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ABSTRACT: Identifying the driving forces behind the solvation of
inorganic salts by nonaqueous solvents is an important step in the
development of green solvents. Here we focus on one promising solvent:
glycerol carbonate (GC). Using ab initio molecular dynamics simulations,
we build upon our previous work by detailing glycerol carbonate’s
interactions with a series of anions, a lithium ion, and the LiF ion pair.
Through these investigations, we highlight the changes in solvation
behavior as the anion size increases, the competition of binding shown by
lithium for the oxygens of GC, and the behavior of the LiF ion pair in a GC
solution. These results indicate the importance of the cation’s identity in
ion-pairing structure and dynamics and lend insight into the key factors
behind the specific ion effects seen in GC.

1. INTRODUCTION a

Glycerol carbonate (4-hydroxymethyl-1,3-dioxolan-2-one or
GC, see Figure 1) is a molecule that has attracted recent
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O Figure 2. Ethylene (a), propylene (b), and glycerol (c) carbonate.
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Figure 1. Glycerol carbonate. Several key atoms are labeled.

attention as a green solvent and reactant. As a member of the
cyclic carbonate family, GC exhibits many of the same properties
as its relatives. Two such relatives, ethylene carbonate and
propylene carbonate (EC and PC, see Figure 2), are well-known
for their img)ortant roles as electrolytes in current energy
technologies.' —* Several properties that are shared between the
cyclic carbonates promote their usefulness in electrolyte

© 2021 American Chemical Society

7 ACS Publications

solutions,”'° namely, their large dipole moments (4.81, 5.26,
and 5.05 D for EC, PC, and GC reszpectively)11 and dielectric
constants (90.5, 66.6, and 111.5).'>"? By these criteria, GC
appears to show potential as a solvent for inorganic salts in
energy storage systems. GC also displays the largest liquid phase
temperature range of the cyclic carbonates, with a melting point
of =39 °C, a boiling point of 115 °C, and a flash point of 190 °C.

The addition of the hydroxyl group that separates GC from
PC also has the effect of increasing the viscosity of the pure GC
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solution to 85.4 cP, an increase of nearly 40X when compared
with the values for EC and PC (1.95 and 2.5). We observed in
our previous work that this high viscosity originates from the
extensive hydrogen bonding that occurs in the pure GC solution.
The hydrogen bonding leads to the formation of strongly bound
solvent dimers. This stands in contrast to the other cyclic
carbonates which exhibit long-range solvent chain formation
and in the case of EC long-range bidirectional stacking,'*"*

The strong hydrogen bonding that is present in the pure GC
solution has a large impact on its solvation behavior when
electrolytes are introduced. In our efforts to investigate the
origin of the solvation behavior seen by the Lo Nostro group' "
when KF is the electrolyte in a GC system, we found that the
strong binding between the anion and the hydroxyl of GC leads
to the formation of a uniquely organized shared-solvent ion pair.
The ions, when paired in this manner, exert a strong structuring
effect on the GC molecules that surround the fluoride ion.

Building upon our previous work, this investigation strives to
expand our knowledge of glycerol carbonate (GC) and its ion
solvation behaviors."> We focus on achieving two goals. The first
goal is to expand our investigation into GC'’s interactions with
monovalent ions, including the energy-storage relevant Li* ion,
and two anions not previously studied (Br~ and I”). This new
work allows us to examine the solvent trends that correlate with
ion size and charge density in the halogen family. Our second
goal is to quantify the effects of ion pairing on the solvent—ion
interactions. In our previous work, we postulated that the
identity of the anion was responsible for the shifts in ion-pairing
behavior, which in turn influences the increase in the glass
transition temperature.'”'* Other previous works have exam-
ined the correlations between ion size and electronegativity or
chemical hardness.'®™'” Here, we compare the interactions of
KF and KCl as ion pairs and isolated ions. We also introduce the
Li* ion into these systems, examining the effect of cation
swapping on fluoride’s interactions with GC and its pairing
behavior. These efforts combine to give us a clearer picture of
the dominant interactions in the GC systems and how they can
be modified by specific ions.

2. METHODS

In this work, classical molecular dynamics (MD) simulations are
performed in the same manner as in our previous study.'*° To
summarize, the OPLS-AA general force field is implemented by
using the GROMACS suite of MD codes to model the solvent
and ion interactions.”'~>* The particle-mesh Ewald (PME)
method is used to model the long-range electrostatic
interactions, and long-range energy and pressure corrections
are applied to the Lennard-Jones interactions.”* Each isolated
ion studied (F~, CI~, Br~, I, Li*, and K*) is placed at the center
of a unit cell and solvated with 27 glycerol carbonate molecules.
Three additional systems containing LiF ion pairs solvated in
GC are also created for this study. These ion pairs, to measure
ion association, are separated at 2.8, 3.2, or 3.6 A inside the unit
cell (see Figure 3). Position restraints are applied to the solitary
and paired ions to preserve their positions throughout the
classical simulations. Equilibration is performed by first applying
the steepest descent energy minimization algorithm to settle the
initial configurations, and then the Nosé—Hoover thermo-
stat”>”¢ is used to raise the system temperature to 300 K. The
density is equilibrated at 1 atm pressure with the Parrinello—
Rahman barostat.””** The production runs used as source
coordinates for the ab initio molecular dynamics (AIMD)
simulations below are run in a constant number/volume/

Figure 3. Li (blue)—F (pink) ion pair solvated in glycerol carbonate.
The first solvation shell is shown in color. Periodic images have been
removed for clarity. The picture was generated by using AIMD
simulation data.

temperature (NVT) canonical ensemble for 2 ns, utilizing a 2 fs
time step. Equilibrated box side lengths can be found in Table 1.

Table 1. Simulation Box Sizes for the Pressure-Equilibrated
Systems

ion cell length (A)
F~ 16.51
ClI- 16.83
Br~ 16.84
I 16.88
Li* 15.61
K 16.01

Density functional theory based molecular dynamic simu-
lations are run by using the CP2K package (v2.6.1).”*° The
RevPBE/DZVP-MOLOPT-SR-GTH functional/basis is used
in conjunction with the appropriate RevPBE-optimized GTH
pseudopotentials.”’ > The D3 dispersion correction with
Becke—Johnson damping is included.***” The initial coordi-
nates for the AIMD simulations are taken from the previously
described equilibrated classical production runs. The total
length of each NVT production run is 150 ps. The overall AIMD
simulation methodology follows that described in our previous
study.'

Static DFT calculations are also performed on solvent cluster
configurations taken from the AIMD production trajectories
(for each anion system). These calculations utilize the hybrid
B3LYP functional and def2-TZVP basis set to maximize
accuracy and minimize potential basis set superposition
error.”¥*’ Through these calculations, the solvation energy,
electron affinity, and anion Mulliken charges are obtained for
solvation configurations drawn from the AIMD simulations.
These calculations closely follow those performed by Bhatt et
al,,*® where the interactions of EC with Li* were studied. The
chosen geometries for the cluster calculations consist of 100
snapshots. In the AIMD simulations presented here, solvation
numbers of 4 and § are seen for the fluoride system, while for
chloride solvation coordination numbers of 3, 4, and 5 GCs are
possible. For both bromide and iodide only three GCs solvate
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the anion. The solvation energy (AE,,,) is calculated via the 60 - -
equation
AEsolv = Etotal[Anion(GC)n] - Etotal[Anion] - nEtotal[GC] - 40
(1) =
Here E,, [Anion(GC),] is the total energy of the cluster, 201
Eora[Anion] is the energy of the anion by itself, and nE,,[ GC]
is the energy of the GC molecules where 7 is the solvation 0
number. 0
To further characterize the electronic structure properties of 60
the anion clusters, we also calculate the forward and reverse
electron affinities (noted here as EA; and EA,) via the equations = 40 -
EAI = Etotal[N + 1] - Etotal[N] (2) \O’W CILJ
201 Q
and S
=]
EAZ = Etotal[N - 1] - Etotal[N] (3) O g
where E,.[N] is the total energy of the cluster at its natural 60 0 _8
charge of —1, E;,q[ N + 1] is the total energy of the cluster with a ©
charge of —2, and E,,y[ N — 1] corresponds to a cluster with an 40 - 5
overall neutral charge. “N” in these two calculations corresponds S o
to the number of electrons. The calculated forward and reverse ()] 20 - 8
electron affinities correlate with the reduction and oxidation
potentials of the clusters.”' The Mulliken charge analysis and all
cluster single point energy calculations were completed with the 0
Gaussian (vg16c01) quantum chemistry software.*>** 60 0
3. RESULTS AND DISCUSSION -
3.1. Hydrogen Bonding of Glycerol Carbonate to a - 407 /"_ 1o
Range of Anions. In our previous study,'> we found that the Fo e
primary interactions between fluoride and GC are hydrogen- 20 1 ///—‘ 5
bonding interactions, which are strongest between the H6 Lommms 3
hydroxyl tail of GC and the anion. The same interactions 0 N
between GC and the halogen anion series studied here are 0 1 3 4 5 6 7
displayed via the computed radial distribution functions in r o A)

Figure 4. It is apparent that the distance of interaction increases
and the strength of hydrogen bonding interactions decreases
with increasing anion size. This effect is displayed in the RDFs as
a shift outward in interaction distance and a reduction in height
of the first RDF peak.

As the hydrogen-bonding interactions are reduced and anion
size increases, a complex effect on the number of solvent
molecules in the first solvation shell is seen. The number of GC
molecules that coordinate the fluoride and chloride first
solvation shells is near 4. In the case of fluoride, we find that
there are two possible states for the first solvation shell. As
discussed in our previous work, 4 GCs can interact with fluoride
in a tetrahedral geometry. However, during our longer
simulations, we also see a 5 GC solvation shell forming
temporarily. The formation of this S-member solvation shell
marks the exchange of a new GC molecule into the first solvation
shell while another leaves. The strength of the F~—H6 bonding
leads to this transient state being temporarily stabilized.
Chloride by comparison exhibits 3 separate and equally possible
first solvation structures: the first shell can consist of 3, 4, or §
GC molecules. The secondary solvation shells of fluoride and
chloride both add 3 GC molecules to their local solvation
environments.

The two larger anions studied here, bromide and iodide,
display solvation patterns similar to one another. They both
attract an average of three GC molecules into their first solvation
shell and an additional two GC molecules into their second
solvation shell. The interactions between the bromide and GC

Figure 4. Comparison of GC hydrogen bonding to various unpaired
monovalent anions. All RDFs were created by using AIMD simulation
data.

hydroxyl tail are slightly stronger than those between iodide and
GC.

We also examine the polarization occurring in the first
solvation shell surrounding each ion. The resulting information
is collected in Figure 5. In this graph we can see that in each
system the GC molecules in the first solvation shell experience a
strong dipole moment enhancement, increasing their dipole
moments from the 4.76 and 5.05 D moments calculated for the
gas and bulk phases, respectively. (Note that the dipole increase
from the gas phase to the pure liquid listed above is much smaller
than that seen in the EC and PC liquids."” This is due to the very
different molecular structural motifs found in the EC/PC and
GC liquids."®) There is a small but noticeable trend in which the
dipole moment of GC in the first solvation shell around the ion
initially peaks in the fluoride system, decreases in the chloride
and bromide system, but increases again in the iodide system.
Interestingly, this pattern correlates with the effect of different
anions on the glass transition temperature seen by Sarri et al."*

3.2. Glycerol Carbonate’s Binding to Lithium and
Potassium. Past studies have quantified the solvation of Li" in
the similar carbonate solvents EC and PC.'>** Those studies
show that both EC and PC solvate Li* by interacting through the
carbonyl oxygen (O4 in our labeling scheme). Li* binds four
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Figure S. Comparison of GC dipole moment enhancement for the 20 -
anions. Values correspond to the mean dipole moment of the first -
solvation shell molecules around the identified ion, and error bars 5
denote the standard deviation. The data are calculated from Wannier 10 A
centers generated during the AIMD simulations.
solvent molecules in its first solvation shell in both solvents, and 0 0 i 2 3 ‘I|- 5 é 7
these molecules also experience a large dipole moment 30 - ] -
enhancement.'” @)
In Figure 6 we see that the additional oxygen in GC can create 20 1
competition for binding between the solvent and cations (in - 0
contrast with EC or PC). In the case of isolated potassium, the S
cation strongly prefers to be solvated by the carbonyl (O4) 10
oxygen. See below for a discussion of the impact of anions on the
binding preference. Li* by contrast shows clear evidence of |/
competition for binding between the O3 and O4 oxygens. The 0 0 i i :'3 2|- 5 é 7

first solvation shell in the case of Li* is still slightly biased toward
binding with the O4 oxygen, with an average of three in the first
shell. Two further GC molecules interacting through their O3
make up the remainder of the first solvation shell. Li* also
displays evidence of a secondary solvation shell consisting of one
03 and one O4, not seen in the potassium system. The stronger
binding between the GC molecules and Li* leads to a more
ordered solvation geometry. This can be seen in its narrower
GC—cation—GC angle distribution in Figure 7. Because this first
solvation shell is a mixture of O4 and O3 ligands, the geometry is
difficult to clearly define, but it resembles a trigonal bipyramid
with the two associating hydroxyl tails approaching from the top
and bottom.

3.3. Effects of lon-Pairing on Solvent Binding. In this
section, we examine the effects that pairing with a counterion has
on the solvation characteristics of some of the ions we have
previously examined, beginning with the ion pair LiF. After the
separate starting simulations reach equilibration, we find that a
contact ion pair of LiF is formed (Figure 8).

Similarly to the KCl pair, no bridging hydroxyl tail inserts
between the jons to keep them separated. Taking into account
the increased interactions between GC oxygens and lithium
detailed in Figure 6, we can infer that the effective interactions
between the lithium and fluoride ions are stronger than in the KF
or KCl pairs. A stronger net attractive force prevents the
individual ions from being solvated separately or from forming a
shared solvent ion pair like KF. Because the lithium ion shows

r (A)

Figure 6. RDFs comparing unpaired cation association with the O3 and
04 oxygens of GC. All RDFs were created by using AIMD simulation
data.

density

0 30 60 90 120 150 180
angle (degrees)

Figure 7. Distributions of the GC—cation—GC angle of the first
solvation shell around isolated lithium (green) and potassium (blue)
ions.
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Figure 8. Fluoride—lithium RDF showing the formation of a contact
ion pair after equilibration. Data calculated from a combined trajectory
consisting of the final 20 ps of each LiF simulation.

significant structuring ability, compared to potassium, it may still
have some effect on the glass transition temperature. Further
experimental studies investigating the LiF ion pair impact on the
T, of GC would allow us to understand which of the two driving
forces have more impact on system behavior (the binding
strength between the anion and GC or the ability of the ions to
form a shared solvent ion pair).

In Figure 9 we show the effect of ion-pairing on the solvation
behavior of fluoride and chloride. When isolated, fluoride

r 15

Coordination number

Figure 9. RDFs comparing F~ (top) and CI” (bottom) solvation in the
presence or absence of a counterion. Paired with K*: black solid line;
paired with Li*: red dotted line; no counterion: gray dotted line.

displays the potential for a rare transition solvation structure of
five GC molecules in its first solvation shell, but when associated
with potassium its coordination number lowers to 4. This may
imply that a transient solvation structure is less stable or simply
that there is less exchange occurring between the first and
second shells of fluoride. The reduction in coordination number
is accompanied by an increase in the effective free energy of
dissociation (AWy;,.) for the first solvation shell (see below).

When the fluoride’s counterion is lithium, the coordination
number of fluoride is reduced to 3. This is also accompanied by a
shift outward in the secondary solvation shell. All three states in

which fluoride’s interactions with GC are studied (isolated, with
K*, or with Li*) display a nearly identical first solvation shell
distance. The same cannot be said for chloride, however. When
chloride associates with the potassium ion, it ejects an average of
1.5 GC molecules. The remaining 2.5 GC molecules, however,
are bound closer to the anion. This brings the first peak
maximum distance down to 1.81 from 2.3 A.

The cations can also experience significant solvation changes
when paired. Potassium, when paired with fluoride, sees a
balancing of its interactions with the O3 and O4 oxygens (Figure
10)."® This points toward the strong binding of the hydroxyl tail

r 15

201 K-04

- 10

NwhuUu

r15

r 10

Coordination number

whuv

Figure 10. RDFs displaying the effect of a counterion on the solvation
of K* by the O4 (top) and O3 (bottom) oxygen of GC. Gray dashed
line: isolated K*; black solid line: K* paired with fluoride; blue dotted
line: K* paired with chloride.

hydrogen to fluoride as a driving force for attracting the
potassium ion toward the O3 oxygen. The resulting structure is a
bridging GC that is shared by the K" and F~ ions. Potassium also
displays stronger binding with the O3 oxygen when paired with
chloride.

Lithium, by contrast, binds similarly to the two oxygens of
GC. In Figure 11 we can see that the paired Li" attracts a smaller
total number of GC molecules to the O4 and O3 first solvation
shells compared to that of the isolated Li*, decreasing the
summed coordination number from S to 3. This is a result of the
formation of the LiF contact ion pair as discussed above. The
second peak in the paired Li*—O3 RDF can be partially
attributed to O3 oxygens which are bound to the fluoride
(through the H6 hydrogen). These results show that the lithium
ion’s interactions with GC are uniformly reduced when paired
with fluoride as a result of the counterion’s influence and the
solvent restructuring.

Table 2 contains the free energy changes (AWy,.) for the
process of removing a GC molecule from direct contact with an
ion. This free energy change is defined as the difference between
the potential of mean force (PMF) values at contact and at large
separations (see also Figure 12). The PMF profiles can be used
to compute association or dissociation constants for the
interaction.””*® The data are assembled for several of the
ion—solvent interactions studied here. When we examine
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Figure 11. RDFs displaying the effect of a counterion on the solvation
of Li* by the O4 (top) and O3 (bottom) oxygen of GC. Gray dashed
line: isolated lithium ion; black solid line: lithium ion paired with
fluoride.

Table 2. Free Energy Change of Dissociation for GC
Separating from the Ions Studied”

ion(s)—GC atom AW, (kcal mol™) first shell coordination number

F—H6 2.1 44
Li[F]-H6 2.1 3.0
K[F]-H6 23 40
CI—H6 1.7 40
K[CI-H6 1.6 24
K*—04 1.6 4.5
Li*—04 1.9 2.8
K*-03 02 0.5
Li*—03 1.6 1.9

“See the definition for AW, in the text and displayed in Figure 12.
In the paired species, square brackets denote the ion whose
interactions are being measured.

AW(r)

Figure 12. AWy, profiles for CI~ when isolated (gray dashed line)
and when paired with K* (black solid line). All AWy, values are
calculated from the anion—H6 pair correlation function shown in
Figure 4.

AWy for each of the fluoride systems, we see that, regardless
of the ion’s pairing status, the value is relatively stable. A

fluoride’s AWy when bound with K* increases by only 0.2
kcal mol™! compared with that of the isolated fluoride or fluoride
bound to Li*. Chloride, by contrast, displays a decrease in
AWyio. when paired compared to its isolated state. The
magnitude of this decrease, however, is still small. Interestingly,
while the AWy, for the anions remains stable, their first
solvation shell coordination numbers can vary. This indicates
that direct hydrogen bonding of the GC to the anion dominates
the interactions.

The cation AWy, values featured in Table 2 highlight the
differences in their binding affinity to the O3 or O4 oxygens. K*
displays a clear preference for the O4 carbonyl oxygen, with a
AWyioc of 1.6 kcal mol ™. This is 1.4 kcal mol™" larger than its
AWy with the O3 oxygen. Li*, on the other hand, exhibits a
slight preference for the O4 oxygen, but the AAWy,,. between
the O3 and O4 oxygens is much smaller at 0.3 kcal mol™". The
enhanced binding between Li* and the O3 oxygen, when
compared to K, indicates that the O3 oxygen retains a
concentrated negative charge. This allows it to compete with the
O4 oxygen when a lithium ion, which also has a concentrated
(positive) charge, is solvated by GC.

3.4. Solvation Energies and Charge Transfer in
Solvated Anion Clusters. Solvation energies, AE,,, (calcu-
lated via eq 1), from static DFT calculations are shown in Figure
13 as a function of solvation number. Similar to previous results

~ -301
o

£ -40-
=

© -50 A
(o]

X .60
& -70-
—

g 8o
w

- -90
o

5 -100
©

2 -110
o

v .120

3 4 5

Solvation Number (n)

Figure 13. Plot of solvation energy of the four anions studied as a
function of solvation number. Markers denote the average value for
solvation energy in each system; the error bars denote 1 standard
deviation. Fluoride ion: blue with circle markers; chloride ion: black
with triangle markers; bromide ion: green with square marker; iodide
ion: orange with cross marker.

regarding Li*—EC clusters,*’ each system’s solvation energy
decreases as additional solvent molecules are added to the first
solvation shell. However, for the chloride and fluoride systems,
the AAE_, values between the 4-solvent and 5-solvent shells are
small. In the chloride system, the solvation energies for the 4-
solvent and S-solvent clusters are less than 1 kcal/mol apart at
—58.0 and —58.8 kcal/mol, respectively. In the two fluoride
systems, the average solvation energies are further separated (at
—10S5.2 and —110.7 kcal/mol for the 4-solvent and S-solvent
systems). However, we see that the relatively large error leads to
significant overlap of uncertainty between these values. The
bromide and iodide 3-solvent clusters exhibit solvation energies
(—42.3 and —50.4 kcal/mol) less negative than the correspond-
ing 3-solvent chloride cluster (—54 kcal/mol). This follows our
expectations from the RDF results shown above, where the
anion solvation energies increase in magnitude as anion size
decreases.
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To further understand the electronic structure properties of
the clusters and how they evolve as the solvation number
changes, we have detailed both calculated electron affinities
(EA, and EA,) in Figure 14.
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Figure 14. Plot of both electron affinities calculated for the four anions
studied as a function of solvation number. Markers denote the average
value for the calculated energies in each system. The error bars denote 1
standard deviation. See eqs 2 and 3 for the definitions of EA| and EA,.
Fluoride ion: blue line with circle markers; chloride ion: black line with
triangle markers; bromide ion: green with square marker; iodide ion:
orange with cross marker.

In Figure 14, we again see trends that track with anion size and
“hardness”. In the first electron affinity graph (EA, ), the addition
of an electron to any of the clusters (taking them from an overall
charge of —1 to —2) results in positive, or unfavorable, electron
affinities. The magnitude of this affinity follows the same trend as
AE,,,, with fluoride experiencing the smallest positive EA; and
iodide the largest. Similar to the solvation energies seen above,
the 4- and S-fluoride-solvent clusters exhibit almost identical
EA/’s. Chloride’s EA;, however, has a larger dependence on
solvent number. This may indicate that the “softer” anion’s EA;
can be more influenced by the surrounding solvent, but further
investigation of other anion—solvent clusters is necessary.

The second calculated electron affinity (EA,) corresponds to
the removal of an electron from the clusters, making them
neutral. The collected values here, like the values for EA,, are
large and positive. Each anion system’s EA, is larger than its
corresponding EA, value, however, showing that the energy
change for removal of an electron from these anion clusters is of
larger magnitude than the addition of one. Similar to the
progressive trend we see in the EA; graph, we again see a trend
dependent on anion size. Fluoride clusters have a larger EA, than
chloride, chloride’s EA, is larger than bromide, and bromide’s
EA, is larger than iodide’s. These trends together show a
representation of the effect that the anion’s size, “hardness”, and
electronegativity have on the electronic structure behavior of
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these systems. The more electronegative and “hard” fluoride is
more resistant to the removal of an electron but more receptive
to the addition of one. Adding solvent molecules “softens” the
cluster to electron addition but “hardens” it with regard to
electron removal.*’

To finalize our investigation of these anion clusters (and in
particular their electronic structure properties), we calculate the
partial charge (e) on each of the anions in the studied clusters.
These results are displayed in Figure 18.
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Figure 15. Plot of the Mulliken charge on each of the four anions
studied as a function of solvation number. Markers denote the average
value for ionic charge in each system. The error bars denote 1 standard
deviation. Fluoride ion: blue line with circle markers; chloride ion: black
line with triangle markers: bromide ion: green with a square marker;
iodide ion: orange with a cross marker.

Interestingly, in these results, we see the opposite of what we
might expect from the EA calculations. Instead of fluoride (the
“hardest” anion) retaining the most charge of any anion, it
donates the most charge to the surrounding solvent. The trend
then follows as before, with chloride donating less than fluoride,
bromide less than chloride, and iodide least of all. Adding
solvent to a cluster increases the overall amounts of charge
donated to the solvent, but the amounts donated for both
chloride and fluoride systems are very similar for the 4- and S-
solvent systems. This “reversal” of expectations may be a direct
result of an increased “chemical” aspect of the binding between
the anion and the hydroxyl tail of GC, particularly in the case of
fluoride. This chemical aspect of binding increases with anion
hardness and electronegativity and correspondingly decreases
with anion size.

4. CONCLUSIONS

The aim of this work has been to expand our previous
investigations into the ion solvation behavior of glycerol
carbonate to the remainder of the halogen chemical family,
investigate GC’s solvation of lithium, and to further quantify the
effect that ion-pairing has on the interactions between the
individual ions and GC. These goals were chosen to provide a
deeper understanding of GC’s specific ion solvation behavior.
‘When examining the interactions of the isolated anions with
GC, we find that there is a clear trend of weaker interactions with
the solvent as the anion size increases. In addition, the size
increase modifies the coordination numbers in the anion’s first
solvation shell. The isolated cations also display differences, not
only in the strength of their interactions with the solvent but also
in their preference for one interaction site or another.
Interestingly, both the Li* and K* cations show the same overall
coordination number (5) when both interacting oxygens are
summed, despite the ion size differences. Investigation into the
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solvation geometries of the cations shows that the weaker
interactions between the potassium and GC lead to a less
ordered and less well-defined first solvation shell geometry when
compared to lithium.

For the LiF ion pair, we find that, similar to KCI in our
previous work, the two ions form a contact ion pair in GC."®
This yields insight into the relative strengths of the interactions
between the ions. Our study progressed to examine ion-pairing
effects on the individual ion—solvent interactions. In the case of
fluoride, its interactions with GC are at their greatest when
paired with potassium. These interaction changes, combined
with the structuring effect of the shared—solvent ion pair on the
local solvent, can explain the enhanced stability of the KF ion
pair and its impact on the glass transition temperature. In
contrast, chloride’s interaction energies and local solvation
structuring are reduced when paired with potassium. This may
explain KCI’s lack of impact on the macroscopic properties of
GC solutions."” From our inferred conclusions regarding the
strength of the interaction between Li* and F~, we anticipate
that this ion pair would not have the same impact on the glass
transition temperature as KF. The ion-pairing preferences
discussed above are reminiscent of Collins’ law of matching
water affinities (LMWA) that has proven so useful in ion
hydration studies.*® Collins'’ LMWA has also recently been
reformulated as a law of matching solvent affinities in
nonaqueous solvents.”’ ™"

In the isolated cluster calculations, we shed further light on the
nature and magnitude of the solvent—anion interactions. We
found that, similar to previous results for Li*—EC systems, the
optimum number of solvent molecules for an ion can be
elucidated by analyzing the solvation energy, electron affinities,
and ion charge. Our results from these quantities show that the
4- and S-solvent clusters for fluoride show relatively similar
solvation energies and electron affinities. However, the small size
of the fluoride ion makes the chance of seeing the 4-member
solvation cluster more likely. The results for the remainder of the
anions follows the previously established trends of “hardness”
for anions, with the larger, more diffuse anions more likely to
accept oxidation and less likely to accept reduction. As the
“hardness” and electronegativity of the anions increase, we also
observe an increase in the magnitude of the solvation energy.
Further investigations of cluster stability could include more
thorough evaluations of the solvation free energies utilizing a
method such as quasi-chemical theory.>*

The above observations shed light on the specific interactions
of GC with a broader range of anions and cations. Quantifying
the differences in interactions between isolated and paired ions
with this solvent gives us insight into how changing the identity
of the anion or cation can influence the microscopic and
macroscopic behaviors of the system. The next logical step in the
investigations of GC should entail the investigations of more
complex molecular and multivalent ions.
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