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Alkylene carbonates such as ethylene, glycerol and propylene carbonates offer a valuable tool for the
investigation of intermolecular interactions in polar non-aqueous liquids. Their physico-chemical prop-
erties suggest the presence of a strong structure that mainly depends on hydrogen bonds. The addition
of salts bearing basic anions such as fluoride, carbonate and phosphate leads to the formation of free ions
and ion pairs that are well accommodated in the solvent structure.
In this work near infrared and attenuated total reflection Fourier-transform infrared spectroscopy,

small- and wide-angle X-ray scattering were carried out on pure glycerol carbonate and on its solutions
of saturated KF, K2CO3 and K3PO4 in order to probe the structure of the solvent. Linear and cyclic oligo-
meric clusters produced by the association of the liquid molecules are proposed. The different effective-
ness of the studied anions in enhancing the internal arrangement of the liquid can be explained in terms
of polarizability (i.e. of the delocalization of their charge), different basicity and hydrogen bonding (HB)
accepting capacity and geometry of the anions.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

Glycerol carbonate (GC) is an interesting liquid for several rea-
sons. It has applications in a range of fields, from green chemistry
(e.g., in the production of biodiesel) to industrial processes, such as
catalysis, polymer synthesis, hydrocarbon separation and mem-
brane preparation [1–11].

But also from the scientific point of view this polar non-aqueous
liquid is considered an important tool for the understanding of
intermolecular interactions.

As a pure liquid, GC shows some interesting features (see Table 1
in Ref. [12]). It has a very high density (1.3969 g/mL), dielectric
constant (109.7), dipole moment (5.05 D) [13], viscosity (85.4 cP)
[14], polarizability (9.3 Å3) [15], and heat capacity (213.6 J/mol�K)
[16], and large vaporization entropy Dvap S of 125 J/mol�K (for
water DvapS is 109 J/mol�K) with a significant deviation from the
Trouton’s rule. It also undergoes a glass transition at �70.8 �C
rather than crystallizing [17–19,12].

These properties reflect the strong highly cooperative van der
Waals interactions that hold GC molecules together. Moreover,
GC is a chiral molecule, in fact the ring carbon that bears the –
CH2-OH group is asymmetric.

Prompted by its structural features (see Fig. 1) and physico-
chemical properties we suggested that pure GC is associated in
the liquid state, stabilized by an intermolecular hydrogen bonding
(HB) between the terminal –OH and C = O groups [19]. How the
molecules interact in the 3D space is a question shared with water,
alcohols and other liquids and is still open. Different options can be
proposed, including those depicted in Fig. 2 (ribbon) and 3 (dimer).
In the ribbon arrangement the dipoles are aligned in the same
direction and every –OH is bound to the next carbonyl group
through a HB. In the latter structure two molecules form an inde-
pendent dimer through two HBs but the dipoles point in opposite
directions. Such arrangements could contribute to giant dipole
fluctuation forces with charged solutes [20]. Dynamic multiple
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Table 1
Values of the molar mass (M, in g�mol�1), density at 25� C (q, in g�cm�3), molar volume (V, in cm3�mol�1), enthalpy of vaporization (DvapH

0 in kJ�mol�1), solubility parameter (d in
MPa1/2), fraction of free volume (U), fluidity (u, in mPa�1�s�1), Trouton’s constant (DvapS/R) and Kirkwood’s parameter (g) for ethylene carbonate (EC), propylene carbonate (PC)
and glycerol carbonate (GC) and water.

M q V DvapH
0 d U u DvapS/R g

EC 88.06 1.321 66.7 59.6a 29.2 0.167 0.526 13.8 1.50
PC 102.09 1.200 85.1 55.2b 24.9 0.181 0.395 12.9 1.23c

GC 118.09 1.3969 84.5 85.4d 31.3 0.106 0.012 16.4 2.90
Water 18.02 0.997 18.1 44.0 48.0 0.092 1.123 13.1e 2.57e

a: from Ref. [49].
b: from Ref. [50].
c: from Ref. [51].
d: from Ref. [52].
e: from Ref. [53].

D. Tatini, I. Clemente, M. Ambrosi et al. Journal of Molecular Liquids 337 (2021) 116413
membered rings like those that form in water may also be possible
[21].

Other patterns are possible, for example oligomeric rings. In all
these clusters a HB is formed between the carbonyl and the hydro-
xyl groups of two adjacent molecules. However, other associated
structures are feasible, where the HB is established between two
–OH residues of two GC molecules. Fig. 4 shows a couple of exam-
ples of closed and open oligomers where the single GC molecules
are held together by hydrogen bonds.

The occurrence of thixotropy in GC was detected from the flow
curve of the pure liquid under increasing stress and then relaxation
[19]. The hysteresis of the two curves is large. The phenomenon
Fig. 1. Chemical structure of glycerol carbonate. The geometry was optimized with
the Avogadro software (v.1.2.0). Dark grey, red and light grey spheres represent
carbon, oxygen and hydrogen atoms, respectively.

Fig. 2. Ribbon alignment of GC molecules. The d
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was interpreted as the effect of the shear stress on the strong struc-
ture in the liquid that is progressively weakened and then recovers
when the mechanical perturbation is stopped.

While the molecules’ alignment in the liquid state is the object
of computational studies [22,23], here we are interested in investi-
gating the spectroscopic and structural properties of liquid GC that
reflect and can provide useful information on the intermolecular
forces, especially hydrogen bonding.

Previous works reported on the solubility of some strong elec-
trolytes in glycerol carbonate [19] and on the modification of sev-
eral physico-chemical properties of the liquid (e.g. rheology,
conductivity, NMR chemical shift, ATR spectra, and thermal behav-
ior) upon the addition of a number of different potassium salts to
GC [12]. The results suggested that some salts, i.e. potassium fluo-
ride, carbonate and phosphate - where the anion acts as a HB
acceptor - apparently strengthen the liquid structure by directly
participating in the intermolecular hydrogen bonding [12,23].

These previous works opened interesting questions and
prompted for a detailed investigation on pure GC and its solutions.
Here we performed near-infrared spectroscopy (NIR), small-angle
otted segments represent hydrogen bonds.

Fig. 3. Structure of a dimer from two GC molecules. The dotted segments represent
hydrogen bonds.



Fig. 4. Ring (left) and open (right) structures of oligomers from GC molecules stabilized by HB (dotted segments) between hydroxyl groups. Grey, red and white spheres
represent carbon, oxygen and hydrogen atoms, respectively.
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X-ray scattering (SAXS) and wide-angle X-ray scattering (WAXS)
experiments on pure GC and in the presence of KF, K2CO3 and
K3PO4 at high concentration (or at saturation) to shed light on
the changes in the GC molecules induced by salts whose ions are
capable of fitting in the HB network of the pure liquid.

The analysis of NIR spectra is a helpful tool for this purpose and
has been used for the investigation of molecular association in pure
water, salt solutions, and biological systems [24–28], the self -
association of alcohols and surfactants via hydrogen bonds [29–
33], and the study of structure and dynamics of water molecules
in different matrixes, polymers, [34] food [35] and pharmaceuticals
[36].

SAXS is a very suitable technique for the study of molecular
association in many different systems, such as ordered liquids,
polymers, lipid layers, nanoparticles and biomolecules [37–40].
In particular, when used in association to WAXS, SAXS allows
multi-scale characterization of the spatial arrangement of atoms
and molecules from Å to nm- and to lm-scales [41,42]. As with
infrared spectroscopy, and at variance with microscopy, the data
obtained from scattering methods are averaged on the macro-
scopic sample under study and therefore IR and SAXS/WAXS can
be used in combination to obtain remarkable insight on structured
fluids.

The results presented in this work show that anions exhibiting a
strong basic nature such as F-, CO3

2– and PO4
3- are able to intercalate

among GC molecules and for new HBs which have a significant
effect on the structure of the pure liquid.
2. Materials and methods

2.1. Materials

Glycerol carbonate or 4-(Hydroxymethyl)-1,3-dioxolan-2-one
(�90.0%, CAS Nr. 931-40-8), potassium fluoride (�99.5%), potas-
sium carbonate (�99.0%) and potassium phosphate (�98.0%) were
purchased from Sigma-Aldrich (Milan, Italy). The salts were puri-
fied, dried and stored under vacuum, according to the standard
procedures [12]. Glycerol carbonate was used as received and kept
under inert atmosphere to avoid water contamination.

2.2. Near-Infrared and FTIR spectroscopy

NIR spectra were acquired in the wavenumber range 8000–
4000 cm�1, with a Nexus 870-FTIR (Thermo-Nicolet) and a FT-IR
Continuum microscope in diffuse reflectance mode (beam splitter:
CaF2; detector: InGaAs) with a resolution of 8 cm�1 and coadding
256 scans. A Linkam THMS600 stage was used to control the sam-
ple temperature in the range 0 – 90 �C. A constant dry nitrogen flux
3

was applied on the external part of the Linkam window to prevent
the condensation of ambient moisture. The deconvolution of the
experimental spectra was performed by means of Igor Pro 6.36
using a combination of Gaussian distributions.

Attenuated total reflection Fourier-transform infrared spec-
troscopy (ATR-FTIR) spectra were acquired using a Thermo Nicolet
Nexus 870 FT-IR spectrophotometer, equipped with a liquid nitro-
gen cooled MCT (mercury-cadmium-telluride) detector, by averag-
ing on 128 scans at a resolution of 2 cm�1. The spectra were
acquired in the range 4000–500 cm�1. The spectra were processed
in order to remove the contribution of the atmospheric CO2 and
subtract the background (that was recorded before each experi-
ment). Since GC is only sparingly soluble in deuterated chloroform,
a couple of drops of GC were shaken in 1 mL of CDCl3 and left to
rest for 1 h before placing some drops of the solvent between
two crystal windows.
2.3. Small angle X-Ray scattering (SAXS) and Wide-Angle X-ray
scattering (WAXS)

SAXS experiments were performed at the high-brilliance ID02
beamline of the European Synchrotron Radiation Facility (Greno-
ble, France). The wavelength of the incoming beam was 1 Å, and
the sample-to-detector distances were 0.8, 10, and 31 m, which
covered a wide total q range, i.e. 3�10–4 to 0.75 Å�1 (q = (4p/k) sinh,
where 2h is the scattering angle and q the momentum transfer)
[43,44]. The sample holder was a flow-through capillary of 2 mm
diameter, which was kept in place during all measurements to
optimize background subtraction. The 2D SAXS patterns initially
recorded were azimuthally averaged to obtain 1D patterns and
normalized to the absolute scale using a standard procedure. The
resulting 1D patterns from the different configurations were
merged and the background was subtracted. The curves fitting
was performed by using the SasView 4.2 package.

WAXS experiments were carried out at room temperature on a
Bruker D8-Da Vinci diffractometer (Cu Ka radiation,
40 kV � 40 mA), equipped with a Bruker LinXEYE detector, in a
scanning range 2h between 5 and 120� (that converting from radi-
ants to degrees and extracting q, corresponds to 0.35–8.53 Å�1),
with 0.03� increments of 2h and a time per single step of 192 s.
3. Results and discussion

3.1. General remarks

As we anticipated in the Introduction, the properties of glycerol
carbonate reflect the strength and ordering induced by intermolec-
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ular interactions in the condensed phase, i.e. hydrogen bonding
and van der Waals interactions [45].

In fact apparently they reveal the existence of a dense structure
in the liquid that let us envisage the presence of dimers and/or
higher supramolecular associates. The existence of molecular clus-
ters that form the structure of associated liquids is a very interest-
ing topic since it affects the physico-chemical behavior of the pure
liquid and of its mixtures [46].

There are also other parameters that describe, at least at a semi-
quantitative level, the structuredness of a solvent, and that can be
calculated from its experimental properties [47]. Among these:

i) The stiffness of a liquid structure, i.e. the resistance of the
structure to molecular motion, quantifies the energy required to
pull the molecules apart and create a cavity in the bulk and can
be expressed as the difference between the cohesive energy den-
sity (the square of the Hildebrand solubility parameter d) and the
internal pressure Pi [48]:

d2 � Pi ¼ DvapH
0 � RT
V

� Ta
j

þ p ð1Þ

DvapH
0, V, R, T, a, j and p are the standard evaporation enthalpy

change, the molar volume (calculated from the molar mass and
the density), the universal gas constant, the absolute temperature,
the isobaric expansibility, the isothermal compressibility and the
vapor pressure, respectively. For water the value of d2-Pi is
2129 MPa at 298.15 K. The values of DvapH

0, V and d are reported
in Table 1 for EC, PC, GC and water for comparison.

The cohesive energy density for GC is higher than that of EC and
PC, suggesting a great stiffness for GC. For comparison we recall
that d is about 26.5 and 33 MPa1/2 for ethanol and ethylene glycol,
respectively.

ii) The openness depends mainly on the free volume of the sol-
vent, i.e. the difference between its bulk molar volume and the
intrinsic molar volume [53]. The latter can be estimated from
either the van der Waals volume or from the McGowan intrinsic
volume (VX). We used the McGowan value because it takes into
account the excluded volume surrounding a certain molecule,
where another particle cannot penetrate. The calculation of VX is
straightforward from the molecular formula of the liquid [54].
The openness can be evaluated from the fraction of free volume,
U = 1-(VX/V), where V is the molar volume of the liquid. Table 1
lists the values of U for EC, PC, GC and water for comparison at
298 K. The data show that GC is very close-packed, almost as water,
while EC and PC are more open. Just for comparison, other polar
liquids such as 1,2-ethanediol, glycerol, and formamide possess
U < 0.1. The openness of a liquid can also be assessed through its
fluidity, which is the reciprocal of the dynamic viscosity, u = g-1.
However the openness and the fluidity are less correlated [53].
Table 1 lists the values of u for EC, PC and GC at 298 K. The data
show that EC is almost 50 times more ‘‘open” than GC.

iii) The ordering reflects the difference between the molar
entropy of the liquid and that of the same substance in its ideal
gas state. There are different ways to estimate such entropy differ-
ence. The dimensionless Trouton’s constant, DvapS/R, that for
ordered liquids is greater than 12 (13.15 for water), is about 16.4
for GC, 13.8 for EC and 12.9 for PC (see Table 1). For solvents that
are considered to be unstructured and non-associated, e.g. for
dichloromethane, it falls between 10.5 and 11 [55]. Other ways
to quantify the order in a liquid are: (a) the vaporization entropy
deficit of the solvent relative to its vapor and compared with a
completely unordered liquid (the ‘‘alkane homologue”) DDvapS,
that takes into account also the possible association of molecules
in the vapor state, and (b) the thermal energy per unit volume
and relative to the corresponding amount for the vapor in the ideal
state DCp/V [51,53]. Unfortunately some of the properties needed
4

to estimate DDvapS and DCp/V are not known for alkylene carbon-
ates, yet.

iv) Another quantification for a polar solvent structure derives
from the Kirkwood’s dipole angular correlation parameter, g [47]:

g ¼ 9kBe0VT
NAl2

e� 1:1n2
D

� �
2eþ 1:1n2

D

� �

e 2þ 1:1n2
D

� �2 ð2Þ

where kB, e0, NA, V, T, l, e and nD are the Boltzmann constant, the
vacuum permittivity, the Avogadro number, the molar volume,
the absolute temperature, the dipole moment, the dielectric con-
stant and the refractive index at the sodium D line, respectively.
This parameter measures the deviation of the solvent’s dielectric
constant e from the value expected for a liquid with the same dipole
moment and polarizability but where the dipoles are not correlated
by any liquid’s structure. Thus, for unstructured solvents g = 1,
whilst structured solvents generally have g greater than 1. By the
way, for cyclic carbonates we calculated 2.90 for GC, 1.05 for PC,
and 1.50 for EC. However, if the dipoles are not aligned in a parallel
way, but in an antiparallel fashion, then g < 1 even when the solvent
is strongly ordered [47]. This is a remarkable point, as the value of g
significantly differs from unity for GC.

These structure-related values for GC apparently suggest that
this liquid is associated and forms transient structures such as
dimers or hierarchically higher clusters with non-null overall
dipole moment.
3.2. Infrared spectroscopy

Fig. 5 shows the ATR-FTIR spectra were acquired for pure GC
and its solutions of KF (0.21 M) and saturated KF, K2CO3 and
K3PO4. The main peaks attribution is reported in Table 2.

The addition of KF, K2CO3 and K3PO4 induced a shift to lower
wavenumbers in the –OH stretching band [12,19]. This finding
was particularly clear in the case of potassium fluoride and was
related to the weakening of the –OH stretching due to the interac-
tion of GC with the anion. For KF this behavior was found to be
concentration-dependent [19]. However, the presence of salt did
not significantly alter the position of the C-H stretching modes sig-
nals that fall in the range between 2875 and 2990 cm�1. Interest-
ingly, in the presence of saturated KF a remarkable shift of the C=O
stretching band from 1763 to 1790 cm�1 was observed. These data
seem to suggest that potassium fluoride ion pairs are intercalated
between two GC molecules, thus perturbing the hydrogen bond
between the carbonyl moiety and the –OH group. As a conse-
quence, the ion–dipole C=O���K+ interaction becomes weaker than
the pristine HB, and the C=O stretching band shifts to a higher
wavenumber [19]. Such marked effect was not detected in the case
of K2CO3 and K3PO4 that showed a reduced influence on GC inter-
molecular HB compared to KF, as it was also confirmed by the O-H
stretching band shift. For this reason, the position of the C=O
stretching signal remained substantially unchanged.

Fig. 6 shows the ATR-FTIR spectra of CDCl3 and GC in CDCl3
between 4000 and 500 cm�1.

The FTIR spectrum of CDCl3 shows two characteristic peaks
located at 2250 cm�1 and 912 cm�1 that were attributed to the
C-D [56] and C-Cl stretching modes, respectively. When GC is dis-
solved in CDCl3 the –OH stretching band exhibits a maximum at
3421 cm�1, with no remarkable shift with respect to the pure liq-
uid (see Table 2). Interestingly, for the C=O stretching signal the
peak maximum was shifted towards higher wavenumbers, from
1763 to 1792 cm�1. This effect can could be related to the ability
of CDCl3 to form hydrogen bonds [57,58].

The interaction between the GC carboxyl group and deuterium
is weaker than the pristine C = O���H interaction between two GC



Fig. 5. ATR-FTIR spectra of pure GC (black), KF 0.21 M (orange) in GC, and saturated solutions of KF (green), K2CO3 (blue) and K3PO4 (red) in GC.

Table 2
Main peaks in the ATR-FTIR and NIR spectra run on pure GC, KF 0.21 M in GC, and saturated solutions of KF, K2CO3 and K3PO4 in GC.

ATR-FTIR NIR

O-H stretch C-H
stretch

C = O
stretch

O-H
1st overtone

C-H 1st overtone C = O
2nd overtone

Pure GC 3420 2990
2931
2881

1763 6966 6009
5867
5685

5245

KF 0.21M 3389 2990
2932
2881

1763 6974 6009
5865
5683

5226

Saturated KF 3370 2987
2927
2875

1790 6981 6009
5865
5685

5236

Saturated K2CO3 3409 2988
2929
2879

1765 6971 6009
5863
5683

5226

Saturated K3PO4 3398 2987
2925
2875

1767 6970 6011
5863
5685

5246

Fig. 6. ATR-FTIR spectra of CDCl3 (black) and GC in CDCl3 (red).
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molecules. This results in a strengthening of the C = O bond, with a
consequent peak shift to higher wavenumbers.

The NIR spectra showed a set of different new peaks in the
regions between 7200 and 6100 cm�1, 6000 and 5400 cm�1 and
5

5300 and 5000 cm�1 (see Fig. 7). The first of these peaks is mainly
due to the first overtone stretching for –OH groups. The peak
around 6966 cm�1 for pure GC is assigned to an –OH first overtone
stretching vibration involved in an intermolecular hydrogen bond-



Fig. 7. NIR spectra of pure GC (black), KF 0.21 M (orange) in GC, and saturated solutions of KF (green), K2CO3 (blue) and K3PO4 (red) in GC.
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ing. It was shifted to 6981 cm�1 for the saturated solution of KF in
GC and to intermediate values for the other samples investigated
(see Table 2). The second set of signals, that exhibits three main
contributions approximately at 6010, 5865 and 5683 cm�1, is
assigned to the first overtone of the C-H stretching. As observed
in ATR-FTIR spectra, the addition of the different salts did not
result in a wavenumber shift. The third spectral region of interest
(5300–5000 cm�1) showed a definite band centered around
5230 cm�1 and is assigned to the second overtone of the C=O
stretching.

The additional peaks observed in the range between 5000 and
4000 cm�1 are assigned to a combination of C=O, O-H, and C-H
stretching [59].

Following the studies of Czarnecki and coworkers on the self-
association of butyl alcohols in the pure liquid phase [60,61] the
Fig. 8. Top: experimental NIR spectra of pure GC (red) and the best fit after the deco
deconvoluted peaks corresponding to the different contributions to the –OH band.

6

band due to –OH group in the region 7200 – 6100 cm�1 was decon-
voluted into a sum of Gaussian profiles, and the different contribu-
tions were attributed to different types of –OH bond. The
deconvoluted spectrum of pure GC is shown in Fig. 8 as an example
of the fitting procedure, and the main results obtained for all the
investigated samples are reported in Table 3.

The deconvolution of the NIR spectra identified four different
peaks, centered at ~6420, ~6760, ~6930 and ~7035 cm�1. The signal
at higher wavenumber (peak d, around 7035 cm�1) was attributed
to the first overtone of –OH stretching modes in the GC monomer.
The addition of the different salts did not affect the position and
the relative area of the peak, suggesting that the presence of the
electrolytes did not alter the fraction of free GC monomers. Inter-
estingly, this fraction is not predominant among the four different
contributions, meaning that a strong association occurs between
nvolution procedure (blue) in the range 7200–6100 cm�1. Bottom: the separated



Table 3
Peak position (cm�1) and relative area (%) obtained from the deconvolution of the OH band in the 7200–6100 cm�1 region.

Peak a Peak b Peak c Peak d

Position (cm�1) Area (%) Position (cm�1) Area (%) Position (cm�1) Area (%) Position (cm�1) Area (%)

Pure GC 6416 24.8 6760 43.8 6937 20.2 7035 11.2
KF 0.21M 6417 28.2 6761 37.8 6933 20.7 7038 13.3
Saturated KF 6425 37.0 6770 31.7 6930 18.8 7031 12.5
Saturated K2CO3 6412 30.2 6751 37.3 6931 20.4 7037 12.2
Saturated K3PO4 6405 30.5 6748 37.5 6927 20.1 7031 12.0
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GC molecules even in the absence of salts and that free GC mole-
cules represents a relatively small fraction of the overall liquid.
These results are in good agreement with the experimental data
reported in the case of concentrated alcohol solutions, where the
hydrogen-bonded associated structures are the dominating com-
ponents [62].

According to the band assignment proposed by Czarnecki et al.
[60,61] the peak located around 6930 cm�1 (peak c) could be
assigned to the free terminal –OH groups in linear aggregates
(see Fig. 2). Interestingly, this band could also be attributed to –
OH stretching modes in cyclic GC dimers (see Fig. 3), that can be
considered intermediate species between the monomers and more
complex polymer-like aggregates. Generally, the bands due to –OH
vibrations in open and cyclic aggregates of various length occur at
lower wavenumber, e.g. around 6200–6600 cm�1 in the case of
butyl alcohols.

Nevertheless, the high strain in small cyclic structures such as
dimers may result in a weakening in the hydrogen bond and a con-
sequent blue shift in the –OH absorption band, that occurs around
6800–6900 cm�1.

The maximum of peak c showed a decrease in the wavenumber
upon the addiction of the different salts: the interaction between
the anions and the hydroxyl moiety was able to weaken the O-H
bond, resulting in a band shift towards lower wavenumbers. The
relative area of the peak remained unaltered, with the exception
of the sample containing GC and saturated KF, that shows a slight
reduction from 20.2 to 18.8%. The peaks centered around 6420 and
6760 cm�1 (peak a and b respectively) could be ascribed to the –
OH stretching modes in different GC aggregates of various length
(both cyclic and linear) [60,61], and represented the major contri-
butions in terms of relative areas. Peak / was related to the –OH
Fig. 9. Relative area (%) obtained from the deconvolution of the OH band in pure GC NIR s
triangles) as a function of temperature. The solid lines represent the best linear regress
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stretching in linear aggregates, that occurs at lower wavenumbers,
while peak b was attributed to the stretching of bent

–OH bonds in cyclic structures, where the larger strain causes a
shift towards higher wavenumbers. The trend of the relative areas
was very interesting: as the concentration of KF increases, the area
of peak / increases from 24.8 to 37.0%, while peak b shows a
reduction from 43.8 to 31.7%. A similar trend was also observed
for the samples containing saturated K2CO3 and K3PO4. These
results suggested that the addition of salt can promote the forma-
tion of linear, elongated GC aggregates, with a significant reduction
in the fraction of cyclic clusters.

The analysis of the temperature-induced spectral modifications
provides a further confirmation of the proposed model for GC
molecular association. NIR spectra of pure GC were recorded over
a temperature range of 0 to 90 �C with steps of 10 �C. Fig. 9 shows
the relative area (%) of the 4 different peaks (a, b, c, d) obtained
from the deconvolution as a function of temperature. The spectra
are reported in Figure S1 in the Supplementary Material.

As the temperature increases the area of peaks a and b shows a
progressive decrease, which is more pronounced in the case of the
latter component. The area of peaks c and d exhibits an opposite
trend, increasing gradually at higher temperatures.

These results suggest that the temperature increase leads to the
dissociation of the large linear and cyclic GC aggregates
(peaks a and b) into dimers (peak c) and monomers (peak d). It
is important to note that the predominant fraction is represented
by oligomeric cyclic structures (peak b), even at high temperatures.

Linear aggregates, which are the second most abundant species
at lower temperatures (peak a), showed the most pronounced
temperature dependence, and became the minor contribution
above 60 �C.
pectrum for the peak a (black dots), b (green dots), c (yellow diamonds) and d (blue
ions.
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Fig. 10. SAXS-WAXS curves of pure GC solvent showing the total q-range covered
by the combined techniques, i.e. between 3�10-4 and 8.5 Å�1. SAXS (black curve) and
WAXS (red curve) of pure GC.
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3.3. SAXS and WAXS

Scattering and diffraction experiments were carried out on
samples containing pure glycerol carbonate and its solutions with
the same salts studied by IR spectroscopy. The combined use of
SAXS and WAXS allow to probe the structuring effect exerted by
different solutes over a wide range of length scales, i.e. approxi-
mately 5 orders of magnitude, from angstroms to micrometers.
The overall profile obtained for pure GC is shown in Fig. 10, where
the overlap of SAXS and WAXS plots shows marked correlations at
q � 0.4 Å�1, (corresponding to distances shorter than 16 Å) and at
low q values (~0.003 Å�1, corresponding to ~ 2 lm), in agreement
with the proposed association of GC monomers into dimers and
long one-dimensional aggregates through hydrogen bonding.
Short-range intermolecular non-covalent interactions produce a
defined peak in the high q region of the scattering diagram (WAXS),
while at longer distances correlations are looser and merely result
in a shoulder or even just in a slope change (SAXS), as in the case of
pure GC over long distances [63–65].

The SAXS patterns of the salt solutions in GC are shown in
Fig. 11. All profiles present a slope change (crossover point), which
becomes more evident in the case of saturated K2CO3, saturated KF
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Fig. 11. Intensity SAXS plots of all five samples: pure GC (purple) KF 0.21 M (black);
saturated KF (red); saturated K2CO3 (blue); saturated K3PO4 (green).
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and KF 0.21 M indicating that in these systems stronger interac-
tions span across hundreds of nanometers. As suggested by previ-
ous conductivity and rheology measurements, potassium fluoride
and potassium carbonate form solvent-assisted ion pairs, interca-
late between GC monomers and strengthen the structuredness of
the pure solvent even at a supramolecular level [12,19]. These find-
ings are well in line with the SAXS scattering profiles of the sys-
tems studied in this work. Specifically, the change in slope was
fitted for the pure GC and for the saturated K3PO4 solution with a

two-power law model (SasView User Documentation, https://

www.sasview.org/) (see Figure S2, S3 and Table S1 in the Supple-
mentary Material). Such model describes the intensity I(q) combin-
ing the exponential q-decay with two exponents and a scaling
coefficient. For the samples showing a shoulder, a correlation
length model was used for the fitting procedure (see the Supple-
mentary Material for the details about the model). Table S1 shows
the parameters extracted from the fitting of the SAXS curves. Here
the high-q term describes the Porod scattering from clusters, that
could be generated by monomer–monomer interactions in the lat-
eral direction, and the low-q term is a Lorentzian function which in
macromolecular solutions accounts for the scattering of chains
interacting with the solvent [66]. In the present systems this latter
contribution could be a result of ion–dipole interactions from alter-
nated GC-ions in the longitudinal direction, arranged in a short rib-
bon or in a cyclic configuration. The sample with KF 0.21 M shows
the most prominent shoulder around 0.01 Å�1 which corresponds
to a correlation length of 113 Å (Figure S4), whereas for saturated
KF the shoulder is less pronounced and shifted to higher q values,
with a shorter correlation length (88 Å) (Figure S5). The sample
containing K2CO3 in GC at saturation shows a weak bump at lower
q, giving a correlation length of 400 Å (see Figures 11 and S6, and
Table S1).

The WAXS experiments covered the range between 0.7 A-1 and
8.5 Å�1 and indicated a rise in the intensity at high q beyond the
detection limits of SAXS with a specific sequence: GC < K3PO4 < K2-
CO3 < KF. In this range the scattered intensity of all samples shows
a pronounced peak centered around the same values, while a
marked narrowing was observed upon addition of the salt to the
pure solvent (see Fig. 12). Such peaks can be ascribed to short-
range ribbon interactions between GC and intercalated ion pairs,
either in the lateral or in the longitudinal directions of the associ-
ated supramolecular structure [12,19]. The correlation peak in the
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Fig. 12. WAXS plots for GC (purple) and the four salt mixtures KF 0.21 M (black);
saturated KF (red); saturated K2CO3 (blue); saturated K3PO4 (green).
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Table 4
Simulation parameters for the Lorentzian function.

Salt Area Fit Center Max (Å�1) Max Height (a.u.) FWHM

Pure GC 4.7 1.418 5.3 0.6
KF 0.21M 4.6 1.4 5.28 0.59
Saturated KF 3.2 1.39 4.48 0.49
Saturated K2CO3 4 1.39 5 0.54
Saturated K3PO4 3.4 1.405 4.68 0.5
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WAXS region was modelled for all samples with a built-in Lorent-
zian function from OriginPro software (see Figure S2 in the Supple-
mentary Material), and the simulation parameters are listed in
Table 4. In particular, we decided to reproduce the left, low-q side
of the peak, and neglect the pronounced asymmetry arising from
other contributions that occur over shorter distances and can be
hardly identified without ambiguity. This was done in order to
avoid possible over-interpretation of the data that would be intro-
duced by convoluting more than one distribution.

From the Full Width at Half Maximum (FWHM) values we can
obtain information on the extension of the coherence domains,
that is the space extent along which the interactions are estab-
lished and propagated. These domains are inversely proportional
to the FWHM [67]. The results indicate that the coherence domains
are more extended in the case of the saturated solution of KF in GC.
Thus, in this system the persistence length due to extended HB net-
works is larger.

The results reported in this work confirm the presence of
supramolecular structures both in pure GC and in the presence of
basic anions. In addition, SAXS profiles indicate for each system a
correlation length value over which the interactions take place.

The efficacy of the investigated salts on the structuring of GC
followed a trend where fluoride was the most effective and phos-
phate the least efficient in strengthening the liquid structure: K3-
PO4 < K2CO3 < KF. This observation, that agrees with previous
findings [12] may be justified by considering i) the different delo-
calization of the charge in the three anions (i.e. their polarizabil-
ity); ii) their different basicity; and iii) the match between the
different anion geometry and the hydrogen bond directionality
[68]. In fact in the small fluoride ion the charge is completely local-
ized around the nucleus, its polarizability is among the lowest val-
ues known, and therefore can play a powerful role as HB acceptor
in the presence of a donor group such as an –OH residue. On the
other hand, F- is spherical and can interact directly with the –OH
group. Instead, carbonate is trigonal planar and phosphate is tetra-
hedral, their O. . .H interaction is not aligned with the H-O bond in
GC, and therefore the interaction is weaker than with KF, although
phosphate and carbonate bear a three and two negative charges,
respectively.

4. Conclusion

Near-infrared and attenuated total reflection Fourier-transform
infrared spectroscopy, small- and wide-angle X-ray scattering
experiments were performed on pure liquid glycerol carbonate
and on its solutions of saturated KF, K2CO3, K3PO4 in order to probe
the structure of the solvent. The choice of these salts is based on
previous results that suggested their capacity to strengthen the
structure of GC.

This work confirms the presence of clusters in the samples that
justify the experimental results. The observed structures are held
together by hydrogen bonds between the carbonyl and the hydro-
xyl moieties of the GC molecules and by van der Waals interac-
tions. By these we mean the totality of cooperative many body
fluctuation interactions from microwave, infrared, visible and UV
contributions. The contributions from cooperative dipolar interac-
9

tions are particularly strong because of the large molecular dipole
moment.

The singularly strong consistency of liquid GC compared to that
of water and of other organic cyclic carbonates (ethylene carbonate
and propylene carbonate) reflects in its physico-chemical proper-
ties (e.g. Trouton’s constant) and peculiar behaviors (e.g. rheology,
thixotropy, glass transition). Given the presence in GC of an HB
acceptor and donor, multiple options are available for the forma-
tion of a rich variety of dynamic transient associated structures:
single dimers, ribbon-like monodimensional structures, and also
bidimensional sheets. Salts containing an anion that can efficiently
act as HB acceptor (fluoride, carbonate and phosphate), are able to
stabilize the supramolecular clusters by interacting directly with
the –OH end group of GC. Interestingly, the monovalent fluoride
seems to be most effective, while the trivalent phosphate is the
least efficient in structuring the solvent. This observation may be
explained by considering i) the different delocalization of the
charge in the three anions and therefore their polarizability; ii)
their different basicity and HB accepting capacity and iii) their dif-
ferent geometry. One should expect that phosphate, bearing three
net charges, should be able to tighten the structure of GC more
than the divalent carbonate and the monovalent fluoride. Instead,
the structuring effect of the anion on GC goes the opposite way.
This evidence suggests that the most important features are the
better accepting capacity and the possibility of linear geometry.
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