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Solvation interaction and ion association in solutions of lithium perchlorate/4-methoxymethyl-ethylene carbon-
ate (MEC) have been studied by using Infrared and Raman spectra as a function of concentration of lithium per-
chlorate. The splitting of ring deformation band and ring ether asymmetric stretching band, and the change of car-
bony! stretching band suggest that there should be a strong interaction between Li* and the solvent molecules, and
the site of solvation should be the oxygen atom of carbonyl group. The apparent solvation number of Li* was cal-
culated by using band fitting technique. The solvation humber was decreased from 3.3 to 1.1 with increasing the
concentration of LiCIO,/MEC solutions. On the other hand, the band fitting for the ClIO, band reveaed the pres-
ence of contact ion pair, and free ClO, anion in the concentrated solutions.
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Introduction

Lithium ion batteries have been widely applied to
portable electronic devices in the recent years due to
their high energy density and low environmental impact.
The compoasition of the non-agueous organic electrolyte
for lithium ion batteries plays an important role in de-
termining cell performance, operating and storage tem-
perature ranges.>? Many investigations have shown that
the electrolyte selection also strongly affected the ther-
mal and electrical stability of rechargeable cells.*® The
selection and optimization of an electrolyte for practical
cells depend on a number of factors, such as low viscos-
ity, high polarity and dielectric constant, wide electro-
chemical window, etc.

Ethylene carbonate (EC) and propylene carbonate
(PC), which have been widely used in lithium ion bat-
teries for many years® due to the ring structure, both
have high polarity and dielectric constant, but their
drawbacks are very obvious too. EC, as the boiling
point is 36.4 C, isin solid state under room tempera-
ture. While PC, due to the methyl group, can co-insert
into the carbonaceous anode with Li* during the re-
charging process. In order to optimize the carbonate ring
structure, we designed and synthesized 4-methoxy-
methyl-ethylene carbonate, hoping to develop the new
kind of lithium ion battery electrolyte.

Vibrational spectroscopy has been proved to be a
powerful technique for probing ion-solvent and ion-ion

* E-mail: giaohongwei1212@hotmail.com
Received June 22, 2006; revised and accepted December 25, 2006.

interactions through the changes of frequency, intensity
and other band properties. Such studies” could help us
to identify the factors that affect the general properties
and the performance of the electrolyte in lithium ion
batteries. In this paper, we present the result of study on
ion solvation and association of LiCIO4/MEC electro-
lyte using IR and Raman spectra, and hope it helpful for
gaining further insight into the nature of solvation.

Experimental

Lithium perchlorate (Acros, purity >99.9%) was
twice recrystallized in acetonitrile, then dried under
vacuum for 36 h at 170 ‘C. MEC (purity >99%) was
synthesized by transesterification according to the ref-
erence,™* and then refluxed with magnesium oxide and
distilled three times under reduced pressure. The middle
fraction was retained. The water content, as determined
by Karl-Fischer method, was less than 100 mgeL *. All
solutions were prepared by weight, and concentrations
are expressed as moldlities (molskg %).

Infrared spectra were collected by using a Bruker
FT-IR spectrometer with an attenuated total reflection
(ATR) attachment (spectra tech) equipped with a ZnSe
crystal in the range of 4000—580 cm *. Raman spectra
were collected on a Bruker Raman spectrometer. The
laser power was set to 300 mW, and 800 scans were
accumulated to achieve a good signal-to-noiseratio. The
liquid samples were sealed in NMR tubes and measured
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at room temperature (25 ‘C). Both IR and Raman spec-
tra were obtained with a resolution of 2 cm™*. Relevant
spectral data of MEC are as follows; *H NMR (CDCls,
400 MHz) 6: 3.45 (s, 3H), 3.58 (d, J=10.8 Hz, 1H),
3.66 (d, J=11.2 Hz, 1H), 4.37—4.41 (m, 1H), 4.51 (t,
J=8.4 Hz, 1H), 4.79—4.85 (m, 1H); IR (KBr) v: 2993,
2933, 2895, 1782, 1399, 1168, 1042, 849, 773, 715¢cm *;
MS (70 eV) m/z (%): 132 (M, 0.05), 87 (0.95), 58
(3.67), 45 (100), 29 (17.01).

Results and discussion

lon solvation in LiICIO4/MEC electrolyte

The IR and Raman spectra of LiCIO4/MEC were re-
corded from 0 to 3 molskg *. Most of the bands in
580—4000 cm * show little changes in frequency and
shape on addition of LiClO, except for those bands of
ring symmetric deformation O—C—O0, ring deforma-
tion, ring ether asymmetric stretching C—O—C and
carbonyl stretching C=0. In addition, because MEC is
poor anion solvator, changes of the solvent spectra were
considered to be the result of interaction between Li"
and solvent molecules.

Figure 1 shows the change procedure of the bandsin
region from 690 to 810 cm™ . Ring symmetric deforma-
tion O—C—O was located at 715 cm *. With the addi-
tion of lithium perchlorate, a shoulder peak appeared at
724 cm ! and increased in intensity as the molality of
LiClOy increased. The ring deformation band was lo-
cated at 773 cm %, and with increasing the molality of
LiClO4, anew band appeared at 779 cm * and increased
in intensity at the expense of the 773 cm ™ * band.
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Figure 1 IR spectra of MEC in solutions with different molali-
ties of LiClO, in the ring deformation and ring symmetric defor-
mation region (a) O, (b) 0.5, (¢) 1.1, (d) 2.0, (e) 2.5, (f) 3.0 mole
kg ™.

Figure 2 shows the effect of LiClO,4 concentration on
the strong IR absorption at 1781 cm *, which was at-
tributed to C=0 carbonyl stretching band. With the
increasing addition of LiClQ,, this band was gradually
moved to the lower wave number. The maximum shift is
21 cm ™t in the present study.
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Figure 2 IR spectra of MEC in solutions containing different
molalities of LiClO, in the carbonyl stretching regions (a) 0, (b)
0.5, (c) 0.8, (d) 1.1, () 1.4, (f) 1.7, (g) 2.0, (h) 2.5 mol+kg .

All the spectroscopic changes observed above sug-
gested that there should be a strong interaction between
Li" and MEC molecules. The lithium cation probably
binds with the oxygen atom of carbonyl functional
group of MEC. Splitting of MEC ring and symmetric
ring deformations suggests that there should be two
kinds of MEC molecules in the solution: free MEC in
bulk solvent, and coordinated MEC with lithium cation
in solvation shell. The new component at higher wave-
numbers than the main band was assigned to MEC
molecules located in the first solvation shell. Because
the Raman intensity is linear to the concentration of the
solvent,™ intensity of the new band, resulting from the
coordinated MEC, and the intensity of original band of
free MEC can be used to caculate the solvation num-
bers by using Irish method.***

lt=JCt, 1b=IpCp, C:=Cs+Cp
[i=1p+1t=JICo+ KCs

1= (Jo— I)Cpo+ HCi=(1— I/ Ip)l b+ ICi
Ns=Cp/CLi =1/CLido

where |; and |, are the intensities of the bands for free
and coordinated MEC molecules, J; and J, are molar
diffusing coefficients of the two MEC molecules, C; is
the molality of MEC molecule. From the Raman inten-
sities, we can achieve the linear equation as follows:
1:=0.5327I,+2.0118, and the relevant linear coefficient
is 0.91. Figure 3 shows the effect of LiCIO, concentra-
tions on the solvation number of Li". In this way, solva-
tion numbers varying between 3.3 and 1.1 were ob-
tained, depending on the concentration of salt. The sol-
vation number of Li" in MEC is lower than 4. The
reason can be deduced as follows: at the high salt con-
centrations, Li* has more chances to contact with the
CIO, anion to form ion pairs or ion aggregates, which
results in alower concentration of the solvated Li" and
a smaller solvation number. While in infinite diluted
solutions, it can be expected that the solvation number
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Lithium perchlorate

of Li" in MEC is close to 4, because ion association is
negligible in this situation. Figures 4 and 5 show the
changing intensity of the two symmetric ring deforma-
tion bands with increasing concentration of LiClO,, and
curve fitting of Raman spectra for symmetric ring de-
formation band of MEC molecule in 1.7 molskg * Li-
CIO4/MEC solution, respectively.
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Figure 3 Effect of LiCIO, concentrations on the solvation
number of Li™.
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Figure 4 Effect of LiCIO4 concentrations on IR intensity of
MEC symmetric ring deformation (Al; ®lp; mly).
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Figure5 Curvefitting of Raman spectra for the symmetric ring
deformation band (at 715 cm™*) of MEC in the 1.7 molskg*
LiCIO/MEC solution (a), (b) fitted components; (c) fitted spec-
trum; (d) raw data.
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lon association in LiClO4/M EC solutions

Thefree CIO, anion has atetrahedral symmetry (Tg)
and thus its nine vibrational degrees of freedom are di-
vided into four modes of vibration: vy (A1), V2 (E), V3 (F2),
and v4 (F2). The F; modes are IR active, while others are
Raman active. All the four modes are very sensitive to
the interactions between ion-ion and ion-solvent, and
can be used to detect the existing form of ion associa
tion and ion pairsin solutions. Chabanel et al.*® deduced
average frequencies for the unperturbed perchlorate an-
ion as follows: v; (A))=931 cm *, v, (E)=458 cm %,
Vs (F2)=1100 cm %, v4 (F)=624 cm . Change in the
shapes of the totally symmetric band v; of the free
ClO; anion has been attributed by some authors'®® to
ion association in the solution. James and Mayes™®?
have identified ion-solvent interaction in the Raman
spectra of perchlorate solutions. However, because the
v; mode is not IR active for unperturbed CIO, , no vy
band can be observed in the IR spectrum if the CIO,
is completely free. We can use Raman spectrum to study
changes around the ion. Figure 6 shows the change of
Raman absorption bands of free CIO, anions, and mul-
tiple ion aggregates with increasing the concentration of
LiClOs,.
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Figure 6 Raman spectra of ClO, and ion aggregates with in-
creasing molality of solutions (a) O, (b) 1.1, (c) 1.4, (d) 1.7, (e)
2.0, (f) 2.5, (g) 3.0 molekg .

In the present investigation, as shown in Figure 6,
the intensity of the band at 931 cm *, which is attributed
to free ClO, anions, increases with increasing LiClO,4
content. Figure 7 shows the band fitting result for the v,
IR band (ca. 624 cm %) of free CIO, anion. We can
see the v, band splitting into two components at 1.7
molskg * LiCIO/MEC solutions and the shoulder peak
locates at 634 cm *. The former should be attributed to
the free CIQ, anion, and the latter to the contact ion
pairs or ion aggregates, which is in accordance with the
reference.

The above phenomena indicate that the symmetry
and shape of the CIQ, anion change with increasing
the concentration of LiClO,. That is, part of the free Li*
cations become bound with CIO, anion to form contact
ion pairs, which leads to splitting of the vibrational
modes of ClO, anion. Moreover, these species are lar-
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ger in size and hence reduce the mobility of ions and
increase the viscosity of solutions, causing decreased
conductivity. That is to say, the optimal concentration
should be found during the preparation of liquid elec-
trolyte.
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Figure 7 Curve fitting of IR spectra for the v, band (at 624
cm ) of ClO, anion in the 1.7 molekg * LiCIO/MEC solution
(@), (b) fitted components; (c) fitted spectrum; (d) raw data.

Conclusion

From IR and Raman spectra of MEC in the presence
of LiClQq, it can be seen that there is an interaction be-
tween Li" cation and MEC. The site of solvation is the
oxygen atom of carbonyl group. The apparent solvation
numbers of Li" were varied from 3.3 to 1.1 with in-
creasing electrolyte concentration. The free CIO, anion,
and contact ion pairs can be detected in the concentrated
solutions.
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