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Abstract

The prepeak structure of a 3 mol / kg solution of LiClO4 in propylene carbonate (PC) was studied by
both neutron diffraction with isotopic substitution (NDIS) and molecular dynamics (MD) simulation.
The NDIS data showed that the intensity of the prepeak decreases experimentally with increasing the
scattering length of the lithium atom from 'Li to SLi in PC-dg. On the other hand, although the prepeak
was observed in solutions of both PC-ds and PC-#g, it disappears when the 1:1 mixture of PC-ds and
PC-hs was used as the solvent. The prepeak structure and its variation with the isotope substitution were
reproduced well by MD simulation, and they were explained in terms of the contrast of the scattering

length densities of the ionic and nonpolar domains.
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1. Introduction

Physicochemical properties of concentrated organic electrolyte solutions have been drawing
considerable attention for recent years. It has been demonstrated that the electrolysis of solvents is
suppressed in concentrated lithium electrolytes, so that these electrolyte solutions have potential

1,2,3

application to high-voltage lithium ion batteries. In addition, "deep eutectic solvents" composed of

salts and neutral organic molecules have been studied as low-cost alternatives of room temperature ionic

L 456
liquids.™

In order to understand the physicochemical properties of the concentrated organic electrolyte
solutions from the molecular view points, the information of their liquid structures is indispensable.

The liquid structure in the reciprocal space can be probed by diffraction experiments using quantum
beams such as X-rays or neutron. In particular, the neutron diffraction experiment has an advantage that
the structure associated with a particular atom can be probed in a selective way through the isotope
substitution method. The neutron diffraction with isotope substitution (NDIS) method has been applied
to some concentrated electrolyte solutions containing lithium atoms.”*’

The structure factor of liquids determined by diffraction experiments usually exhibits a strong peak at
a wavenumber corresponding to the reciprocal length of the intermolecular contact distance, which is
hereafter called "main peak". Some liquids show an additional peak at the wavenumber lower than that
of the main peak, which is called "prepeak". The prepeak indicates the presence of a mesoscopic
structure whose spatial dimension is larger than the intermolecular contact distance.

A famous example of the prepeak structure is that of molten silica, which is assigned to its
characteristic tetrahedral network structure.'’ The prepeak structure of room-temperature ionic liquids
has been attracting many researchers for a decade, and it is now clarified that the prepeak of ionic liquids
originates in the mesoscopic structure composed of polar and nonpolar domains.'""'%'*'*!> Another

16,17,18

class of liquids that shows the prepeak structure is higher alcohols with long alkyl chain. Very

recently, Perera demonstrated that the prepeaks of room-temperature ionic liquids and higher alcohols

have a similar origin."” Some studies reported the prepeak in the structure factor of concentrated organic

3
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. 20,21,22
electrolyte solutions.” "

In the case of the organic electrolytes, however, it is not clarified yet
whether the origin of the prepeak is the same as that of room-temperature ionic liquids.

We recently performed a quasi-elastic neutron scattering experiment on the concentrated solution of
LiPF in propylene carbonate (PC).>> The static structure factor of the solution shows a prepeak around
0.8 A when the concentration of the salt is not lower than 2 mol / kg, in addition to the main peak at
1.4 A" which is visible at all the concentrations. The intermediate scattering function was measured at
both the prepeak and the main peak. The relaxation at the prepeak is several times slower than that at
the main peak. Comparing with the frequency-dependent transport properties, such as the shear
viscosity and the electric conductivity, the role of the dynamics at the main peak is dominant in shear
viscosity, while a possible role of the prepeak dynamics in the ionic conductivity was suggested.”
However, further discussion was not possible at that time because of the lack of the origin of the prepeak.

In this work, the prepeak structure of 3 mol / kg LiClO4 / PC solution was investigated by means of
NDIS and molecular dynamics (MD) simulation. The isotope substitution was performed both on °Li /
"Li and H / D pairs, and the variation of the height of the prepeak with the isotope substitutions was
analyzed. The anion was changed from PF¢ to ClO4 in order to avoid the hydrolysis of the anion during
the anion exchange reaction for the preparation of the isotope-substituted lithium salts. The prepeak
structure of LiClO4 / PC solution was similar to that of LiPFs / PC one, as will be shown later in this
paper. We consider that the molecular picture of the prepeak obtained in this work on the former also

applies to the latter. With confirming that the MD simulation can reproduce the prepeak and the effects

of the isotope substitution well, the molecular origin of the prepeak is extracted from the MD simulation.

2. Theoretical Background

The total static structure factor of liquids obtained by the neutron diffraction experiment, denoted as

I.(g), s given by the linear combination of the partial structure factor, y;(q), as
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1,(q)= 2 bb,7,(9). (1)

where the wavenumber ¢ is given as 4nsiné/A with the scattering angle 26 and the wavelength A, and b;

stands for the coherent scattering length of the atom i. The partial structure factor is defined as®*
1, .
7idl)= (7 (@, (@) 2)

Here, p(q) denote the density field of atom i in the reciprocal space, and V" means the volume of the
system. It is to be noted here that the prefactor at the rhs. depends on literatures.

Provided that the Hamiltonian of the classical system is described as the sum of the kinetic and
potential parts, the spatial correlation between atoms does not depend on the kinetic parameters. It is
thus a good approximation that y;(g) does not change with isotope substitution. On the other hand, the
coherent scattering length b; does change on isotope substitution. For example, the coherent scattering
lengths of °Li and "Li atoms are bg = +2.00 fm and b; = -2.22 fm, respectively, and those of H and D
atoms are by = -3.741 fm and bp = +6.671 fm, respectively.”” Therefore, the information on Xi(q)
associated with the element i can be extracted from the comparison between I,(g)s of different isotopes
of the element i.

In this work, we performed the diffraction experiments on the samples containing mixtures of isotopes,
of which special cares must be taken. The story is simple in the case of the mixtures of °Li and "Li,

where eq. (1) is modified to give the total scattering profile as

I, (Q) = 2515]7(1, (Q)+ XeX7 (bé —b, )2 > (3)

4

i

7 _ [xborxib, (i =Li)
0 (otherwise)

where x¢ and x; stand for the mole fraction of °Li and "Li, respectively. Since the second term of the rhs.
of eq. (3) behaves as the constant background, the observed structure factor is essentially realized as that
of the single-isotope sample for which the coherent scattering length of the Li atom is given by the
average value of °Li and "Li defined as eq. (4). The Cl-atom in ClO4, which consists of *>Cl and *’Cl in
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samples of the natural isotope abundance, can be treated in a similar way because the ClO4 ion contains
only a single Cl-atom, and the Cl-atom of natural isotope mixture can also be regarded as the single-
isotope sample of the average coherent scattering length.

The situation is more complicated when we use the mixture of PC-4¢ and PC-dg, because proton
exchange reaction does not occur between PC-/g and PC-ds. The correlation between H and D atoms
appear in the intermolecular cross correlation, while it is absent in the intramolecular one. In such a

case, eq. (1) is modified and the total scattering profile is given by*®

1(0)= 305,2,(0)+ %15 Zb b p-ola)l “
5 {beH +x,b, (i Hydr?gen) ©
l 0 (otherwise)
5 = {bﬁ ~b, (ie Hydr(?gen) o
l 0 (otherwise)

where xy and xp stand for the mole fraction of H and D atoms, respectively. The second term of the rhs.
of eq. (5) is now dependent on ¢g. It is described in terms of the intramolecular correlation function

defined as

[p-o(q))], = %(pf (@)p,(@)) » (8)

where the suffix 's' indicates that only the correlation between two atoms in the same molecule is taken
into account.

Equation (5) is a famous equation in the small-angle neutron scattering (SANS) spectroscopy of
polymers, and the use of isotopic mixtures is a well-established tool to determine the single-chain
conformation of concentrated polymer systems.*® The intramolecular term, [p-®(q)] of the rhs. of eq. (5),
exhibits a peak at ¢ = 0, and the width of the peak represents the size of a molecule. It is to be noted
here that the intramolecular term appears solely in the case of isotopic mixtures, and that it disappears in

isotopically pure samples, because xp = 0 or xyy = 0.
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3.  Experimental

3.1. Materials

Deuterated propylene carbonate (PC-ds), C4DsO3 (> 98 atom% D, Battery grade) was purchased from
Wako and used as received. Propylene carbonate (PC-4¢, Lithium battery grade) was purchased from
Kishida and dried over molecular sieves 3A prior to use. PC-m¢ was prepared by mixing the PC-ds with
PC-h¢ with the same mole ratio. HCIO4 (Kanto Chemicals, 60%) was then reacted with aqueous
solutions of °Li,CO; and "Li,CO; (Tomiyama High Purity Chemicals, SLi > 95.4 % and "Li > 99.96 %,
respectively) to prepare aqueous solutions of °LiClIO4 and "LiClO4, respectively. After successive
evaporation of water, the isotopically labelled LiClO4 powders were finally dried under vacuum at 393
K for 24 h. “LiCl0, was prepared by mixing the *LiCl0, with "LiCl0, with the ratio (°Li : 'Li = 44.9 :
55.1), so that the average coherent scattering length of lithium is equal to zero. The sample solutions
were prepared by direct dissolution of °LiClO4 and "LiClO,, respectively, into PC to a required amount.
The molar ratios of LiClO4 to PC of all the solutions were fixed to that of the LiClO4 / PC solution at 3
mol / kg with the natural isotope abundances. The densities of the sample solutions were calculated
from that of the 3 mol / kg solution with natural isotope abundances™ under the assumption that the
molar volume of the solution does not change upon the isotope substitution. The parameters of the
sample solutions were listed in Table 1. The first three are the series of the isotope substitution of Li,

while the second, fourth and fifth are that of hydrogen.

Table 1. Average coherent scattering lengths of lithium, Z;L,., and hydrogen, I;H, the number density of

PC, po, incoherent scattering cross section, o;, and absorption cross section, o,, at 1 A of the samples.
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The isotopic purities of °Li, "Li, H and D were assumed to be 100 %, because the exact amounts of the

isotopic impurities were not determined.

b, /10%m b, /10°m  po/A” oi/ barns ./ barns
°LiCl04/PC-ds  2.00 6.671 0.09110 0.9342 11.00
'LiCIO4/ PC-ds ~ -2.22 6.671 0.09110 0.9407 0.3796
LiC104/ PC-ds  0.0027 6.671 0.09110 0.9372 5.972
"LiCIO4/ PC-hs ~ -2.22 -3.739 0.09110 32.10 0.4531
"LiClO4/ PC-ms ~ -2.22 1.473 0.09110 16.50 0.4163

3.2. Neutron diffraction

Neutron diffraction experiment was performed at 298 K on the High Intensity Total Diffractometer
(NOVA) installed at the beamline BL21 of Materials and Life Science Experimental Facility (MLF) in
Japan Proton Accelerator Research Complex (J-PARC). The incident neutron beam was generated by
the proton accelerator whose output power was 300 kW. Scattered neutrons were detected by “He
position sensitive counter at 20° (13.1 — 27.9°). The beam height was 20 mm. The sample solutions
were put into a flat null V-Ni alloy of the wall thickness of 0.1 mm with sample thickness of 2 mm,
width of 10 mm, and height of 50 mm. The sample cans were placed in a vacuum chamber. A
vanadium plate of 1.5 mm was measured to normalize the experimental intensity to absolute units. An
empty cell and background were also measured. The data accumulation time was 3-11 hr. The data
measured were corrected for background, absorption,”” and multiple scattering® in the sample and the
cell, and then normalized to absolute units by use of the data for the vanadium plate. These corrections
were performed with nvaSq program.” The neutron scattering lengths and cross sections were referred
to the web site of NIST center.”> Finally, 10 total scattering functions S(Q) data in the range of 13.1—

27.9° of scattering angle for 20 detector bank without inelasticity (Placzek) correction.
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The inelasticity effect would be proportional to the reciprocal of atomic mass.*® Hence, hydrogen
atom in the systems mainly gives a distortion in the structure function. The inelasticity correction was
made in the manner developed by Kameda et al.>’ That is, the self-scattering intensity observed for the
null-H>O was subtracted from the S(Q) of sample solutions. The subtraction factors were determined so

that all S(Q)s were overlapped. The details were described in the Supporting Information.

4.  MD simulation

We performed MD simulation on systems containing 158 PC molecules and 49 LiClO4 ion pairs,
which correspond to the concentration of 3.04 mol / kg. The PC was the equimolar racemic mixture.
The simulation runs were performed under the NV'T ensemble, in order to avoid the fluctuation of the
lattice vectors during the calculation of the structure factor in the reciprocal space. The solution was
enclosed in a cubic cell, whose size was determined to be 2.949 nm to reproduce the mass density at 3
mol / kg at room temperature.”> The comparison with experiments was performed at the same density
because molecular packing plays a crucial role in determining the microscopic structure of dense
liquids.**

Both PC and ClO4 were described by all-atom models. The interaction parameters for PC were taken
from those proposed by You and coworkers,** with which they have reproduced the dielectric properties
of liquids well. Three different models were employed for LiClO4 in order to investigate the effects of
the strength of the ion association on the prepeak structure. In Model 1, the parameters of Li" were
taken from Soetens and coworkers,”® while those for C104 was from Heinje and coworkers.>* Although
the bond lengths and the bond angles were fixed in the original model of Heinje and coworkers, we
treated them as flexible, and the intramolecular potential parameters were taken from those proposed by
Cadena and Maginn.35 In Model 2, the Li" ion was the same as that of Model 1, and the C10, ion was

taken from that proposed by Kasahara and Sato,36 except that the parameters for intramolecular bonds
prop y P p

9
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were taken from Cadena and Maginn.*®> In Model 3, the Li" ion was taken from Jensen and Jor ensen,37
g g

while CIO4" ion was from Cadena and Maginn.35

The most important difference among the three
models is the partial charge on the O-atoms of ClO4, which are -0.3590e, -0.5203¢ and -0.5855¢ in
Models 1, 2 and 3, respectively. The ion association between Li" and ClOy is thus the weakest in
Model 1 and the strongest in Model 3.

The partial structure factors, y;(¢), were evaluated directly in the reciprocal space according to the
definition given by eq. (2). The calculation of the intramolecular correlation function, @;(q) was
performed also in the reciprocal space according to eq. (8). The masses of the H- and Li-atoms were
fixed to be the values determined from the natural isotope abundances in all the runs, and /,(g) for
various isotope combinations were calculated solely by changing the scattering lengths. The coherent
scattering lengths of all the nuclei were taken from the web page of the NIST Center for Neutron
Research, National Institute of Standards and Technology.25

The MD simulations were performed using GROMACS 5.1.2 package.38 The .itp file for PC was
taken from the literature.®> The equation of motion was integrated by the leap-frog algorithm with the
time step of 1 fs. The spatial coordinates of all the atoms were recorded at every 1 ps for the calculation
of the static structure factor. The temperature of the system was controlled by the Nosé-Hoover
method.*”® The particle-mesh-Ewald method was employed for the long-range part of the Coulombic
interaction, and the size of the Fourier spacing was 0.12 nm. The bond lengths associated with the H-
atoms were fixed with LINCS algorithm.* The snapshot was drawn using VMD software. "'

The temperature of the system was fixed to be 500 K for all the models. Although we tried runs at
room temperature, the relaxation was extremely slow and we could not obtain the converged static
structure factor. The production runs of the three models were 10 ns length, proceeded by the
equilibration runs of 10 ns length. As will be shown in the next section, only Model 1 can reproduce the
prepeak structure. We therefore performed an additional run of 100 ns length on Model 1 to improve
the statistical qualities of the correlation functions. The simulation run of Model 1 at 350 K was also

performed, whose lengths of the equilibration and the production runs were 20 ns and 100 ns,
10
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respectively. The temperature dependence of the static structure factor was rather small, as is
demonstrated in Fig. S1 of Supporting Information, and we consider that the structure obtained by the
MD simulation at 500 K captures the essential feature of the static structure factor determined by the

experiment at 298 K. The intermediate scattering functions at both prepeak and the main peak were

©CoO~NOUTA,WNPE

10 calculated at 500 K with Model 1, although the results are not exhibited for brevity. It was confirmed
12 that the length of the equilibration runs, 10 ns, is sufficiently long compared with the structural

relaxation times.

21 5.  Results and Discussion

26 5.1. NDIS experiment

55 Figure 1. The static structure factors of LiClO,4 / PC solutions determined by the neutron diffraction
57 experiments, /,(¢g), are shown as a function of wavenumber, ¢g. In panel (a), the isotope composition of

the Li-atom is changed as "Li (red), °Li (blue), and °Li (green), while the solvent was fixed to be PC-dj.
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In panel (b), 'LiClOy is dissolved into PC-ds (red), PC-myg (blue), and PC-hg (green). The structure

factors in both panels are scaled and shifted to improve the visibility.

Figure 1 shows the static structure factors obtained by the neutron experiment. The total scattering
profiles are plotted in Fig. 1, rather than extracting the partial correlation functions associated with the
lithium or hydrogen atoms. The effects of the isotope substitutions of the lithium and hydrogen atoms
are exhibited in Figs. la and 1b, respectively. The prepeak appears around ¢ = 0.8 A™' in "LiClO,4 / PC-
dg solution, as we have reported on 7LiPF6 / PC-dg solution.?

The height of the prepeak decreases gradually from 'Li to °Li, as is shown in Fig. la. Given that the
coherent scattering lengths of 'Li and °Li are -2.22 fm and +2.00 fm, respectively,” the height of the
prepeak is a decreasing function of the scattering length of the Li atom.

The variation of the structure factor in the low-g region is more drastic in the series of the isotope
substitution of the hydrogen atom. The prepeak is observed in both PC-ds and PC-A¢ solutions, and its
peak position is shifted slightly to the lower-g in the latter. In PC-mg, however, the prepeak is absent in
the same wavenumber region, and the increase in the scattering strength is observed at the lower

wavenumber.

5.2. MD simulation
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Figure 2. The static structure factor of 'LiClO4 / PC-ds using Models 1 (red), 2 (blue) and 3 (green).

The static structure factors of 7LiClO4 / PC-ds were calculated for the three models with the
simulation runs of 10 ns lengths, and the results are shown in Fig. 2. The structure factor in the low-¢
region (¢ < 1 A™") is strongly model-dependent. Model 1 reproduces the prepeak at 0.8 A™ as is
observed experimentally in Fig. 1. On the other hand, the prepeak is not visible in other two models,
and the strong scattering is observed at ¢ < 0.5 A”'. The low-g scattering usually suggests the
concentration fluctuation, and the presence of the large aggregation of ions is expected in Models 2 and
3. The strength of the low-g scattering is larger in Model 3 than in Model 2, which is in harmony with
the stronger ion association in the former.

The solvation structures of Li" are shown in Figs. S2 and S3 of Supporting Information as the radial
distribution function and the running coordination number, respectively. The first peak of gpici(7) grows
from Models 1 to 3 as is expected. The first peak of grici(r) splits into two due to the coexistence of the
monodentate and bidentate coordination structures. In addition, the values of grici(v) at r =4 - 8 A also
increases, suggesting the growth of large ionic aggregates. The coordination number of solvent PC
varies in the opposite way, because the solvent PC is excluded from the first solvation shell of Li" by the
anion.

We hereafter analyze the simulation run of Model 1 that can reproduce the prepeak.

Figure 3. The snapshot of the simulation run of Model 1. The Li" cation, C104 anion, and PC solvent

are drawn with red, green, and gray colors, respectively.
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The snapshot of the simulation run of Model 1 is demonstrated in Fig. 3. Small chain-like aggregates
of ions are observed somewhere, in which the cation and the anion are aligned in an alternating way.
The linear aggregates are separated from each other by PC solvents, which coordinate to the Li" ion.
The chain-like structure of the solution is similar to that Seo and coworkers reported on the mixed
crystals of lithium salts and ethylene carbonate.* Since the chain-like structure of ions resembles that of
higher alcohols, it can be the origin of the prepeak as is observed in higher alcohols."’

The coordination number of the Li" ion is 4 in our simulation as was reported by Kameda and
coworkers on 1 M solutions of lithium salt in PC,* and the competition occurs between the anion and the
solvent for the coordination to the cation. In Model 1, the average coordination number of the anion is
1.5 as is shown in Fig. S3b, which is in harmony with the short-chain structure of 4 ions on average.
The remaining 2.5 coordination is accomplished by PC solvent molecules (Fig. S3a), which keeps the
chains apart. The stronger negative charges on the O-atoms in Models 2 and 3 favor the coordination of
the anion to that of the solvent, leading to the formation of large ionic aggregates.

The success of Model 1 in reproducing the prepeak does not mean that Model 1 is the best model to
describe the solution of LiClO4 / PC under every condition. First, all the potential parameters of solvent
PC are same in all the models employed in our present study. Since the suppression of the coordination
of the anion to the cation is a result of the competition between the anion and the solvent, it could be
achieved by an increase in the partial charge on the carbonyl O-atom of PC. Second, we consider that
the success of the model with weak charge on the O-atom of ClO4 in the concentrated solution is due to
the large polarizability of the anion. The three models of the anion employed in this work are rigid ion
models, where the effects of the polarizability of the anion are effectively included in the values of the
fixed partial charges on the anion. The term "effectively" indicates that the suitable values of the rigid
partial charges may depend on the environment of the anion. When a Li" cation approaches a ClO,
anion, the polarization of the anion increases the partial charge on the O-atom coordinated to the cation,
which is described effectively by the non-polarized model as the large negative rigid charge on all the O-

atoms. On an approach of an additional Li" cation to another O-atom that is not coordinated to the first
pp

14
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Li" cation, however, the effective charge felt by the second cation is smaller than that by the first one
due to the polarization induced by the first cation. We consider that the non-polarizable Model 1
effectively describes the non-additive effect of the polarization in the concentrated solution through the

weak negative charge on the O-atom. It should be kept in mind, however, that the reduction of the rigid

©CoO~NOUTA,WNPE

10 partial charge is a mere effective way to include the effects of the polarization, and the detailed structure
12 described by Model 1, such as the existence of the bidentate coordination, may not correspond to that of

real solutions.
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50 Figure 4. The neutron static structure factors, /,,(q)s, of various isotope compositions are plotted. The
meanings of the colors in panels (a) and (b) are the same as those in the corresponding panels of Fig. 1.
55 In panel (a), the Li" ion is varied as 'Li (red), "Li (blue) and °Li (green), keeping the solvent as PC-ds. In
57 panel (b), the solvent is varied as PC-ds (red), PC-m¢ (blue) and PC-4g (green), keeping the salt as

'LiClO4. The intramolecular correlations, the second terms of the rhs. of egs. (3) and (5), are not
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included in these panels. In panel (c), the first and the second terms of the rhs. of eq. (5) for "LiClOy /
PC-mg are shown with red and blue symbols, respectively, and the total structure factor is drawn with

the green symbol.

The neutron static structure factors of various isotope compositions are calculated using the 100 ns
simulation run of Model 1. The result of the isotope substitution of the Li atom in PC-dg is shown in Fig.
4a. The constant background due to the self correlation, the second term of the rhs. of eq. (3), is not
included here. The prepeak becomes gradually weaker with increasing the scattering length of Li-atom
from b7 =-2.22 fm to bg = +2.00 fm, as is observed experimentally in Fig. 1a.

The effect of the isotope substitution of the hydrogen atom of "LiClO4 / PC is exhibited in Fig. 4b.
The additional term due to the intramolecular correlation, the second term of the rhs. of eq. (5), is
excluded here in order to focus on the effect of the coherent scattering length of the hydrogen atom. The
prepeak is present in both PC-dgs and PC-A¢ solutions, but it is not observed in PC-mg one. The prepeak
of PC-h¢ solution is slightly shifted to the lower-¢g from that of PC-ds one. Although the characteristics
above are in harmony with the experimental results in Fig. 1b, the strong low-g scattering in PC-myg
solution is not reproduced in Fig. 4b.

The low-g scattering in PC-mg solution is ascribed to the intramolecular correlation, as is
demonstrated in Fig. 4c. The intramolecular correlation exhibits a strong peak at ¢ = 0, as is shown with
the blue symbols. Combining the first and the second terms of the rhs. of eq. (5), the strong low-¢
scattering of "LiCl04 / PC-my solution is reproduced, as is shown with the green symbols. It should be
stressed again here that the intramolecular correlation term, the rhs. of eq. (5), works solely in PC-mg. It
vanishes in PC-dg or PC-/6 because xy = 0 or xp = 0, respectively. The presence of the ¢ = 0 peak solely
in PC-mg thus supports our assignment of the peak to the intramolecular correlation term, the rhs. of eq.
(5). In summary, the MD simulation with Model 1 describes the essential feature of the isotope

substitution effects of the prepeak structure of LiClO4 / PC solution.
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Figure 5. Partial structure factors of 'LiClO4 / PC-ds solutions are plotted. Panel (a) shows the partial
structure factors between Li-Li (red), Li-Cl (blue), and CI-Cl (green) . In panel (b), the neutron static
structure factors, /,(q)s, are divided into the contributions of various domains, including ion-ion (red),
PCpol-PCpol (blue), nonpol-nonpol (green), ion-PCpol (black), ion-nonpol (pink), and PCpol-nonpol

(aqua) contributions.

The partial structure factors are analyzed hereafter in order to resolve the origin of the prepeak in
detail. The partial structure factors associated with the cation and the anion are shown in Fig. 5a, where
the Cl-atom is chosen as the center of the C1O,4 anion.

The self correlations, the Li-Li and CI-Cl components, exhibit strong peaks at the wavenumber of the
prepeak. In addition, the strong positive cross correlation is observed there. The positive cross
correlation indicates that the fluctuations of the number densities of the cation and the anion are in phase,
and the prepeak is associated with the fluctuation of the ion concentration. The positive cross
correlation between the positive and negative charges is a characteristic of the prepeaks of ionic liquids

15,19

and higher alcohols, which suggests that the prepeak of the concentrated LiClO4 / PC solution

possesses a similar origin to those of ionic liquids and higher alcohols.
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The negative cross correlation between the two ions, which is a characteristic of the charge alternation
mode," is observed at the wavenumber of the main peak, ¢ = 1.4 A"'. Therefore, the charge alternation
mode belongs rather to the main peak.

The atoms in the system are categorized into three parts in Fig. 5b in order to divide the total structure
factor of "LiCl04 / PC-dj into the contributions of the individual parts. The first part (ion) is composed
of the cation and the anion. The second part (PCpol) is the polar part of the solvent PC, that is, -OCOO-
group. The third one (nonpol) is the nonpolar part corresponding to the propylene group (-
CH,CH(CH3)-) of PC.

The self correlation of these three parts exhibit positive peaks at the prepeak. On the other hand, all
the cross correlations are negative there. In particular, the cross correlation between the ion and nonpol
parts is strongly negative. Therefore, we can ascribe the prepeak to the contrast of the scattering length
densities of the two domains composed of the ion and nonpol parts, respectively. Kaur and coworkers
reported that the prepeak of deep eutectic solvents, that is, the concentrated solutions of LiClO4 in
alkylamides, accompanies the strong negative correlation between the salts and solvents.”> Based on the
negative correlation, they assigned the prepeak to the domain structure composed of ionic and solvent
parts. The prepeak we observed in the LiClO4 / PC solution thus possesses the similar origin to that of
the deep eutectic solvents, and we suspect that the prepeak structure may be common to the concentrated
solutions of lithium salts in amphiphilic solvents.

The effects of the isotope substitution on the strength of the prepeak can be realized based on the
assignment above. The scattering length density of the nonpol domain is higher than that of the ion
domain in 7LiClO4 / PC-dg solution. The substitution of "Li with ®Li increases the scattering length
density of the ion domain, which results in the decrease in the contrast of the scattering length densities
of the two domains.

The effect of the H / D substitution is more significant owing to both the large difference in by and bp
and the large number of the hydrogen atoms in PC. The scattering length density of the nonpol domain

of "LiCl04 / PC-hg solution is now lower than that of the ion domain, and the prepeak appears reflecting

18
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the difference in the scattering length densities of these two domains. At the intermediate degree of the
H / D isotope substitution, however, the scattering length densities of the ion and nonpol domains
become close to each other, which explains the disappearance of the prepeak in the case of "LiClOy4 /
PC-myg solution.

Given the similar origin of the prepeak of the concentrated lithium electrolytes with that of room-
temperature ionic liquids, it is an interesting and important question how the prepeak structure affects
the transport properties of the electrolytes such as ionic conductivity and shear viscosity. We have
analyzed the dynamics of model ionic liquids based on the mode-coupling theory (MCT).* The
analysis showed that there are two different mechanisms by which the prepeak structure increases the
shear viscosity of ionic liquids. The first one is the direct coupling between the polarity density mode at
the prepeak and the shear stress. The second one is the indirect coupling through the dynamics at the
main peak. In the second mechanism, the microscopic dynamics of ions within the ionic domain is
retarded due to the restriction of the domain structure. Since our previous experiment showed that the
shear relaxation of the LiPFs / PC solution is explained by the intermediate scattering function at the
main peak, the first direct mechanism is rather marginal. We consider that the second indirect
mechanism works also in concentrated lithium electrolytes, which will be related to the rapid increase in

the shear viscosity with increasing the salt concentration.

5.  Conclusion

The structure of the concentrated LiClO4 / PC solution was investigated by means of NDIS
experiment and MD simulation. The variation of the height of the prepeak experimentally observed was
reproduced by MD simulation. The MD simulation demonstrated that the prepeak was ascribed to the
chain-like structure of ions, and the variation of the peak height was explained in terms of the contrast of

the scattering length densities between the ionic and nonpolar domains.
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