.24−26 Optimizations were started from the minima identiﬁed by the MM
conformational search in the case of the pentyl hexanoate
(PHEX) model compound and from several diﬀerent initial
conﬁgurations in the case of the PHEX/CO2 supramolecular
aggregates. The choice of the starting conﬁgurations will be
discussed in the relative paragraph.
The interaction energies of the complexes, hereafter binding
energies, Eb, for diﬀerent interaction geometries were calculated
in the frame of the supermolecule method,30 as the diﬀerence in
energy between each complex and the sum of the isolated
monomers, each relaxed to their minimum energy conﬁguration

beam to cross the vessel, and the third one was perpendicular to
the others allowing the detection of the 90°-scattered light. The
chamber was heated by four electric heating cartridges mounted
in the corners of the cubic vessel and the temperature control
was guaranteed by a controller combined with a Pt100
temperature sensor. Pressurized CO2 was fed to the chamber
by a syringe pump and a pressure sensor indicated the pressure
in the vessel. Placed in the center of the optically accessible
pressure chamber, a pendant drop of molten polymer hanging
from a rod was subjected to the spectroscopic investigation.
The Raman line imaging set up consisted of an excitation
part and of a detection part. The excitation part of the Raman
line imaging setup consisted of the laser (an energy-doubled
continuous wave Nd:YVO4 with an emission wavelength of λ =
532 nm and an output power of 3.5 W), a plan concave lens
and two plan convex lenses. The combination of the plan
concave lens (L1, o.d. = 1″, f = −10 mm) and a plan convex
lens (L2, o.d. = 2″, f = 1000 mm) was used to expand the
diameter of the circular shaped beam to approximately 45 mm.
The expanded laser beam was then focused onto the drop by a
plan convex lens (L3, o.d. = 2″, f = 100 mm). Here, along the
waist of the laser beam focus, the laser power was concentrated
in an approximately cylindrical volume (whose diameter was
assumed to be 100 μm ca.) resulting in a high excitation power
and a high spatial resolution.
The detection of the Raman signals from several positions
along the waist of the laser beam focus was performed through
the detection part of the Raman line imaging setup, as depicted
in Figure 1. It consisted of two achromatic lenses, a long-pass
ﬁlter, and an imaging spectrometer. The Raman signal coming
from the drop was detected through a large solid angle by an
achromatic lens with a small f-number (A1, o.d. = 2″, f = 100
mm) and the elastically scattered light was blocked by a longpass ﬁlter (LPF, o.d. = 2″, LP 532) that transmitted only the
red-shifted Raman-Stokes signal. A second achromatic lens (A2,
o.d. = 2″, f = 200 mm) imaged the waist of the laser beam focus
onto the 50 μm-wide entrance slit of the imaging spectrometer
(Andor Shamrock 303i, 303 mm focal length, grating with 1200
lines/mm). The signal was detected with an electron
multiplying charge-coupled device camera (Andor Newton,
1600 × 400 pixels of 16 × 16 μm2 pixel size) mounted onto the
spectrograph. The spectral imaging was realized through the
400-pixel axis of the CCD providing spatial resolution along the
dimension of the entrance slit, combined with the 1600-pixel
axis providing the spectral resolution. For the experiment, 10
pixels were binned along the spatial axis of the CCD detector,
resolving the length of the measurement volume in 40
increments of 64 μm length each. The inelastically scattered
light from each of these 40 measurement positions was
dispersed in its wavelength components along the 1600-pixel
spectral axis of the CCD detector. A ruled reﬂection grating of
1200 lines per mm optimized for 500 nm resolved a wavelength
range of 546 nm up to 605 nm, corresponding to a Raman shift
range of 480 cm−1 up to 2270 cm−1. Accordingly, the Raman
signal coming from diﬀerent measurement positions could be
stored on neighboring pixels columns along the spatial axis of
the CCD detector. Summarizing, each image acquired with the
camera behind the imaging spectrometer is composed of 40
Raman spectra, each one acquired from the 40 64 μm-long
increments along the waist of the laser beam focus.
Testing Procedure. Tests were performed at 353 K and at
CO2 pressures up to 7.1 MPa. The measuring chamber was ﬁrst
evacuated in order to remove moisture from the polymer

ΔE = EAB − (EA + EB)

(1)

where EAB is the energy of the optimized complex and EA and
EB are the respective energies of the optimized monomers. By
adopting this deﬁnition, negative energies favor the aggregate
formation. All binding energies were corrected for the basis set
superposition errors (BSSE) which is generally non-negligible
for the case of weakly bound complexes. BSSE were calculated
using the counter-poise method of Boys and Bernardi.31
After geometry optimization, a normal coordinate analysis at
the same level of theory was performed, comprising the
calculation of the Hessian matrix (F) by analytical evaluation of
the ﬁrst and second derivatives of the potential energy with
respect to the Cartesian displacement coordinates. The F
matrix was then transformed in terms of mass-weighed
coordinates and diagonalized to obtain the corresponding
eigenvalues (normal frequencies) and eigenvectors (displacement vectors, L matrix). Finally, a transformation into a set of
nonredundant internal coordinates of both the F and L
matrices was carried out in order to characterize the normal
modes in terms of their potential energy distribution (PED),
expressed, in normalized form, as32
9117

DOI: 10.1021/acs.jpcb.6b02438
J. Phys. Chem. B 2016, 120, 9115−9131

Article

The Journal of Physical Chemistry B
(PED)jk =

FjjLjk 2
∑i FiiLik 2

× 100
(2)

where the PED (in %) is relative to the contribution of the jth
internal coordinate to the kth normal mode, Fjj is the jth
diagonal force constant and Ljk is the corresponding element of
the L matrix. Only the diagonal terms of the F matrix were
considered. To take into account anharmonicity eﬀects and the
systematic errors associated with the calculated frequencies,
these were corrected according to the constant scaling factor
approach.33,34 The QM calculations were performed by the
Gaussian 03 program package35 (Gaussian Inc., Pittsburgh, PA)
run on a HP Integrity RX2620 system with two parallel Itanium
processors. The results were visualized with the GausView
graphic interface (Gaussian Inc.). PED calculations were carried
out with the aid of the VEDA program.36,37

■

RESULTS AND DISCUSSION
Analysis of PCL/CO2 Spectra. In Figure 2 are compared
the spectra of neat PCL collected at 353 K (red trace) and of a
Figure 3. Red trace: Raman spectrum of gaseous CO2 collected at 353
K 6.2 MPa outside the drop. Blue trace: Diﬀerence spectrum at 353 K
and 6.2 MPa obtained by subtracting the red trace of Figure 2 (neat
PCL) from the blue trace of Figure 2 (PCL/CO2 solution). The
diﬀerence spectrum is representative of CO2 dissolved in PLC. The
blue trace has been shifted along the Y-axis to facilitate the
comparison. The insets compare the diﬀerence spectrum with the
gas-phase spectrum in two frequency ranges.

material upon CO2 sorption. The only detectable eﬀect is a
ﬁrst-derivative proﬁle centered at 1722 cm−1, which is indicative
of a blue-shift of the PCL ν(CO) vibration. The maximum
shift, occurring at P = 7.1 MPa, amounts to +2 cm−1.
Returning to the CO2 spectrum (see Figure 3), we
summarize brieﬂy the Raman assignments. The main doublet
at 1371−1264 cm−1 (1382−1279 cm−1 in the gas phase) is due
to the Fermi resonance between the symmetric stretching
mode (ν1) and the ﬁrst overtone of the bending mode (2ν2)
(Fermi dyad). It is explicitly noted that, because of the D∞h
symmetry of the isolated CO2 molecule, the ν2 mode is
forbidden in Raman and is IR active, while the ﬁrst overtone is
Raman active. The two satellite bands at 1392−1245 cm−1
(1404−1259 cm−1 in the gas phase) are hot-bands, i.e.
transitions occurring from already excited states.
Both components of the Fermi dyad are red-shifted in the
PCL solutions with respect to the gas phase, by −11 and −15
cm−1, respectively. These shifts, however, convey the Fermi
resonance eﬀects which perturb the true vibrational frequencies
of the original transitions. To compensate for these eﬀects and
to derive frequency values to be compared with quantum
chemistry calculations, we made use of the Howard−Lock
model38 which predicts the unperturbed vibrational frequencies
ν1 and ν2 to be given by
ν + νl
Δ
−
ν1 = h
(3)
2
2

Figure 2. Raman spectra of neat PCL (red trace) and PCL/CO2
solution equilibrated with CO2 gas at 353 K and 6.2 MPa (blue trace).
Asterisks denote CO2 peaks. The blue trace has been arbitrarily shifted
along the Y-axis to facilitate the comparison.

typical PCL/CO2 solution collected at 353 K and at a CO2
pressure of 6.2 MPa (blue trace); both spectra were acquired in
the center of the drop.
The Raman spectrum of molten PCL is complex, with three
fully resolved peaks at 1294, 1430, and 1722 cm−1, and a highly
overlapped pattern below 1200 cm−1. A detailed description of
these spectral features in terms of normal modes of vibration
will be discussed in the forthcoming paragraph on normal
coordinate analysis. The spectrum of the sample equilibrated in
gaseous CO2 clearly shows the characteristic signals of the
sorbed molecule at 1371 and 1264 cm−1. Toward a deeper
analysis of the spectrum of CO2 dissolved in PCL, we isolated it
by use of diﬀerence spectroscopy. Thus, the spectrum of neat
PCL in the melt state was subtracted from the spectrum of the
equilibrated sample until the reference peak at 1431 cm−1 was
reduced to the baseline. The result of this analysis, relative to
the sample equilibrated at 6.2 MPa is compared to the
spectrum of CO2 gas (at the same T and P values) in Figure 3.
Analogous features are observed for the samples equilibrated at
the remaining pressures (data not reported). It is immediately
apparent that the doublet at 1371−1264 cm−1 is not the sole
feature produced by the solute: besides the satellite bands
nearby the main peaks, a doublet occurs at 676−648 cm−1. The
PCL spectrum is almost completely removed, indicating a
negligible perturbation of the vibrational behavior of the matrix

ν2 =

νh + νl
Δ
+
4
4

(4)

where νh and νl are, respectively, the observed positions of the
high-frequency and the low-frequency components of the
Fermi dyad, and Δis the separation of the unperturbed
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Figure 4. (A) Intensity ratio

IuFd
Ic

vs mass ratio

mCO2
mPCL

. (B) Mass fraction of penetrant, wCO2, as a function of CO2 pressure.

which, in general, depends on ν; for PCL n is 1.48 and in
several polyesters has been demonstrated to remain constant in
the whole frequency range of the Raman measurement.44
Numerical integration of eq 7, combined with eq 5, provides a
value of 2.51 Å for the average cavity radius, which corresponds
to the average distance between the probe center and the
surrounding macromolecular environment. Thus, the pore
diameter results to be essentially coincident with the van der
Waals diameter of the probe molecule as obtained from the
relative equation of state (5.2 Å), and from the value reported
by Sloan45 (5.1 Å). This result implies that the probe is closely
surrounded by PCL macromolecules up to the excluded
molecular volume. The situation is close to that realized in H2O
solution, where the calculated average cavity size is again 5.0
Å.41 It is informative to compare the above estimation with
those from other techniques that allow an evaluation of freevolume in polymer systems. The main method is positron
annihilation lifetime spectroscopy (PALS) which, at room
temperature and at atmospheric pressure, provided, for the
average hole radius, a value of 2.9 Å for both polycarbonate and
PMMA,46 2.6 Å for poly(ethylene terephthalate),47 3.2−3.4 Å
for an alkyd resin,48 and 2.5−2.9 Å for a series of bifunctional
epoxy resins.49 On the other hand, Ikeda-Fukazawa and coworkers, in a study based on high-pressure Raman measurements, reported an estimated value of 1.9 nm for the diameter
of the cavities occupied by CO2 molecules absorbed in PMMA
at room temperature and at 4.5 MPa pressure.50 We conclude
that any excess free-volume eventually frozen in the amorphous
phase of the polyester at room temperature is suppressed in the
pressurized melt and the incoming CO2 behaves as in a lowmolecular liquid solution, where it occupies a volume just
corresponding to its size. The estimated cavity radius aﬀords
the evaluation of the partial molar volume of CO2 in the PCL
solution, which amounts to 39.8 cm3/mol, a value not aﬀected
by pressure in the investigated range as the frequencies of the
Fermi dyad are found to remain constant when pressure
increases. In a following section this value will be compared to
those arising from calculations based on equation of state
modeling of the PCL−CO2 mixture.
It is well-known that the intensities of the Raman signals are
directly proportional to the concentration of scattering
species.23,51 In particular, for the present system such a
relationship can be expressed as

vibrational levels. Δ, in turn, is given by Δ = X2 − 4W 2 ,
where X is the observed frequency separation of the two
components, and W is the Fermi coupling constant, estimated
to be −51.232 cm−1 for CO2.39,40 According to eqs 3 and 4, ν1
and ν2 for CO2 dissolved in PCL amount, respectively, to
1302.5 and 666.2 cm−1, to be compared with 1326.5 and 667.8
cm−1 in the gas phase in the same conditions of T and P. For
comparison, Δν1 = ν1,CO2 sorbed − ν1,CO2 neat for CO2 dissolved in
water, where it forms weak molecular interactions of the van
der Waals type, is −13.5 cm−1, while Δν2 = ν2,CO2 sorbed −
ν2,CO2 neat is −3.6 cm−1.41
From the observed frequency shifts, it is possible to estimate
the average size of the pores in which the CO2 molecule is
accommodated. In the solid state these pores are generally
regarded as the free-volume elements present in the system at
the test conditions. The estimation results from the cavity
model for gas hydrates of Nakahara and co-workers,42 which
considers an uniaxial molecule trapped in a spherical cavity of
diameter 2a surrounded by a dielectric medium with
permittivity ε. The carbon atom of the CO2 molecule is
assumed to be located, on average, in the cavity center. Under
these assumptions, the model predicts that the vibration
frequency in the cavity, ν′, can be related to that in vacuum, ν0,
through the relationship:
2
ν′ ⎛⎜ 1 ⎞⎟
=
⎝ ε* ⎠
ν0

(5)

where ε*, the eﬀective permittivity within the cavity, depends
on the distance from the cavity center, b (b < a), according
to41,42
⎛ b ⎞3
ε (ν ) − 1
1
×⎜ ⎟
=1−
ε*
ε(ν) + 0.5 ⎝ a ⎠

(6)

from which:41
ε* =

1
c

∫0

c

db
1−

3

( εε+−0.51 )( ba )

(7)

In eq 5, the vibrational energy of the ν1 mode in vacuum is
taken at 1332 cm−1 according to.41,43 In eq 7, c is the
interatomic distance between carbon and oxygen in CO2. ε is
equal to the square of the refractive index of the medium, n,
9119
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mCO2
nCO2
IuFd
Mru
Kcs
=
× Kcs =
×
mPCL
MCO2
Ic
nCO

(8)

where IuFd and Ic are, respectively, the signal intensities of the
upper Fermi-dyad and the carbonyl peak, nCO2 and nCO are
the moles of CO2 and carbonyl groups and Kcs is a constant
related to the ratio between the Raman cross sections of the
two analytical signals. Neglecting end-group eﬀects (a
reasonable assumption, given the PCL molecular mass) the
moles of CO groups can be assumed equal to the moles of
PCL repeating-units, from which follows the right-most
expression of eq 8, where mPCL and mCO2 are the masses of
the polymer matrix and of CO2, respectively, and Mru and MCO2
represent the molar masses of the PCL repeating unit and of
CO2.
In terms of mass fraction of penetrant, wCO2, we may write
mCO2
1
wCO2 =
=
IuFd
M
mCO2 + mPCL
1 + I × M ru × Kcs
CO2

CO2

Figure 6. IuFd(t)/IuFd(∞) vs t for the measurement carried out at 3.0
MPa. Spectra collected at the drop center. The continuous line
represents data ﬁtting performed by assuming Fickian diﬀusion of CO2
in PCL melt eq 10.

To interpret the data reported in Figure 6, it has been
assumed that (i) the Fick’s law rules the constitutive equation
for diﬀusive mass ﬂux of carbon dioxide, (ii) the polymer
swelling during sorption is negligible, and (iii) the intensity of
the signal is directly proportional to the CO2 concentration
(see Figure 4). On the basis of these assumptions, one can
predict the time evolution of the signal intensity at the center of
the drop (see the position highlighted by the white cross in
Figure 5) attached to the metallic rod by considering that
carbon dioxide diﬀusion process within the drop can be
schematized as a diﬀusion process in an hemisphere, with
uniform concentration of CO2 at the surface and with an
impermeable circular base. In turn, invoking symmetry
arguments, such a process corresponds to the restriction at
the hemisphere domain of the diﬀusion within a spherewith
a radius equal to the one of the hemispherewith a constant
concentration at the surface. On these grounds, eq 10
reported by Crank53 for the time evolution of concentration at
the center of a sphere for the case of constant surface
concentrationhas been used to ﬁt the experimental data for
IuFd(t)/IuFd(∞) vs time at the center of the drop:

(9)

The intensity of the upper Fermi dyad, normalized to the
intensity of the carbonyl peak of PCL is found to increase
linearly as a function of CO2 pressure, in the range 0−7.1 MPa.
By relating the above intensity ratio with the mass ratio as
evaluated gravimetrically,17,52 a linear correlation is found
according to eq 8, which allows us to translate, in the explored
pressure range, the spectroscopic signal into absolute
concentration values. The isotherm evaluated from the
Raman data by use of the slope of the straight line in Figure
4A, is reported in Figure 4B in terms of mass fraction of sorbed
CO2.
By collecting the spectra at a ﬁxed position as a function of
time, it is possible to monitor the sorption kinetics; the data
relative to the experiment at 3.0 MPa, collected at the drop
center (see Figure 5) are reported in Figure 6. The pronounced

∞
⎛ Dn2π 2t ⎞
IuFd(t )
C(t )
=
= 1 + 2 ∑ ( −1)n exp⎜ −
⎟
IuFd(∞)
C(∞)
⎝
R2 ⎠
n=1

(10)

Here D is the mutual diﬀusivity for the polymer-carbon dioxide
system, R is the radius of the polymer drop close to the rod
(see Figure 6), C(t) and C(∞) are the concentration of CO2
within the polymer, respectively at time t and at equilibrium at
the center of the sphere. Using D as parameter, eq 10 provides
an excellent ﬁtting of the spectroscopic data (see Figure 6). The
estimated value of diﬀusivity is equal to 9 × 10−6 cm2/s, in
good agreement with the diﬀusivity determined from
independent gravimetric measurement of sorption kinetics
performed at 353 K at pressure values from 0.1 to 4.0 MPa,
which span the range of values from 6 × 10−6 to 1.5 × 10−5
cm2/s.17,33 This result evidence how the adopted experimental
approach, based on Raman spectroscopy, is quite reliable also
in providing information on mass transport properties of the
system.
Evaluation of Volumetric Properties for the PCL−CO2
Mixture from EoS Theory. To validate the outcomes of
vibrational spectroscopy measurements in terms of partial
molar volume of CO2 in PCL−CO2 mixtures at diﬀerent values

Figure 5. Image of the PCL drop attached to the metallic rod. The
white cross represents the point where the Raman signal has been
acquired to monitor the kinetics of CO2 sorption.

induction period is related to the time necessary for the
penetrant to reach the sampling area; The diagram displays a
coincident shape irrespective of the point where the spectral
collection is performed (data not reported), the only diﬀerence
being related to the length of the induction period which, as
expected, decreases when the collection-point gets closer to the
drop surface.
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of concentration of carbon dioxide at sorption equilibrium, an
independent estimate of partial molar volume has been
performed. The evaluation of the partial molar volume involves
the calculation of the following derivative
̃ =
VCO
2

∂V MIX
∂nCO2

T , P , npolymer

(11)

where Ṽ CO2 is the partial molar volume of carbon dioxide, VMIX
is the volume of the mixture, and n stands for the number of
moles. This derivative cannot be calculated using the available
experimental data, which refer to mixture volumes evaluated at
diﬀerent pressures, at sorption equilibrium. To estimate such
derivative one would need to know the dependence of mixture
volume upon the concentration of CO2, at speciﬁed values of T
and P.
A viable option is to obtain this information from equation of
state theories for polymer−penetrant binary mixtures. In fact,
such theories provide expressions for both the chemical
potential of penetrant within the mixture and for the density
of the mixture itself as a function of temperature, pressure, and
concentration of penetrant. These expressions can be used to
describe equilibrium sorption isotherms of pure low molecular
weight penetrants in polymer-penetrant mixtures, making use
of a certain number of ﬁtting parameters. Once these
parameters are available, one can use these theoretical models
to predict the mixture volume at speciﬁed values of temperature, pressure and penetrant concentration, also in conditions
diﬀerent from those where sorption equilibrium is attained.
In the case at hand, we have used a compressible lattice EoS
theory which accounts for nonrandomicity of contacts in the
mixture and for possible penetrant-penetrant, polymer−
polymer and penetrant-polymer speciﬁc interactions. This
theory, proposed by Panayiotou et al.54,55 and referred to in
the following as non-random hydrogen bonding (NRHB)
theory, accounts for the establishment of self- and crosshydrogen bondings. In the present context, the NRHB
approach has been used to deal with polymer-carbon dioxide
interactions, neglecting polymer−polymer and penetrant−
penetrant speciﬁc interactions. In particular, on the basis of
quantum chemistry calculation on model PCL/CO2 aggregates
(to be discussed later), corroborated by the outcomes of
Raman spectroscopy analysis, it is found that the main
interaction is of Lewis acid − Lewis base (LA−LB) type,
involving the electron deﬁcient carbon of CO2 as electron
acceptor and the electron rich oxygen of the >CO unit as
electron donor. Although another cooperative interaction of the
C−H···O type has been detected, in constructing the model we
have considered a single interaction type between the PCL
carbonyl and CO2, which embraces the dual nature of the actual
interaction mechanism.
The model provides a very good ﬁtting of the gravimetric
sorption isotherm,17,52 of CO2 in molten PCL at 353 K (see
Figure 7) using two ﬁtting parameters, i.e. the mean ﬁeld
interaction parameter, k12, and the molar Helmholtz energy of
formation of the speciﬁc CO2−carbonyl interaction, A. The
determined values for model parameters were 0.182 for k12 and
−11000 J/mol for A. On the basis of these parameters, the
NRHB model has been used to predict the molar volume of the
PCL−CO2 mixtures. Predictions of theoretical model are in
excellent agreement with the experimental data available17,52 for
mixtures at equilibrium with pure CO2 (see Figure 8A, B).

Figure 7. Gravimetric sorption isotherm of CO2 in molten PCL at 353
K.17,52 Continuous line represents data ﬁtting by NRHB theory.

Once the reliability of model predictions has been validated
against experimental data, NRHB theory has been used to
predict, at each pressure, the partial molar volume of carbon
dioxide in the mixture. This value has been obtained by using
the following expression:
MIX
∂V̂
̂
̃
VCO2 = VMIX + (1 − yCO )
2
∂yCO
2

T ,P

(12)

where V̂ MIX represents the molar volume of the mixture and
yCO2 represents the molar fraction of carbon dioxide in the
polymer−penetrant mixture. The derivative in eq 12 has been
evaluated numerically at each pressure at the corresponding
sorption equilibrium concentration of CO2, from the values of
molar volume of the mixture provided by the model, at the
selected pressure, as a function of values of carbon dioxide
concentration in the proximity of equilibrium concentration.
The results of this analysis are reported in Figure 9. It is worth
noting that the theory provides values for partial molar volume
that slightly increase with pressure as opposed to a pressure
independent value detected from vibrational spectroscopy. The
average value predicted for partial molar volume of CO2, in the
range of interest, is 38,09 cm3/mol, in good agreement with the
value obtained from the vibrational spectroscopy analysis, i.e.,
39.8 cm3/mol.
Ab Initio Calculations and Normal Coordinate
Analysis. We performed a quantum chemistry calculation on
model PCL/CO2 aggregates; the scope was 2-fold: (i) to
identify the most stable supramolecular complex and the
preferential site of interaction on the polymer backbone; (ii) to
evaluate theoretically the Raman spectra of the adduct
according to the normal coordinate method, so as to deepen
the interpretation of the spectroscopic results.
Direct application of QCB-NCA methods to model real
polymer/CO2 systems is impractical because of the large
number of atoms involved. When dealing with semicrystalline
polymers in the melt or with amorphous polymers a further
complication arises from the fact that the molecular geometry is
not experimentally available and is to be derived from a careful
conformational analysis, which becomes a preliminary and
critical step of the NCA. Two distinct approaches are generally
employed: in the ﬁrst the whole macromolecule is considered,
orto be more precisean oligomer comprising a limited
number of monomeric units (4−6, depending on the
complexity of the monomer structure). This to restrict the
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Figure 8. (A) Experimentally determined values (white circles) for molar volume of the PCL/CO2 mixtures reported as a function of pressure at
sorption equilibrium17,52 as compared to predictions by NRHB theory (continuous line). (B) Experimentally determined values (white circles) for
molar volume of the PCL/CO2 mixtures reported as a function of molar fraction of dissolved carbon dioxide, at sorption equilibrium17,52 as
compared to predictions by NRHB theory (continuous line).

the reliability of the choice. The model may or may not be
coincident with the monomeric unit, depending on the
molecular environment in the proximity of the freely rotating
bond(s). Examples of the successful application of such a
method are the contribution of Milani and co-workers,58 who
simulated the vibrational behavior of amorphous ﬂuorinated
copolymers by use of representative diads, and the work by
Radice et al.59 who used low molecular weight model
compounds to simulate and interpret the IR spectrum of
perﬂuoropolyethers. In the latter contribution IR intensities
were also calculated and used to develop a methodology for
quantitative analysis.
The low-molecular-weight compound approach has the
advantage of an easier conformational analysis, a lower
computational cost and the possibility to select symmetric
structures, very useful in vibrational analysis. In the light of the
above considerations, to simulate the polymer chain we
selected a model compound that comprises the potentially
active sites, i.e. the electron rich moieties CO (sp2 oxygen)
and C−O−C (sp3 oxygen), plus the nearby aliphatic segments
to mimic the chemical environment and the steric hindrance in
the proximity of the interacting sites. The chosen molecule was
Pentylhexanoate (PHEX), whose optimized structure is
represented in Figure 10.
Complexes of ether-oxygen/CO2 and carbonyl-oxygen/CO2
are bound by weak interactions, mainly originating from
dispersion forces. Capturing the properties of such weakly
bound aggregates requires high-level theories and large basis
sets. The popular methods based on density functional theory

Figure 9. Partial molar volume of carbon dioxide in PCL−CO2
mixtures. Comparison between the values predicted by the NRHB
theory (red symbols) and those from Raman spectroscopy (blue
symbols). Error bars have been estimated considering the uncertainty
in measuring the frequency of the Raman signals.

problem to a manageable size. Reasonable success has been
reached along this direction. For instance, Jarmelo et al.56
reported a conformational analysis followed by normal
coordinate calculations of the poly(L-lactic acid), based on
molecular mechanics (for conformational searching) and highlevel DFT methods (for geometry reﬁnement and force ﬁeld
evaluation). Oligomers up to the pentamer were considered; a
reasonable agreement between calculated and observed IR and
Raman spectra was achieved. Honda et al.57 analyzed by the
DFT approach an oligomer of poly(p-phenylenevinylene)
comprising ﬁve phenylene rings and four vinylene moieties,
obtaining reliable assignments for all the IR and Raman peaks
and the transition dipole moment vectors for each normal
mode. Milani et al.58 reported the vibrational analysis of
amorphous ﬂuorinated optical polymers (2,2,4-triﬂuoro-5triﬂuoromethoxy-1,3-dioxole copolymers) based on semiempirical (for conformational searching) and DFT (for NCA
analysis) methods. The drawback of the above strategy is the
complex and shallow potential energy surface, which can make
it diﬃcult to identify the global minimum and other signiﬁcant
stationary points. The longer the oligomer chain, the more
intricate the potential energy surface is.
An alternative approach relies on the use of appropriate lowmolecular-weight model compounds suitably chosen to mimic
the chain segment where the relevant conformational degree(s)
of freedom is (are) localized. A direct comparison among the
spectra of the model and the target system serves to conﬁrm

Figure 10. Optimized geometry of pentylhexanoate (PHEX). Color
code: white = H; gray = C; red = O. For atom numbering refer to
Figure S2, Supporting Information.
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nature displaying vibrational frequencies very close to each
other, thus forming clusters of peaks around speciﬁc regions of
the spectrum. Introducing an arbitrary spreading function for
the Raman scattering to take into account the vibrational
relaxation eﬀects (we used a Lorentz function with full width at
half-height (fwhh) of 15 cm−1) and summing up the resulting
intensities over the whole frequency range, we end-up with the
simulated spectrum represented as the blue trace in Figure 11.
Now we recognize ﬁve fully resolved components which nicely
correlate with the observed features, both in terms of position
and with respect to the normalized intensities. The main peak
of the simulated spectrum at 1493 cm−1, corresponding to the
observed at 1430 cm−1, is made up solely of HCH bending
modes (see the potential energy distribution, PED, reported in
Table S1, Supporting Information). The second, most intense
feature of the calculated spectrum at 1317 cm−1, corresponding
to the peak observed at 1294 cm−1, comprises three main
components due to HCC bending modes with minor
contributions from HCCC torsions (13−15%). A further
weak component in the low-frequency side originates from the
HCO bending, with minor contributions from HCOC and
HCCC torsions (see PED, Table S1, Supporting Information).
Overall, the feature can be safely assigned to the HCC bending
vibrations.
The peak calculated at 1074 cm−1 and observed at 1077 cm−1
comprises only two components, both due to C−C stretching
modes and is therefore a typical skeletal vibration. The more
complex proﬁle observed experimentally with two distinct
relative-maxima is likely due to the well-known conformational
sensitivity of these modes coupled with the fact that we have
considered one conformer only. The doublet calculated at
858−831 cm−1 and observed at 849 cm−1, consists of four
components whose PED is spread over many internal
coordinates with contributions barely reaching 10%. It is
impractical to describe the nature of these highly coupled
modes, which have limited utility in vibrational analysis. The
peak calculated at 616 cm−1 and observed at 592 cm−1 is due to
the vibration of the ester group as a whole, with main
contributions from the C6−C5 stretching, the O−CO
bending and the >CO out-of-plane bending. Finally, the
CO stretching mode, calculated at 1727 cm−1 and observed
at 1722 cm−1, is satisfactorily reproduced in terms of frequency
but signiﬁcantly underestimated in terms of intensity. This
eﬀect might be due to the neglect of the weak dipole
interactions occurring in the polymer bulk, which impact most
on the evaluation of the polarizability derivatives. The
frequency is not aﬀected though, so that the ν(CO) mode
may represent, in principle, a suitable signature to reveal the
occurrence of molecular interactions, due to its essentially
isolated nature and the high sensitivity of the peak position to
any perturbation of the electron density. On the contrary, the
present QCB-NCA analysis demonstrates that the ν(C−O−C)
modes are unsuitable for this purpose because no vibrations can
be identiﬁed having a total or prevalent ν(C−O−C) character.
The ν(C−O−C) PED is distributed among highly coupled
modes, most of which exhibiting limited intensity. The
maximum PED contribution is on the order of 12−13% (see
Table S1, internal coordinates s24 and s34), a value insuﬃcient
to capture the weak perturbations induced by the molecular
interaction with CO2. In principle, the 590 cm−1 peak could be
useful because of the presence of the O−CO bending (25%
s57 coordinate); however, it also contains signiﬁcant
contributions from carbonyl modes, which prevents discrim-

(DFT) are computationally eﬃcient but not suﬃciently
accurate to describe the dispersion complexes under investigation.60−62 We therefore selected the MP2 level of theory
and the 6-31(d) standard basis set to perform geometry
optimization in the light of previous studies which demonstrated this combination to represent a suitable compromise
between accuracy and computational cost.63,64 Literature results
on long-chain, saturated esters of fatty acids65,66 demonstrated
that for this class of compounds the lower energy conformer
invariably presents the aliphatic chain in the all-trans
conformation, and a very satisfactory simulation of the
vibrational (Raman) spectrum can be obtained by considering
the all-trans conformer alone. In view of these results, the
conformational search on PHEX was carried out ﬁxing the two
aliphatic chains in the all-trans conformation and scanning the
three conformational degrees of freedom denoted as τ1, τ2, and
τ3 in Figure 10.
As expected, the potential energy surface of the PHEX model
compound is relatively shallow, with the ﬁrst four identiﬁed
minima lying within 1.2 kcal/mol. The most stable conformer
identiﬁed through the conformational-search algorithm was
further reﬁned with the selected model chemistry and subjected
to frequency analysis. Among the 99 calculated frequencies no
imaginary values were found, thus conﬁrming the nature of the
identiﬁed stationary point as a true energy minimum. The
calculated spectrum is expected to provide information for a
deeper interpretation of the complex Raman spectrum of PCL,
which is described qualitatively and to a scarce level of detail in
the literature.67
In Figure 11 is reported a comparison between the observed
Raman spectrum of PCL and the calculated Raman spectrum of
the PHEX model-compound in the frequency range 530−2000
cm−1.

Figure 11. Experimental Raman spectrum of PCL (red trace) and
calculated Raman spectra of PHEX (blue trace) in the 500−2000 cm−1
range.

According to the QCB-NCA analysis, in the above interval
there appear 60 vibrations, most of which with signiﬁcant
intensity (see the bar graph in Figure 11); the observed
spectrum is simpler, showing seven major features (1722, 1430,
1294, 1077, 928, 849, 592 cm−1) and two unresolved
components at 1054 and 625 cm−1. The simpler appearance
of the observed spectrum is due to the normal modes of similar
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ination between the two interaction sites. Moreover, in-plane
bendings are far less sensitive than stretchings.
To simulate the PHEX/CO2 interaction, starting-point
structures were manually constructed, to be subsequently
optimized with no geometry constraints at the same level of
theory as for the two individual components. The choice of the
starting-point structures is known to be critical, since the
optimization algorithm locates the minimum closer to the
initial geometry. In this respect, it has been generally assumed
that the carbonyl oxygens (sp2 O atoms) are the most
important sites for CO2 interactions with ester compounds.68
Numerous studies identiﬁed as a main mechanism a Lewis
acid−Lewis base (LA−LB) interaction involving the electron
deﬁcient carbon of CO2 as acceptor and the electron rich
oxygen of the >CO unit as electron donor. From a
qualitative point of view, the lone-pairs of the carbonyl oxygen
are coplanar with the CO bond and at 120° from the CO
axis. Thus, a bent-T geometry (Figure S1A,B, Supporting
Information) would correspond to the CO2 carbon pointing
directly toward one of the lone-pairs of the electron-donor,
which results in a maximized orbital overlapping and a more
favorable interaction. In fact, this spatial arrangement was found
to be the most stable for a series of >CO/CO2 LA−LB
adducts investigated in the literature.64,69−73 In the light of the
above considerations, the starting structures were constructed
locating the CO2 probe in the plane of the ester group (the −
C−CO−O− group), and setting the C6−O7−C37 angle to
120° (for atom numbering, refer to Figures S3 and S4 in the
Supporting Information). The initial O7···C37 distance was set
to 3.0 Å in the light of the results of ref 69. Because of the
diﬀerent steric hindrance and atom distances, two bent-T
conﬁgurations were explored, diﬀering for the orientation of the
CO2 molecule with respect to the CO axis. These were
denoted alkyl-side and ester-side, respectively and are represented in parts A and B of Figure S1 of the Supporting
Information.74
More recently, the impact of ether-like ester oxygens (sp3 O
atoms) on CO2 interaction has been also considered: it was
shown that the binding energies of CO2 with sp3 oxygens in
acetate groups were as large as those associated with isolated
ethers and carbonyl sites.64 This prompted us to explore the
latter possible interaction; in this case a T arrangement with the
principal molecular axis of CO2 in the plane of the ester group
was chosen as starting geometry in the light of the works of
Jamroz et al. and Kilic et al.63,64,69 According to these authors,
this T arrangement corresponds to the CO2 molecule placed
“in-between the lone pairs” of the donor, a situation that might
minimize the repulsion between the π-electrons of CO2 and the
lone-pairs of the donor.69 The initial geometry of the C−O−C/
CO2 complex is reported in Figure S1C of the Supporting
Information.
Parts I−II of Figure 12 show the optimized structure of the
two sp2-O/CO2 adducts, while Figure 12III represents the sp3O/CO2 complex.
The most stable complex is structure I, whose binding
energy, Eb, is 1.8 and 1.7 times higher than those of structures
II and III, respectively (see Table 3). We discuss ﬁrst the two
>CO/CO2 complexes: as a ﬁrst consideration, the donor−
acceptor distance (2.80 Å) is consistent with the average
distance between the probe center and the surrounding
macromolecular environment that we have experimentally
evaluated by use of the cavity model (2.51 Å). Second, the
considerable Eb diﬀerence suggests the occurrence of multiple

Table 1. Observed Frequencies and the Results of the QCBNCA Analysis (Calculated Frequencies, Δν, and PED) for
the ν(CO) Normal Modes of Isolated PHEX and for the
Three Investigated PHEX−CO2 Complexesa

PHEX
[PHEX···CO2]I
[PHEX···CO2]II
[PHEX···CO2]III

freq
obsd
(cm‑1)

freq
calcd
(cm‑1)

err
(%)

PED
(%)

1722
1724
1724
1724

1727
1710
1716
1722

0.3
0.8
0.4
0.1

84
83
84
84

R
R
R
R

Δν
obsd
(cm‑1)

Δν
calcd
(cm‑1)

−
+2
+2
+2

−
−17
−11
−5

a
R = str (C6O7). Subscripts to complex codes refer to structure
numbering in Figure 12.

eﬀects on structure stability. It has been postulated that, besides
the main LA−LB mechanism, another cooperative interaction
can occur in carbonyl/CO2 complexes, due to a speciﬁc type of
hydrogen-bonding formed in systems with H atoms attached to
the carbonyl carbon or to the α-carbon (as in the present case).
This C−H···O occurs because of the slight negative charge on
the O atoms of CO2, which may act as a (weak) proton
acceptor, and the slight positive character of the H atom in the
above positions. It is not permitted if the hydrogen is located
further away from the carbonyl. These interactions are rather
weak compared to conventional X−H···Y H-bonding and were
found to produce a shortening of the C−H bond length and a
blue-shift of the ν(C−H) frequencies, the opposite of what is
generally observed for conventional H-bonding.72,74−76 The
role of these C−H···O H-bonds is now widely accepted in
determining macromolecular conformation,74,77,78 crystal packing,79−81 stabilization of inclusion complexes,82,83 molecular
recognition processes,84,85 and activity of biomolecules.86,87
Inspection of structure I identiﬁes one of these interactions
at the O38···H23 position, with a H···O distance of 2.72 Å and
a C···O distance of 3.39 Å, well within the limits to qualify the
interaction as a C−H···O H-bond (4.0 Å).88 Another close
contact at the position O38···H22 (H···O distance = 2.85 Å;
C···O distance = 3.31 Å) cannot provide interaction because
the H atom is in β to the carbonyl: it produces an unfavorable
steric-hindrance eﬀect. The cooperative character of the LA−
LB and the C−H···O interactions makes it diﬃcult to separate
the contribution of the two mechanisms. However, an estimate
of their relative impact can be attempted on the basis of
geometrical considerations. In the case of a purely LA−LB
mechanism, the two CO2 oxygens are expected to be
equivalent, thus producing two identical CO bond lengths
(r). H-bonding will produce the elongation of the involved C
O bond (r1) with respect to the “free” bond (r2) and this eﬀect
provides a strong evidence for the occurrence of the C−H···O
interaction. Furthermore, the diﬀerence between the two bond
lengths, Δr is correlated with the H-bonding strength: Δr
increases as the interaction gets stronger.72 For structure I, r1 is
1.181 Å, r2 is 1.178 Å and Δr is 3.3 mÅ. These values conﬁrm
the establishment of a single C−H···O interaction acting
cooperatively with the main LA−LB mechanism, which is
slightly stronger than those found for a methyl acetate/CO2
complex of similar geometry (Δr = 2.73−2.50 mÅ).72
For structure II, one of these interaction sites is identiﬁed at
the position O36 − H25; its H···O distance is 2.74 Å and the
C···O distance is 3.584 Å. Here again, a second close contact is
found at the O38 − H27 position (H···O distance = 2.835 Å,
C···O distance = 3.815 Å), which produces a steric-hindrance
eﬀects because of the β position of the H atom. In this case, the
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Table 2. Observed Frequencies and the Results of the QCB-NCA Analysis (Calculated Frequencies, Δν and PED) for the CO2
Vibrations in the Three Investigated PHEX−CO2 Complexesa
CO2
[PHEX···CO2]I

[PHEX···CO2]II

[PHEX···CO2]III

freq obsd (cm‑1)

freq calcd (cm‑1)

err (%)

PED (%)

approx descr

1327
668
1303
676
648
1303
676
648
1303
676
648

1284
612
1272
621
602
1272
621
604
1270
618
605

3.4
8.4
2.4
8.1
7.1
2.4
8.1
6.8
2.5
8.6
6.6

50 T1, 50 T2
100 δ
49 T1, T2
97 δ
−99 w
50 T1, 50 T2
88 w
98 δ
50 T1, 50 T2
94 δ
77 w

νs(CO2)
δ(CO2)
νs(CO2)
δoop(CO2)
δip(CO2
νs(CO2)
δoop(CO2)
δip(CO2
νs(CO2)
δoop(CO2)
δip(CO2)

Δν obsd (cm‑1)
−

Δν calcd (cm‑1)
−

−24
−6

−12
−0.5

−24
−6

−12
−0.5

−24
−6

−14
−0.5

T1 = str (O36C37); T2 = str(C37O38); δ = bnd(O36C37O38); w = oop bnd(O38O7O36C37). For atom numbering see Figures S3 − S5, Supporting
Information.

a

r1 bond length is 1.180 Å while r2 is 1.179 Å and Δr is 0.9 mÅ:
the H-bonding interaction is still present but is weaker, which is
reﬂected in a lower stabilization energy. However, the slightly
reduced H-bonding strength cannot account for the almost
doubled binding energy of I: the eﬀect is to be ascribed to the
steric hindrance of the bulky penthyl substituent. By inspection
of the starting geometry of the >CO/CO2 complex ester-side,
the interaction site appears to be crowded; to reduce the steric
eﬀect, the CO2 molecule is forced to occupy a position far from
that required for an optimum overlap with the sp2 orbital of the
electron-donor. In fact, in the relaxed structure the CO2 carbon
is signiﬁcantly out-of-plane with respect to the reference estergroup plane (the O8−C6−O7−C37 dihedral angle is −34.2°)
and the C6−O7−C37 angle amounts to 144.7°. This is not the
case with the starting structure alkyl-side, for which a more
favorable situation around the electron-donor is realized. In this
case the relaxed geometry is closer to the initial and retains a
signiﬁcant directionality: the CO2 carbon is nearer to the ester
plane (C5−C6−O7−C37 dihedral = −23.1°) and the C6−
O7−C37 angle is 126.60°, very close to the 120° natural angle
of the trigonal sp2 orbital involved in the interaction.
The same considerations can be applied to structure III: in
terms of atom charges as evaluated by the Mulliken scheme,89
the unperturbed PHEX molecule displays a value of −0.643 for
the sp3 oxygen and of −0.598 for the sp2-oxygen. Initially,
therefore, the two electron-donors have comparable aﬃnity
toward the acceptor, with the ester oxygen slightly more
reactive than the carbonyl. However, in the former case both
the alkyl substituents contribute to hinder the sp3 interactionsite, pushing the CO2 molecule out of the optimum overlapping
position with the donor orbitals. This is reﬂected in a binding
energy halved with respect to that of structure I. Inspection of
the ﬁrst 10 local minima identiﬁed by the MM conformational
search indicates that, while in a few cases the situation at the
carbonyl position is reversed, that is, the steric hindrance on the
alkyl-side is slightly higher than that on the ester-side, the sp3
oxygen is invariably less favorable than carbonyl because of the
cooperative eﬀect of the two alkyl substituents.
In summary, the QC analysis indicates that the stability of
the supramolecular complex is controlled more by the
accessibility of the donor than by its electron-density.
Accessibility is the key-factor which regulates not only the
geometry of the complex but also the speciﬁc interaction-site
involved in binding. The results reported in64 corroborate this
conclusions: when the steric hindrance of the substituents is

lower, as in isopropyl acetate, the Eb values of complexes
resembling those in parts I and II of Figure 12 are very close to
each other (from 3.8 to 3.4 kcal/mol).
Returning to structure I, the complex displays all the
characteristic signatures of a moderately strong LA−LB
interaction. In particular, a signiﬁcant eﬀect on the probe
molecule is the distortion from linearity with an angle (denoted
β) that diﬀers more and more from the initial value of 180° as
the binding energy increases. In fact, a linear relationship has
been demonstrated between β and Eb for a wide range of donor
complexes with CO2, among which H2O, alcohols, ethers,
aldehydes, ketones, ammines and nitriles.69 This trend is
conﬁrmed in the present study (see Table 3) and the binding
energy of structure I is in excellent agreement with the value
interpolated from the Eb vs β curve of ref 69 (3.2 vs 3.3 kcal/
mol). The distortion of the linear geometry of the probe brings
about important consequences: the original D∞h symmetry is
transformed into a (local) C2v symmetry, which activates the
bending mode previously forbidden and removes the
degeneracy of the in-plane and out-of-plane vibrations.
Accordingly, while the calculated spectrum of isolated CO2
correctly predicts zero Raman activity for δ(CO2), ﬁnite values
of Raman activities are obtained for both in-plane and out-ofplane δ(CO2) for the three investigated PHEX/CO2 complexes
(see Table 2), with the intensity of the in-plane mode
exceeding that of the out-of-plane vibration, as experimentally
observed. This analysis conﬁrms that the doublet appearing at
676−648 cm−1 in the spectra of the PCL/CO2 solutions
originates from the CO2 bending modes; it is remarked that the
676−648 cm−1 doublet is to be considered as a speciﬁc
signature for the occurrence of an attractive interaction of the
probe with the substrate since, contrary to the other CO2
spectral features, it appears only if the interaction takes place
and a signiﬁcant distortion from linearity is induced (see the
rightmost inset of Figure 3). With respect to the shift induced
by the interaction, it is found that the calculated values correctly
predict the direction of the frequency change (a red-shif t for
both νs(CO2) and δoop−δip(CO2) modes, but the magnitude of
the eﬀect is considerably underestimated by the theoretical
model (Δν goes from −12 to −25 cm−1 for the νs(CO2) mode
in passing from the calculated to the observed value and from
−0.5 to −6 cm−1 for the δ(CO2) modes. This is related to the
fact that the model treats the supramolecular aggregate as
isolated in vacuo and, therefore, does not take into account the
cavity eﬀect discussed in detail in the previous paragraph, which
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constant decreases from 12.717 to 12.521 mdyne/Å, i.e., by
1.54%, which is again a strong evidence of an established LA−
LB interaction. For comparison, the interaction of the same
carbonyl group with H2O, which is of the hydrogen-bonding
type and hence considerably stronger, produces a forceconstant lowering of 2.15%.90 The above eﬀects, a direct
consequence of the electron-density withdrawing from the
Oxygen donor toward the C acceptor, suggest that the ν(C
O) position and, in particular, its downward shift, would
positively identify the occurrence of the LA−LB interaction,
both for the sensitivity of the Force-constant and because of the
essentially isolated nature of the vibration [PED = 84% ν(C
O)]. According to the theoretical model, the PHEX carbonyl
stretching is predicted to be red-shifted by −17 cm−1 as
compared to the unperturbed position (see Table 1), a result
that is to be reconciled with the observed blue-shift of +2 cm−1.
To interpret this apparent discrepancy we recall that the
observed carbonyl-shift is the ultimate result of several eﬀects.
In the ﬁrst place the band originates from the superposition of
two components, the ﬁrst one being due to interacting
carbonyls (at lower frequency, according to the QCB-NCA)
and the second originating from the unperturbed (free)
carbonyls. Their experimental resolution can be achieved if
their separation is signiﬁcantly larger than their full width at
half-height (fwhh). Otherwise, the overlapping of the two
components will produce a single band (possibly with a
shoulder) and the net eﬀect will consist of a lowering of the
peak maximum which gets more pronounced as the intensity of
the low-frequency component increases, i.e., as the concentration of interacting carbonyls grows. On these premises, we
have developed a simple model to simulate the ν(CO) bandshape and position. The unperturbed peak is adequately
described by a single Gaussian centered at 1721.5 cm−1, with a
fwhh of 21 cm−1 (see Figure 13), which was, therefore, the
adopted band-shape function. The second component was
centered 17 cm−1 below (1704.5 cm−1), with the same fwhh
and band-shape, assuming a negligible inﬂuence of the
molecular interaction on the Raman cross-section of the
band. This assumption was checked by comparing the
theoretically calculated values of Raman activity, Ri; which
provided comparable values for bound and free carbonyls
[R(CO)b/R(CO)f = 1.7].
Thus, the model equation can be expressed as

Figure 12. Optimized structures of the three investigated PHEX/CO2
complexes. Color code: white = H; gray = C; red = O. For atom
numbering refer, respectively, to Figures S3, S4, and S5, Supporting
Information.

⎡
(ν − ν10)2 ⎤
⎥ × X1
I(ν) = exp⎢ −2.7726
fwhh12 ⎦
⎣

was shown to aﬀect markedly the observed frequency of the
vibrations.
With respect to the electron donor, the CO bond of the
ester is found to be elongated as compared to the unperturbed
structure (from 1.222 to 1.229 Å, 0.6%) and the relative force

⎡
(ν − ν20)2 ⎤
⎥ × X2
+ exp⎢ −2.7726
fwhh 2 2 ⎦
⎣

(13)

Table 3. Geometrical Parameters, Force Constants and Binding Energies for the Isolated Components and the Three
Investigated PHEX−CO2 Complexesa
CO2
PHEX
[PHEX···CO2]I
[PHEX···CO2]II
[PHEX···CO2]III
a

d (Ǻ )

r (Ǻ )

α (deg)

β (deg)

Fr (mdyn/Ǻ )

Eb (kcal/mol)

−
−
2.799
2.798
2.863

−
1.222
1.229
1.223
1.221

−
−
126.60
144.76
−

180
−
177.65
177.97
178.29

−
12.717
12.521
12.607
12.671

−
−
3.4
1.9
2.0

For the meaning of the geometrical parameters (d, r, α and β) refer to Figure S1, Supporting Information.
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Figure 13. Band shape analysis of pure PCL. The inset displays the simulated carbonyl band of a PCL/CO2 solution with X2 = 0.25.

shif t with a maximum of +2.0 cm−1, see Figure 14, curve B)
indicates the superposition of a second eﬀect.
In general, the medium aﬀects the vibrational frequencies of a
molecule through its dielectric constant ε according to the
Kirkwood−Bauer−Magat (KBM) equation, which, in its more
general formulation reads91,92

where I is the normalized intensity of the carbonyl peak
(changing from 0 to 1) and ν0 is the invariant peak position.
The subscripts 1 and 2 refer to the unperturbed and the
interacting components, respectively. X represents the molar
fraction of the respective carbonyl populations: assuming that
all CO2 molecules are bound to carbonyls, X2 is experimentally
available from eq 8 as
X2 =

nCO2
Iufd 1
nb
=
=
·
nb + nf
nCO
Ic Kcs

ν0 − νs
C(ε − 1)
=
2ε + 1
ν0

(15)

In eq 15 ν0 is the unperturbed frequency (in the present case,
the carbonyl frequency in the gas-phase), νs is the same
frequency in solution and C is a constant depending on the
dimensions and dipole properties of the vibrating unit.
The relative shift in the left-side of eq 15 is an increasing
function of ε, which implies that νs raises, i.e. blue-shif ts when ε
decreases if dielectric eﬀects are dominant. The lowering of ε
with CO2 sorption is accounted for considering that the
dielectric constant of CO2 in the liquid is 1.5,93 a value
considerably lower than that of neat PCL (2.19).
Assuming ideal behavior for the PCL/CO2 solution, the
dielectric constant as a function of composition can be
estimated from the knowledge of the ε values of the pure
components (ε1 for PCL and ε2 for CO2) and their relative
molar fractions Φ1 and Φ2, according to ε = Φ1ε1 + Φ2ε2. In
particular, Φ2, not to be confused with X2, is obtained from eq
14 according to
nCO2
1
Φ2 =
= 1
nCO + nCO2
+1
X
(16)

(14)

while X1 is obtained from the mass-balance as X1 = 1 − X2.
The maximum value of X2 is 0.25, indicating that
noninteracting carbonyls represent the prevailing species in
the whole pressure range. According to the simulations, the
contribution of the interacting carbonyls produces only a slight
broadening of the main peak, which develops a barely
discernible asymmetry in the down-side (see inset of Figure
13). No separate components or shoulders are detectable,
which is in line with the experimental observations. A gradual
red-shif t is predicted (see Figure 14, curve A); however the
overall eﬀect is very low in comparison to the red-shif t of the
interacting component (−17 cm−1) because of the concentration eﬀect: its maximum value amounts to −1.1 cm−1. The
opposite trend of the observed peak-positions (gradual blue-

2

and Φ1 is provided by the mass-balance.
The carbonyl-peak position, as regulated by dielectric eﬀects
only, is given by
νs″ = ν0 −

ν0
ν′
+ s
K
K

(17)

where νs′ and νs″ are, respectively, the peak-positions in pure
PCL and in a PCL/CO2 solution of a given composition and
the constant K represents the ratio
Figure 14. (A) Peak position of the carbonyl peak as a function of Φ2
as obtained by band-shape simulation. (B) Experimental ν(CO)
position vs Φ2 and (C) ν(CO) position vs Φ2; simulation
performed summing the dielectric (KBM) eﬀect and the interactioninduced eﬀect.

K=

ε′ − 1
2ε″ + 1
×
2ε′ + 1
ε″ − 1

(18)

As in eq 17, primed and double-primed symbols refer,
respectively, to the ε values in neat PCL and in solution (ε′ =
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ε1). ν0, the reference position, is taken as the ν(CO)
frequency of methyl acetate in the gas-phase94 (1761 cm−1).
The KBM shift (data not reported) increases linearly with
composition, reaching a maximum value of 2.53 cm−1 at Φ2 =
0.20. Summing the shifts evaluated by band-shape analysis with
those from the KBM equation, we end-up with the overall
eﬀect as simulated by considering both the dielectric and the
interaction-induced eﬀects. The results are reported in curve C
of Figure 14. The comparison with experiment is very
satisfactory, with an average discrepancy of 0.50 cm−1. The
analysis conﬁrms that the observed values arise from the
contribution of two competing eﬀects, with the dielectric
contribution slightly more pronounced and hence prevailing
over the interaction-induced eﬀect. The results also indicate
that, despite the signiﬁcant perturbation brought about by the
LA−LB interaction, the ν(CO) mode is not suitable to trace
the establishment of the interaction.

■

Raman results. The interactional part of the thermodynamic model was properly tailored to account for the
interaction mechanism that emerged from quantum
chemistry calculation and experimental Raman spectroscopy analysis.
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CONCLUDING REMARKS
A molecular-level characterization of the PCL/CO2 system has
been undertaken by high-pressure, line-imaging Raman spectroscopy coupled with ab initio quantum chemistry calculations.
The following conclusions were drawn:
• The experimental approach described in the present
contribution is well suited for the quantitative analysis of
CO2 diﬀusion in PCL in high pressure regimes, with the
added beneﬁt of providing both time-resolved and spaceresolved information.
• The molecular information contained in the vibrational
pattern discloses relevant details on free-volume eﬀects
and on the interactions among the system components.
In particular, it was found that, in the investigated
pressure range, the dissolved probe occupies a volume
essentially coincident with its van der Waals volume; an
estimation of the CO2 partial molar volume based on the
Raman data resulted to be in excellent agreement with
values obtained from thermodynamic arguments and
showed no dependence on pressure. Lewis acid−Lewis
base was conﬁrmed to be the main interaction
mechanism, although QC analysis evidenced the
occurrence of weak H-bonds acting cooperatively to
stabilize the supramolecular complex. The LA−LB
contacts were found to be established preferentially
with PCL carbonyls. Accessibility of the electron-donor
site, i.e., the steric hindrance exerted by the neighboring
substituents, regulates both the complex geometry and
the speciﬁc interaction site.
• From a vibrational point of view, the probe doublet at
676−648 cm−1 was identiﬁed as a speciﬁc signature for
the occurrence of LA−LB interactions with the substrate.
This feature is diagnostic because it only appears when
the interactions are formed. On the other hand, despite
the signiﬁcant perturbation brought about by the probe,
none of the PCL spectral features can be used to trace
the interaction establishment.
• Thermodynamic analysis of the PCL−CO2 system, in the
framework of an equation of state (EoS) thermodynamic
model based upon a compressible lattice ﬂuid theory
endowed with speciﬁc interactions, provided predictions
for molar volume of PCL−CO2 solution and for CO2
partial molar volume which were consistent, respectively,
with experimental volumetric measurements and with the
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