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ABSTRACT: The fundamental correlations between solubility and solvation structure for the
electrolyte system comprising N-(ferrocenylmethyl)-N,N-dimethyl-N-ethylammonium bistri- ’
fluoromethylsulfonimide (Fc1N112-TFSI) dissolved in a ternary carbonate solvent mixture is
analyzed using combined NMR relaxation and computational methods. Probing the evolution
of the solvent—solvent, ion—solvent and ion—ion interactions with an increase in solute
concentration provides a molecular level understanding of the solubility limit of the FcIN112-
TEFSI system. An increase in solute concentration leads to pronounced FcIN112-TESI
contact-ion pair formation by diminishing solvent—solvent and ion—solvent type interactions.
At the solubility limit, the precipitation of solute is initiated through agglomeration of contact-

ion pairs due to overlapping solvation shells.

Bl INTRODUCTION

Functional properties of an electrolyte such as solubility,
viscosity, and ionic conductivity primarily depend on the
intricate interaction between solute and solvent molecules,
which is commonly referred to as solvation phenomena."”
Although solvation phenomena involving single atom solutes in
neat solvents are reasonably well understood, a realistic
electrolyte system containing polyatomic solutes with asym-
metric structures and mixtures of complex solvents presents
additional challenges.”* In particular, the asymmetric charge
distribution around the polyatomic solutes can facilitate
competition between solvent molecules and counter-anions to
solvate specific regions of the solute, causing preferential
solvation. The subtle interplay of such a highly correlated and
dynamic interaction between solute and solvent typically
emerges as the functional properties of modern electrolytes.
For example, the ferrocene-derived solute N-(ferrocenylmeth-
yl)-N,N-dimethyl-N-ethylammon-ium cation (Fc1N112*) with
bistrifluoromethylsulfonimide (TFSI~) counteranion (see
Scheme 1) is about 20 times more soluble than unmodified
ferrocene in a ternary solvent mixture comprising propylene
carbonate (PC), ethyl methyl carbonate (EMC), and ethylene
carbonate (EC).>° This solvent mixture system is successfully
used in nonaqueous redox flow battery technology.™®

This polyatomic redox active solute dissolved in a solvent
mixture offers new opportunities to investigate how preferential
solvation dictates the solubility limit of electrolytes. Herein, we
demonstrate a correlation of the macroscopic solubility with
nano- to mesoscale solvation phenomena, which is an essential
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Scheme 1. Molecular Structure and Proton Site Numbering
for EC, PC, EMC, and the Fc1N112* Cation
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step toward rational design of electrolytes. In particular, the
asymmetric structure and charge distribution of the FcIN112*
species when dissolved in a three-component solvent mixture
(EC/PC/EMC 4:1:5 by weight) leads to highly correlated
interactions including solvent—solvent, ion—ion and solvent—
ion interactions. The challenge is that these correlated
interactions can span over wide spatial (up to a few
nanometers) and temporal (from picoseconds to a few
seconds) scales. To access the critical spatial and temporal
ranges of this preferential solvation, we have employed nuclear
magnetic resonance (NMR)-based relaxation measurements
coupled with classical molecular dynamics (MD) computa-
tional methods.
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B EXPERIMENTAL METHODS

Sample Preparations. To improve low ferrocene solubility
in the electrolyte (0.2 M in the EC/PC/EMC solvent studied
here), a ferrocene-based ionic liquid compound (FcIN112-
TFS], shown in Scheme 1) was prepared. Starting from
(dimethylaminomethyl)ferrocene (FcIN11), the FcINI112-
TESI was synthesized via a nucleophilic substitution reaction
utilizing bromoethane to yield the intermediate compound,
dimethyl ethyl ferrocenylmethylammonium bromide
(FcIN112—Br), followed by anion exchange with TFSI to
afford the FcIN112-TFESI at an overall two-step yield of 91%.
The experimental details of the preparation can be found
elsewhere.” By virtue of the structural modification, the
resulting FcIN112-TFSI shows a dramatically enhanced
solubility (up to 1.7 M) in the EC/PC/EMC solvent system.”

NMR Measurements. To analyze the solvation phenomena
through molecular reorientational dynamics, the rotational
correlation times (z¢) of different regions of Fc1N112* and
solvent molecules (through each resolved 'H site, Figure S1)
were calculated from the proton (*H) spin—lattice relaxation
time (T,). The 'H T, of FcIN112" cation and solvent
molecules, EC, PC, and EMC (Scheme 1) in neat and
FcIN112-TFSI-dissolved PC, EMC, and EC/PC/EMC were
measured with the inversion recovery (180-7-90-acqusition
sequence) at a Larmor frequency of 599.82 MHz in the
temperature range from 193 to ~373 K using a 600 MHz NMR
spectrometer (Agilent, USA) equipped with a S mm liquid
NMR probe (Doty Scientificc USA). The reorientational
correlation times, 7¢, of each resolved site for FcIN112* cation,
EC, PC and EMC were calculated from measured 'H T values
using the Bloembergen-Purcell-Pound (BPP) equation (see
Supporting Information (SI)). Errors associated with measure-
ment and data analysis (curve fitting) are less than 5% for all
the reported values.

Classical Molecular Dynamics Simulations. Classical
molecular dynamics (MD) simulations were performed using
the GROMACS MD simulation package version 4.5.3.” The
molecules are initially packed randomly in a cubic box of size 50
X S0 X 50 A3 that is periodic in the XYZ direction using
PACKMOL.® The initial configuration is minimized in two
steps, first using steepest descent employing a convergence
criterion of 1000 kcal/mol-A followed by a conjugated-gradient
energy with convergence criterion of 10 kcal/ mol-A. The
systems were then equilibrated in the isothermal—isobaric
ensemble (constant NPT) using the Berendsen barostat to
maintain the pressure of 1 bar with a time constant of 2 ps for 2
ns. After obtaining the correct density from the NPT ensemble,
all systems were melted at 400 K for 2 ns and subsequently
annealed from 400 to 298 K in three steps of 2 ns each to
ensure that the molecules are not trapped in metastable states.
The production runs of 10 ns were then obtained in the
canonical ensemble (NVT) using an improved velocity-
rescaling algorithm proposed by Parrinello et al.” with a time
constant of 0.1 ps over the temperature range of 273 to 323 K.
The force field and the remainder of the simulation procedure
used in this work are identical to those described in detail in
our previous paper.lO

B RESULTS AND DISCUSSION

Identifying the solvent specific ion—solvent interaction is the
first step in deciphering preferential solvation in different
solvent mixtures. It is expected that the solvent molecules will

have poor interaction with the weakly coordinating TFSI™
anions due to their relatively smaller Lewis basicities. This
aspect is supported by the weak interaction between TESI™
anion and solvent molecules observed in our MD analysis
(Figure S2). Therefore, we focus on the preferential solvation
around the FcIN112" cations comprising solvent molecules
and TFSI™ anions as they control the functional properties of
the electrolyte. Initially, we analyzed the proton T relaxation
time behavior of the solvent molecules in a neat solvent system
(i.e, pure PC or EMC solutions only, as EC is a solid at room
temperature) and subsequently introduced a low concentration
(0.25 M) of FcIN112-TESI redox molecules.

Figure 1 compares and contrasts the temperature-dependent
T, relaxation behavior of the neat solvent and molecules within

a} neat PC b 0.25 M Fc1N112-TFSI/PC
e PC(1) ° 2
o PC(2) °

35 ..%Wlb e PC(4)

T
.
30 = 0.25M FCIN112-TFSI o1
OPF dp&% ¥ e Fem e R
- GGiee o PC(2) o R
~ 20 o *i.ie;oo © PC(4) %;EE;; > R
L]
15 ew LN
1.0 20
%0004 ® e,
82g0
05 %@%gg%ﬁﬁ
00
4.5 neat EMC
40 ( ) = EMC(1)
C o EMC(3)
35 s EMC()

3.0 0.25 M FcIN112-TFSI

@ = EMC(1)

- 25 o EMC(3)
=20 ™ s EMC()
=/
1.5 oy
1.0 Cots
' e
05 . :
0.0
25 3.0 3.5 4.0 4.5 50 25 3.0 35 4.0 4.5 5.0

1000/T (K™) 1000/T (K)

Figure 1. Variable temperature proton ('H) NMR spin—lattice
relaxation time (T) values for the solvent molecules and FcIN112*
cations in neat solvents and 0.25 M Fc1N112-TFSI dissolved in PC
(panels a and b) and in EMC (panels c and d). For specific proton site
labeling within Fc1N112* and solvent molecules, see Scheme 1.

the 0.25 M solutions of FcIN112-TFSI in the single solvent
systems. Examining the evolution of the solvent relaxation
behavior that occurs upon introduction of FcIN112* provides
the necessary baseline description of the preferential interaction
of each solvent alone around the FcINI112" cations. For
example, the significantly reduced T; values (see Figure 1a) of
the protons within PC molecules in the high temperature
region when compared to the values of those in pure PC
solution indicates that the PC molecules are primarily located
near the paramagnetic center (ie., Fe’) in cyclopentadienyl
rings of the FcIN112* cations. On the other hand, similar T
values (see Figure 1c) for protons in the EMC molecules in the
solution relative to their values in the neat solvent indicates the
absence of a paramagnetic relaxation effect, and hence their
preferred interaction is with the alkylammonium ionic chains of
FcIN112" cations. Such a site-specific ion—solvent interaction
can also be observed, through the intramolecular dynamics of
FcIN112% cations. In particular, the anisotropic dynamics of
FcIN112" arising from its asymmetric structure and charge
distribution will further be modulated by interactions of solvent
molecules enveloping the preferential site. The 'H nuclei in
both cyclopentadienyl rings (ie, R, R’ and R” sites of
FcIN112") register relatively shorter T, values in PC solvent
than those in EMC solvent, while the T, values for the ionic
chain nuclei (i.e, 1/, 1” and 2” sites of FcIN112") are relatively
shorter in EMC solvent than those in PC (see Figure 1b,d).
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Such a solvent-specific dampening of relaxation (i.e., shorter
T,) indicates that PC molecules are strongly interacting with
cyclopentadienyl rings, whereas the EMC solvent has relatively
stronger interaction with the ionic chain. To further analyze the
solvation structure through reorientational dynamics, the
rotational correlation times (zc) of different regions of
FcIN112" and solvent molecules (through each resolved 'H
site) were calculated usin% the Bloembergen—Purcell-Pound
(BPP) equation (see SI)."" We confirmed the validity of BPP
theory in these solutions by comparison of the 7 values for the
neat PC solvent obtained by 'H T, and other techniques (see
SI, Figure S3). The average ratio between the reorientation rate
(zc™") of untethered ring (R) sites to those from the tethered
ring (R" and R”), ie, [ = 7(R)™!/7c(R")7}, is slightly larger
when 0.25 M FcIN112-TFSI is dissolved in PC (I" = 1.8) than
in EMC (I" = 1.5). This specific solvent modulation of the
internal dynamics of FcIN112" clearly indicates the preferential
interaction of the enveloping solvent molecules. MD
simulations confirm preferential interaction of PC with the
Fe®* center in cyclopentadienyl rings and EMC with the ionic
chain (Figure S4), corroborating the NMR-based conclusions.

To obtain higher solubility for the redox molecule studied
here, a more complex carbonate solvent mixture system is
required, and of course, we cannot presume that the
preferential interaction of solutes with competing solvent
molecules is independent of solute concentrations or molar
composition of more complex solvents. The 'H T relaxation
behaviors of the solvent molecules and FcIN112" cations at
higher solute concentrations (0.85 and 1.7 M) in an EC/PC/
EMC solvent mixture are shown in Figure 2. In general, as the
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Figure 2. Variable temperature proton ('H) NMR spin—lattice
relaxation time (T)) values of solvent molecules (EC/PC/EMC) and
FcIN112* cation in 0.85 M (panels a and b) and 1.7 M (panels c and
d) solutions.

solute concentration increases, the minima in the 'H relaxation
times (T ) of FcIN112* species and all solvent molecules
shift to higher temperature due to slowing down of their
reorientational motions. In particular, at the solubility limit (1.7
M) the 'H T, values of FcIN112* decrease further (except for
that of the untethered ring R) and T, displays shifts toward
higher temperatures, indicating enhanced ion—solvent inter-
actions and slower reorientatioal motion, respectively. In
addition, the degree of the T, curvature at T, (ie, depth
of the T ,) is inversely proportional to the distance between
the observed protons'” (for example intramolecular interaction

between methyl protons). Therefore, if the measured T; values
are solely due to the intramolecular interaction, the T,
curvatures for each site should be the same for all samples,
and the T, curve should be symmetric at T ;,. However, the
observed T, curves are not symmetric, and the T, curvature of
FcIN112" becomes deeper, while the solvent molecules register
shallower curvature with an increase in solute concentration
(see Figures 1 and 2). Such pronounced changes in T,
curvature indicate the evolution of proton—proton mean
distances arising from intermolecular rather than the intra-
molecular homonuclear interactions where the mean distance
would remain constant irrespective of Fc-TFSI concentra-
tions."> The proton distance, estimated at the T, using the
BPP theory (eq S3), ry_y ~ 1.82 + 0.03 A for CH; groups for
PC(1) and EMC(4) molecules in neat EC/PC/EMC is very
close to its theoretical value of 1.78 A. With increase in solute
concentration to 0.85 and 1.7 M, the ry_y distances of these
CH, groups calculated from T, increase to 2.07 + 0.04 and
220 + 0.07 A, respectively, while the ry;_y of the site 2” on the
FcIN112" cation decreases (Figure SS). These variations of
ru—n exceed the possible error (<5%) due to the distribution of
rotational correlation times resulting from anisotropic molec-
ular motions.'* Therefore, we hypothesize that the increase of
the solute concentration decreases the mean distance between
two successive FcIN112* cations whereas the solvent
molecules move apart, which is also supported by our MD
analysis (Figure S6).

Importantly, at higher concentrations, this behavior leads to
overlapping of FcIN112" solvation spheres, greatly affecting the
solvent—solvent and ion—solvent interactions. Such over-
lapping solvation shells could lead to the unique solvent
reorientational dynamics and intramolecular dynamics of the
FcIN112" cations at higher solute concentrations. The relative
degree of reorientational motion for each site of solvent and
solute molecules estimated from the position of T; minimum
(where 7¢ & 0.616/w,) is shown in Figure 3.

In the neat EC/PC/EMC solvent mixture, the solvent—
solvent interaction is exclusive, which results in well-averaged
reorientational motion (ie., similar T, ;) for all solvent
molecules due to an eutectic effect (see Figure 3a). With
introduction of solute, the solvent reorientational motion slows
down significantly. Nevertheless, the solvent reorientaional
motion is still higher than the overall molecular reorientation
motion of FcIN112" cations for all solute concentrations (see
Figure 3b). Thus, with increases in solute concentrations, the
stronger ion—ion"® and ion—solvent interactions become
dominant and replace the weaker solvent—solvent interactions,
which can be correlated to the increased mean distance
between adjacent solvent molecules discussed earlier. In fact,
the slower reorientation (i.e., increased 7.) of solvent molecules
with increases in Fc1N112-TESI concentration also implies a
drop in availability of free solvent molecules (i.e., bulk solvent)
due to their increased probability to take part in the solvation
process. Uninterrupted and stronger ion—solvent interactions
effectively screen the overall reorientional dynamics of the
solvent molecules through preferential solvation structures.
Further analysis of anisotropic reorientational dynamics within
FcIN112* (see Figure 3b and Figure S7) reveals the evolution
of preferential ion—solvent interaction with solute concen-
trations. The reorientation motion of an untethered ring (site
R) is relatively faster than the ionically tethered ring and less
affected by the Fc1N112-TFSI concentration. The average ratio
between the reorientation rates of the two rings at 0.85 M
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Figure 3. 7, for (a) solvent molecules EC, PC, and EMC and (b)
FcIN112" cations in neat EC/PC/EMC mixture and 0.85 and 1.7 M
FcIN112-TFSI dissolved in EC/PC/EMC. For specific proton site
labeling within FcIN112* and solvent molecules, see Scheme 1. The
dotted lines mark 7o = 0.163 ns, the 7 determined by the Larmor
frequency of the protons in the NMR experiment performed at 11.4 T
(wgtc ~ 0.616) at T, minima.

concentration is found to be significantly higher (I" = 2.8) than
within the 0.25 M single solvent systems (vide infra). Although
the 7 for the untethered ring (site R) in a saturated solution
(1.7 M) is not available, its temperature-dependent T, behavior
is similar to that found for the 0.85 M system. Hence, assuming
the same 7o(R)™' as the 0.85 M solution, the ratio for the
saturated solution will have an approximate 4-fold increase (i.e.,
I' ~ 10), which is comparable to values reported for acetyl
(~4) and butyl (~7) substituted ferrocene species.16 This
increased anisotropy in intramolecular dynamics indicates that,
at higher concentrations, the solvent molecules (except PC)
and counteranions are preferentially enveloping the ionic chain
and tethered ring site of the FcIN112¥ cations, respectively.
With an increase in concentration, the untethered ring retains
the rotational dynamics, whereas the tethered ring slows down
due to preferential ion—solvent and ion—ion interactions. Such
asymmetric interaction is further supported by significantly
lower reorientational dynamics of solvent molecules at higher
solute concentrations (see Figure 3a). This observation also
indicates that preferential solvation diminishes solvent—solvent
interactions typically observed within the second solvation
sphere and bulk solvent system. Hence, at the solubility limit,
fewer bulk solvent molecules occupy the second solvation
sphere, leading to a highly porous solvation environment for
the FcIN112* cations. Porous solvation represents the missing
solvent molecules within a solvation shell due to scarcity at
higher solute concentration. This porosity enhances the
probability of ion—ion interactions between the FcIN112*
and TFSI, leading to contact-ion pair (CIP) formation,
which is likely dominant over ion—solvent and solvent—solvent
interactions. The CIP represents the ion association in solution,
where oppositely charged ions are in contact with each other
while maintaining most of their solvation shell.'”'® As
discussed earlier from T, curvature analysis, at higher
concentrations, the mean distance between two successive

FcIN112* cations decreases, whereas the solvent molecules
move apart. Hence, the mean distance between successive CIPs
will further decrease to facilitate larger aggregate formation.
Such agglomeration of CIPs will initiate the precipitation
processes by acting as crystallization seeds that set the solubility
limit (<1.7 M) of this electrolyte system. Typically, such cluster
formation leads to extended structure formation and sub-
sequent solute precipitation.'”*° Such a preferential solvation
induced solubility limit can be further analyzed using results
from MD simulations.

Figure 4 shows values of the coordination number (CN) of
TESI™ and solvent molecules with respect to both the ring side
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Figure 4. Temperature-dependent coordination numbers (CNs) of
TESI™ counteranions and solvent molecules with respect to the iron
center of cyclopentadienyl rings (solvent/anion-Fe) and nitrogen
center of alkylammonium ionic liquid chains (solvent/anion-N)
calculated from radial distribution functions obtained from MD
simulations as a function of FcIN112-TFSI concentration: (a) 0.25,
(b) 0.85 and (c) 1.7 M. The solvent CNs are normalized with respect
to CN (PC-Fe) and specific number concentration in the solvent
mixture (ie, EC/PC/EMC in a 4.637/1/5.667 number ratio) is
denoted with the dotted lines black/red/blue, respectively.

and ionic portion of FcIN112* at different solute concen-
trations (0.25, 0.8, and 1.7 M) in the 273—323 K temperature
interval (see SI). These results illuminate the mesoscale picture
of preferential solvation.”’ The solvent and anion CNs with
FcIN112* are identified based on their interaction with either
the Fe’* center at the cyclopentadienyl rings (i.e., solvent-Fe)
or the N* center of the ionic chain (ie., solvent-N) and
subsequently normalized based on their respective number
ratio within the EC/PC/EMC mixture. This representation
tracks the solvent/anion position in the solvation structure over
various salt concentrations as well as temperature regions. The
cation-solvent CN remains the same,whereas the cation—anion
CN increases with an increase in salt concentration, indicating
that the average distance between adjacent solvent molecules
increases, resulting in a decrease in solvent—solvent CN (see
Figure S8) while the ionic solutes (i.e., FcIN112* and TFSI")
are positioned closer. Despite the rise of CN between
counterions (i.e., contact-ion pair formation), the strength of
the interactions between the ring-side of FcIN112* and TFSI™
is relatively weaker than the solvent-FcIN112" pairings due to
possible effects of steric hindrance (see Figure S9). Even under
contact-ion pair formation, the relatively weaker attraction
between counterions can lead to fairly independent dynamics of
FcIN112" and TFSI™ as reported in our previous diffsional
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measurements.'’ To further evaluate the ion—ion interaction
strength under CIP formation, we analyzed the average bond
distances between FcIN112* and TESI™ through the
examination of the MD-derived radial distribution functions
(RDFs). Figure Sa displays the RDF analysis of TFSI~
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Figure 5. (a) Radial distribution function of the chain side of
FcIN112* and the ring side of FcIN112* with the nitrogen atom of
the TFESI anion at 0.25, 0.85, and 1.7 M at 323 K. The RDF shows a
small peak (at ~4.5 A) followed by higher intensity peak (at ~6.5 A),
indicating participation in either a first or second solvation shell. The
broader peak of Fe(Fc)-N(TFSI) is due to steric hindrance as the Fe
atom is confined between two cyclopentadienyl rings. (b) The
coordination number (CN) of Fe-TFSI is much higher than N-TFSI at
all concentrations, indicating preferential interactions of the TFSI™
anion with the ring side of Fc1IN112" as compared to the ionic liquid
chain side. Also, the CNs of Fe-TFSI and N-TESI increase with
increases in concentration, leading to formation of large aggregates at
the solubility limit.

interactions with the ionic chain, showing a small peak (~4.5
A) followed by a higher intensity peak (~6.5 A) due to its
participation in either the first or second solvation shell,
respectively (see Figure Sa). The decrease in intensity of the
first solvation peak with an increase in solute concentration
indicates a preferential interaction of TESI™ with the cyclo-
pentadienyl rings (TFSI-Fe) over the ionic chains (TFSI-N),
which is in good agreement with the observed crystal structure
of the FcIN112*-TFSI™ salt® (see Figure $10). The CN of the
TFSI” anion with ring and ionic chain sites of the FcIN112*
cation over various solute concentrations are shown in Figure
Sb. At a concentration of 0.25 M, the TESI™ anion has a very
low CN around FcIN112* (<1), indicating a high probability
for solvent separated ion pairs (i.e, the FcIN112" solvation
shell is primarily occupied by solvent molecules). At higher
concentrations (0.85 M), the CN significantly increases (~2),
indicating that contact-ion pair formation is increasing, with the

possibility of agglomeration. At the solubility limit, FcIN112*
has a very high CN (>4) for TFSI, indicating aggregate
formation due to close packing of contact-ion pairs, where the
anions are shared by more than one cation.”” In addition, the
evolution of CN between Fc1N112" cations to 3.1 at 1.7 M also
reveals agglomeration with severe overlapping of their solvation
spheres. These CN analyses clearly corroborate and validate the
contact-ion pair formation and subsequent agglomeration
revealed in 'H NMR relaxation measurements, as well as
recent studies of 1*C, 170, and 'H chemical shifts utilizing both
experiments and computations.23 The slower reorientational
motion and shorter distances between adjacent FcIN112*
cations observed from relaxation measurements reflect and
report on the significant cluster formation at higher solute
concentrations.

B CONCLUSIONS

The enhanced solubility of a polyatomic redox solute
(Fc1N112-TFSI) within a ternary solvent mixture is predicted
to be associated with highly selective solvation processes. At
lower solute concentrations, the bulk solvent molecules
compete to solvate preferential regions through active solvent
exchange mechanisms. This solvation process has both
solvent—solvent and ion—solvent components as dominant
interactions with diminished ion—ion interactions. At higher
concentrations, the solvent competition is drastically reduced
due to the drop in available bulk solvent molecules and thereby
enhances the ion—solvent type interaction through their
preferential siting around FcIN112* cations. Simultaneously,
increases in contact-ion pair formation reflect a porous
solvation shell where FcIN112*-TFSI™ interaction probabilities
are greatly enhanced. Near the solubility limit (~1.7 M), the
overlapping solvation shells start to produce agglomeration of
contact-ion pairs, initiating precipitate-like extended network
formation. Overall, maintaining relatively strong ion—solvent
interactions is critical for designing electrolytes with higher
solute concentrations. It is clear that careful attention to the
evolving and dynamic solvation structure in realistic electrolytes
is needed to obtain the desired functional properties, which
include viscosity and conductivity for novel battery systems
such as nonaqueous redox flow batteries.”
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