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PHASE EQUILIBRIA AND IONIC SOLVATION IN THE LITHIUM
TETRAFLUOROBORATE-DIMETHYLSULFOXIDE SYSTEM

M. M. Gafurov,*” S. A. Kirillov, M. I. Gorobets,” UDC 539.196
K. Sh. Rabadanov, M. B. Ataev,? D. O. Tretyakov,”
and K. M. Aydemirov‘1

The phase diagram and electrical conductivity isotherms for the lithium tetrafluoroborate (LiBF y)—dimethylsulfoxide
(DMSO) system and Raman spectra of DMSO and the LiBF ;/~DMSO solution were studied. Spectroscopic signatures
of a H-bond between DMSO and BFy ions were found. The bonds of Li" ions to the solvent were stronger than the
bonds in DMSO dimers because formation of the solvate destroyed dimeric DMSO molecules. The t,, values for
DMSO molecules in the Li”-ion solvate shell of the LiBF ,/~DMSO system were similar to those for associated solvent
molecules.
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Introduction. Solvation is a complicated phenomenon that accompanies the dissolution of both electrolytes and non-
electrolytes [1, 2]. It is described by a combination of energetic and structural changes in the dissolved compound-solvent
system and forms a solution of a definite composition. In order to understand if a lithium salt-solvent system satisfies the
criteria for battery applications, its phase diagram and concentration dependence of the conductivity are of utmost significance.
Vibrational spectroscopy plays an important role among methods for studying equilibria in non-aqueous solvents. Thus, the
use of spectroscopic methods can with varying degrees of certainty characterize the solvation of cations and anions, identify
ion pairs separated by solvent and more complicated aggregates, and estimate the equilibrium between the various particles
in the system [3, 4].

The structure and properties of LiBF, in aprotic solvents have become interesting in the last decade because of its
use as a salt for lithium batteries. We used DMSO [(CH3),SO] as the solvent. Equilibria in lithium-salt solutions have been
characterized rather well by spectroscopic methods [5, 6]. Spectra in the region of SO stretching vibrations [v7(4"), ~1050
cmﬁl] [7] led to the conclusion that individual unassociated DMSO molecules, cyclic dimers, and chain-like associates were
present [8, 9]. The presence of the last was disputed [10]. Furthermore, the v; vibration is known to be subject to a so-called
noncoincidence effect and was split into several components in the pure liquid and concentrated solutions [11—13]. Therefore,
spectra in the region ~1050 cm™! were difficult to interpret unambiguously. Nevertheless, association constants of DMSO
were determined only a few times [14—17]. It was hypothesized that the anions were solvated through H-bonds between
DMSO methyls and F atoms in the anion. However, issues regarding the composition of ionic associates in DMSO and other
solvents were treated differently [5, 6, 18]. We investigated previously electrolytes for lithium-ion current sources based
on dimethylsulfone [19-21]. Because DMSO and dimethylsulfone are close analogs, it seemed interesting to compare the
properties of solutions of lithium salts in these solvents.

Experimental. DMSO (Aldrich, >98%) was stored over molecular sieves and vacuum distilled. The completeness
of the purification was monitored using the melting and boiling points. Anhydrous LiBF, (Aldrich, >98%) was dried in vacuo
(vacuum pump) at 150°C for at least 24 h. All samples were prepared in a dry glove box. Phase diagrams of the systems were
obtained using differential thermal analysis on a laboratory instrument. The sample mass was ~2.5 g. Electrical conductivity
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was measured in cells with plane-parallel platinum electrodes using an Instek LCR-821 LCR-meter. Raman spectra were
excited using laser radiation (A = 532 nm) and were recorded using a Senterra confocal laser microscope (Bruker, Germany)
in a specially constructed heated attachment with 50 x 100 pm slits and 3—5 cm ! resolution. At least 20 scans with integration
time 20 s were accumulated.

Isotropic and anisotropic Raman spectra fis,(v) and I,pis0(v) that were found from spectra recorded in two different
scattering geometries VV and VH, where the first and second indices denote the polarization of the incident and scattered
light (V, vertical; H, horizontal), were used for the analysis:

Liso(V) = Iyv(V) = (4/3)yu(V) 5 Laniso(V) = Ivu(V) . (D

Information on molecular dynamics in liquids that were obtained by analyzing time-correlated functions (TCF)
G(t) was invoked to discern the liquid structures and the cation solvation in them. The TCF were calculated by Fourier
transformation of isotropic Raman spectra /(v) [22-24]:

G(t) =[""1(v)exp (2micvt)dv, )

where c is the speed of light. Vibrational dephasing was considered to be the main reason for broadening of the isotropic
Raman lines. Interaction of a particle and its environment with vibrational dephasing (excitation) led to time-dependent
changes (modulation) of the vibrational frequency Aw = f{f) and a breakdown of the vibration phase. If the vibrational
frequency changes exponentially with time, G,(¢) = exp (-#/t,), where 1, is the modulation time, then the TCF of vibrational
dephasing obeys the Kubo equation [25]:

—In G(6)) M, =exp (—tity)— 1+ t/1,, 3)

where M, = Ivzl(v)dv/fl(v)dv is the second moment of the vibrational spectrum (excitation dispersion). The TCF and the
spectrum change as a function of excitation time. For 1, — 0 (dynamic particle environment, weak excitation, nonspecific
interactions), the dephasing TCF are exponential and the spectra are Lorentzian; for t, — oo (specific and non-specific
strong excitations, rigid quasi-lattice of molecules and environment), the dephasing TCF and spectra become Gaussian. The
dephasing time 1) acts as another parameter. It is defined as the integral of G(¢):

=] GQdt. 4)

The literature method [26, 27] was used to separate complicated Raman envelopes into components and to calculate
the TCF. A model TCF was used in it:

Gy(t)=exp (-[(Z+ )2 1))/}, (5)

where t; and 1, were certain times. Fourier transformation of this TCF could be performed analytically to provide an
expression for the line envelope:

I(v) = 2nc exp (11/12)( 1} /1)K (x)/x ©6)
where x = 1; [4n2c2(v - vo)2 +1/ r% ]1/ 2; Vo is the wavenumber of the line maximum; n = 2 for v = 0 and n = 1 for vy # 0; and
Kj(x) is a modified second-order Bessel function. This method is widely used to process spectroscopic data [28], especially
to separate overlapping lines. The experimental spectrum consisting of i lines was modeled by a set of i functions [Eq. (6)].
The quantities t;; and t,; were found. Then, M, was found for each i-th line. The TCF were constructed using Eq. (5). The
quantities t,, at which Egs. (3) and (5) coincided were determined. As before [29, 30], the intensities of the resulting envelope
components were considered to be proportional to concentrations without introducing corrections for possible differences in
the scattering abilities of the corresponding particles.

Herein we report data for equilibria between particles in the LiBF,—~DMSO system that were obtained by investigating
phase diagrams, electrical conductivity, and Raman spectra over a broad concentration range up to 0.25 mol fraction of
salt, which corresponded to a homogeneous mixture of LiBF44DMSO crystal solvate with LiBF4. In contrast with other
similar studies, we described all equilibrium without exception, invoking for the analysis data on self-association of DMSO
molecules in the liquid [31]. We proved that the solutions contained ions separated by solvent and contact ion pairs and
presented for the first time reliable evidence for H-bonds between the anions and DMSO.
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Fig. 1. Phase diagram (a) and electrical conductivity isotherms (b) for the LiBF,~DMSO
system.

Results and Discussion. Interaction of LiBF, and the solvent was rather strong and manifested as the existence of
the stable solvate LiBF4-4DMSO (Fig. 1a). Typical isotherms of specific electrical conductivity for the electrolyte solutions
reflected the interaction between the dissolved compound and the solvent and exhibited a maximum. The ascending branch
of the isotherm was consistent with an increasing number of charge carriers; the descending branch, with the formation of
ion pairs and increased viscosity. Electrical conductivity isotherms of LiBF4~DMSO solutions showed distinct conductivity
maxima at salt concentrations ~0.1 mol fr. (Fig. 1b). This indicated that the studied systems acted as solutions of strong
electrolytes. Therefore, it could be expected that solvated cations and ion pairs would be present at high solution salt
concentrations.

We did not analyze DMSO lines complicated by the noncoincidence effect that corresponded to the SO stretching
vibration (~1050 cmﬁl) in order to obtain unambiguous data for the liquid components. We did investigate Raman spectra
near the DMSO C—S-C stretching vibration [vyo(4"), ~697 cmﬁl]. Figure 2 shows that the line in the DMSO Raman spectrum
corresponding to the DMSO C-S—C symmetric stretching vibration (v;() consisted of two components, i.e., a low-frequency
one corresponding to vibrations of monomers and a high-frequency one corresponding to vibrations of DMSO dimers.
The intensity of the low-frequency component increased with temperature whereas the low-frequency one decreased. This
indicated that the associates decomposed. A depolarized line near 700 cm’! corresponded to DMSO C-S—C asymmetric
stretching vibration v,,(4") [8]. The component at lower frequencies had a practically Lorentzian shape whereas that at
higher frequencies was close to Gaussian. In this instance, it was justified to assign the first component to free DMSO
molecules; the second, to associated ones. The calculated modulation times showed that t,, for associated molecules was two
orders of magnitude greater than that for free ones (Table 1).

Figure 3 shows characteristic examples of spectra of LiBF4 in DMSO. Isotropic Raman spectra near the DMSO
C—S—C symmetric stretching vibration vy(4’) ~ 670 cm ! were investigated in order to obtain information on cation solvation.
A line corresponding to the C-S—C asymmetric stretching vibration v,5(4") ~ 700 cm! was situated in the same region. It was
more noticeable in the anisotropic spectrum. Anion solvation was judged from isotropic spectra near DMSO C-H symmetric
stretching vibration v3(4") ~ 2910 cm !, The anisotropic spectrum had a line corresponding to vi4(4"") at ~3000 cm ! in
this same region. Conclusions about ion-pair formation were made based on spectra of BF4 near fully symmetric v;(4;) at
~760 cm™' [32].

Three lines were distinguishable near the DMSO C—S—C symmetric stretching vibration (Fig. 3a). The line at lowest
frequency belonged to DMSO monomers; at intermediate frequency, to DMSO dimers; and at highest frequency, to solvent
molecules in the Li" solvation sphere. The calculated modulation times indicated that t,, for DMSO molecules in the Li"
solvent shell also had t,, values intermediate between those for associated and free molecules. Figure 4 shows the equilibrium
concentrations of monomers (cy), dimers (cp), and solvated molecules (cg) as functions of the solution composition (curves
1-3). It can be seen that cp decreased faster than ¢y as the salt concentration increased. Therefore, the formation of the
solvates led to the destruction of cyclic DMSO dimers that were formed through dipole—dipole bonds, i.e., the ion—dipole
bond of Li" and the solvent was stronger than the dipole—dipole bond in the dimers. Available data on equilibria between
dimers and monomers in pure DMSO, in particular the enthalpy of self-association (—11.7 + 0.9 kJ/mol) [22], confirmed
convincingly that the enthalpy of formation of the solvates was greater than this value.
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Fig. 2. Isotropic Raman spectrum of DMSO near the symmetric and asymmetric C—S—C
stretching vibrations (v{) at 50°C; thin lines, deconvolution of spectra into components;
Texp — Lcale, differences of experimental and calculated values.
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Fig. 3. Raman spectra of LiBF4~DMSO (0.15:0.85) solutions at 50°C; thin lines,
deconvolution of spectra into components; p = Iyy/lyy, degree of line depolarization;
Texp — ILcalc, differences of experimental and calculated values; DMSO C-S-C stretching
vibration region (a); DMSO C-H vibration region (b); fully symmetric BF vibration
region (c).
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Fig. 4. Concentrations of monomeric (1), dimeric (2), and DMSO molecules in the Li"
solvation sphere (3); of free solvent molecules (4) and those in the BF4 anion solvation
sphere (5); of free anions (6); of solvent-separated ion pairs (7); and of contact ion pairs
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TABLE 1. Dephasing Parameters of v;o(CH3),SO Vibrations in LiBF4—~(CHj3),SO

Salt C‘I’lrl‘g;’rffa“(’“’ 0 0.05 0.10 0.15 0.20 0.25
Free (CH3),SO
v, o] 663.87 663.51 665.78 665.82 666.49 666.78
T ps 0.70 0.64 0.68 0.68 0.69 0.64
To, PS 0.026 0.025 0.024 0.024 0.023 0.018
My, ps 2 56.82 63.92 62.47 62.53 64.48 87.89
Associated (CH3),SO
v, o | 668.22 668.39 670.27 671.07 671.90 676.21
Ty, ps 1.61 1.41 1.20 132 1.56 1.24
To, DS 2.57 2.8 2.36 436 5.73 3.78
My, ps 2 0.78 1.014 134 1.02 0.73 118
Li*~(CHj3),S0 solvate
v, o | 675.26 675.64 675.70 675.82 676.27
T ps 1.07 1217 1.41 133 115
To, PS 0.097 0.118 131 1.45 0.83
My, ps 2 10.55 7.69 121 1.29 2,013

A study of pure liquid DMSO led to the conclusion that its molecules did not tend to form H-bonds. A single line was
observed in the region of the C—H symmetric stretching vibration [33]. Deconvolution of the spectra of the ionic solutions
into components showed unambiguously that two lines appeared in them in this region (Fig. 3b). The lower frequency line
belonged to free DMSO molecules; the higher frequency line, to solvent molecules in the BF, solvation sphere that were
bonded to it through H-bonds. Figure 4 (curves 4 and 5) shows the equilibrium concentrations of free and H-bonded DMSO
molecules (cg and cyy) as functions of solution composition. Three lines appeared near the fully symmetric vibration of BFy.
The one at lowest frequency belonged to free anions; at intermediate frequency, to ion pairs separated by solvent; at highest
frequency, to contact ion pairs (Fig. 3¢). Figure 4 (curves 6—8) shows the equilibrium concentrations of these particles (ca,

cssip, and ccrp) as functions of solution composition.
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The composition of the solution structural units could easily be estimated quantitatively by knowing the dependence
of the particle concentrations (cy, ¢p, €s, CE, CH,> CA» CssIp, @nd ccyp) on the salt content. This was important for defining the
nature of the ion pairs more clearly. It was noted above that the literature is ambiguous about their composition and that the
issue of differences between solvent-separated ion pairs, contact ion pairs, and more complicated cation—anion aggregates
remains unresolved [5, 6].

The following limitations must be kept in mind when estimating the composition of the structural units. Because
neither monomeric nor dimeric molecules in pure DMSO are bonded through H-bonds, it was logical to think that DMSO
dimers in ionic solutions also did not participate in H-bonds, i.e., ¢y ¢ ¢p. Monomeric DMSO molecules in ionic solutions
could be either completely free or involved in H-bonds, i.e., ¢y < cp. Solvent molecules around the cation were firstly
the solvate environment itself and secondly, an interlayer between the cation and anion in solvent-separated ion pairs,
i.e., cssip < cs. Considering these limitations, it could be concluded that, e.g., solvent-separated ion pairs of composition
DMSO~Li+-DMSO-BF4_-3DMSO existed in the solution containing 0.10 mol fr. LiBF,4. The most concentrated solutions
studied by us (0.25 mol fr. LiBF,) contained solvent-separated ion pairs with fewer solvent molecules around the cation and
H-bonded anion and had the composition Li"-DMSO-BF;-DMSO. Contact ion pairs 2DMSO-Li“BF;-DMSO appeared in
addition to them.

The correlation of the changes of dephasing parameters and modulation with Li salt-DMSO phase diagrams was
especially interesting. The 1., values for DMSO molecules in the Li" solvate shell were close to those for associated solvent
molecules for the LiBF4—DMSO system in which a coherently melting compound (solvate LiBF4-4DMSO) was observed.

Conclusions. The LiBF,~DMSO system contained the stable solvate LiBF,-4DMSO. The line corresponding to the
DMSO C-S-C symmetric stretching vibration in the Raman spectrum consisted of two components, i.e., a low-frequency
one corresponding to monomer vibrations and a high-frequency one corresponding to dimer vibrations. Because formation
of the solvates destroyed the DMSO dimers, the Li—solvent bond was stronger than the bond in the dimers, i.e., greater than
the enthalpy of DMSO self-association. The t,, values for DMSO molecules in the Li" solvate shell were similar to those for
associated solvent molecules in the LiBF4,~DMSO system.
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