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ABSTRACT: The solvation structure around the Li* ion in a mixed cyclic/linear carbonate
solution, an important factor for the performance of lithium-based rechargeable batteries, is
examined by measuring and analyzing the noncoincidence effect observed for the C=0O
stretching Raman band. This technique has the advantage of perceiving relative distances and
orientations of solvent molecules clustering around an ion in the first solvation shell and,
hence, of developing information on the solvation structure along the wavenumber axis rather
than along the intensity axis of the spectra. It is shown that, taking the solution of Li*ClO,” in
the 1:1 mixed solvent of propylene carbonate (PC) and diethyl carbonate (DEC) as an
example case, the Li* ion is preferentially solvated by PC molecules [primarily as
(PC);(DEC),Li*] and is totally protected from direct interaction (contact ion pairing) with
the CIO,™ ion. The solvation structures in neat PC and neat DEC solvents are also discussed.

Ion solvation is a central, and still an open, issue in many
chemical, biochemical, and electrochemical processes. One
of those important processes would be the functioning of
lithium-based rechargeable batteries." ™ Their performance
depends on the electrode materials and processes on the one
hand and on the charge carrier concentration and mobility in
the electrolyte solution on the other hand. With regard to the
latter, high charge density of the Li" ion should be sufficiently
stabilized, and at the same time, the electrolyte solution should
have sufficiently high fluidity. A usual practice to make these
two factors compatible is to employ a mixed solvent, consisting
of a highly dipolar liquid such as a cyclic carbonate stabilizing
the high charge density (but highly viscous) and a liquid of
lower viscosity such as a linear carbonate (being less dipolar).
Quite often ethylene or propylene carbonate (with dielectric
constant &€ = 65—90 and viscosity 7 = 2.5 cP, abbreviated as EC
and PC) is used for the former, and dimethyl, diethyl, or ethyl
methyl carbonate (with £ & 3 and 7 = 0.6—0.9 cP, abbreviated
as DMC, DEC, and EMC) is used for the latter.

The solvation structure around the Li" ion, especially that of
the first solvation shell, has been suggested to be important for
the interphase chemistry on the electrodes.*”® The use of a
mixed solvent introduces a complexity in this. One
controversial subject in this regard is the presence/absence of
the preferential solvation and (if present) its nature for the Li*
ion in a mixed cyclic/linear carbonate solution.”'” On the
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basis of electrospray ionization mass spectroscopy (ESI-MS),””
it has been suggested that there is a strong preferential solvation
for Li* in EC/EMC, with the Li*(EC), species as the main
ingredient.” The same type of preferential solvation (i.e., with a
higher population of cyclic carbonate around the ion than in
the bulk) has also been suggested in some NMR studies’ "’
but with a much larger total solvation number (>6).22° 1t has
been argued that some molecules are possibly stripped off from
the solvation shell in the detection process in ESI-MS, while the
molecules in both the first and second solvation shells are
detected in the NMR measurements.” In other words, precise
composition of the first solvation shell is experimentally still
unclear. Another study suggests that there is no such
preferential solvation.'” The solvation structure around the
Li* ion has also been studied via molecular dynamics (MD)
simulations, but some of those studies suggest that the Li* ion
is preferentially solvated by cyclic carbonate,'>"?
others suggest that it is preferentially solvated by linear
carbonate.'*'® Therefore, at present, MD simulations are not
conclusive in specifying the properties of the first solvation
shell.

while some
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Figure 1. (a,c,e) Isotropic and (b,d,f) anisotropic Raman spectra observed in
of LiClO, in (a,b) liquid PC, (c,d) equimolar PC/DEC liquid mixture, and
(black, pink, red, and blue, respectively). The intensity scales are adjusted so
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the spectral region around the C=0 stretching mode for the solutions
(e)f) liquid DEC, with mole fractions x, = 0.00, 0.09, 0.15, and 0.20
that the intensities of the bands of the neat liquids (xy = 0.00 in panels

a, b, e, and f) are shown with the same heights as those of the liquid mixture (x,, = 0.00 in panels c and d). The light-green and the light-blue vertical
arrows indicate the frequency positions of the PC and DEC cluster component bands, respectively. The very weak band appearing at ~1700 cm™ in

the isotropic Raman spectrum of neat liquid DEC (panel e) arises from th

e *C=0 isotopic impurity.

The purpose of the present study is to solve this problem by
measuring and analyzing the noncoincidence effect (NCE)
observed for the C=O stretching Raman band. The NCE
refers to the phenomenon that the isotropic and anisotropic
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components of a polarized Raman band appear at different
wavenumber positions (denoted hereafter as 7y, and o),
and originates from resonant vibrational coupling between
molecules.”” >® The primary mechanism of the resonant
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Figure 2. NCE values calculated for the C=0 stretching bands of PC (in red) and DEC (in blue) of (a) (PC),Li" with n = 1—4, (b) (DEC),_,Li*
with n = 0-3, (c) (PC),(DEC),_,Li* with n = 0—4, and (d) (PC),(DEC);_,Li*ClO,” (with Li*--ClO,” contact ion pairing) with n = 0—3 at the
B3LYP/6-31+G(2df,p) level. The open circles stand for the points of NCE equal to zero by definition. The filled circles represent calculated nonzero
values, although in panels a and b, the value for n = 2 is very close to zero. The structures of (PC),Li*, (DEC),Li*, (PC);(DEC),Li*, and
(DEC),Li*ClO,~ (whose NCE values are indicated by arrows) are shown in the insets.

vibrational coupling is the transition dipole coupling
(TDC),”"*° and hence the sign and the magnitude of the
NCE (defined as Dycg = Dppio — Pio) are sensitive to the
relative distances and orientations of the interacting molecules.
For the C=O stretching Raman bands of the neat liquids of
dipolar carbonyl compounds, the NCE is positive and typically
large. Our previous studies”””® have shown that (1) upon
solvation of an alkali or alkaline earth metal salt in liquid
acetone a new band appears in the C=0 stretching region, and
its NCE is large and negative, and (2) this large and opposite-
sign NCE is reasonably reproduced by calculations of the
(solvent) M™* clusters (where M™* denotes the metal ion) with
a sufficiently large value of n (n = 4 for Li*, n = 6 for Na" and
Mg*, and n = 6 or 8 for Ca**, Sr**, and Ba®") and is interpreted
as arising from the resonant vibrational coupling between the
molecules clustering around the metal ion. A corollary to this
result will be that both the sign and the magnitude of the NCE
of such a newly appearing band (called cluster component band)
are sensitive to the solvation number of the first solvation shell.
In other words, information on the solvation number may be
developed along the wavenumber axis by the NCE, instead of
the intensity axis as in a usual analysis of vibrational
spectra,'”"**?7% thus avoiding the ambiguity with regard to
the relative spectral intensities of the solvated and free species.
In the present study we are therefore aiming at clarifying the
solvation structure around the Li* ion in a mixed cyclic/linear
carbonate solution by utilizing this spectral feature, taking the
case of the solution of LiClO, in PC/DEC as an example.
Because the C=O stretching bands of cyclic and linear
carbonates are somewhat separated in wavenumber (see later),
we can observe each of these species separately, leading to
discussion on the composition of the first solvation shell.
Polarized Raman spectral measurements were carried out in
the wavenumber region 1690—1890 cm™ around the C=0
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stretching mode (the detector pixel separation amounting to
~0.35 cm™) (i) for the neat liquids of PC and DEC, (ii) for an
equimolar (1:1 in mole ratio) PC/DEC liquid mixture, and (iii)
for the solutions of LiClO, in these liquids with mole fractions
X = 0.09, 0.15, and 0.20. From the VV and VH spectral
profiles measured with the vertically (V) polarized exciting light
and the vertically (V) and horizontally (H) polarized scattered
light, the isotropic components were derived as L, = I,y — (4/
3) Iyy and the anisotropic ones as I, = Iy Band
decomposition of the measured spectral profiles (into the
bulk and cluster component bands, simultaneously separating
the Fermi resonance band) was carried out by using the
GRAMS AI software. To support the discussion on the
solvation structure, including the possibility of contact ion
pairing between Li* and ClO,”, we also did spectral
measurements in the wavenumber region 880—1000 cm™'
around the Cl-O symmetric stretching mode of the ClO,~
ion and the OCO bending mode of DEC. Calculations of the
cluster species were carried out for (i) (PC),Li* with n = 1—4,
(ii) (DEC),_,Li* with n = 0-3, (iii) (PC),(DEC),_,Li* with n
1-3, and (iv) (PC),(DEC),_,Li*ClO,” (with Li*...ClO,~
contact ion pairing) with n = 0—3 by density functional theory
(DFT) at the B3LYP/6-31+G(2dfp) level using the Gaussian
03 program.”* The details of the experimental and computa-
tional procedures are described in the Supporting Information.

The observed isotropic and anisotropic Raman spectra in the
spectral region of the C=O stretching mode are shown in
Figure 1. Inspecting first the spectra of the neat liquids and the
equimolar binary mixture (x, = 0.00), the following three
features are recognized: (1) for neat PC the NCE is large and
positive (Tycg = 10 cm™’, derived from 7, = 1783 cm™" and
Do = 1793 em™),2129%¢ a5 expected for a highly dipolar
liquid;zz_25 (2) for neat DEC, which is less dipolar, the NCE is
much smaller (Zycg = 3 em™, derived from oy, = 1745 cm™
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Figure 3. Isotropic Raman spectra in the 880—1000 cm™" spectral region observed for the solutions of LiClO, in (a) liquid PC, (b) equimolar PC/
DEC liquid mixture, and (c) liquid DEC, with mole fractions xy, = 0.00, 0.09, 0.1S, and 0.20 (black, pink, red, and blue, respectively). The intensity
scales in panels a and b are adjusted so that the intensity of the band of PC at 850 cm™" (outside of the frequency region shown here) has the same

height.

and ¥, = 1748 cm™"); and (3) both NCEs are reduced upon
1:1 mixing, but the former is reduced by no more than 50% (to
8 cm™'), as expected for the more dipolar species in a binary
mixture.”7** Upon solvation of LiClO, in liquid PC, rising of
a shoulder band is seen in the isotropic Raman spectrum at
1810 cm™" (although overlapped with the Fermi resonance
band of the neat liquid) and in the anisotropic Raman spectrum
at 1769 cm™’, as shown in Figure la)b, similarly to the case of
salt solvation in liquid acetone.”””® The NCE of this newly
appearing feature (the cluster component band) is large and
negative (—41 cm™"). Upon solvation of LiClO, in liquid DEC,
a similar appearance of a new band is clearly seen in the
anisotropic Raman spectrum at 1717 cm™}, as shown in Figure
1f, but no new band or shoulder is discernible in the isotropic
Raman spectrum, as shown in Figure Ie.

To help interpretation of these observations, we may consult
(as in the cases of the solutions of alkali or alkaline earth metal
salts in liquid acetone”””*) the calculation results on cluster
species, which are shown in Figure 2. Among the clusters
consisting of PC, Li*, and ClO,”, a large negative NCE (>20
cm™' in magnitude) is calculated for (PC);Li*, (PC),Li", and
(PC);Li*ClO, . The observed value of the NCE (—41 cm™) is
most consistent with (PC),Li* (its NCE calculated as —35.6
cm™"), suggesting the solvation number of n = 4 for the first
solvation shell of Li* in liquid PC.*'****°~** Similarly, among
the clusters consisting of DEC, Li", and ClO,", a large negative
NCE is calculated for (DEC);Li*, (DEC),Li", and (DE-
C);Li*ClO,". Then, the observed spectral features shown in
Figure lef would be most reasonably interpreted as indicating
the spectral overlap of the cluster component band with the
bulk component band at 1745 cm™' in the isotropic Raman
spectrum. According to this interpretation, the observed value
of the NCE of the cluster component band is —28 cm™ and is
consistent with either of the three solvation structures (the
NCE calculated as —23.7, —27.1, and —22.3 cm™). The
absence of any spectral feature in the wavenumber region
around 1717 cm™ in the isotropic Raman spectrum (Figure
le) denies a solvation structure with a much smaller value of
NCE.
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Now we turn to the isotropic and anisotropic Raman spectra
observed for the solutions of LiClO, in the equimolar PC/DEC
mixed solvent, which are shown in Figure l¢,d. Upon solvation
of LiClO,, rising of a shoulder band is seen in the isotropic
Raman spectrum at 1811 cm™' and in the anisotropic Raman
spectrum at 1775 cm™" in the spectral region nearby the C=0
stretching mode of PC, while no new band or shoulder is
discernible in the spectral region of the C=0 stretching mode
of DEC for the concentration range of x, = 0.00 to 0.15. The
NCE resulting from the bands at 1811 and 1775 cm™ is —36
cm™". This value is large and negative but is slightly smaller in
magnitude than that observed for the solutions of LiClO, in
liquid PC. Consulting the values of NCE calculated for the
cluster species shown in Figure 2, this result is interpreted as
indicating the solvation structure of (PC);Li",
(PC),;(DEC),Li*, and/or (PC);Li*ClO,~ (the NCE calculated
as —22.7, —27.1, and —25.5 cm™") or its mixture with (PC),Li*.
(These possibilities will be further evaluated later.) In other
words, the large magnitude of the negative NCE observed for
the cluster component band in the 1765—1820 cm™ spectral
region clearly indicates that three or more PC molecules are
clustering around the Li" ion in the solutions of LiClO, in the
equimolar PC/DEC mixed solvent. In contrast, there is no
spectral feature indicating the clustering of three or more DEC
molecules around the Li* ion in the same solutions. Therefore,
this result suggests the presence of preferential solvation
around the Li* ion in the solutions of LiClO, in the equimolar
PC/DEC mixed solvent, with a higher population of PC around
the ion than in the bulk.

To see whether some DEC molecules are directly interacting
with the Li" ion in the solutions and whether the ClO,” ion
forms a contact ion pair with the Li* ion, the profiles of the
isotropic Raman spectra are also examined in the spectral
region of the OCO bending mode of DEC and the Cl-O
symmetric stretching mode of the ClO,” ion. The results are
shown in Figure 3. Inspecting first the OCO bending mode of
DEC, which appears at 902 cm ™! in neat liquid DEC and in the
equimolar PC/DEC liquid mixture (Figure 3c,b), the rising of a
shoulder band is observed at 909 cm™!, which is attributable to
the C=0---Li" interacting species. This means that some DEC
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molecules are interacting with the Li* ion both in the solutions
of LiClO, in the equimolar PC/DEC mixed solvent and in the
solutions in neat liquid DEC. This interpretation is supported
by the calculations on the cluster species of (PC);(DEC),Li*,
(DEC),Li*, (DEC),Li*, and (DEC);Li*ClO,~ shown in Table
1, which indicate that the OCO bending mode shifts to the

Table 1. Frequencies of the OCO Bending Mode of Diethyl
Carbonate Calculated for an Isolated Molecule and the
Molecules in Some Cluster Species”

species frequency (em™)? frequency shift (cm™)¢
isolated 897.7
(PC),(DEC),Li* 904.4 6.7
(DEC),Li* 906.2 8.5
(DEC),Li* 901.9 42
(DEC),Li*ClO,” 902.5 48

“Calculated at the B3LYP/6-31+G(2dfp) level, scaled by 0.9860.
bAverage value is taken for the species with three or four DEC
molecules. In those cases, the frequencies of the individual modes are
distributed within +2 cm™. “Shift from the frequency of an isolated
molecule.

high-wavenumber side by 4—9 cm™" upon C=0---Li* complex
formation (as compared with an isolated DEC molecule).
Inspecting next the spectral features in the region of the ClI-O
symmetric stretching mode of the ClO,™ ion (925—950 cm™),
it is seen in Figure 3a,b that a sharp band appears at 933 cm™'
for x.y, = 0.09; then, another band at 938 cm™" grows as the
concentration increases (with a marginal appearance of a
shoulder at 944 cm™ for xy, = 0.20) in the cases of the
solutions of LiClO, both in liquid PC and in the equimolar
PC/DEC mixed solvent, while in the case of the solutions in
liquid DEC (Figure 3c) the band is broad and a shoulder is
clearly seen at 944 cm™". According to the assignments given in
previous studies,"”™*® the bands at 933, 938, and 944 cm ™! are
assigned to the free ion, solvent-separated ion pair, and contact
ion pair, respectively. Then, the observed spectral features
mean that the ClO,” ion is present as a free ion in dilute
solutions in PC and PC/DEC and forms a solvent-separated
ion pair but not a contact ion pair as the major species as the
concentration increases, while it is abundantly present as
solvent-separated and contact ion pairs in the solutions in DEC.

For the solutions in liquid PC, this information is consistent
with the solvation structure of (PC),Li" derived from the NCE
in the C=0 stretching region. The free ion nature of CIO," in
PC has also been suggested in previous studies.””** For the
solutions in liquid DEC, it is now confirmed that, among the
possible solvation structures derived from the NCE, both the
(DEC),Li* (with n = 3 and/or 4) and (DEC),Li*ClO,~
structures are present. In the case of the former, the ClO,~
ion is present outside of the first solvation shell of the Li* ion
and forms a solvent-separated ion pair. In contrast, for the
solutions in the equimolar PC/DEC mixed solvent, among the
possible solvation structures derived from the NCE, the
(PC),;Li*ClO,~ structure (with contact ion pairing between
Li* and ClO,”) is denied by the absence of the 944 cm™ band
in the spectra shown in Figure 3b. It is most probable that the
(PC),(DEC),Li* structure is abundantly present, because there
is a sign indicating the C=0---Li" interaction of DEC at 909
cm™ in the same spectra as discussed above. The (PC),Li*
and/or (PC),Li* structures may also be present.
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In summary, it has been shown that, in the solutions of
LiClO, in the equimolar PC/DEC mixed solvent, preferential
solvation occurs around the Li" ion, with a higher population of
PC around the ion than in the bulk. This property of the
solvation structure is derived from the large negative NCE
(Uncg = —36 cm™!, obtained from 7y, = 1811 cm™ and ¥, =
1775 cm™") observed for the cluster component band of the
C=O0 stretching mode shown in Figure lc,d and its
interpretation based on the calculations on some cluster
species shown in Figure 2. The most probable solvation
structure is (PC);(DEC),Li*. In other words, the Li* ion is
preferentially solvated by PC molecules, totally protected from
direct interaction (contact ion pairing) with the ClO,” ion (as
shown by the absence of the 944 cm™ band in the spectra
shown in Figure 3b), and is supposed to move rather smoothly
in the liquid mixture of rather low viscosity (as compared with
neat liquid PC). Without the mixing of PC, Li* is not protected
from direct interaction with CIO,” and forms a contact ion pair,
as seen in Figure 3c. We expect that the results of the present
study can be helpful for a better understanding of the solvation
structure around the Li* ion in mixed cyclic/linear carbonate
solvents, which is considered to be an important factor for the
performance of lithium-based rechargeable batteries.
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