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Abstract

Lithium-ion battery (LIB) electrolytes based on room-temperature ionic liquids
(RTIL) are promising as safe and sustainable LIB electrolytes. However, there are
no reports on the solvation structure and dynamics of RTIL due to the existence
of various solvation species in RTIL. Here, we investigated the solvation structure
and dynamics of binary mixtures of the phosphonium ionic liquid, tributyl
(2-methoxyethyl)phosphonium bis(trifluoromethanesulfonyl)imide (P444102TFSI),
and methylthiocyanate (CH5SCN), with ultrafast mid-IR Spectroscopy. The
changes of vibrational and rotational dynamics of CH;SCN---Li* complex and
free CH3SCN with an increase in CH3SCN concentration suggest the presence of
at least four solvation species, providing superior resolving power for various
solvation species existing in complex LIB electrolytes. Our experimental results
show that the environment of free CH;SCN and CH5SCN---Li* complex changes
drastically with change in CH3SCN mole fraction and Li salt concentration in the
mixture. We expect that this can affect the Li-ion transport mechanism in the
IL-based electrolytes.

KEYWORDS

INTRODUCTION

lonic liquids (IL) are salts; generally composed of organic
cation and organic/inorganic anion and are liquid below
100°C, or even at room temperature, called room-
temperature ionic liquids (RTIL). Due to their fascinating
physicochemical properties such as low volatility, non-
flammability, and high electrochemical and thermal sta-
bilities, ILs are investigated as a suitable solvent system
for energy storage and conversion applications, such as
supercapacitors, solar cells, and batteries.'"”” Extensive
investigations have been carried out on ILs containing
nitrogen-based cations.®™'" Phosphonium ILs have been
the subject of interest in this context.'>'* For example, a
prototype lithium-ion pouch cells using bis(fluorosulfonyl)
imide (FSl)-based ionic liquids were designed for space
applications and were evaluated for radiation and vac-
uum tolerance.” This was the first IL-lithium ion battery

contact ion pair, electrolytes, ionic liquid, pump-probe experiments, solvation species

(LIB) to be installed in the “Hodoyashi-3” satellite and was
the first IL-LIB to be successfully charged and discharged
in orbit."” The IL-LIB showed remarkable charge-discharge
operation, high g-forces, and extreme vibration tolerance
during a rocket launch. However, the high viscosity and
cost of ILs are the main drawbacks of IL-based electro-
lytes.'®'” Mixing ILs with organic solvents is one of the
best strategies to not only reduce the high viscosity and
cost of ILs but also improve the transport and electro-
chemical properties of electrolytes.'’~2°

At present, commercial LIB electrolyte solvents are
based on cyclic carbonates mixed with one or more linear
carbonates. However, the use of organic solvent electro-
lytes has two major flaws: (i) the inevitable chemical reac-
tions within the electrolyte decrease the battery lifetime,
and (ii) the high inflammability of organic substances
increases the risk of fire or explosion. Therefore, develop-
ing safe and sustainable novel LIB electrolytes is a crucial
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challenge for the current energy storage industry. By mixing
RTILs with organic solvents, researchers can take advantage
of the high thermal and electrochemical stability of RTILs
and high conductivity of organic solvents, which allow the
realization of high-performance LIBs.'”° However, most of
the studies on IL-based electrolytes were dedicated to
imidazolium, ammonium, or pyrolidiunium ILs. Recent stud-
ies have shown that phosphonium bis(fluorosulfonyl)imide
(FSI)-based ILs show superior properties compared to their
ammonium analogs, including improved transport proper-
ties even at subambient temperature.'*'*?'?? |t has also
been reported that methoxy substituted phosphonium
cation-based IL have very low viscosity compared to the
unsubstituted phosphonium IL.?

The solvation structure around the lithium cation and its
dynamics play a crucial role in the performance of an LIB.
Many studies based on IR, Raman, and NMR Spectroscopy
were dedicated to investigating the coordination environ-
ment around lithium-ion in electrolytes. However, our
understanding of the microscopic environment around Li-
ion in high Li salt concentrated ILs is still in the early stages,
and there are no reports on solvation structure and dynam-
ics surrounding Li-ion in IL-cosolvent-based electrolytes. In
this regard, it has been shown that time-resolved infrared
(IR) pump-probe and 2D-IR Spectroscopy can be very useful
in addressing the questions related to the solvation struc-
ture and dynamics in LIB electrolytes.>>* Therefore, to get
a better understanding of the molecular solvation structure
in IL-cosolvent-based electrolyte, we have investigated
the ultrafast dynamics of methylthiocyanate (CH3SCN)
in binary mixtures (in various molar ratios) of the phospho-
nium IL, namely Tributyl(2-methoxyethyl)phosphonium
Bis(trifluoromethanesulfonyl)imide (P444102TFSI) and met-
hylthiocyanate (CH3SCN) as a lithium-ion battery electrolyte
solvent. We have used Lithium Bis(trifluoromethanesulfonyl)
imide (LiTFSI) as a salt in this mixture. Scheme 1 depicts the
structure of the IL.

EXPERIMENTAL PROCEDURES

Sample preparation

The IL samples of pure binary mixtures IL + CH3SCN with
the volume ratio of 1:1 and 1:7 (mole ratio of 1:6 and

1:44) were prepared inside a glove box, and LiTFSI salt
was added to prepare 1 M and 2 M solutions of LiTFSI in

)
~ L

SCHEME 1 Structure of the RTIL Tributyl(2-methoxyethyl)
phosphonium Bis(trifluoromethanesulfonyl)imide ([P444102] [TFSI)
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each binary mixture. For linear and nonlinear IR studies,
samples were placed in an IR cell assembled with two
CaF, windows. The optical path length was adjusted by
inserting the appropriate Teflon spacer between them.

Steady-state IR absorption

Fourier-transform Infrared (FTIR) spectra were collected
with a Perkin—-Elmer FTIR spectrometer. FTIR spectra were
recorded before and after the IR pump-probe to ensure
no degradation of the sample during the experiment.

IR pump-probe spectroscopy

Ti:Sapphire oscillator (Maitai, Spectra Physics) and a
regenerative amplifier (Solstice Ace, Spectra Physics) pro-
duce 800 nm laser pulses with a repetition frequency of
1 kHz. BBO crystal-based optical parametric amplifier
(OPA) system generates two near-IR pulses with wave-
lengths of approximately 1.3 and 1.9 pm. Mid-IR pulse
centered at 2150 cm ™' is obtained by the DFG phenome-
non by passing near IR pulses through the AgGa$, crystal.
The generated MIR pulse has an approximately 35-fs
pulse duration time and about 29 pJ energy. In the polari-
zation selective experiment, the MIR pulse was divided
into a probe pulse and a pump pulse using a ZnSe beam
splitter (9:1), and the repetition rate of the pump pulse
was adjusted to 500 Hz using an electronically synchro-
nized optical chopper. Two-wire grid polarizers were
placed before and after the sample in the probe beam.
After the interactions of pump and probe pulses with the
sample, the probe pulse was divided into parallel and per-
pendicular polarization components with respect to the
pump polarization using ZnSe beam splitter (5:5) and wire
grid polarizer. The pump-induced changes in vibrational
states in sample molecules can be monitored by the
probe pulse, which is measured by monochromator
(Horiba, iHR320) and 128(64*2)-element array MCT detec-
tor. The parallel polarization component of the probe
beam (S)) was detected by the bottom array of the dual
array MCT detector. In contrast, the perpendicular polari-
zation component of the probe beam (S;) was detected
by the upper array. The isotropic and anisotropic IR-PP
signals are defined as follows in Equations (1) and (2):

Sy+2S
P =", (1)
3
SH_SJ_
=———=0.4GC,(t). 2
S a5, = 04G(0 @)

Vibrational lifetime and orientational relaxation
dynamics are obtained from the P(t) and r(t) decay
profiles.
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RESULTS AND DISCUSSION
FT-IR Spectroscopy

The IL-CH5SCN samples were prepared in two different
volume ratios of 1:1 and 1:7 (mole ratios of 1:6 and 1:44)
named as Samples A and B, respectively. Steady-state FT-
IR absorption spectra of A and B, as well as their LiTFSI
solutions, are presented in Figure 1. The CN stretching
mode of CH3SCN is observed at 2157 cm ™' in pure mix-
tures (Figure 1a). An increase in absorption of CN
stretching mode is observed from A to B as there is an
increase in the concentration of CH3SCN from Samples A
to B. With the addition of Li salt, an additional peak at
~2183 cm ™' is observed (Figure 1b,c). This peak corre-
sponds to the CN stretching mode of CH3;SCN, which
exists as CH;SCN---Li™ complex form. With the increase of
Li concentration, the absorption of the CH3SCN---Li* com-
plex peak increases as more Li-ion is available to form a
complex with CH3SCN.

Time-resolved mid-IR pump-probe
spectroscopy

Vibrational lifetime analysis

Polarization-selective IR pump-probe experiments have
been carried out to selectively determine the vibrational
lifetimes and rotational relaxation times of the free and
complex form of CH3SCN. For all LiTFSI sample solutions,
the v = 0-1 transition (2157 cm™") of the nitrile stretching
vibration of free CH3SCN was significantly overlapped
with the v = 1-2 transition (2158 cm™") of the C=N
stretching vibration of CH;SCN---Li*. To avoid such inter-
ference, we used the IR PP signals measured at
oy = 2187 cm ™' (v = 0-1 transition) for CH;SCN---Li* and
at o, = 2137 cm ™' (v = 1-2 transition) for free CH;SCN to
obtain the vibrational population relaxation P(t) and ori-
entational relaxation r(t) dynamics. Frequency- and time-
resolved IR-PP spectra of the free and complex form of

KOREAN CHEMICAL SOCIETY

CHs3SCN with the addition of LiTFSI in different binary
mixtures of IL-CH3SCN is shown in Figure S1. It is clear
from Figure S1 that the pump-probe signal of the 0-1
vibrational transition of the CH3;SCN---Li* complex
(¢ = 2187 cm™ ") is contaminated by the pump-induced
heating contribution, whereas the 1-2 transition spectra
of the free form of CH3SCN remain almost unaffected. To
get the vibrational lifetime of the CH;SCN---Li*, proper
numerical methods were employed to subtract the
heating contribution from the measured pump-probe sig-
nal.?® Vibrational population decay patterns of the free
(2137 cm™") and complex form (2187 cm™") of CH;SCN
for 1 M and 2 M solutions of LiTFSI have been shown in
Figure 2. P(t) for the free (2137 cm™") and complex form
of CH3SCN (2187 cm™ ') were fitted with bi-exponential
and single exponential decay functions, respectively. The
obtained decay times are tabulated in Table 1.

Table 1 shows quite different vibrational lifetimes of
free and complex CH3SCN. Considering the complex com-
position, including alkyl phosphonium cation, TFSI~, Li*,
and CHsSCN, it is not surprising that the vibrational
dynamics has such complex behavior. The interaction
between the CN group and Li-ion is strong enough to
produce a large shift in the C = N stretching frequency, as
shown in Figure 1. However, due to the alkyl groups
around phosphonium cation, FT-IR does not provide clear
evidence about the interaction between CH3SCN and
alkyl phosphonium cation. The strong interaction
between the CN group and Li-ion also governs the
observed vibrational dynamics. Unlike the free CH3SCN,
which shows distinguished T1 and T2 values in binary
mixture solutions, the P(t) of CH3SCN---Lit can be well
fitted with a single exponential function, as shown in
Table 1. However, the vibrational lifetime (T1) is sensitive
to the relative ratio between IL and CH5SCN and the con-
centration of LiTFSI. As stated above, the vibrational
dynamics of the CN band in CH3SCN---Li* complex form
is mainly determined by the interaction between the CN
group and Li-ion. Thus, the change in the observed vibra-
tional lifetime can be assigned to the change in Li-ion
species rather than the change in the composition around
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FIGURE 1 CN stretching vibrational peaks of free CH3SCN in pure binary mixtures (a) and free and complex form of CH3SCN in solutions of LiTFSI

in binary mixtures of IL-CH3SCN (b and c) with different volume ratios
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FIGURE 2 Vibrational population decay patterns P(t) of the C = N stretching vibration of free (left panel) and complex (right panel) form of
CH3SCN in solutions of LiTFSI in binary mixtures of IL-CH3SCN with different volume ratios

TABLE 1 Vibrational lifetimes of the free and complex form of the
C = N stretching band of free and complex CH3SCN
T1 (ps) T2 (ps)
Free CH5SCN 1 M-A 21.7 £ 3.6 95.7 £ 6.2
1 M-B 275+ 35 99.5+ 5.0
CH5SCN---Li™ 1 M-A 63.7 £ 0.7
1 M-B 583 £ 0.3
Free CH5SCN 2 M-A 199+19 66.6 + 3.3
2 M-B 30.5+ 3.8 60.7 £ 5.5
CH5SCN---Li™ 2 M-A 772 £0.7
2 M-B 68.6 = 0.5

CH3SCN---Li*. As well known, Li-ion can exist as free Li-ion
or contact ion pair Li"TFSI™. The increase in salt concen-
tration will make more contact ion pairs. Furthermore, the
increase in ionic liquid, [P444102] [TFSI], produces more
TFSI™ anion in solution, which will decrease the popula-
tion of free Li-ion due to the common ion effect. In other
words, the change in concentration of LiTFSI or relative
mixing ratio of IL will cause the change in the amount of
contact ion pair. Thus, the complex form can be divided
into CH3SCN---Lit and CH3SCN---Li* TFSI™. With the increase
of salt concentration and IL, more CH;SCN---Li" TFSI~ spe-
cies will increase. The measured vibrational lifetime is

increased with the increase of LiTFSI contact ion pairs. The
neighboring TFSI™ ion will diminish the charge density of
Li-ion, which will reduce the interaction strength between
CH5SCN and Lit and increase the lifetime. Thus, the vibra-
tional lifetime can resolve the Li* solvated only by CH3SCN
and Li* in contact ion pair, which is impossible with FT-IR
analysis, as shown in Figure 1. However, vibrational dynam-
ics of the CH3SCN-Li" complex shows a single exponential
decay. Here it should be mentioned that in order to
completely resolve the vibrational dynamics of complex
form of CH3SCN, it is important to know the rates of Li*-
CH3SCN association and dissociation dynamics (chemical
exchange dynamics if present), which would also impact
the vibrational dynamics of CH3SCN-Li " TFSI". In such a sce-
nario, two-dimensional (2D) IR spectroscopic studies have
been shown to be very helpful in calculating the chemical
exchange dynamics.?” Analogous to this study, 2D IR results
in present investigation are currently under analysis. At this
stage, we are unable to resolve the single exponential
vibrational dynamics of CH3SCN---Li* complex form.

Unlike CH5SCN---Li* species, free CH3SCN shows dis-
tinguished T1 and T2 values in binary mixture solutions
with 1 M and 2 M LiTFSI. Two decay times indicate that
there are at least two different solvation structures
around CH3SCN. Within the experimental error limits, T1
values are increased from ~21 ps to ~29 ps with the
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FIGURE 3 IR-PP anisotropic decay pattern of the free and complex form of CH3SCN in solutions of LiTFSI in binary mixtures of IL-CH3SCN with

different volume ratios. The red lines are a bi-exponential fit

TABLE 2 Rotational relaxation time constant of the free and
complex form of CH3SCN in solutions of LiTFSI in binary mixtures of IL-
CH3SCN with different volume ratios

T (ps) T2 (ps)
Free CH;SCN 1 M-A 436 + 0.14 5534 2.0
1 M-B 3.75+0.10 43.7 + 3.1
CH3SCN---Li* 1 M-A 19.42 + 1.50 170+ 11.0
1 M-B 15.94 + 0.69 102+5
Free CH5SCN 2M-A 1.85 £ 0.01 21.70 £ 030
2 M-B 1.61 + 0.02 14.80 4 0.30
CH3SCN---Li* 2 M-A 20.85 + 1.60 86.95 + 2.90
2 M-B 15.13 & 0.40 116.20 + 2.50

increase of CH3SCN from A to B irrespective of salt con-
centrations. However, T2 values show totally different
trends of change with the increase of Li salt concentra-
tions and CH3SCN in solution. T2 values do not show a
clear dependence on the increase of CH3SCN but
decrease significantly with the increase of salt concentra-
tion. Due to the weak interaction strength, CH3SCN sur-
rounding with other CH3SCN cannot be distinguished
from CH5SCN interacting with alkyl phosphonium cation
([P444102]) with FT-IR analysis, as shown in Figure 1. Previ-
ously the vibrational lifetime of CH3SCN in acetonitrile
was measured as ~92 ps,>’ which is close to our

measurement (~97.5 ps) in 1 M solution. Based on this,
we could assign T2 coming from CH3SCN surrounding
with other CH3SCN and T1 from CH3SCN interacting with
[Psaa102].  Vibrational lifetime with corresponding
weighting factor has been provided in Table S1. It can be
seen from Table S1 that the weighting factors A1 and A2
do not change significantly with increase in the either
CH3SCN or LiTFSI salt concentration. It can also be con-
cluded from A2 values in Table S1 that the vibrational life-
time component of CH3SCN surrounded by other CH3SCN
molecules (T2) is the major contributor (80%-90%)
towards the overall vibrational lifetime of free CH3SCN.
The observed increase of T1 from A to B is correlated with
the decrease in relative population of alkyl phosphonium
cation ([P444102]). Also, the significant decrease of T2 is
related to the increase in salt concentration. The further
study combined with MD simulation will reveal the
molecular origin of this correlation. Such an observation
demonstrates that infrared pump-probe experiments
become an essential tool to investigate the molecular
species that exist in complex IL-based LIB electrolytes.

Rotational dynamics analysis

We have also analyzed the anisotropic decay patterns,
r(t), of the free and complex form of CHsSCN at the same
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wavelength used for vibrational lifetime analysis. As
shown in Figure 3, all measured anisotropic decay pat-
terns were fit well with a bi-exponential function. The
obtained two decay times are presented in Table 2.

As shown in Table 2, both free and complex from of
CH3SCN show bi-exponential decay behavior, which indi-
cates that the microenvironment of both free and com-
plex from of CH3SCN is heterogeneous in nature. Parts of
the observed change in rotational relaxation time con-
stants can be explained based on Stokes-Einstein-Debye
equations.?® First, rotational dynamics of the CH;SCN---Li™
is slower than the free CH3SCN in all the samples, which
indicated that the rotation of CH;SCN---Li* is more hin-
dered due to the increase of the effective hydrodynamic
volume of the rotator. Second, with the increase of
CH3SCN (from A to B), rotational dynamics of free CH3SCN
has been observed to be faster due to a decrease in the
viscosity of the medium. The detailed explanation about
the assignment of each rotational relaxation time to
molecular behavior requires MD simulations. Instead, we
will show that the rotational dynamics has the potential to
reveal various solvation species, which cannot be resolved
with linear FT-IR Spectroscopy. As shown in Section 3.2.1,
the vibrational lifetime analysis suggests the presence of
at least four different solvation species. Free CH3SCN
showing a single peak in FT-IR analysis consists of CH3SCN
surrounding with other CH3SCN and interacting with alkyl
phosphonium cation ([P444102]). Complex CH5SCN---Li* is
a mixture of CH3SCN interacting with free Li-ion and
CH5SCN interacting with Li* in contact ion pair, Li" TFSI™
which cannot be distinguished with FT-IR analysis.

Considering the volume of the rotator, the faster T,
observed in free CH3SCN could be assigned as CH3SCN sur-
rounding with other CH3SCN and the slower one T, as
CHs3SCN interacting with [P444102]. Corresponding weighing
factors for rotational relaxation time constants for the free
and complex form of CH3SCN have been provided in
Table S2. It can be observed from Table S2 that with
increase in CH3SCN (from A to B), for free CH5SCN, relative
contribution from 7, (A1) increases and t, (A2) decreases
which is understandable as with increasing CH3SCN con-
centration, relative population of the alkyl phosphonium
cation ([Psss102]) decreases. Such a clear trend was not
observed in comparing the vibrational lifetime components
of free CH5SCN (Section 3.2.1). Furthermore, the observed
rotational relaxation time in complex CH3;SCN---Li* also can
also be divided into two classes, CH3SCN---Lit and
CH5SCN---Li*TFSI~. Compared to the vibrational lifetime
analysis, which showed only single time component for
complex CH5SCN---Li'*, rotational relaxation studies for the
same shows two distinct time component with significant
contribution from both classes, CH5;SCN---Li* and
CH3SCN---Li"TFSI™ (Table S2). Considering the bulky size of
TFSI™ as shown in Scheme 1, two distinguished decay times
are understood based on Stokes-Einstein-Debye equations.
This is fascinating because rotational dynamics could pro-
vide more detailed information about the solvation

structure, which cannot be resolved in FT-IR analysis. Fur-
thermore, the distinction between CH;SCN---Lit and
CH5SCN---Li* TFSI~ becomes clear compared to the analysis
with the vibrational lifetime, which requires the comparison
through the increase or decrease of LiTFSI contact ion pairs.

CONCLUSION

This study has provided interesting observations about
structure and dynamics in a phosphonium [L-CH3SCN-
based electrolyte system. A significant difference in vibra-
tional dynamics of the free CH3SCN and CH5SCN---Lit com-
plex and their corresponding rotational dynamics have
been observed in different IL-CHsSCN mixtures. The vibra-
tional lifetime analysis indicates an increase in the popula-
tion of Li*TFSI™ contact ion-pair with the increase of salt
concentration and IL. Hence, more CH3SCN---Li*TFSI™ spe-
cies will increase, which in turn leads to an increase in the
vibrational lifetime of CH;SCN---Li*. The observed increase
of T1 with the increase in the concentration of CH;SCN
can be correlated with the decrease of alkyl phosphonium
cation ([P444102]). The bi-exponential nature of the vibra-
tional population relaxation indicates that CH3SCN is dis-
tributed in a heterogeneous environment. With the
increase in Li concentration, the T2 values for free CH;SCN
decreases for a particular composition of IL and CH5SCN.
This also indicates that the microenvironment of the two
solutions is heterogeneous in nature. However, the further
study combined with MD simulation may provide a
detailed picture of the molecular origin of this correlation.
Rotational dynamics of free CH3;SCN becomes faster with
the increase in the concentration of CH3SCN. Interestingly
rotational dynamics of the free, as well as the complex
form of CH;SCN, becomes faster with the increase in Li
concentration in a particular solvent mixture. This indicates
a deviation from the linear viscosity dependence of
the rotational dynamics. Rotational relaxation studies
clearly point out toward the presence of two distinct com-
plex forms of CH;SCN, that is, CHsSCN---Li* and
CH5SCN---Li*TFSI~ with comparable contribution toward
overall rotational relaxation time of the CH3SCN---Li™ com-
plex. Analysis of the rotational dynamics in the light of the
Stokes-Einstein-Debye hydrodynamic model further clar-
ifies the presence of at least four different solvation spe-
cies; CH3SCN surrounding with other CH5SCN, CHsSCN
interacting with alkyl phosphonium cation ([P4ss102]",
CH5SCN interacting with Li-ion and CH3SCN---Li"TFSI~. The
study reveals that the environment of free CH;SCN and
CH5SCN---Li* complex changes drastically with the change
in CH3SCN mole fraction and Li salt concentration in the
mixture. This, in turn, can impact the Li-ion transport prop-
erty significantly in the IL-based electrolyte.
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