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flow batteries that hold considerable potential for future large scale energy storage systems. The utili-
zation of an emerging ionic-derivatived ferrocene compound, ferrocenylmethyl dimethyl ethyl ammo-
nium bis(trifluoromethanesulfonyl)imide (Fc1N112-TFSI), has recently overcome the issue of solubility in
the supporting electrolyte. In this work, 3C, 'H and 70 NMR investigations were carried out using
electrolyte solutions consisting of Fc1N112-TFSI as the solute and the mixed alkyl carbonate as the
solvent. It was observed that the spectra of 13C experience changes of chemical shifts while those of 170
undergo linewidth broadening, indicating interactions between solute and solvent molecules. Quantum
chemistry calculations of both molecular structures and chemical shifts (**C, 'H and '70) are performed
for interpreting experimental results and for understanding the detailed solvation structures. The results
indicate that Fc1N112-TFSI is dissociated at varying degrees in mixed solvent depending on concentra-
tions. At dilute solute concentrations, most Fc1IN112* and TFSI~ are fully disassociated with their own
solvation shells formed by solvent molecules. At saturated concentration, Fc1N1121-TFSI” contact ion
pairs are formed and the solvent molecules are preferentially interacting with the Fc rings rather than
interacting with the ionic pendant arm of Fc1N112-TFSI.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

As a promising stationary energy storage technology, redox flow
batteries (RFBs) have experienced a recent renaissance fueled by
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deployment of renewable energy resources. The cell design of
energy-bearing liquid electrolyte stored outside the electrodes
offer significant advantages including the decoupling of energy and
power, excellent scalability, modular manufacturing, active thermal
management, intrinsic safety, etc. [1—4] Benefiting from wider
electrochemically stable voltage windows, the emerging
nonaqueous RFB (NRFB) holds great potential for overcoming the
low energy density challenge present in current state-of-the-art
aqueous RFB technologies [3—6]. Recent research on NRFBs fo-
cuses on the development of redox active materials including
organometallic compounds [7—9], redox organic materials [10—12],
redox active polymers [13], and the synergy between flow battery
and Li-ion or Li-metal battery chemistries [14—20]. However, the
current performance of NRFBs has lagged far behind their inherent
capability. To date, most of them have failed to demonstrate energy
density and cycling durability even close to their aqueous
counterparts.

One of the major technical hurdles for NRFBs is the low solu-
bility of redox materials leading to limited energy density [7,8,12].
Often, low solubility originates from insufficient solvation in-
teractions occurring between the redox materials and solvent
molecules. A good understanding of the solvation phenomena is
able to offer insights to questions such as preferred functionalities
and chemical sites of interactions, solvation structure evolution
upon concentration changes, effects of solvation structure on ma-
terial properties, etc. According to such information obtained, one
can rationally design the redox molecules, improve the supporting
electrolyte systems, and tune the flow cell conditions as redox
material concentration increases. Especially, deliberate molecular
engineering strategies to increase material solubility can advance
the development of high energy density NRFB systems. In solvation
studies, nuclear magnetic resonance (NMR) and computational
modeling have proven to be powerful tools.

Recently, Wei et al. studied a new active redox species with high
solubility in nonaqueous electrolytes by functionalizing pristine
ferrocene (Fc) to embody an ionically charged tetraalkylammonium
(TAA) pendant arm with a bis(trifluoromethanesulfonyl)imide
(TESI) counter anion (hence denoted as Fc1N112-TFSI) [6]. This
compound was electrochemically tested in a Li/organic redox flow
battery configuration with a cell potential of ~3.5 V. Previous work
verified that the ionic pendant intensifies interactions between
Fc1N112-TFSI and the mixed solvents composed of ethylene car-
bonate (EC), propylene carbonate (PC) and ethyl methyl carbonate
(EMC), demonstrated by proton NMR experiments and density
function theory (DFT) calculations [6]. Chart 1 shows a represen-
tation of the structures of all major components in this system. The
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Chart 1. The labeling of the carbon sites and the formula of EC, PC, EMC Fc1N112" and
TFSI™.

major hypothesis is that the solute—solvent interactions take place
predominantly at the ionic pendant arm of Fc1N112-TFSI with fully
dissociated TAAT and TFSI™ at Fc1N112-TFSI concentrations ranging
from 0.1 M to 1.7 M in the solvent. However, with '"H NMR alone,
the complicated details of the solvation structures have not been
sufficiently decoded. Additional studies utilizing Pulsed Field
Gradient (PFG) NMR measurements of diffusion [21] coupled with
molecular dynamics simulations argue that the PC solvent interacts
with FcIN112* strongly relative to the other solvent molecule.
More theoretical and experimental evidence is still needed to gain
comprehensive understandings of the solvation mechanism.

Here, we continue this study through using natural abundance
13¢ and V0 solution-state NMR to acquire a more accurate mo-
lecular view of the solvation structures as reported by the chemical
shift values or linewidths of these two nuclides. Both, 1*C and 70
NMR have played important roles in the development of liquid
electrolytes as these methods reveal more in-depth structural de-
tails when combined with 'H NMR [22—24]. Quantum chemical
calculations of 'H, 13C, and 70 NMR chemical shifts using a variety
of solvation models are carried out to complementarily interpret
the experimental results and observations related to the detailed
molecular interactions.

2. Experimental
2.1. Materials and sample preparations

The preparation of FcC1N112-TFSI is reported in detail elsewhere
[6,25]. Briefly, Fc1N112-TFSI was synthesized in two steps: (dime-
thylaminomethyl)ferrocene (96%, Sigma—Aldrich) reacted with
bromoethane (98%, Sigma—Aldrich) in anhydrous acetonitrile
(99.8%, Sigma—Aldrich) to produce the intermediate of ferroce-
nylmethyl ethyl dimethylammonium bromide, followed by anion
exchange with lithium bis(trifluoromethanesulfonyl)imide (LiTFSI,
BASF) in deionized water to afford the Fc1N112-TFSI in an overall
yield of 91%. The NMR sample solutions were prepared simply by
mixing the Fc1N112-TFSI and the solvents at specified concentra-
tions in an argon-filled glove box (Mbraun, Stratham, NH) with
moisture and oxygen levels less than 1 ppm. Battery grade PC, EC
and EMC were purchased from BASF. Since EC is in solid form at
room temperature, NMR spectra for neat EC were acquired by
dissolving EC in deuterated chloroform (CDCl3).

2.2. NMR measurements

All 13C NMR experiments were carried out on a Varian 600 MHz
NMR spectrometer equipped with a Z axis gradient 5 mm triple
resonance probe. The corresponding Larmor frequency was
150.933 MHz. A single 90° hard pulse with gated decoupling during
data acquisition period was used. About 512 to 2048 scans were
acquired for each spectrum with an acquisition time of about 0.9 s
and a recycle delay time of 5 s. >C NMR spectra were externally
referenced to TMS (assigned a value of 0.0 ppm). The peak assign-
ments for the 13C NMR spectra of EC, PC, EMC and TFSI were ac-
cording to those in computer databases, i.e., ACD/NMR Databases
from ACDLabs (http://www.acdlabs.com). Natural abundance 70
NMR experiments were performed on a Varian-Agilent 900 MHz
NMR spectrometer equipped with a home-built large-sample-vol-
ume probe (15 mm outer diameter). Details of the probe design and
performance will be published in a separate paper [24]. The cor-
responding Larmor frequency was 122.041 MHz. A 25 ps long pulse
was used for spectral excitation. The spectra were collected in
1000—30,000 scans depending on the linewidth of the peaks, with
an acquisition time of 25 ms and a recycle delay time of 0.5 s. 70
NMR spectra were referenced to the oxygen resonance from
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deuterium oxide (D20, assigned a value of 0.0 ppm). Chemical shifts
and linewidths of NMR signals were obtained by fitting Lorentzian
functions to the experimental spectra using the NUTs program
(v.2012, Acorn NMR Inc., Las Positas, CA, USA). All NMR measure-
ments were carried out at room temperature (20 °C).

2.3. DFT calculations

Quantum chemical calculations were carried out using the
Gaussian09 software suite [26]. The structures of all the molecules
were built using GaussView 5 [27]. Geometry optimization was
computed using DFT and B3LPY methods with 6-31G(d,p) basis set
[28]. NMR calculations were performed based on the geometry
optimized structures at the same level of the theory and with the
basis set of 6-311 + G(2d,p) to calculate the chemical shielding for
each atom except Fe, where the basis set of Fe atom is still 6-
31G(d,p). The solvation mode is employed with the key word
“SCRF” in the Gaussian input script, which requests that a calcula-
tion be performed in the presence of a solvent by placing the solute
in a cavity within the solvent reaction field. The radius of molecules
are obtained by using optimized single molecules with the key
word “volume” into input script.

3. Results and discussions
3.1. NMR experiments

3.1.1. 3C NMR studies

Carbon atoms are abundant in both solute and solvent mole-
cules, especially in the Fc1N112" cation that contains 15 carbon
atoms (see Chart 1), leading to high complexity in the *C NMR
spectra of these samples. To help assign the peaks in mixed sys-
tems, 1>C NMR experiments were conducted separately on each of
the solvents and their mixture, showing well distinguishable peaks
(Fig. S1). It is noted that the 3C NMR peak positions of individual
neat solvents remain unchanged in the mixtures, indicating no
noticeable interactions taking place among or between these sol-
vent molecules that are different from the interactions experienced
in neat solvents. The PFG NMR results [21] on a mixture of the
solvents demonstrate that the three components of the ternary
solvent mixture (without solute) are equal, probably due to the
common interactions through the carbonyl groups found in each
solvent molecule, and that they lie between the measured diffusion
coefficients of neat PC and neat EMC.

An expanded view of the >C NMR spectra of both pristine
ferrocene and Fc1N112-TFSI dissolved in a solvent mixture of EC/
PC/EMC (4/1/5 by weight) at different concentrations is shown in
Fig. 1 (the full spectra are plotted in Fig. S2). All of the peaks are well
separated and identified, shown by the numbering in the molecular
structures and the spectra. Chemically equivalent carbon atoms are
labeled with the same numbering, for example C3, C6, C7, and C8.
The integrated peak intensity increases in accordance with the
number of carbon atoms, i.e., C1:C2:C3:C4:C5:C6:C7:C8 being
1:1:2:1:1:2:2:5, further validating our peak assignments.

Comparing the 13C NMR of the solvent mixture (Fig. 1a) and the
solutions (Fig. 1b—e), the changing of the peak positions for all
solvents, if there is any, is no more than 0.22 ppm (See Table 1 for
details). Such shifts are typically negligible for >C NMR, indicating
no chemical bonds formed on the solvent molecules with any so-
lute molecules in good agreement with 'H NMR studies performed
previously [6]. This is further supported by the observation that the
peak positions of the Fc1N112" change slightly (by no more than
0.28 ppm) at the Fc1N112-TFSI concentrations from 0.1 M to satu-
ration (Table S1). However, non-chemical interactions between the
solvent and the Fc1N112-TFSI molecules are indeed occurring

especially at higher Fc1N112-TFSI concentrations, evidenced by the
small downfield displacements (to higher ppm, dotted lines in
Fig. 1), for example, C1, C2, C7, and C8 for Fc1N112*; C3 and C4 for
both PC and EMC. Meanwhile, chemical shifts of C3, C4 and C5 also
change considerably, but they change first upfield and then
downfield with the concentrations changing from 0.1 M to <1.7 M
and then saturation. Fast molecular exchanges arise between bulk
solvent molecules and those in solvation shells, where the ex-
change frequency is beyond the NMR detection time scale, leading
to an averaged peak position for each carbon atoms in NMR [24]. As
the Fc1N112-TFSI concentration increases, more solvent molecules
will stay out of the bulk and remain for more time in the solvation
shell, causing a departure of chemical shifts from their original
positions for both solvents and Fc1N112".

3.1.2. 70 NMR studies

For national abundance 70 NMR, the line-width matters more
significantly than changes in chemical shift values. Fig. 2 shows the
70 NMR spectra of the Fc1N112-TFSI solutions in the same solvent
mixture of EC/PC/EMC at concentrations of 0 M, 0.25 M, 0.85 M and
1.70 M, respectively. The chemical shifts of all peaks remain un-
changed (Table S2), which again indicates that no chemical bonds
formed between the Fc1N112-TFSI and the solvent molecules. The
line-width of all peaks of both solvents and TFSI~ anions increase
substantially with the Fc1N112-TFSI concentration, reflecting more
restricted molecular motions caused by stronger solute—solvent
interactions at higher concentrations.

Similar to the solvent molecules, fast exchange of the TFSI~
anions also takes place between the bulk solvent and the solvation
shell. When the concentration of Fc1N112-TFSI is low, i.e. 0.25 M,
only a small proportion of the solvent molecules occupy the sol-
vation shell around FcIN112" and TFSI~, along with rapid ex-
changes of both solvent molecules and TFSI~ anions between
positions in the solvation shell and in the bulk. Thus most of solvent
molecules are in the bulk solvent while TFSI~ anions have less
opportunity to stay into solvation shells of Fc1N112% ions, leading
to almost unchanged peak line-width. At higher Fc1N112-TFSI
concentrations, the solvent molecules are depleted from the bulk
and take part in the solvation shells. Both solvents and TFSI™ in the
solvation shells are less isotropic than those in bulk solvent due to
interactions with the FC1IN112" cations. The exchanges slow sub-
stantially, increasing the line-widths of the 7O NMR peaks.

3.2. DFT calculation

The main goal of the computational studies of the NMR chem-
ical shifts is to gain further insight into solvation phenomenon of
electrolytes based on NMR experimental results. Since we employ
TMS as the experimental reference standard, NMR parameters for
the TMS molecule are calculated first to reference calculated results
of 'H and 3C NMR. The absolute 3C chemical shift of TMS molecule
is obtained as —182.74 ppm by averaging shifts of four equivalent
carbon atoms. Then all the other calculated results are referenced
by adding 182.74 ppm to absolute values. Similarly, calculated re-
sults of 'TH NMR are referenced by adding 31.86 ppm to absolute
values.

Chemical shifts of 1*C associated with neat EC, PC, and EMC are
calculated in the gas phase, i.e., using a single molecule. Fig. 3a—c
shows optimized structures of EC, PC, and EMC molecules. Com-
parison chemical shifts between calculated and experimental re-
sults are summarized in Table 1 using TMS as the reference as
discussed above. Results of calculations are observed to be
reasonable in agreement with experimental data.

For Fc1N112-TFSI molecule, models of Fc1N1127 ion and TFSI~
anion are developed separately. Optimized structures in the gas
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Fig. 1. The '>C NMR spectra of (a) the solvent mixture of EC/PC/EMC (4/1/5 by weight); (b) 0.2 M Fc; (c) 0.1 M Fc1IN112-TFSI; (d) <1.7 M Fc1N112-TFSI; (e) Saturated Fc1N112-TFSL.

Table 1

13C chemical shifts of solvent molecules in both experiments and calculations (ppm).
Systems EC PC EMC

c1 C2,C3 c1 2 c C4 Cc1 2 3 C4
EC/PC/EMC 155.92 65.08 155.29 74.00 70.75 18.30 155.68 63.68 54.00 13.50
0.2 M pristine Fc 15591 65.09 155.29 74.00 70.76 18.35 155.69 63.71 54.04 13.56
0.1 M Fc1IN112-TFSI 155.92 65.05 155.29 73.99 70.73 18.30 155.66 63.66 53.97 13.49
<1.7 M Fc1N112-TESI 155.92 64.99 155.30 73.96 70.67 18.38 155.52 63.70 54.07 13.61
Saturated Fc1N112-TFSI 156.03 65.05 15541 74.07 70.78 18.48 155.63 63.79 54.18 13.71
DFT calculations 161.19 66.15 161.08 7747 73.93 19.47 165.04 67.87 55.99 15.33
b a

300 250 200 150 100 50 PPM

Fig. 2. 70 NMR spectra of Fc1N112-TFSI dissolved in the solvent mixture of EC/PC/EMC Fig. 3. Optimized structures of molecules and ions in the gas phase: (a) EC; (b) PC; (c)
at concentrations of (a) 0 M, (b) 0.25 M, (c) 0.85 M and (d) 1.7 M. EMC; (d) FcIN112%; (e) TFSI™.

phase are shown in Fig. 3d—e. The structure of Fc1N112" ion agrees Calculated chemical shifts are summarized in Table S3, where
with previous results carried out using the ADF program [6]. values of C3, C6, C7, and C8 represent average shifts of those atoms
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denoted with the same labels in Chart 1.

In order to simulate the interaction between solute and solvent,
we employ the solvation mode. Both Fc1N1127 ions and Fc1N112-
TFSI molecules are optimized in this mode by setting relative
dielectric constants (e) and molecular radius of solvent molecules,
where ¢ of the mixed solvent is estimated by linear combination
according to the molar ratio of EC/PC/EMC. Chemical shifts of >C
are calculated based on the optimized structures and are summa-
rized in Table S3. With the addition of TFSI™ anion, chemical shifts
of all carbon atoms of Fc1N112 undergo varying degrees of changes.
In all systems, C1 experience downfield displacements (towards
higher ppm) through the effect of TFSI. C7 and C8 shift to downfield
only in environments of alkyl carbonyl solvent, i.e. in PC or the
mixture of EC/PC/EMC. Detailed comparisons between experiments
and calculations are organized in Table 2. In experiments, chemical
shifts of saturated electrolyte are higher than those of electrolyte at
concentrations of 0.1 M. In calculations, chemical shifts of TFSI-
coordinated Fc1N112 are larger than those of isolated Fc1N112.
The data in “shifts” row represents differences between that in row
tow and row one, indicating that the shift direction of calculation
agrees satisfactorily with experiments where concentrations of the
solute increase. Therefore, isolated Fc1N112" ions represent the
majority form in electrolytes at low concentrations, i.e. 0.1 M.
Conversely, TFSI-coordinated Fc1N112" ions (i.e. contacted ion-
pairs) are accounted as the greater part in electrolytes at high
concentrations (i.e. saturation). The combination of experiments
and calculations demonstrates that Fc1N112* and TFSI~ experience
more opportunities to associate with each other at high concen-
trations. In other words, most FC1N112-TFSI is dissociated in the
alkyl carbonyl solvent at low concentrations.

In terms of ion-pair structure, Fc1N112-TFSI molecule shows
slight changes with different environmental parameters. Fig. 4a
shows the optimized structure of Fc1N112-TFSI in the gas phase.
The positive charge is distributed near the nitrogen atom of
FcIN112" [6], while the negative charge is concentrated on the
nitrogen atom of TFSI™. Consequently, the attractive force emerges
between these two nitrogen atoms. The distance (D) between these
two atoms is one simple measure of the extent of interaction be-
tween Fc1N112" and TFSI™. The structure of Fc1N112-TFSI remains
unchanged by visual observation when it is placed in the solvation
environment. It is worth noting that D is altered with variations of
environmental parameters. Fig. 4b shows the relationship between
D and dielectric constant (¢) of solvent, where ¢ of the gas phase is
equivalent to 1. The data can be fit with a curve described by an
inverted exponential form. The change of D indicates that TFSI™
moves away from FcIN112" with increased value of e. In other
words, it is more probable for the solvent with high ¢ to dissociate
the Fc1N112-TFSI ion pair.

In addition, we have investigated the effect of solute molecules
on solvent molecules. In the NMR experiments, >C chemical shifts
of PC and EMC experience minor changes with concentrations of

Table 2
Comparisons of '3C chemical shifts on Fc1N112 between experiments and calcula-
tions (ppm).*

Systems C1 Cc7 c8

Exp. Cal. Exp. Cal. Exp. Cal.

Low concentration 7.40 9.73 70.30 75.64 69.14 74.14
High concentration 7.49 9.77 70.46 76.11 69.30 74.44
Shifts 0.09 0.04 0.16 0.47 0.16 0.30

¢ For experimental data, low and high concentrations are corresponding to 0.1 M
and saturation respectively; for calculated data, low concentration indicates isolated
Fc1N1127 ion in solvation mode, while high concentration indicates Fc1N112-TFSI
pair in solvation mode.
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Fig. 4. The effect of ¢ on structures of solute molecule. (a) The optimized structure of
Fc1N112-TFSI in gas phase; (b) The relationship between D and e.

Fc1N112". For the calculations, we consider two cases of solute
molecule, i.e. dissociation and contact. In the case of dissociated
ion-pair, single solvent molecules (i.e. PC and EMC) are placed
together with FcIN112% ion and TFSI~ anion respectively
(Fig. 5a—b). After optimization, carbonyl oxygen (O¢) atoms orient
towards the nitrogen atom of Fc1N112, indicating that cations are
coordinated by O¢ atoms of solvent molecules. The Oc is attracted
by the pendant arm due to the positive charge on the nitrogen atom
and lone ion pair of Oc. Based on the optimization, calculated
chemical shifts of *C of PC and EMC are summarized in Table 3.
Chemical shift values of majorities of carbon atoms increase (shift
downfield) when solvent molecules are coordinated with either
Fc1N112" or TFSI™. Although the chemical shift of C4 of PC becomes
slightly smaller due to the association with of FcIN112™, the
interaction of TFSI drives it towards the opposite direction more
severely. Since the ratio of FcIN112* to TFSI™ in electrolytes is 1:1,
the total effect of Fc1N112-TFSI on the chemical shifts can be esti-
mated in accordance with the following equation.

0 = (0 — ds) + (01 — 0s), (1)

where ds, 0 and or are chemical shifts of single, FC1N112-
coordinated, and TFSI-coordinated molecules, respectively. For C4
of PC, ds = 19.47 ppm, éF = 19.30 ppm, ot = 20.50 ppm, thus the
estimated total displacement, 0g, is calculated to be 0.86 ppm.
Similarly, C3 and C4 of EMC receive combined effects of interactions
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Fig. 5. Optimized structures of: (a) coordination of Fc1N112 and PC; (b) coordination
of TFSI and PC; (c) coordination of Fc1N112-TFSI and PC; (d) six PC molecules, where
one surrounded by five. Taking PC for example, EC and EMC are also calculated in these
systems, and results are not shown in this figure.

chemical shifts arise at low concentrations, i.e. 0.1 M, while large
values of shifts are measured at high concentrations, i.e. saturation
(Table 1). Therefore, we concluded that most of solvent molecules
are found as bulk solvent in electrolytes at low concentrations,
resulting in small changes of chemical shifts. Conversely, majorities
of solvent molecules are coordinated with Fc1N112" or TFSI, or
Fc1N112-TFSI contact ion-pairs, thus behaving as direct solvation
shells in electrolytes at high concentrations, leading to larger shifts.
Based on simple chemical exchange theory, spectra show average
chemical shifts of in the fast exchange regime, and therefore the
bulk solvent constitutes the majority species at low concentrations,
and the observed average shifts approach those of mixed solvent
(Fig. 1a). Similarly, the bulk solvent gradually forms solvation shells
with the increase of concentrations, causing the dominance of
solvent molecules in solvent shells, and resulting in peak-center
displacements towards those of coordinated solvent molecules.

Taking advantage of optimized structures in >C NMR calcula-
tions, we perform 'H chemical shifts calculations of solvent mole-
cules, and results are summarized in Table S4. Notably, calculated
values of free solvent molecules are in disagreement with chemical
shifts of mixed solvent in experiments. To account for more com-
plex intermolecular interaction, we perform solvent molecules 'H
NMR calculations by using multiple copies of solvent molecules
surrounding a central solvent molecule and consider only the
values obtained from the central one (Fig. 5d). With increases in the
number of solvent molecules, 'H chemical shifts move towards
downfield. When the numbers of solvent molecules are five, i.e. one
is surrounded by four, for EC, or six for PC and EMC, calculated
chemical shifts of central ones are satisfactorily in agreement with
those of mixed solvent in experiments (See Table 4 for
comparisons).

Similar to '3C calculations, 'H shifts of solvent molecules in the
present of FC1N112-TFSI can be estimated by taking averages of
values of Fc1N112-coordinated and TFSI-coordinated systems
(Table S4). It can be observed from the table that estimated results
disagree with experimental results at either low or saturated con-
centration. In the case of 0.1 M concentration, number of bulk
solvent molecules is far greater than that within solvation shells,
thus the effect of coordinated solvent molecules on the observed 'H
chemical shifts is negligible under rapid molecular exchange. On

Table 3

Calculated >C chemical shifts of solvent in different systems (ppm).
Systems PC EMC

C1 c2 c3 Cc4 C1 Cc2 c3 c4

Single molecule 161.08 77.47 73.93 19.47 165.04 67.87 55.99 15.33
Fc1N112-coordinated 166.12 82.14 76.27 19.30 167.97 70.02 56.82 15.05
TFSI-coordinated 164.87 79.73 75.54 20.50 164.97 68.33 55.76 16.13
Fc1N112-TFSI-coordinated 162.50 78.87 74.48 19.52 165.83 69.08 56.37 15.07

with solute molecules, and then shifts of 0.6 ppm and 0.52 ppm are
predicted based on Eq. (1). In general, carbon atoms of both PC and
EMC become less shielding (shift towards higher ppm), when PC
and EMC interact with solute molecules, or when solvent molecules
form solvation shells. In the case of contact ion-pair, we develop a
system of solvent molecule coordinated by contacted Fc1N112-TFSI
pair. Optimized structures show that solvent molecules are located
near the Cp ring of solute molecule (Fig. 5c). It can be observed from
Table 3 that 13C chemical shifts of solvent molecules in this system
move downfield compared with those of single solvent molecules
(except C4 of EMC).

In experiments, relatively small values for perturbations of

the other hand, because most solvent molecules are in solvation
shell in saturated electrolyte, coordinated species dominate
observed chemical shifts. Disagreements of chemical shifts of sol-
vent molecules between the ion-coordinated in calculations and
saturated electrolyte in experiments indicate that Fc1N112% and
TFSI™ are contacted ion-pair rather than dissociated at saturated
concentration. We use structure of Fc1N112-TFSI-coordinated sol-
vent molecules to verify the conclusion (Fig. 5c¢). Based on opti-
mized structures, calculated 'H chemical shifts agree satisfactorily
with those of saturated electrolyte in experiments (Table 4).
Additionally, shifts of solvent molecules move upfield (towards
small ppm values) under the effect of solute molecule, and
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Table 4

Comparisons of 'H chemical shifts on solvent molecules between calculations® and experiments® (ppm).
Systems EC PC EMC

H2, H3 H2 H3 H4 H2 H3 H4

Surrounded solvent molecules (Cal.) 4.89 5.33 4.76 425 1.57 4.61 3.80 133
EC/PC/EMC (Exp.) 491 528 497 4.44 1.81 451 4.09 1.62
Fc1N112-TFSI-coordinated solvent molecules (Cal.) 445 4.84 4.44 3.88 1.41 424 3.80 1.29
Saturated Fc1N112-TFSI (Exp.) 448 4.86 455 4.01 1.39 4.10 3.68 1.22
Displacements® —0.44 —0.49 -0.32 -0.37 -0.16 -0.37 0 —0.04

2 Surrounded solvent molecules are corresponding to clusters of Five EC, six PC, and six EMC.

b Experimental results of Wei et al.'s works.

¢ Differences of values between Fc1N112-TFSI-coordinated and surrounded solvent molecules.

differences between these two systems in calculations (Table 4) are
in agreement with displacements from low to high concentrations
in experiments (Table S5). These results confirm that major type of
ion-pair in saturated electrolyte is contact rather than dissociation.
This argument is further supported by electrochemical perfor-
mance of the solute at different concentrations. In the cyclic vol-
tammograms (CVs) of Fc1N112-TFSI shown in Fig. S3, the oxidation
and reduction peak separations at 5.0 mM are significantly smaller
than those at 0.1 M. The smaller peak separation reflects higher
electrochemical reversibility under lower solute concentration. The
Fc1N1127" and TFSI™ ions are more dissociated, have better mobility
and thus respond more rapidly to the sweeping voltage. This is in
good agreement with the NMR study.

Previous work has verified that dimethyl sulfoxide (DMSO) is
more suitable as a reference for 70 NMR calculations than H,0
[24]. Additionally, the 170 chemical shift of DMSO is ~20 ppm larger
than that of H,0 [24,29,30]. Hence, calculated absolute shifts are
converted to results of calculations by adding 269.51 ppm where
the absolute shift of DMSO is calculated to be 249.51 ppm.

Since intermolecular interactions in liquid phase would affect
70 chemical shifts [24], calculations on both single and double
solvent molecules are carried out. Results using double molecules
are in much better agreement with the values obtained from ex-
periments (see Table S6 for detail). Using optimized structures of
solvent molecules coordinated by Fc1N112" or TFSI™ (as discussed
above), we compute 70O chemical shifts of solvent molecules
(Table S6). Attentive comparisons of results between calculations
and experiments are organized in Table 5. Similar to 'H calcula-
tions, 7O shifts of solvent molecules that are influenced by
FcIN1127 or TFSI™ are fairly different, and those shifts under total
effect of Fc1N112-TFSI contact ion-pairs can be estimated by taking
averages of values of Fc1N112-coordinated and TFSI-coordinated
systems (Table 5). Because of the insignificant changes of experi-
mental 0 shifts in electrolytes at different concentrations (Fig. 2),
we calculate average values from systems of 0.25 M, 0.85 M and
1.7 M in order to facilitate comparisons. It is observed in Table 5 that
estimated results agree excellently with results of experiments. The
consistency acts as a strong evidence of fast exchanges of solvent
molecules. Specifically, solvent molecules in solvation shells of both

Table 5
Comparisons of 70 chemical shifts on solvent molecules between experiments and
calculations (ppm).

Systems EC PC EMC

02,03 02 03 02 03
Fc1N112-Coordinated 112.62 141.17 120.45 127.39 98.58
TFSI-Coordinated 107.78 135.85 107.78 120.09 89.30
Calculated average® 110.20 138.51 114.12 123.74 93.94
Experimental average 111.08 138.57 114.80 122.66 94.06

2 Averages of values of Fc1N112-Coordinated and TFSI-Coordinated.

FcIN112" and TFSI~ exchange with those in the bulk solvent,
resulting in averaged 70 chemical shifts.

4. Conclusion

We have performed >C and 70 NMR to understand the disso-
lution mechanism of Fc1N112-TFSI in mixed solvent composed of
EC, PC, and EMC. The DFT calculations on 'H, 3C, and 70 NMR
reveal molecular-level details of chemical shifts and linewidth
change with concentrations of solute. Interactions between solute
and solvent molecules, ion association, and molecular motions are
strongly proved by both experimental and theoretic studies. At
dilute solute concentrations, the cation and the anion associated
with Fc1N112-TFSI are dissociated, forming their own solvation
shells. Molecules of EC, PC and EMC surround FcIN112" jons as
solvation shells, leading to the high solubility of Fc1N112-TFSL In
this case, TFSI~ anions have rare opportunities to influence chem-
ical shifts of Fc1IN112*. Rapid exchanges of both TFSI™ anions and
solvent molecules take place between solvation shells and bulk,
resulting in average observed chemical shifts in NMR experiments.
Molecules in the bulk solvent outnumber those in solvation shells,
and dominate chemical shifts of the solvent. With increasing con-
centrations of solute, Fc1N112-TFSI gradually turns into solvent-
shared state. At saturated concentration, contact ion pairs are
formed and the solvent molecules are interacting with the Fc rings
rather than interacting with the ionic pendant arm of Fc1N112-TFSI.
In this case, molecular motion is restricted, leading to broad 70
NMR peaks. However, molecular exchanges are still fast and
random enough to result in sufficiently narrow NMR peaks of 'H
and 3.

The study offers a mechanistic understanding at the molecular
scale of solubility increase for the Fc1N112-TFSI as compared to
pristine ferrocene. Since the quaternary ammonium is the
preferred solvation site, incorporation of one or more such moieties
into redox molecules can be a universal molecular engineering
method to improve material solubility. This finding will greatly
advance the development of high energy density NRFBs. The results
also suggest that organic solvents with high ¢ are more capable of
dissociating the ion-pair in Fc1N112-TFSI and yield flexible mobility
of the charged ions. Therefore, at battery relevant conditions, i.e.
high Fc1N112-TFSI concentrations, high-e organic solvents such as
acetonitrile or dimethyl sulfoxide may be better options provided
they are compatible with the redox species.
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