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ABSTRACT: Solvate ionic liquids (ILs) are promising candidates for several applications due
to their stability, high coulombic efficiency, and low volatility. In this work, we investigate the
solvation of lithium-bistriflimide by different glycerol-derived triether solvents, using molecular
dynamics simulations. Very strong interactions between Li* and the solvent oxygen sites are
found, leading to significant conformational changes in the solvent. By comparing the
conformation of the neat solvents with their IL mixtures at different concentrations and
temperatures, we find that the presence of Li* induces a distinct crown-like structure in the solvent
molecules. The Li* cations and the surrounding solvent form a podand complex, which is stable
even at elevated temperatures. These glycerol-derived solvents exhibit distinct interactions with

Li" cations which may be exploited in electrolytic applications or lithium recovery processes.
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INTRODUCTION

Acyclic ether-based solvents have a tendency to coordinate with positively charged atoms to
form crown-like structures, known as podands. These unique molecular complexes may be useful
in a number of different applications.! For example, podands formed by a mixture of organic
solvents and lithium salts (i.e., solvate ionic liquids (ILs)) have proven to be promising electrolyte
candidates,*!° reaction media for organic reactions,!!!> and sizing agents for carbon fibers.!3 For
instance, Ueno et al.!0 experimentally showed that different solvate ILs composed of glymes
(triglyme and tetraglyme) and Li* salts (i.e., Li(glyme)X complexes) exhibit beneficial
characteristics for battery electrolytes, such as high ionicity, high oxidative stability, and low
volatility. Different Li(glyme) complexes in different Li* batteries were observed to demonstrate
promising performance, but some unwanted side reactions of the solvate IL-based electrolytes
were detected.”!* To mitigate these reactions, it has been shown that the addition of fluorinated
groups can significantly enhance the stability of some solvate ILs.!>18

The search for stable solvate ILs has mainly been conducted using trial and error approaches,
based almost exclusively on experimental efforts. Some simulations have been performed to
provide theoretical guidance, but the simulations have primarily been limited to quantum chemical
(QC) studies of a single solvent molecule coordinated to Li* salts.!*2% Although these fundamental
interactions are important to quantify, more molecular-level information is needed regarding the
intermolecular coordination environment of the system in a bulk solution, including an analysis of
the relevant sites involved in the cation-cation, cation-anion, cation/anion-solvent, and solvent-
solvent interactions. This information is crucial for predicting general performance trends and

guiding the development of new solvent compounds.
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Well known for its versatility and low cost, glycerol (propane-1,2,3-triol) has been widely used
in several commercial markets, such as pharmaceuticals, oil, and the food industry.?!-*?> Glycerol
is generated in large quantities as a by-product of biodiesel production, and the expansion of
biodiesel production worldwide has contributed considerably to the decrease in glycerol prices
(the value is so low that it is often treated as a waste).?! Thus, there is an opportunity to convert
this low-cost feedstock into a higher value solvent, due to its chemical versatility and wide
availability.23-2> Very recently, Qian et al.?%2” used a combination of experiments and simulations
to show that different glycerol-derived compounds (e.g., triethers) have promising performance
for CO, absorption; other applications of glycerol-derived solvents have been previously proposed
in the literature.?4282° Despite the similarities in the chemical structure of glycerol derived triethers
and glymes, to the best of our knowledge, there are no experimental or computational studies of
the solvation of Li* cations by glycerol-derived triethers. There are several technologies that may
benefit from these compounds, including applications in battery electrolyte solutions and lithium
recovery.

In this work, we use molecular simulations to investigate the solvation behavior of Li* by three
glycerol-derived triether solvents bearing one, two, or three trifluoromethyl (-CF3) groups; namely,
6-((2,2,2-trifluoroethoxy)methyl)-2,5,8,11-tetraoxadodecane (CAS: 2756130-95-5) (TRF1),
13,13,13-trifluoro-6-((2,2,2-trifluoroethoxy)methyl-2,5,8,11-tetraoxatridecane ~ (TRF2), and
1,1,1,14,14,14-hexafluoro-7-((2,2,2-trifluoroethoxy)methyl)-3,6,9,12-tetraoxatetradecane
(TRF3). In order to obtain information about the structural properties and conformations of these
solvents, we first simulate the homogeneous bulk solvents. Then, we evaluate the solvent

structural change that are induced by Li* in the bulk mixtures of these solvents by adding LiTf,;N
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at different concentrations and at different temperatures. We find that there are very distinct
crown-like solvent structures formed around the Li" atoms, and these complexes (“podands™)

maintain their stability even at elevated temperatures.

SIMULATION METHODOLOGY

The molecular dynamics (MD) simulations are performed using Gromacs 2021.13%; the
PACKMOL package3! is used to build the initial configurations in the simulation boxes. The
bonded and non-bonded interactions of TRF1, TRF2, and TRF3 (Figure 1) are modeled using the
OPLS-AA force field;3>33 the Lennard-Jones parameters of the Li* cation are taken from Jensen
et al.,3* and the TIP4P model?’ is used for the water interactions. The OPLS parameters of TRF1,
TRF2, and TRF3 are obtained from LigParGen3%, and the Tf,N- force field parameters and charges
are taken from Doherty et al.3” The isolated molecular structures of TRF1, TRF2, and TRF3 are
optimized using density functional theory at the B3LYP/6-31G+(d,p) level of theory, as
implemented in Gaussian09;3® based on the optimized structures, the atomic partial charges are
estimated using the ChelpG method;?® the optimized structures were then used to build the MD
simulation boxes, as described above. The electrostatic surface maps of TRF1, TRF2, and TRF3
are presented in Figure S1. Consistent with the OPLS force field, geometric combination rules are

used to model unlike pair interactions.
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Figure 1. Molecular structure and atomic site labels of (a) TRF1, (b) TRF2, and TRF3.

The pure fluid thermodynamic and structural properties of the solvents are studied at 298, 323,
and 348 K, using a system composed of 800 solvent (N;=800) molecules. The mixtures of solvent
+ LiTf,N are composed of the same number of solvent molecules (Ng=800) and three different
concentrations of LiTHLN (Nprpy = 100, 200, and 300). The solvent-Li coordination is also
evaluated in a bulk solvent + 1M LiTf,N brine mixture. The system compositions are summarized
in Table 1.

The steepest descendent method is used to minimize the energy of the initial configurations,
followed by a system equilibration stage of 350 ns in the isothermal-isobaric ensemble (NPT); an
additional 50 ns of simulation in the NPT is used to evaluate thermodynamic and structural
properties. The Parrinello-Rahman barostat***! and the velocity rescaling thermostat*? are used,
with time constants of 0.1 and 5 ps, respectively. The leapfrog algorithm* is used to integrate the
equations of motion using a time step of 2 fs, and periodic boundary conditions are applied in all
directions. The hydrogen bonds are constrained using the LINCS algorithm, a cutoff distance of
1.2 nm is used for the Lennard-Jones and coulombic interactions, and the particle mesh Ewald

PME) method** is used to calculate the long-range electrostatic interactions. Figure 2 presents
g-rang g p
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snapshots of the final configurations of pure TRF1, TRF1+LiTf,N, and 1M LiTf,N brine + TRF1,

from which the increase in complexity of these systems can be explicitly observed.

Table 1. Summary of the system compositions.

Number of species present

System
TRF1 TRF2 TRF3 LiTf,N H,O

800 - - - -

Neat Solvent - 800 - - -

- - 800 - -

800 - - 100/200/300

LiTf,N + Solvent - 800 - 100/200/300 -

- - 800  100/200/300 -
1 M LiTE;N 848 - - 230 10,000
Brine + Solvent - 687 - 230 10,000
- - 577 230 10,000
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Figure 2. Representative snapshots of equilibrated systems: (a) bulk TRF1 (6.61x6.61x6.61 nm?),
(b) 100 LiTf,N + TRF1 (7.01x7.01x7.01 nm?), and (¢) 1M LiTf,N brine + TRF1 (8.79%8.79x8.79
nm?) at 298 K and 1 bar. Color code: cyan = C, white = H, blue = nitrogen, red = O, yellow = S,
pink = F.
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RESULTS

Pure Bulk Solvent. The average mass densities and self-diffusion coefficients for the pure bulk
solvents are summarized in Table 2. Although the densities of these solvents within this
temperature range are generally similar, the average density increases from TRF1 to TRF3, as
expected with increasing number of -CF; groups. Analogously, the self-diffusion coefficients
follow the expected behavior with temperature, and they increase according to the trend TRF1 <
TRF2 < TRF3.

Figure 3 shows the center-of-mass radial distribution functions (RDFs) of TRF1, TRF2 and
TRF3 at 298 K. The RDFs are remarkably similar, with two main peaks; the first peak is around
0.55 nm, and the second centered around 1.2 nm; the first TRF3 peak is slightly less intense than
the other solvents. The local coordination of neighboring O and F atoms around the studied solvent
molecules can be explicitly observed by analyzing the spatial distribution functions shown in
Figures S2 and S3. Notably, coordination of the C and O atoms around the branch point is

observed; on the other hand, there is no preferential coordination of a specific site for the F atoms.

Table 2. Average density and self-diffusion coefficient of neat TRF1, TRF2, and TRF3 solvents
at 298, 323, and 348 K and 1 bar.

System Temperature Density Diffusion
(K) (kg/m3) (107 cm?/s)
298 1195.94 0.19

TRF1 323 1170.92 0.87
348 1141.64 3.68
298 1308.92 0.33

TRF2 323 1277.33 1.40
348 1244.85 4.37

7
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298 1391.20 0.44
TRF3 323 1356.09 2.00
348 1320.62 5.65
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Figure 3. Solvent-solvent center-of-mass RDFs at 298 K and 1 bar for the neat solvent systems.

To characterize the average molecular structure of the solvents, the TRAVIS package*>#6 is
used to obtain the combined distribution functions (CDFs) of the angles between the atoms C1-
C2-C3 (0) and C4-C2-C3 (¢). These angles can help characterize the relative structure (and
deviations) among the three main segments of each solvent. The obtained CDFs for TRF1, TRF2,
and TRF3 at 298 K are presented in Figure 4. For reference, it is worth noting that the default
angles between the different branches extending from a central sp* carbon atom is approximately
109.5°.47 The CDF for TRF1 shows a broad distribution, with a higher probability of 6 ranging
from 130° to 150° and ¢ ranging from 70° to 100°. Notably, very similar probability distributions
are also observed for TRF2 and TRF3. However, these CDFs exhibit slightly polarized regions of

¢, with bimodal peaks appearing around 45° and 90°.
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Figure 4. Neat solvent combined distribution functions of the angles C1-C2-C3 (0) and C4-C2-
C3 (¢) of (a) TRFI, (b) TRF2 and (c) TRF3 at 298 K and 1 bar. The color scale indicates the
number of occurrences that fall within each angle bin.

Solvent + LiTf,N Mixtures. The RDFs for the bulk mixture of 100 LiTf;N + solvent at 298 K
are shown in Figure 5, including the solvent-solvent center-of-mass, as well as the RDFs between
Li" and ether -O- sites. As seen in Figure 5(a), TRF1-TRF1 exhibits a narrow first peak around
0.5 nm and a second broader one around 1.0~1.2 nm. Similar behavior is observed in the other
RDFs presented in Figure 5(a). Nonetheless, the first peak is shifted to the right and is less intense
for TRF2 and TRF3; the second peak is slightly shifted but not correlated to the structural trend of
the solvents. Also, a small short-range peak is observed in the RDF of TRF3. When comparing
Figure 5(a) with Figure 3, the presence of LiTf,N introduces a differentiating effect among the
solvent-solvent coordination, which is associated with a configurational change of the solvent
structure due to the presence of the Li* cation, as shown in more detail below. Regarding anion-
cation coordination, Figure 5(b) shows that the Li*-Tf,N- RDFs exhibit similar qualitative behavior

for all solvents, characterized by the formation of two peaks centered around 0.5 nm, with the
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second peak notably more intense than the first. The Li*-Tf,;N- second peak is remarkably more
intense for TRF3 than the other solvents.

Based on Figure 5, there is strong coordination between the ether -O- sites of the solvents with
Li*, with the most intense and short-range interactions appearing at the O2 and O4 sites. Notably,
strong coordination of Li*-O2 is observed for TRF1 and TRF3; on the other hand, stronger Li*-O4
coordination is observed for TRF2. When comparing the different solvents, it is observed that Li*-
02 coordination is slightly more intense for TRF3. It is worth highlighting that the interaction
between the O and Li* sites due to the presence of -CF3 groups at the ends of the ether chains is in
good agreement with the experimental results obtained previously by Yip et al.4; namely, the
functionalization of the glycerol-based solvent by the electron-withdrawing -CF; group does not
significantly impact the coordination between the O and Li" sites (only a small decrease is
observed). By integrating the first peak of the RDFs between Li" and O2, we calculate average
Li"-O2 coordination numbers of 1.73 £+ 0.08, 1.55 £ 0.06, and 1.54 + 0.03 for TRF1, TRF2, and
TRF3, respectively (95% confidence intervals are obtained by averaging the coordination numbers

from three independent simulation trajectories).

10
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Figure 5. RDF plots for the mixture of 100 LiTf;N + solvent at 298 K: (a) solvent-solvent COM,
(b) Li*-Tf;N- COM, (c) Li* and O sites of TRF1, (d) Li* and O sites of TRF2, and (e) Li* and O

sites of TRF3.
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The effect of temperature on the site-site interactions is illustrated in Figures S4-S6. In all
solvents, the increase in temperature leads to a slight increase in the coordination between the ether
-O- sites and the Li* cation, suggesting more intense interaction at higher temperatures. The
counterintuitive temperature sensitivity of the coordination between the oxygen and Li* sites has
been previously observed for a similar tetraglyme solvent.*® The RDFs between Li* and the oxygen
sites shown in Figure 5 have also been numerically evaluated (Table S1), by identifying the most
intense peak position, its intensity, potential of mean force (assessed using the RDF at the most
intense peak position), and coordination number up to 0.4 nm. Although stronger Li*-O2
coordination is observed for TRF3 at 298 K, the coordination sensitivity between Li" sites and
oxygen is notably lower for TRF3 than for the other solvents. The podand configuration is
primarily involved with the oxygen sites located at O2-O5. The total Li* coordination from these
four oxygen sites decreases slightly as the amount of fluorination increases, with corresponding
values at 298 K/348 K shown in parentheses: TRF1 (5.5/6.3); TRF2 (5.3/6.1); TRF3 (4.9/5.1).
Table S2 presents the partial charges of the oxygen sites of the solvents analyzed here, obtained
using the ChelpG method. As observed, the oxygen sites O2-O5 have higher electronegative
charges, suggesting that the Li" coordination by these sites is due to stronger Li"-O electrostatic
interactions.

Similar to the pure bulk solvents, we also evaluate the solvent molecular conformations in the
mixtures with LiTf,N by calculating the CDFs of the 6 and ¢ angles. The CDF results for the
solvent mixture with 100 LiTf,;N molecules at 298 K are presented in Figure 6. In general, the
populated regions of the CDFs are remarkably similar to the distributions presented in Figure 4.

There is a narrow distribution of 0 ranging from 130° to 180°, but on the other hand, there is a

12
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broader distribution of ¢, from 45° up to around 120°. However, despite these similarities, the
CDFs presented in Figure 6 show more defined distributions, in which the most probable values
of 0 and ¢ are situated around 45° and 140°, respectively. The influence of LiTf,N concentration
on the CDFs of these angles can be seen in Figures S7-S9, in which the most likely values of 6 and
¢ remain consistent (around 45° and 140° for 6 and ¢, respectively); interestingly, the peak

probability distributions become significantly enhanced with increasing LiTf,N concentration.
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Figure 6. Combined distribution functions of the 6 and ¢ angles for the mixture of 100 LiTf,N +
solvent at 298 K: (a) TRF1, (b) TRF2, and (c) TRF3. The color scale indicates the number of

occurrences that fall within each angle bin.

Overall, based on these CDFs and the RDFs presented earlier, we conclude that the presence of
Li" induces a crown-like structure in the studied solvents, in which Li" is solvated by a highly-
structured solvent backbone motif involving the O2-O5 oxygen sites. This solvation behavior can
be explicitly observed by examining the spatial distribution functions displayed in Figure 7. This
distinct solvation structure has also been observed before for different ether-based solvents, based

mainly on Raman spectroscopic analysis, and QC calculations.**3-52 Due to the high computational

13
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cost, the quantum chemical studies are very limited in size (e.g., only one solvent molecule and a
few ions present in the calculation). The results obtained here are designed to emulate conditions
that are much more representative of the bulk solution environment. Overall, we find that even
with competing interactions present in the bulk solvent and the addition of thermal motions, the

Li* podand motif remains very strong.

Figure 7. Spatial distribution function of Li" (green isosurface) around (a) TRF1, (b) TRF2, and
(c) TRF3 for the mixture of 200 LiTf,;N + solvent at 298 K and 1 bar. Color code: cyan = carbon;
white = hydrogen; pink = fluorine.

Finally, we investigate the coordination between Li* and the oxygen sites of TRF1, TRF2, and
TRF3 in a bulk mixture of these solvents with a IM brine solution of LiTf,N. Figure S10 shows

the corresponding RDFs. The coordination between the Li* and ether -O- sites is very similar to

14
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the behavior of the previous mixtures studied (i.e., Fig. 5). There is strong Li*-O2 coordination
for TRF1 and TRF3, and strong coordination of Li" by the O4 site of TRF2. In addition, the
conformation of the solvent molecules in crown-like podand structures can be detected by looking

at the CDFs shown in Figure S11.

CONCLUSIONS

In this work, we use MD simulations to investigate the molecular structure and solvation
behavior of LiTf;N in three glycerol-derived triether solvents. Based on RDF analyses, we find
strong interactions between Li™ and the solvent oxygen sites. Consistent with other literature
reports, the fluorination of the solvent does not significantly change the Li*-O interactions in our
systems. Furthermore, we find that increasing the temperature from 298 to 348 K slightly enhances
this coordination, although the fully fluorinated solvent demonstrates negligible temperature
sensitivity. A comprehensive analysis of the solvent structures using CDFs together with the RDFs
at different LiTfhN concentrations indicates the formation of distinct crown-like structures
(podands), in which the solvent chains enclose the Li* cations. The results obtained here highlight
the distinct interactions between three different glycerol-derived solvents with Li* ions, and this

may benefit the development of new electrolyte compositions or solvents for Li* recovery.
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