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Raman spectroscopic study of lithium and
sodium perchlorate association in propylene
carbonate—water mixed solvents

Nikola D. Cvjeti¢anin* and Slobodan Sasic
Faculty of Physical Chemistry, Studentski trg 12—16, P.O. Box 137, 11001 Belgrade, Yugoslavia

Raman spectra of 1M solutions of LiClO4 and NaClO, in propylene carbonate (PC) with different amounts of
water added (H,O/cation mole ratio = 0-55.5) were recorded in the spectral region 880—980 cm. Principal
component analysis, a statistical method and deconvolution were applied in investigating the association in
these solutions. The results indicate the existence of a band at the high-wavenumber side of theband

of free perchlorate anion. As established by deconvolution, the position of the band is at 938—940 Tm
This band is attributed to monodentate contact ion pairs and is present in the solutions of perchlorates in
pure PC and with a minimum amount of water added. The presence of monodentate contact ion pairs was
established by deconvolution of the Raman spectrum of a & solution of Mg(ClO,4), in pure PC, but at very
low concentration. Copyright © 2000 John Wiley & Sons, Ltd.

INTRODUCTION established in 1971 by proton NMR spectrocép\By
Raman spectroscopy it was found that in solvating, Li
water was preferred to ethylene carbonate and that there
Perchlorate salts and propylene carbonate (PC), a cyclicwas no preference between ethylene carbonate and PC.
ester of outstanding electrochemical and thermal stabil- In this work, 1m solutions of perchlorates in PC were
ity and high dielectric permittivity = 65 at 25C), chosen because this is the most frequently used concen-
are frequently used in electrolytes of advanced electro- tration for lithium secondary batteriésAlthough water is
chemical devices, especially in secondary battérie¥he  strongly avoided in electrolytes for advanced electrochem-
conductivity of electrolytes in batteries should be as high ical devices, its preference in solvating alkali metal and
as possible. The strong ion—ion and ion—solvent inter- SOme other cations suppresses ion—ion and ion—organic
action decreases the conductivity of these electrolytes bysolvent interactions and may be used in studying them.
forming neutral species and by increasing the radius of In an investigation previously conducted in our laborato-
the primary ion solvation shell, respectively. The studies fies, the influence of water addition on ion—solvent and
of such interactions can help to increase the performanceion—ion interactions by IR spectroscopy of perchlorate
of e|ectr0|ytes for electrochemical devices. SQ|UtI0nS in PC was Stud|é6.|n this WOI’k, attention was
The splitting of PC bands and the appearance of new directed towards the non-degenerateband of perchlo-
bands due to cation—PC and cation—ClOnteraction ~ fate anion as the most sensitive to cation—Cl@nter-
were observed by IR SpectroscdpﬁyThe absence of a action. To make the |nVest|g.at|On more rellable, Raman
ClO, —PC interaction was evidenced and the cation—PC SPectra of 1m solutions of LiCIQ and NaClQ in PC
interaction was confirmed by proton NMR investigatidns. a@nd with different amounts of added water were statisti-
The changes in the Raman spectra of the totally symmet-Ca”y processed by factor analysis and deconvolution of
ric (v)) band of perchlorate anion in LiICIOPC solu-  the spectra was performed.
tions revealed the existence of different contact species,
depending on the LiCIQ concentratiori. The presence
of association was established much earlier by RamanEXPERIMENTAL
spectroscopy of the same perchlorate band for LiCIO
solutions in acetori and diethyl ethet: A few years — pc ang ail perchlorate salts were of p.a. grade. PC was
ago Chabanel and co-worké&f¥ extended Raman and  gigiilled twice under vacuum and both times the middle
IR spectroscopic investigations to_solutl_ons of alkali and two-thirds fraction was collected.LiClIO, and NaCIQ
alkaline earth metal perchlorates in various non-aqueous,,are dried at 120—14@ and Mg(CIQ), at 200°C under
solvents. Also, they gave the correct assignment of ass0~,50,um until constant mass was achieved. All perchlorate

ciation species? salt—PC solutions were degassed for at least 2 h prior to
The high and low affinity of water in PC for alkali recording spectra or any Wgter addition. P

metal cations and perchlorate anion, respectively, was paman spectra were excited with 514.5 nm radiation

from a Spectra-Physics Model 2020 argon ion laser at
* Correspondence to : N. D. Cvjéanin, Faculty of Physical Chemistry, an _eff_ectlve power of 300 .mW at the sample. Scattered
University of Belgrade, Studentski trg 12—16, P.O. Box 137, 11001 _rad|at|0n was analyzed using a Spex 1401 spectrometer
Belgrade, Yugoslavia; e-mail: nikcvj@ffh.bg.ac.yu interfaced to a 128 kbyte Apple lle computer. The scans
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were acquired in steps of 1 ciwith a 2 s counting time,  spectra of the perchlorates are very small, individually and

accumulating 10 scans per spectrum. The data were transi the spectra of LiCIQ and NaClQ are compared.

ferred to a personal computer for mathematical processing. The elementary step in factor analysis, principal compo-
nent analysis (PCAY, was applied to reveal any system-

_ atic variation in a system of six spectra for both cations.

Data processing After decomposition of an experimental matrix consisting
of 600 points, the following eigenvalues were observed :

Data processing was performed on spectra with a sub-13.818, 0.041, 0.027, 0.011, 0.006 and 0.005 for LiCIO

tracted baseline and area normalized to unity. Smoothingsolutions and 19.145, 0.033, 0.021, 0.013, 0.013 and 0.009

procedures were not used. Data were processed by a factofor NaClQ,. As expected, almost all the data could be

analysis program written in our laboratofyy Deconvo- reproduced with high precision using only the first eigen-
lution was performed with the Jandel Scientific Peakfit vector. The rest of the eigenvectors explain only as little as
program, version 3.11B for DOS. 0.65% and 0.50% variance for LiCiGnd NaClQ solu-

tions, respectively. The analysis of these eigenvalues can-
not reveal much. The loadings plot, however, is more use-

RESULTS AND DISCUSSION ful. In Fig. 2 all eigenvectors are shown except for the first
In Fig. 1, the spectra of LiClQand NaClQ solutions r A
in PC, in the presence of different amounts of water, are
shown. It is obvious that the variations of the bands in the
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Figure 1. Experimental spectra of (A) LiCIO, and (B) NaClO, in

PC-H,0 mixed solvents (H,O / cation mole ratio = 0, 2.77, 5.55, Figure 2. Loadings plot for (A) LiClIO, and (B) NaClO, spectral

11.1, 27.7 and 55.5). systems.
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one, the shape of which is identical with the experimental H.O/LI*
spectra. In the spectral system of both cations the second 2
eigenvector reveals important variations in the region of
925-945 cm!. The shape of the variation is very similar
in both cases, with a downward peak at 935 trand
an upward peak at 931 crh The third eigenvector of
both spectral systems also shows a downwards variation
in the same region, whereas all other loading vectors in
the LiCIO, and NaClQ spectra do not show any change
that could be regarded as different from noise. The shape
of the second eigenvector for both alkali metal perchlorate
spectra is typical of two-component systems and suggests
that the band at-933 cnt! has a small shoulder at the
higher wavenumber side in the solutions with a minimum
water content. With increase in water content the shoul-
der disappears and the banc~&833 cnt! becomes wider
with a small intensity increase. These changes are slightly
more distinct in the solutions of LiClgn PC—HO mixed
solvents, as the eigenvalues suggest.

Deconvolution of the spectra of LiClCGand NaCIQ in
pure PC as a solvent and in PC,&Hmixed solvents with
different amount of water (§O/cation mole ratic= 2.77,
5.55 and 11.1) was performed in the spectral region
980-880 cm!. The maximum water content was 11.1
water molecules per cation, corresponding approximately
to the number of PC molecules per cation inm %olution : — . - - !
of perchlorates in PC. As water exhibits a much higner ~ 980 960 940 920 900 880

5.55

277

affinity towards alkali metal cations compared with PC, Wavenumber / cm”
the association must be suppressed in solutions with such
an amount of water. Figure 4. Deconvolution and band fitting in the Raman spectra

of LiClO4 in PC-H,0 mixed solvents in the region of the v; band

i i 2
A Gaussian—Lorentzian product functr?was used ot Jerchiorate anion.

for deconvolution:
' solutionsin Fig. 5 andTable 2. The parametersf the PC
(v —A,)? (v —A;)2 bandsnextto the v, perchloratedbandenvelopewerefixed
A N\2 1+ A N2 during bandfitting. The PC bandat the low-wavenumber
2 < 2 > < 2 ) side of the v, bandenvelopeis movedslightly to higher
1.46 1.46 wavenumberscomparedwith its position in pure PC
; ; ; ; (911.6cm™) (Fig. 3), being movedmore in the caseof
wgsgiﬁ?nlaégf g]n%XATlijsrntk:gtqujlt%/ gff : t?;:g acAeol;tze.red at NaClQ, than I__iCIO4 solutionin PC. The position Qf this
First the deconvolution of PC spectra was performed. PCbandwasfixed at914.6and916.3cm* for all LiCIO,
Three bands were obtained (Fig. 3), which served as@ndNaClQ, solutions, respectively(Tables1 and 2), as
a starting basis for the deconvolution of the spectra of Obtainedfrom deconvolutionof water-freesolutions.The
perchlorates. The results of deconvolution for Liglo Shiftis mostlikely dueto theexistenceof low-intensity v,
solution are shown in Fig. 4 and Table 1 and for NaCIO Overtonebandsof perchlorateswhich havebeenobserved
earlierfor aproticsolvents?® In bandfitting of spectraof
the solutionswith different amountsof water added,a
band at 925 cm™! had to be added,which was donein
accordancevith bandcomponentanalysisof lithium and
sodiumperchloratesolutionsin waterby Frostetal.?* and
Miller and Macklin® The parameterof the 925 cm™?
bandwere determinedrom the solutionswith maximum
water content (H,O/cation mole ratio = 11.1) and all
of them were kept constantexceptfor intensity, which
decreasedvith lowering of the amountof water added.
We believethatthis bandis dueto the overtoneof the v,
perchloratebandin solutionscontainingwater??
The bandfitting analysisrevealedone or two compo-
nentsunderthe v, perchloratebandenvelope,depending
on the amountof water added(Figs 4 and 5). The first

GL(V) = A exp|—

957.7

Raman intensity / arbitr. units

980 960 940 920 900 880 bandof high intensityis certainlydueto afreeperchlorate
Wavenumber / cm’” anion, and is presentin all perchloratesolutions.At the
- . . iy
Figure 3. Deconvolution and band fitting in the Raman spectrum .hlgh. wavenumbeside of th_'? banda bandat 938'].'0m
of PC in the spectral range 980-880 cm~'. The correlation in LiClO, _and at 94Q.0cm_ n Na_CIO4 sol_ut|on|n PC
coefficient of the fit is r2 = 0.9974. were obtained. The intensity of this band is low, but
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Table 1. Band fitting results in the spectral range 980—880 cmt for LiCIO 4 in PC—H,0 mixed solvents

H,O/Li+
mole ratio
0
2.77
5.55
11.1

A
v/em™!

914.6
914.6

914.6
914.6

A,
v/em~

19.9
19.9

19.9
19.9

1

A
v/em!

925.0
925.0
925.0

GL2

A,

v/em~!

10.8
10.8
10.8

GL3
A
v/em™!

932.0
932.8

932.7
932.9

A,
v/em!

4.5
5.1

5.7
6.1

A
v/em~!

938.1
938.1

Az
v/em™!

6.5
6.5

A
v/em!

946.3
946.3

946.3
946.3

GL5

A,
v/ecm™
12.8
12.8
12.8
12.8

1

GL6

A
v/em™!

957.6
958.1

957.7
957.8

A,
v/em™

10.0
10.0

10.0
9.9

1

r2

0.9937
0.9958
0.9960
0.9948

H,0/Na"

980 960 940 920 900 880

-1
Wavenumber / cm

Figure 5. Deconvolution and band fitting in the Raman spectra
of NaClO,4 in PC-H,0 mixed solvents in the region of the v, band

solution of LiClO, in PC, obtaineda bandat 938 cm™
by Lorentzian band fitting, which they also attributed
to solvent-sharedon pairs. Chabanelet al.!? and Alia
etal.®® gavethe correctassignmenbf perchlorateassoci-
ation species According to them, the solvent-sharedon
pairs cannotgive a separateanion spectralfeature.Free
or engagedn solvent-sharedon pairs, theseanionsare
commonly designatedas ‘spectroscopicallyfree’ anions.
According to this assignmentthe bandsat 938.1 and
940.0 cm! are due to contaction pairs cation-ClO,
in LiClIO, and NaClQ, solutionsin PC, respectively.
The fraction of contaction pairs is higher for LiClO,
than for NaCIlQ, (Table 3). Ramanspectraof perchlo-
ratesin PC—water mixed solventsadditionally confirm
this assignment when wateris presentin the solution,
cation-H,0—-CIlO," solvent-sharetbn pairsareformed?®
An OH bridge between cation and perchlorateanion
makestheseentitiesmuchmore stablethanwhena large
PC moleculeseparatesationand ClIO, . In spite of this,
thereis no otherspectrafeaturearisingunderthe v, band
envelopeafter addition of water (Figs 4 and5).
Attribution of cation-ClO, contact ion pairs to
monodentatéC,, symmetry)or bidentatgC,, symmetry)
coordination is based on the different splittings of
degeneratebands, mainly the v, band, of perchlorate
anion (T, symmetry)dueto symmetrylowering1%132326
Simultaneouslywith splitting of the v, band, in the
caseof bidentatecoordination,the appearancef a new
bandat the low-wavenumberside of the v, fundamental
was observed??® An opposite shift was proposedfor

Table 3. Band fitting results of the v; band envelope of

of perchlorate anion. ClO4~ anion
H,0/M+ Position/cm™’ Half-width/cm~" Area (%)
higher in the caseof LiCIO,. When 2.77 moleculesof M*  moleratio  Free  Paired Free Paired Free  Paired
water per cation are added,the intensity of the band at Li+ 0 932.0 9381 45 65 77.0  23.0
938.1cm™%,i.e.940.0cm™?, decreasedyutit is still higher 277 9328 9381 51 65 89.6  10.4
for LICIO,. With larger amountsof waterthis bandcom- 5,565 9327 — 5.7 — 100.0 —
pletely disappearsn both salt solutions In the caseof 1M1 9329 — 6.1 — 100.0 —
LiClO, solutionsin acetone Jamesand Mayes® earlier Na* 0 9335 9400 60 48 87.4 126
attributed the band at 939.3 cm™! to solvent-separated 2779341 9400 58 48 91.6 8.4
(solvent-shared)on pairs. Battisti et al.’ in PC-LiClO, 1?'?5 3222 - g'g : 188'8 :
solution(10: 1), whichis closein concentratiorio our 1 M : ' : '
Table 2. Band fitting resultsin the spectral range 980-880 cm~? for NaClO,4 in PC—H,0 mixed solvents
GL1 GL2 GL3 GL4 GL5 GL6

H,O/Li* Ay A A Ay A A, Ay A, A Ay A A,
mole ratio v/em™! v/em™! v/em! v/em™! v/em™! v/em™! v/em™! v/em™! v/em! v/em~! v/em™! v/em™! r?

0 916.3 19.9 — — 933.5 6.0 940.0 4.8 946.3 12.8 959.0 10.1 0.9926

2.77 916.3 19.9 925.0 9.0 934.1 5.8 940.0 4.8 946.3 12.8 959.1 10.2 0.9926

5.55 916.3 19.9 925.0 9.0 934.3 6.6 — — 946.3 12.8 958.8 10.3 0.9915

11.1 916.3 19.9 925.0 9.0 934.3 6.3 — — 946.3 12.8 958.9 9.7 0.9931
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monodentate geomett§? Hence, it seems that the band
at 938—940 cmt, obtained in this work by deconvolution ] 933.0
and attributed to contact ion pairs, is due to monodentate i
coordination of perchlorate anion. The characteristic of
NaClQ, in aprotic solvents is bidentate coordination of
perchlorate anion with a band which should appear at
926 cmll? PCA applied to the system of NaCJO
spectra did not suggest the existence of any variation
at the low-wavenumber side of the, band. In our
previous investigation it was found, by IR spectroscopy,
that even the formation of contact ion pairs in aml
solution of NaCIQ in PC was not observable on the
basis of thev, band!® The region of thev; band
was blurred by PC bands.Therefore, Raman spectra
of the v, band of both perchlorates in PC (with no
water added) were additionally recorded in the spectral 1
region 400—500 cmt. The spectra were very similar, but Wavenumber / cm
unfortunately they were of low quality and in addition they Figure 6. Deconvolution and band fitting in the Raman spectrum
were overlapped by the PC band at 455 ¢mthus making of a 1 m solution of Mg(ClO,), in PC. The correlation coefficient
the deconvolution unsuccessful. These results togetherof the fitis r* = 0.9738.
with the deconvolution results suggest that there are no
bidentate contact ion pairs, at least not in any significant
concentration, in a M solution of NaCIQ in PC.

It is interesting to compare these results with theoretica
calculations. SCF MO calculations for LiCJ®y Klassen
et al?® confirmed the low-wavenumber shift of theband
for a bidentate configuration and showed that the elec-
tron density for the Li—O bond in a monodentate is
higher than in a tridentate structure. However, according
to these calculations, carried out at the MP2 level, a biden-
tate structure is energetically favorable and has the highes
Lit—O bond electron density, unlike the suggested mon-
odentate structure. The main reason for the possible partial
discrepancy between experimental and theoretical results
is the lack of solvent molecules in calculations. According CONCLUSION
to Gutman®’ and Ohtaki and Radn#, the steric hin-
drance becomes important when several large ligands aréeTwo methodswere usedin the investigationof ion asso-
introduced to the coordination sphere of a small cation. ciation in lithium and sodium perchloratesolutions in
In that case a structural change may occur. This has beerPC-H,0 mixed solventswith H,O/cation mole ratio =
confirmed recently by Blint! who studied the competi- 0-55.5. PCA was appliedto six solutionswith different
tive coordination of lithium ion also by an MO quantum amountof water. The secondandthird eigenvectorsndi-
mechanical approach. He showed that the energy of thecatedthe existenceof systematicvariationsat the high-
contact ion pair Li—F is changed (decreased) when a wavenumbeside of the v, perchlorateband.Deconvolu-
solvent molecule is added and suggested that the effection of spectrawasperformedin four solutionsassuming
might be stronger for larger anions. In avlsolution of thatin a perchloratesolution with maximumwater con-
LiClO,4 in PC the solvation number of the lithium cation tent(11.1watermoleculegercation)the associatiorwas
is four® PC molecules are large and additionally have a suppressedDeconvolutionof the v, enveloperevealeda
considerable electron density on the ring oxygemhere- bandat 938-940cm in a 1 m solutionof both perchlo-
fore, it becomes harder for perchlorate anion to direct two ratesin PC andin the solutionswith a minimum amount
oxygens towards a small cation and monodentate geome-of wateradded(H,O/cationmoleratio = 2.77). This band
try might become favorable. was attributedto contaction pairsin monodentatecoor-

The spectra of a M solution of Mg(CIQ), in PC dination.
and PC-HO mixed solvents were also recorded, and The band deconvolutionof the spectrumof a 1 m
the HO/Mg?* mole ratio was the same as in the case of solution of Mg(ClO,), in PC also revealeda band at
lithium and sodium perchlorates. Because of the very high 938.4cm™! which wasmostprobablydueto monodentate
viscosity of most of these solutions, background scattering contaction pairs,presentin a very small amount.

Raman intensity / arbitr. units

T T T 1
980 960 940 920 900

wasof very high intensity,andthe spectraobtainedwere
not good enoughfor PCA. We succeededo a certain
| extentonly in performingthe deconvolutionof the spec-
tra of a 1 M solution of Mg(ClO,), in PC. As a result
of a strong Mg?"—PC interaction, the intensity of the
totally symmetricPC bandat ~958 cm~1?7 significantly
decreasedand the band at 946.3 cm™! completely dis-

appearedFig. 6). The low-intensity bandat 938.4cm*

is most probably due to contaction pairsin monoden-
{ate coordination,which is in agreementith the results
obtainedfor someotherorganic solvents'*2®
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