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Electronic states and contact ion pair formation in
lithium-ion electrolytes investigated by far-
ultraviolet spectroscopy and quantum chemical
calculationst

Hitomi Sato, Nami Ueno™ and Ichiro Tanabe 2 *

The electronic states of lithium-ion (Li*) electrolytes play a crucial role in understanding their solvation
structures and electronic interactions. In this study, far-ultraviolet (FUV) spectroscopy and quantum
chemical calculations were used to investigate lithium bis(trifluoromethanesulfonyl)imide (TFSI)-based
electrolytes dissolved in dimethyl carbonate (DMC). At low Li* concentrations, the absorption spectra
exhibited a redshift, which was attributed to electronic interactions between Li* and DMC in the
solvation structure. In contrast, at high concentrations, a clear blueshift was observed. Quantum
chemical calculations revealed that this blueshift originates from the formation of contact ion pairs,
leading to intermolecular electronic excitation and electron transfer between the TFSI anion and DMC.
These findings indicate that the nature of electronic transitions in the FUV region changes significantly
with the ionic environment. The results demonstrate that FUV spectroscopy is a powerful technique for
probing dynamic changes in solvation and ion association states in electrolytes, offering valuable
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Introduction

Lithium-ion batteries (LIBs) have rapidly spread as a power
source for rechargeable devices such as laptops and mobile
phones. The general performance metrics of LIBs, such as
power capabilities and lifespans, highly depend on the elec-
trolyte. The ionic conductivity of electrolytes, one of the trans-
port properties that helps to determine the charge and
discharge rates of a cell, has been studied.’” Since the electro-
lyte plays an important role as a medium for Li" diffusion
between the electrodes, it is important to understand the Li*
solvation structure.* The solvation structure has been studied
using Raman spectroscopy,”” as well as density functional
theory (DFT) and classical molecular dynamics (MD)
simulations.®® Though the most probable coordination
number (CN) in the Li" solvation structure is debatable, the CN
is most likely 4 from an energetic perspective.”'® In electrolyte
solutions, various intermolecular interactions occur, with many
Li solvates and free anions present in the low-concentration
region, and many contact ion pairs (CIPs) and aggregates
(AGGs) formed in the high-concentration region." In particular,
the formation of CIPs is closely related to a change in
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guidance for the design and optimization of battery materials.

conductivity at high concentrations.'>'* Wang et al. reported the
formation of CIPs in superconcentrated electrolytes using
Raman spectroscopy and DFT-MD simulations.** This study
revealed that the formation of CIPs and AGGs at high concen-
trations retards the diffusion rate of Li"."

Dimethyl carbonate (DMC), a representative linear
carbonate, is safe to handle due to its low volatility and low
toxicity”® and has attracted attention as a genuinely green
solvent.'® Recently, DMC has been used as an electrolyte in LIBs
due to its chemical and electrochemical stability, low melting
point, high boiling point and high ionic conductivity.* A
number of studies have reported on the intermolecular struc-
ture, stability, dynamics, and other properties of DMC.”*’** The
Li" solvation structures and CN have also been studied by MD
simulations, DFT calculation and Raman spectroscopy.”*'***
Lithium bis(trifluoromethanesulfonyl)imide (Li[TFSI]) has
attracted much attention because of its potential to improve
both chemical and thermal stability as a salt for electrolytes.*
Recently, the involvement of [TFSI]™ in the solvation structure
was reported using Raman spectroscopy and DFT calculations.
In this paper, it was revealed that Li*-(3-DMC)-(1-[TFSI]| ") is the
most possible conformation in concentrated solutions for Li
[TFSI]-based electrolytes.

The electronic information of the electrolytes is essentially
important because chemical reactions occur in the electronic
state. Although ultraviolet (UV) spectroscopy is a powerful
method for analyzing the electronic structure without ionizing

© 2025 The Author(s). Published by the Royal Society of Chemistry
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molecules, there are few reports on this topic. In 2018, Das et al.
reported the absorption spectra of DMC in the far-ultraviolet
(FUV, =200 nm) region using synchrotron radiation.> In this
report, the spectral bands of DMC were assigned based on
quantum chemical calculations. However, it is noteworthy that
their spectra were obtained for DMC in the gas phase, which
differs significantly from its liquid-state behaviour as an elec-
trolyte. Consequently, direct measurement of FUV absorption
spectra for liquid samples and analysis of DMC-Li" interactions
remain challenging. In 2007, Higashi et al. developed attenu-
ated total reflectance (ATR)-based UV spectroscopy.> In this
technique, a deuterium (D,) lamp was used as the light source,
and the introduction of N, gas was purged along the optical
path to exclude the effects of water vapor and oxygen absorp-
tion. It allows for the measurement of spectra in the FUV region
without requiring a vacuum environment. The light enters the
ATR prism, and the evanescent wave generated at the interface
between the prism and samples was used as the probe light. By
implementing the ATR technology into the FUV region, the
spectra in the wavelength range of 145-300 nm can be
measured for various materials such as alcohols and alkynes
and provide information on various electronic transitions and
structures.”* Furthermore, the combination of spectroscopy
and quantum chemical calculations has improved the ability to
analyze spectra. Recently, studies on the electronic interactions
between Li" and polymers,**2* aqueous solutions** and ionic
liquids** using the ATR-FUV method and time-dependent
density functional theory (TD-DFT) calculations have been re-
ported. Ueno et al. reported the change in the electronic state of
water in a highly concentrated aqueous mixed electrolyte solu-
tion using ATR-FUV spectra, the derivative method and TD-DFT
calculations.®® The derivative method is a representative
analytical method for separating overlapping peaks. In this
report,* second-derivative and third-derivative analyses were
applied to the ATR-FUV spectra to separate the overlapping
peaks of multiple components and determine the wavelengths
of each peak. Additionally, an investigation was conducted on
the ionic state of alkali-metal complexes composed of a Li salt
and polymers by applying second-derivative analysis to the
Raman spectra.*

Recently, Sato et al. reported the electronic states of DMC
and Li'DMC using ATR-FUV spectroscopy and TD-DFT calcu-
lations.*® In this paper,*® DMC involved in the Li solvation
structure was defined as Li'DMC and DMC not involved was
defined as free DMC, respectively. In the ATR-FUV spectra of the
Li-DMC electrolytes, a decrease in the absorption intensity of
free DMC (~150 nm) and a corresponding increase in that of
Li'DMC (~155 nm) were observed with increasing Li" concen-
tration. The area ratio of the ATR spectral intensities corre-
sponding to free DMC and Li'DMC indicated a uniform
solvation structure in the low-concentration region (<1.5 M in
this study). Furthermore, the redshift was attributed to the
difference in wavelengths between the intramolecular excitation
of DMC and the electronic transition from DMC to Li". This
study represents the first investigation of the electronic state of
liquid-phase DMC in the FUV region, which is inaccessible by
conventional electronic absorption spectroscopy.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In this study, lithium tetrafluoroborate (Li[BF,]) and Li[TFSI]
solutions over a wide concentration range (i.e., 0.0-6.0 M) were
investigated to clarify the Li" concentration-dependent solva-
tion structures and their corresponding electronic states.
Absorption in the FUV region associated with electronic exci-
tation and electron transition in the concentrated Li" electro-
lytes was revealed by ATR-FUV spectroscopy combined with TD-
DFT calculations. In the case of Li[BF,] solutions, a redshift was
observed across the entire concentration range in the ATR-FUV
spectra. In contrast, Li[TFSI] solutions exhibited a change from
redshift to blueshift at high concentrations. TD-DFT calcula-
tions indicated that the blueshift in the concentrated Li[TFSI]
solutions was attributed to the formation of CIPs. The detection
of FUV absorption and the analysis of CIP electronic states,
which involve both intramolecular and intermolecular elec-
tronic excitation, cannot be achieved using conventional elec-
tronic absorption spectroscopy. The insights gained from this
study on electronic states are expected to contribute to eluci-
dating the mechanisms of electrode reactions in LIBs, such as
the formation of the solid electrolyte interphase (SEI), and to
advancing the performance of lithium-ion batteries.

Experimental

ATR-FUV measurements

The ATR-FUV absorption spectra were recorded in the 145-
300 nm wavelength range at 0.1 nm intervals (scan rate = 150
nm min " and incidence angle = 70°). A sapphire prism (optical
path length = 8 mm, UV grade, Optoline, Tokyo, Japan) was
used as the internal reflection element (IRE). The reagents
(DMC, Li[BF,] and Li[TFSI]; their chemical structures are shown
in Fig. 1) were purchased from Kanto Chemical Co., Inc. (Tokyo,
Japan) and used without further purification. Li[BF,] and Li
[TFSI] solutions with 13 different Li* concentrations (0.0, 0.5,
1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5 and 6.0 M) were
prepared. These solutions were placed on the sapphire prism,
and ATR absorption was defined as —log(//I,), where I and I,
represent the reflected light intensity in the presence and
absence of the sample on the ATR prism, respectively.

TD-DFT calculations

Spectral assignments were performed using DFT and TD-DFT
calculations. In this study, 11 models (i.e., free DMC, Li'DMC,
Li solvates (CN = 2-4), free [BF,| , Li[BF,], free [TFSI]| ", Li[TFSI],
and two types of CIP ([BF,] Li'DMC and [TFSI|_Li'DMC)) were
investigated. Energy minimization of the ground states was
performed using the B3LYP/aug-cc-pVTZ basis set. Their vertical

(b) Li[BF ] (c) LI[TFSI] U

Fig. 1 Chemical structures of reagents. Chemical structures of (a)
dimethyl carbonate (DMC), (b) Li[BF4], and (c) Li[TFSI].
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transition energies and oscillator strengths were calculated using
the TD-CAM-B3LYP/aug-cc-pVTZ basis set. All calculations were
performed using the Gaussian16 program. To calculate the molar
extinction coefficient (¢), the oscillator strength was multiplied by
the energy width of 0.5 eV for each transition. All molecular
orbitals were obtained using the GaussView graphical interface
with an equivalent number set of 0.02.

Results and discussion
ATR-FUV spectra of Li[BF,]-DMC solutions

Fig. 2a and b show the ATR-FUV spectra and their difference
spectra of Li[BF,] in DMC solvent within the 145-300 nm range,
respectively. As reported previously for the low Li[BF,] concen-
tration (0.0-1.5 M) case,* an absorption peak associated with
free DMC was detected around 150 nm, and the intensity
decreases with increasing Li* concentration. It should be noted
that the acquired ATR-FUV spectra were used without the
Kramers-Kronig transform (KKT), which separates the effects of
the extinction coefficient () and the refractive index (n). The

(a)
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ATR spectrum includes the effect of x and n in the sample and
the sapphire prism.** As a result, the ATR spectra are different
from the transmission spectrum, which considers only the
effect of k. Recently, studies applying the KKT to ATR-FUV
spectra were reported, and correct features of the absorption
spectra in the FUV region were confirmed.’” However, in this
study, the absorbance of the DMC is strong and spectral
intensity is not zero at the edge of the measurement wavelength
range. Moreover, the complex spectral changes dependent on
Li" concentration introduced significant challenges for the
application of KKT. Consequently, in the following discussion,
the acquired ATR-FUV spectra were used without KKT.

Quantitative relationship between free DMC and Li'DMC in Li
[BF,]-DMC solutions

Fig. 2c and d show the normalized ATR-FUV spectra (Fig. 2a)
and their difference spectra, respectively. Fig. 2d reveals an
increase in the absorption band around 155 nm with the
addition of Li', which was assigned to the absorption of
Li"DMC.% As discussed in a previous study,*® by calculating the
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Fig.2 ATR-FUV spectra and analysis of Li[BF,4]. (a) ATR-FUV absorption spectra of pure DMC (black line) and Li[BF 4] DMC solutions (colored lines)
and (b) their difference spectra in the 145-300 nm spectral region. (c) Normalized spectra of (a) and (d) their difference spectra. (e) Li*
concentration dependence of the area ratio of the ATR spectral intensity in 152.5-157.5 nm to 147.5-152.5 nm, and (f) the peak wavelength vs.
the Li* concentration in (a). The standard deviation bar was calculated from the results of three ATR measurements.
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absorption intensity ratio between 150 nm and 155 nm, the
relative amounts of free DMC and solvated DMC (Li ' DMC) can
be analyzed. As discussed in Fig. S1,t the peak wavelength was
also estimated from the second-derivative spectra in this study.
Fig. 2e shows the Li" concentration dependence of the area ratio
of the ATR spectral intensity between 152.5-157.5 nm and
147.5-152.5 nm in Fig. 2a. Up to a concentration of 3.5 M, the
area ratio was linearly related to the Li" concentration, indi-
cating that the abundant free DMC coordinates to form Li DMC
upon the addition of Li*. When the Li" concentration exceeds
3.5M, the slope decreases, and at concentrations above 5.0 M, it
remains almost constant.

These results indicate that the amount of change in the ratio
of free DMC to Li'DMC becomes smaller with the addition of
Li*, which is considered to be due to the decrease in the
quantity of free DMC in the solution. The CN of Li" has been
reported to be ~4 in Raman scattering measurements and MD
simulations.”®'*?* In this experiment, at a Li|[BF,] concentration
of 4.0 M, the molar ratio of Li* to DMC is estimated to be
approximately 4. That is, the change in the ratio of free DMC to
Li'DMC with respect to Li' concentration around 4.0 M is
reasonable. In TD-DFT calculations, for all coordination
numbers (CN = 1-4) of DMC to Li", the absorption wavelength
was calculated to be longer than that of free DMC (Fig. S21).

Peak wavelength shifts in Li[BF,]-DMC solutions

As noted above, the ATR-FUV spectra showed a redshift with Li*
addition. Fig. 2f depicts the peak position of the ATR-FUV
spectra (Fig. 2a) vs. the Li' concentration. As the Li" concen-
tration increases, the peak position shifts to longer wavelengths

(a)
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and remains almost constant at concentrations above 5.0 M. The
behaviour of the peak wavelength shifts with respect to Li'
concentration is consistent with the change in the ratio of the
absorption intensities originating from free DMC and Li'DMC
(Fig. 2e). The area ratio (Fig. 2e) and derivative-based peak
wavelength (Fig. 2f) are distinct metrics: the former integrates
band intensities over fixed ranges, whereas the latter identifies
inflection points, leading to small deviations between them. The
effects of [BF,]~, Li[BF,], and the CIP ([BF,] Li'DMC) are shown
in Fig. S3,7 where it was concluded that they have negligible
impact on the spectral changes of the Li[BF,]-DMC solutions.

ATR-FUV spectra of Li[TFSI|-DMC solutions

Fig. 3a and b show the ATR-FUV spectra and their difference
spectra of Li[TFSI| in DMC solvent in the 145-300 nm range.
The difference spectra (Fig. 3b) exhibit a decrease in absorption
around 148 nm with the addition of Li'. Additionally, the
spectral intensity around 158 nm increased in the range of 0.0-
4.0 M, while it decreased in the 4.0-6.0 M range with increasing
Li" concentration. The normalized spectra (Fig. S4at) showed
a redshift up to 4.0 M, followed by a blueshift upon further
addition of Li" above 4.0 M. The difference spectra (Fig. S4bt)
indicate an increase in spectral intensity around 158 nm in the
range of 0.0-4.0 M, with a subsequent decrease in the intensity
after 4.0 M. Similar to the case of Li[BF,]-DMC solutions, the Li"
concentration dependence of the area ratio between 152.5-
157.5 nm (Li'DMC) and 147.5-152.5 nm (free DMC) in the ATR-
FUV spectra was calculated. As shown in Fig. 3c, the area ratio
increased up to a Li* concentration of 5.0 M and decreased at
higher concentrations.
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Fig. 3 ATR-FUV spectra and analysis of Li[TFSI]. (a) ATR-FUV absorption spectra of pure DMC (black line) and Li[TFSI] DMC solutions (colored

lines) and (b) their difference spectra in the 145-300 nm spectral region.

(c) Li* concentration dependence of the area ratio of the ATR spectral

intensity between 152.5-157.5 nm and 147.5-152.5 nm, and (d) the peak wavelength vs. the Li* concentration in (a). The standard deviation bar

was calculated from the results of three ATR measurements.
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Fig. 3d presents the relationship between the peak wave-
length of the ATR-FUV spectra (Fig. 3a) and the Li' concentra-
tion. In the range of 0.0-4.0 M, the peak position shifted to
longer wavelengths with increasing Li" concentration, whereas
beyond 4.0 M, it shifted to shorter wavelengths. These spectral
behaviours in Fig. 3 differ significantly from that observed in Li
[BF,]-DMC solutions, which was discussed in the previous
section. In particular, the short-wavelength shift observed in the
high-concentration region in Li|TFSI] solutions, which was not
seen in Li[BF,] solutions, is an important finding of this study.

Effects of absorption of [TFSI|”

A comparison of Fig. 2a (Li[BF,]-DMC solutions) and Fig. 3a (Li
[TFSI-DMC solutions) reveals that the decrease in absorption
around 150 nm is significantly smaller in Li[TFSI] solutions. To
elucidate the cause of this phenomenon, TD-DFT calculations
were conducted (Fig. 4). The results indicate that free [TFSI|™
(Fig. 4b) exhibits absorption around 150 nm, where free DMC
(Fig. 4a) also absorbs. As a result, the reduction in absorption
intensity around 150 nm was suppressed upon the addition of
Li[TFSI]. Furthermore, at wavelengths longer than the absorp-
tion peak of free DMC, it was suggested that the absorption is
contributed not only by Li"'DMC (Fig. 4¢) but also by free [TFSI|~
(Fig. 4b). From these results, it was found that, in Fig. 3¢, both
wavelength regions (i.e., 147.5-152.5 nm and 152.5-157.5 nm)
contain the absorption of free [TFSI| . Therefore, the positive
relationship between the area ratio and Li* concentration up to
4.0 M (Fig. 3c) indicates the decrease of free DMC and the
increase of Li'DMC and free [TFSI] .

Effects of the CIP in high concentration Li[TFSI]-DMC
solutions

As mentioned above, in high-concentration Li[TFSI| solutions
above 4.0 M, the peak wavelength shifted to shorter wave-
lengths. This phenomenon cannot be explained solely by

@ : . ;
(b) _ .
5 g
T g
© g v
- S
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g n
@ 3 8
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Fig. 4 Theoretical analysis of spectral changes. Time-dependent
density functional theory-calculated oscillation strengths and molar
extinction coefficients (¢) of (a) free DMC, (b) free [TFSI]™, (c) Li*DMC
and (d) the CIP ([TFSII"Li*DMCQC).
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considering free DMC, Li'DMC, and free [TFSI]". While the
potential impact of Li[TFSI] was discussed in Fig. S5,1 the
following discussion will focus on the CIP ([TFSI| Li'DMC).

To investigate the contribution of the CIP ([TFSI| Li'DMC),
TD-DFT calculations were performed (Fig. 4d). Interestingly, the
absorption peak wavelength of the CIP was calculated to be
shorter than that of Li'DMC. Additionally, compared to free
[TFSI], the absorption on the longer wavelength side was not
significant. The formation of the CIP ([TFSI] Li'DMC) reduces
the proportion of Li'DMC and free [TFSI|™ that contribute to
longer-wavelength absorption. That is, the peak wavelength of
the solution shifts to shorter wavelengths, as shown in Fig. 3a
and d. In addition, the decrease in the intensity ratio between
152.5-157.5 nm and 147.5-152.5 nm at high concentrations
shown in Fig. 3¢ can also be explained. Here, it should be noted
that the TD-DFT calculations employ isolated cluster models
(e.g., free DMC, free [TFSI|~, Li'DMC, and CIP) and therefore do
not directly reproduce the experimental 0.0-6.0 M solution.
Nevertheless, the computational results qualitatively reproduce
the experimental observations well, indicating that the local
coordination environment is the dominant factor governing the
spectral changes. In Fig. S6,1 the peak wavelength of the CIP
was estimated from the second-derivative spectra. As a result,
an absorption peak attributed to the CIP was found at 153.6 nm,
which lies between the wavelengths of free DMC (~150 nm) and
Li'DMC (~155 nm). As described in the Introduction, it is well
known that a CIP is formed in high-concentration solutions,***
and thus these results and interpretations are reasonable.
According to the MD simulations,** solvent molecules and ions
coordinating with Li" exchange on a sub-nanosecond timescale.
By contrast, the FUV spectra reported here reflect the time-
averaged solvation structure over seconds. Our spectral anal-
ysis demonstrates that the fraction of the CIP in solution
increases at high concentrations. In other words, at low Li"
concentrations, the number of counter anions ([TFSI| ") is small
relative to solvent molecules (DMC), so CIP formation is not
favored; however, as the concentration increases, CIP formation
becomes more likely. In this study, the electronic excitations are
induced by the incident light used in the ATR-FUV spectral
measurements, and the electronic states within the CIP are
elucidated through the spectra and TD-DFT calculations.
Previous Raman spectroscopy studies have provided valuable
insights into CIP formation via vibrational markers.*>*
However, Raman probes vibrational motions between atoms in
a molecule, whereas our ATR-FUV approach directly monitors
electronic excitations associated with the CIP. The comple-
mentary nature of these techniques can offer a more complete
picture of solvation and ion-pairing phenomena.

Electronic states of the CIP

The peak wavelength shifts in Li[TFSI] solutions and the cor-
responding ion behaviour, as demonstrated in the previous
sections, are summarized in Fig. 5. First, when Li[TFSI] is added
to pure DMC, the amount of free DMC decreases, and the peak
wavelength shifts to longer wavelengths due to the contribu-
tions of Li'DMC and free [TFSI]". As the concentration

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Simulated electronic states in the CIP ([TFSI]”Li*DMC). Main initial and final molecular orbitals of the electronic transitions with oscillator
strengths above 140 nm from the TD-DFT calculations of the CIP (Fig. 4d).

increases, a CIP is formed, which absorbs at shorter wave-
lengths than Li'DMC and free [TFSI| ™, leading to a blueshift in
the peak wavelength. The detection of the formation of the CIP
through FUV spectra, which arises from the electronic excita-
tion and electron transfer of molecules and ions, is a key aspect
of this study. Fig. 6 presents the initial and final molecular
orbitals corresponding to the eight largest oscillator strengths
above 140 nm from the TD-DFT calculations of the CIP shown in
Fig. 4d.

The largest calculated electronic transition at 142.8 nm is
mainly due to intermolecular excitation from [TFSI|” to DMC.
This can be interpreted as an electronic interaction between
[TFSI]” and DMC mediated by Li'. Additionally, as seen in the
electronic transition at 143.8 nm, there is also absorption
associated with intermolecular electron transfer from Li" to
DMC. On the other hand, the longest-wavelength electronic
transition primarily originates from intramolecular electronic
excitation within [TFSI|". More details of the TD-DFT results are
summarized in Tables S1-S3 and Fig. S7-S9.7 Consequently, in
Li[TFSI| solutions, both intramolecular and intermolecular
absorptions are present. Studying the electronic states of
molecules in Li" electrolytes may contribute to elucidating the
reaction mechanisms involved in SEI formation. Currently,

© 2025 The Author(s). Published by the Royal Society of Chemistry

research is underway on the changes in ATR-FUV spectra of Li
[TFSI| and Li[BF,] under voltage application to electrodes.

Conclusions

In this work, we revealed the Li" concentration dependence of
the ratio of the ATR spectral intensity ratio between 152.5-
157.5 nm (Li'DMC) and 147.5-152.5 nm (free DMC) for 0.0-
6.0 M Li[BF,]-DMC solutions. In the Li" concentration range
above 5.0 M, this ratio remains constant, and the redshift of the
peak wavelength correspondingly stops in the high-
concentration region. On the other hand, the ATR spectral
intensity ratio in 152.5-157.5 nm to 147.5-152.5 nm, which
increases at low concentrations, decreases in high-
concentration Li[TFSI] solutions. The peak wavelength, which
redshifted up to 5.0 M, began to blueshift at higher concen-
trations. The TD-DFT calculation results suggested that this was
due to the formation of a CIP at high concentrations. This study
successfully detected the formation of CIP resulting from the
electronic excitation and electron transfer of molecules and
ions using ATR-FUV spectroscopy. It was also revealed that the
main electronic transition of the CIP was due to intermolecular
excitation from [TFSI]” to DMC. This study clarified the
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absorption in the FUV region associated with electronic exci-
tation and electronic transition in Li" electrolyte using ATR-FUV
spectroscopy and TD-DFT calculations. Understanding the
electronic states of electrolytes under various ionic conditions
provides a fundamental basis for unravelling complex electro-
chemical processes, including charge transfer dynamics and
interphase formation at electrode surfaces. Understanding how
CIP formation modulates FUV electronic transitions provides
a new way to correlate solvation structures with ionic conduc-
tivity and SEI composition, thereby guiding the rational design
of more efficient and durable lithium-ion battery electrolytes.
These insights pave the way for designing more efficient and
durable lithium-ion battery systems by tailoring electrolyte
compositions to control interfacial reactions and long-term
stability. As a next step, in situ ATR-FUV measurements under
applied potential will be pursued to directly observe electronic
state changes during charge-discharge cycles, with potential
applications in polymer-gel and solid-state electrolytes.

Data availability

The data supporting the findings of this study are available
within the article or ESL.}

Author contributions

H. S. mainly performed spectroscopic experiments, simula-
tions, and data analysis. N. U. conducted the data analysis. L. T.
conducted the present study. All authors discussed the results
and contributed to the manuscript preparation.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was financially supported by JSPS KAKENHI grant
number 23K04811.

Notes and references

1 L. O. Valgen and ]J. N. Reimers, Transport Properties of
LiPF6-Based Li-Ion Battery Electrolytes, J. Electrochem. Soc.,
2005, 152, A882.

2 M. Dahbi, F. Ghamouss, F. Tran-Van, D. Lemordant and
M. Anouti, Comparative study of EC/DMC LiTFSI and
LiPF6 electrolytes for electrochemical storage, J. Power
Sources, 2011, 196, 9743.

3 K. L. Gering, Prediction of Electrolyte Conductivity: Results
from a Generalized Molecular Model Based on Ion
Solvation and a Chemical Physics Framework, Electrochim.
Acta, 2017, 225, 175.

4 K. Xu, Nonaqueous Liquid Electrolytes for Lithium-Based
Rechargeable Batteries, Chem. Rev., 2004, 104, 4303.

5 M. G. Giorgini, K. Futamatagawa, H. Torii, M. Musso and
S. Cerini, Solvation Structure around the Li* Ion in Mixed

1238 | Chem. Sci, 2025, 16, 11232-11239

View Article Online

Edge Article

Cyclic/Linear Carbonate Solutions Unveiled by the Raman
Noncoincidence Effect, J. Phys. Chem. Lett., 2015, 6, 3296.

6 Y. Yamada, Y. Koyama, T. Abe and Z. Ogumi, Correlation
between Charge-Discharge Behavior of Graphite and
Solvation Structure of the Lithium Ion in Propylene
Carbonate-Containing Electrolytes, J. Phys. Chem. C, 2009,
113, 8948.

7 L. Wang, Z. Luo, H. Xu, N. Piao, Z. Chen, G. Tian and X. He,
Anion effects on the solvation structure and properties of
imide lithium salt-based electrolytes, RSC Adv., 2019, 9,
41837.

8 1. Skarmoutsos, V. Ponnuchamy, V. Vetere and S. Mossa, Li"
Solvation in Pure, Binary, and Ternary Mixtures of Organic
Carbonate Electrolytes, J. Phys. Chem. C, 2015, 119, 4502.

9 W. Cui, Y. Lansac, H. Lee, S. T. Hong and Y. H. Jang, Lithium
Ion Solvation by Ethylene Carbonates in Lithium-Ion Battery
Electrolytes, Revisited by Density Functional Theory with
Hybrid Solvation Model and Free Energy Correction in
Solution, Phys. Chem. Chem. Phys., 2016, 18, 23607.

10 O. Borodin, M. Olguin, P. Ganesh, P. R. C. Kent, J. L. Allen
and W. A. Henderson, Competitive lithium solvation of
linear and cyclic carbonates from quantum chemistry,
Phys. Chem. Chem. Phys., 2016, 18, 164.

11 D. M. Seo, S. Reininger, M. Kutcher, K. Redmond,
W. B. Euler and B. L. Lucht, Role of Mixed Solvation and
Ion Pairing in the Solution Structure of Lithium Ion
Battery Electrolytes, J. Phys. Chem. C, 2015, 119, 14038.

12 J. Barthel, Transport properties of electrolytes from infinite
dilution to saturation, Pure Appl. Chem., 1985, 57, 355.

13 D. O. Tretyakov, V. D. Prisiazhnyi, M. M. Gafurov,
K. S. Rabadanov and S. A. Kirillov, Formation of Contact
Ton Pairs and Solvation of Li' Ion in Sulfones: Phase
Diagrams, Conductivity, Raman Spectra, and Dynamics, J.
Chem. Eng. Data, 2010, 55, 1958.

14 J. Wang, Y. Yamada, K. Sodeyama, C. H. Chiang, Y. Tateyama
and A. Yamada, Superconcentrated electrolytes for a high-
voltage lithium-ion battery, Nat. Commun., 2016, 7, 12032.

15 G. Righi, P. Bovicelli, M. Barontini and I. Tirotta, Dimethyl
carbonate in the regio- and stereocontrolled opening of
three-membered heterocyclic rings, Green Chem., 2012, 14,
495.

16 P. Tundo and M. Selva, The Chemistry of Dimethyl
Carbonate, Acc. Chem. Res., 2002, 35, 706.

17 J. Soetens, C. Millot and B. Maigret, Molecular Dynamics
Simulation of Li'BF,” in Ethylene Carbonate, Propylene
Carbonate, and Dimethyl Carbonate Solvents, J. Phys.
Chem. A, 1998, 102, 1055.

18 H. Bohets and B. J. van der Veken, On the conformational
behavior of dimethyl carbonate, Phys. Chem. Chem. Phys.,
1999, 1, 1817.

19 S. K. Reddy and S. Balasubramanian, Liquid Dimethyl
Carbonate: A Quantum Chemical and Molecular Dynamics
Study, J. Phys. Chem. B, 2012, 116, 14892.

20 X. Wu, X. Zhou, P. Hemberger and A. Bodi, Dissociative
Photoionization of Dimethyl Carbonate: The More It Is
Cut, the Bigger the Fragment Ion, J. Phys. Chem. A, 2017,
121, 2748.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc02406d

Open Access Article. Published on 05 2025. Downloaded on 2025/10/31 09:15:51.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

21

22

23

24

25

26

27

28

29

30

E. R. Logan, E. M. Tonita, K. L. Gering, J. Li, X. Ma,
L. Y. Beaulieu and J. R. Dahn, A Study of the Physical
Properties of Li-Ion Battery Electrolytes Containing Esters,
J. Electrochem. Soc., 2018, 165, A21.

C. W. Walker and M. Salomon, Improvement of Ionic
Conductivity in Plasticized PEO-Based Solid Polymer
Electrolytes, J. Electrochem. Soc., 1993, 140, 3409.

A. K. Das, S. Krishnakumar and B. N. Rajasekhara,
Experimental and computational VUV photoabsorption
study of dimethyl carbonate: A green solvent, J. Quant.
Spectrosc. Radiat. Transfer, 2018, 217, 11.

N. Higashi, A. Ikehata and Y. Ozaki, An attenuated total
reflectance far-UV spectrometer, Rev. Sci. Instrum., 2007,
78, 103107.

Y. Morisawa, A. Ikehata, N. Higashi and Y. Ozaki, Attenuated
total reflectance-far ultraviolet (ATR-FUV) spectra of CH;0H,
CH;0D, CD;OH and CD;OD in a liquid phase ~Rydberg
states~, Chem. Phys. Lett., 2009, 476, 205.

Y. Morisawa, A. Ikehata, N. Higashi and Y. Ozaki, Low-n
Rydberg Transitions of Liquid Ketones Studied by
Attenuated Total Reflection Far-Ultraviolet Spectroscopy, J.
Phys. Chem. A, 2011, 115, 562.

Y. Morisawa, S. Tachibana, M. Ehara and Y. Ozaki,
Elucidating Electronic Transitions from o Orbitals of
Liquid n- and Branched Alkanes by Far-Ultraviolet
Spectroscopy and Quantum Chemical Calculations, J. Phys.
Chem. A, 2012, 116, 11957.

Y. Ozaki, K. B. Bec, Y. Morisawa, S. Yamamoto, I. Tanabe,
C. W. Huck and T. S. Hofer, Advances, challenges and
perspectives of quantum chemical approaches in
molecular spectroscopy of the condensed phase, Chem.
Soc. Rev., 2021, 50, 10917.

Y. Ozaki, Y. Morisawa and I. Tanabe, ATR-far-ultraviolet
spectroscopy: a challenge to new ¢ chemistry, Chem. Soc.
Rev., 2024, 53, 1730.

N. Ueno, T. Wakabayashi and Y. Morisawa, Elucidation of
the electronic states in polyethylene glycol by attenuated

© 2025 The Author(s). Published by the Royal Society of Chemistry

31

32

33

34

35

36

37

View Article Online

Chemical Science

Total reflectance spectroscopy in the far-ultraviolet region,
Spectrochim. Acta, Part A, 2018, 197, 170.

N. Ueno, T. Wakabayashi, H. Sato and Y. Morisawa, Changes
in the Electronic Transitions of Polyethylene Glycol upon the
Formation of a Coordinate Bond with Li", Studied by ATR
Far- Ultraviolet Spectroscopy, J. Phys. Chem. A, 2019, 123,
10746.

N. Ueno, T. Wakabayashi and Y. Morisawa, Determining the
Coordination Number of Li" and Glyme or Poly(ethylene
glycol) in Solution Using Attenuated Total Reflectance-Far
Ultraviolet Spectroscopy, Anal. Sci., 2020, 36, 91.

T. Goto, A. Ikehata, Y. Morisawa, N. Higashi and Y. Ozaki,
The effect of metal cations on the nature of the first
electronic transition of liquid water as studied by
attenuated total reflection far-ultraviolet spectroscopy,
Phys. Chem. Chem. Phys., 2012, 14, 8097.

M. Imai, I. Tanabe, A. Ikehata and Y. Ozaki, Attenuated total
reflectance far-ultraviolet and deep-ultraviolet spectroscopy
analysis of the electronic structure of a dicyanamide-based
ionic liquid with Li', Phys. Chem. Chem. Phys., 2020, 22,
21768.

N. Ueno, M. Takegoshi, A. Zaitseva, Y. Ozaki and
Y. Morisawa, Experimental verification of increased
electronic excitation energy of water in hydrate-melt water
by attenuated total reflection-far-ultraviolet spectroscopy, J.
Chem. Phys., 2022, 156, 07405.

H. Sato, N. Ueno and I. Tanabe, Electronic interaction
between dimethyl carbonate and Li* studied by attenuated
total reflectance far-ultraviolet Chem.
Commun., 2024, 60, 6375.

A. Tkehata, T. Goto and Y. Morisawa, A Correction Method
for Attenuated Total Reflection-Far Ultraviolet Spectra Via
the Use of Charge Transfer to Solvent Band Intensities of
Iodide in the Ultraviolet Region, Appl. Spectrosc., 2017, 71,
1530.

spectroscopy,

Chem. Sci., 2025, 16, 11232-11239 | 11239


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc02406d

	Electronic states and contact ion pair formation in lithium-ion electrolytes investigated by far-ultraviolet spectroscopy and quantum chemical calculationsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc02406d
	Electronic states and contact ion pair formation in lithium-ion electrolytes investigated by far-ultraviolet spectroscopy and quantum chemical calculationsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc02406d
	Electronic states and contact ion pair formation in lithium-ion electrolytes investigated by far-ultraviolet spectroscopy and quantum chemical calculationsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc02406d
	Electronic states and contact ion pair formation in lithium-ion electrolytes investigated by far-ultraviolet spectroscopy and quantum chemical calculationsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc02406d
	Electronic states and contact ion pair formation in lithium-ion electrolytes investigated by far-ultraviolet spectroscopy and quantum chemical calculationsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc02406d

	Electronic states and contact ion pair formation in lithium-ion electrolytes investigated by far-ultraviolet spectroscopy and quantum chemical calculationsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc02406d
	Electronic states and contact ion pair formation in lithium-ion electrolytes investigated by far-ultraviolet spectroscopy and quantum chemical calculationsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc02406d
	Electronic states and contact ion pair formation in lithium-ion electrolytes investigated by far-ultraviolet spectroscopy and quantum chemical calculationsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc02406d
	Electronic states and contact ion pair formation in lithium-ion electrolytes investigated by far-ultraviolet spectroscopy and quantum chemical calculationsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc02406d
	Electronic states and contact ion pair formation in lithium-ion electrolytes investigated by far-ultraviolet spectroscopy and quantum chemical calculationsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc02406d
	Electronic states and contact ion pair formation in lithium-ion electrolytes investigated by far-ultraviolet spectroscopy and quantum chemical calculationsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc02406d
	Electronic states and contact ion pair formation in lithium-ion electrolytes investigated by far-ultraviolet spectroscopy and quantum chemical calculationsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc02406d
	Electronic states and contact ion pair formation in lithium-ion electrolytes investigated by far-ultraviolet spectroscopy and quantum chemical calculationsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc02406d

	Electronic states and contact ion pair formation in lithium-ion electrolytes investigated by far-ultraviolet spectroscopy and quantum chemical calculationsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc02406d
	Electronic states and contact ion pair formation in lithium-ion electrolytes investigated by far-ultraviolet spectroscopy and quantum chemical calculationsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc02406d
	Electronic states and contact ion pair formation in lithium-ion electrolytes investigated by far-ultraviolet spectroscopy and quantum chemical calculationsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc02406d
	Electronic states and contact ion pair formation in lithium-ion electrolytes investigated by far-ultraviolet spectroscopy and quantum chemical calculationsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc02406d
	Electronic states and contact ion pair formation in lithium-ion electrolytes investigated by far-ultraviolet spectroscopy and quantum chemical calculationsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc02406d




