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Abstract 

Both Raman and 7Li NMR spectroscopic data of 0.2 M LiAICl, and LiGaCL in Iiquid 
sulfur dioxide indicate that ionic structuraI changes occur near 25 “C, thus supporting 
observations from conductivity and cyclic voltammetric studies. The solvation number 
of the lithium cation is 4 for both salts of interest. The activation energies of spin-lattice 
relaxation, the formation constants of Iithium ion pairs, and the chemical shii due to 
the free lithium ions and lithium ion pairs of LiAlCl, and LiGaCl, in suIfur dioxide are 
presented. 

1. Introduction 

The Li/S02 rechargeable battery system containing an LiAlC& solvate 
electrolyte has shown high conductivity and excellent rechargeability at 
ambient temperature [l-S]. Recently, we have completed an investigation 
of temperature effects on the electrolyte properties of LiAlQ and LiGaCl, 
in liquid sulfur dioxide using cyclic voltammetry, conductivity measurement, 
and a.c. impedance spectroscopy [4, 51. 

Ionic structure in solution is one of the most important factors in 
determining the electrochemical properties of the electrolyte solution. The 
lack of adequate models for describing electrolytes is augmented when dealing 
with Li/SOa rechargeable cells. 

Sulphur dioxide is an effective solvating agent for the lithium cation. 
The degree of solvation depends on the properties of the electrolyte salt. 
Unfortunately, our knowledge of the ion-ion and ion-solvent interactions 
are still very limited. Nevertheless, Raman spectroscopy [6] and NMR spec- 
troscopy [7] are techniques particularly well-suited to the determination of 
solvation numbers for certain ions. Only a few fragmentary Raman spectro- 
scopic studies on LiAlClJSOa electrolytes have been reported in the literature 
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[ 8-101. No 7Li NMR studies of the above two salts have been described 
hitherto. 

In this paper, the Raman and 7Li NMR spectroscopy of LiAlCL and 
LiGaCl, salts in liquid sulfur dioxide are presented. The lithium cation and 
SO:! solvent interactions are discussed in terms of Raman and NMR spec- 
troscopic data in order to explain the transport phenomenon and cell 
performance associated with the electrolyte behavior of LiAlCL and LiGaCl, 
salts in liquid sulfur dioxide in rechargeable lithium cells. 

2. Experimental 

Materials 
The electrolytes used in this study were LiAlC14/S02 and LiGaC14/S02. 

High purity grade SO2 was obtained from Matheson, and reagent grade LiAlCl, 
and LiGaCl, were obtained from Anderson Physics Laboratory. AI1 materials 
were handled in an argon-filled glovebox. 

NMR rneasurem.ents 
The 7Li NMR spectra were obtained on a Bruker MSL-300 spectrometer. 

All the measured samples were sealed in 10 mm NMR tubes. A 5 mm coaxial 
insert containing lock solvent solution was used as the internal reference. 
The reference solution was 0.5 M LiCl in DzO (99.89/o, E. Merck) for 7Li 
measurements. 

The chemical shifts reported were corrected for differences in bulk 
diamagnetic susceptibility between samples and references, in accordance 
with the relationship established by Live and Chan [ 111 for high field 
spectrometers. 

S COlT = Sobs - 4 /3(X& _Xsample) 

where Xre. and Xsample are the unitless volume susceptibilities of the reference 
and sample, respectively; S,,, and Sobs are the corrected and observed 
chemical shifts, respectively. 

The measurements of spin-lattice relaxation rates (1 /T1) were obtained 
by using the standard technique of repeated 180”-90” pulse sequences at 
a resonance frequency of 46.073 MHz for the deuterons and 116.638 MHz 
for 7Li nuclei. The probe temperature was varied at 10 K intervals between 
270 and 310 K. In the measurement of T1, 14 different pulse intervals were 
used and the delay time was maintained at greater than five times T,. 

Raman measurements 
Raman spectra were recorded on a Jobin-Yuon U-lOOO-type Raman 

spectrometer with a 476.5 nm argon ion laser line, a double-monochromator 
with holographic gratings, and a computer-controlled photon-counting system. 
The laser outlet power was kept at 200 mW by using an intensity stabilizing 
system for the power supply. The samples were placed in a sealed, cylindrical 
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quartz cell (10 mm dia.) that was kept. in a constant temperature bath, an 
accessory of the Raman spectrometer. The temperature was varied at 10 K 
intervals between 253 and 313 K. 

3. Results and discussion 

Figures 1 and 2 illustrate temperature effects on Raman spectra of 0.2 
M LiAIC1,JSOp and LiGaClJSO, electrolytes, respectively, in the 1100-1200 
cm-’ region. The intense S-O stretching band of LiAlC& or LiGaCl, in SOz 
solution appears near 1146 cm-’ [ 8-10) with a weak shoulder near 1139 
cm-’ . The S-O stretching frequency increases with temperature, corresponding 
to a change in ionic structure. From 233 to 313 K, the change in S-O 
stretching frequency was small between temperature intervals, except for 
near 298 K (25 “C) where the change was significant for both LiAlC& and 
LiGaCL,, as shown in Table 1. In our previous studies using conductivity 

Frequency (a-l ) 

Fig. 1. Ramada spectra of 0.2 M LiAlCl,/S02 electrolyte as a function of temperature. 
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Fig. 2. Raman spectra of 0.2 M LiGaC1,/S02 electrolyte as a function of temperature. 

TABLE 1 

Temperature effects on Raman S-O bands 

Temperature LiAlc1,/so2 

0 (cm-‘) :Cm ) 
-1 K-1 

LiGaCl,/S02 
(cm-‘) ;‘o..’ K-I) 

233 1143.9 
0.0067 

1144.2 
263 1144.1 1144.3 

0.0033 

273 1144.2 
0.01 

1144.4 
0.01 

0.01 0.01 
293 1144.4 

0.20 
1144.2 

298 1145.4 1145.3 
0.22 

303 1145.8 
0.08 

1146.1 
0.16 

0.02 0.04 
313 1146.0 1146.5 
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and-cyclic vohammetric methods [ 51 we also discovered similar ionic structural 
changes near 25 “C. 

The effects on Raman spectra of different concentrations of LiAlCl, and 
LiGaCl, in SOa solutions in the 1100-1180 cm-’ region at 24 “C are shown 
in Figs. 3 and 4, respectively. Solutions ranging from 0.2 M to 9.5 M were 
used for LiAlCl,. At higher concentrations, the appearance and growth of a 
second peak near 1152 cm-’ indicate that a new ionic species was formed. 
In the 9.5 M solution, the second peak’s intensity surpassed that of the first 
peak near 1146 cm-‘. Similar results were obtained for LiGaCl,, where 
solutions ranging from 0.2 M to 5.0 M were used. 
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Fig. 3. Raman spectra of the LiAIC1,/SOz electrolyte as a function of concentration at 24 “C. 

Frequency km_1 ) 

Fig. 4. Raman spectra of the LiGaC1,/S02 electrolyte as a function of concentration at 24 “C. 
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We can use the concentration and spectral intensity data shown in Figs. 
3 and 4 to calculate the solvation number of the lithium cation by Hyodo’s 
method [6], briefly described as follows: C, and C, are defined as the 
concentrations of SO2 molecules which interact with, and without, lithium 
cations, respectively. The corrected intensity, 1, is related to the intensity 
per unit concentration, T*, as: 

If= (C,/C)T,* (1) 

I,=(C,IC)T,* (2) 

with C,+C,,=C 

where 

C is the concentration of lithium salt; 
f denotes a free solvent; 
b denotes a bound solvent. 

From eqns. (1) and (2), we obtain the following relations: 

(IflTf*) -t- (Ib /Tb*) = 1 or Ib = - (Tb* lT,*)I, + Tb* 

and 

(3) 

(Ifllb)(Tb*lTf*)=Cf/Cb (4) 

By plotting & versus If for various concentrations, a line with a slope 
of (- Tb*/Tf*) is generated according to eqn. (3). The values of the slope 
were 0.57 for LiAlC& and 0.17 for LiGaCl,. Since the ratio of If/&, can be 
directly measured from the spectrum, the ratio of C&Z’, can be obtained 
using eqn. (4). A general description of solution structure can be derived 
by transforming the above ratio into the solvation number for the lithium 
cation, n. If we define M as: 

M- [SOz]/[Li’] (5) 

where [SO,] is the number of SO2 molecules and [Li+] is the number of 
lithium cations, n can be expressed by the following equation: 

(M-n)/n=C& or n=M/{l +(CfK$)} (6) 

The solvation numbers can be obtained by substituting the values of C,/C, 
and M from eqns. (4)and (5) into eqn. (6). The derived n are slightly greater 
than 4; the lithium cation is tetrahedrally coordinated by four solvent molecules 
in the concentration range of interest. This result agrees well with most of 
the coordination numbers for lithium cations in ionic structures [ 121. 

Various NMR techniques have been used to study the environments of 
ions or ionic structures in solutions by means of resonance peaks associated 
with the bulk solvent and bound solvent. Since the exchange of solvent 
molecules between the different environments is very rapid, the separate 
resonance peaks expected for each environment are time averaged to a single 
peak. Thus, the average time that a lithium cation resides in any environment 
is proportional to its instantaneous mole fraction. 
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We have analyzed the 7Li spin-lattice relaxation rates (l/Tl) of 0.2 M 
LiAl& and LiGaCl, in sulfur dioxide, and have plotted them against tem- 
perature, as shown in Fig. 5. For each salt, two straight lines with a transition 
point near 25 “C were obtained, implying an Arrhenius dependence of the 
relaxation rate on temperature and a significant change in the ionic structure 
of the electrolyte near 25 “C. These results are again consistent with those 
obtained using conductivity, cyclic voltammetric methods (51, and Raman 
spectroscopy. We found the activation energies of the spin-lattice relaxation 
to be 5.98 and 3.72 kJ mole-’ for LiAlCl, and LiGaCl,, respectively. 

As shown in Fig. 6, the lithium-7 chemical shifts of LiAlQ and LiGaCl, 
salts in liquid sulfur dioxide were anion-dependent and changed nonlinearly 
with salt concentration. These results are indicative of contact-ion-pair for- 
mation. The non-linear plot associated with the lithium ion is symptomatic 
of an ion-ion interaction equilibrium [ 13, 141. 

The formation constants of ion pairs were calculated according to Popov’s 
method [ 15, 161, by fitting the experimental parameters (total concentration 
of the electrolyte, chemical shift of free lithium ions, chemical shift of lithium 
ion pairs, and observed chemical shifts) with the nonlinear least-squares 
program PC-MTLAB. The values of the ion-pair-formation constants were 

QZC- (b) 

020 - 
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Fig. 5. Temperature effects on spin-lattice relaxation rates. 
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Fig. 6. Concentration effects on 7Li NMR chemical shifts. 

TABLE 2 

Ion-pair formation constanti and ‘Li chemical shifts of LiGaC1,/S02 and LiAlC1,/S02 electrolytes 

4 

LiGaC1,/SOz 2.72 
LiAlCl,/SO~ 2.36 

&: Chemical shift of free Li ion. 
S,,: Chemical shift of Li ion pair. 

4 6 IP 

0.95 -0.78 
0.95 - 1.05 

2.36 M-’ for LiAlCX, and 2.75 M-l for LiGaCl,. The small values of the 
formation constants imply a low presence of inter-ionic association. In addition, 
the chemical shifts due to free lithium ions are shown in Table 2. A decrease 
in electron density around the lithium cation results in an upfield shift of 
the metal resonance. 

4. Conclusions 

The results of the NMR study of LiAK& and LiGaCl, salts in sulfur 
dioxide show that lithium-7 chemical shifts depend on salt concentration 
and the nature of the counterion, indicating the presence of ion-ion inter- 
actions. The ion-pair formation constants of LiAlC& and LiGaCl, are 2.36 
M-’ and 2.75 M-‘, respectively. The solvation number of the lithium cation 
in this system is 4, indicating that the lithium cation is tetrahedrally coordinated 
by four SOz molecules in the concentration range of interest. Both Raman 
and NMR results confirm that there is an ionic structural change in both 
salts near 25 “C, consistent with those from conductivity and cyclic voltam- 
metric methods. 
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