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The possibility that ion clusters of different species are formed during dissolution of §iAsé low- or
high-molecular-weight solvent has been studied. The Hessian matrix of clusters has been calculated by the
numerical and analytical differentiation of their full energy in the MO LCAO approximation using the
Roothaan-Hartree-Fock method and the PC GAMESS software package. It was found that stable ion clusters
are represented by ion pairstfAsFg]~ with the bi- or tridentate coordination of the cation relative to the
octahedral anion, triple ions [AgF Li T[AsFs]~ and Lit[AsF¢]~Li™ with the bi- or tridentate coordination,

ion dimers{ Li "[AsFg] "} » with the bidentate coordination, and also ion trimidrs [AsFe] } 3 and ion tetramers
{Li*[AsF¢] }4 shaped as symmetric ring structures with the unidentate coordination. The frequencies and
intensities of IR absorption bands of different species of ion clusters in the gaseous phase and nonaqueous
solutions (acetone, ethanol, nittomethane, and tetrahydrofurane) have been calculated. This presents a basis
for identification of ion particles during IR spectroscopic measurements in electrolyte solutions containing
LiAsFs.

Introduction spectrum, namelyy(T1y) at 699 cmt andva(T1,) at 392 cmt
f . b he ioni ol | uti (both triple degenerate). The coordination between the anion
Information about the ionic structure of electrolyte solutions [AsFe]~ and the Li cation during the formation of ion

over a wide inter_val of salt_ cc_)ncentrati_ons is required both for aggregates decreases the anion symmetry, which should be
a correct theoretical description of their properties and further ofacted in the anion vibrational spectrdm.

gdvancement of the theory of elgctrolyte solutions and for the Experimental vibrational spectroscopic studies of the ion

Improvement of transport properties Qf elgctrolyte systems us(_Edassociation in LiAsk solutions in dipolar aprotic solvents and

in power sources. The met_hod of vibrational spectroscopy is polymer electrolyte systems were performed by a number of

used frequently to determine the structure and the spatial osoq chergar-1i |R spectra of dilute solutions in solvents

ﬁpnglgur?tlor; of lon Etarﬁ'C|‘iS’|Wh'Ch ?re formed in low- and having a high dielectric constant exhibit a single absorption band
'9 -mq ecular-weig e.e(.: rolyte §ys erns.. . of the triple degenerate vibratiory of the “spectroscopically

Solutions of complex lithium fluorides in dipolar aprotic and/  ge” [AsF]~ anion near 708706 cnr? depending on the origin

or macromo_lecular solvents_ are characterized by h|gh_ transportyf the solvent. The appearance of a high-frequency component

characteristics. They are widely used as electrolytes in lithium 4t 708-720 cnr? and a low-frequency shoulder near 680¢ém

cells and rechargeable lithium-ion batteri€sThe LiAsFs salt in the IR spectrum is generally acknowledged as an indication

presents a special interest among these compounds. Processes ihe formation of contact ion pairs tjAsFg) 3411 Different

(_)f ion solvation and association in electrolyte systems containing researchers uniquely relate the high-frequency component to

lithium hexafluoroarsenate have been dealt with in a number ;5 pairs Li*[AsFs] . However, opinions vary as to the680

of papers:™*? It was found that LiAsk dissolves thanks to the  ¢-1 hand, Some researchers attribute it to the combination of
formation of a donoracceptor bond between a lithium cation \5jence vibrationsvs + v6.811 One more opinion  exists.

and a donor atom of the coordinating group in the solvent. The Researchefd?noted that the octahedral anion [AsFmay have
coordination between solvent molecules and tations gives  three coordinations with the lithium cation:

rise to new absorption bands in their vibrational spettfaAt
the same time, the spectrum of the polyatomic anion fAsF
in the solution is almost insensitive to iemolecular inter-
actions and, therefore, effects of ieion interactions can be

1. The unidentate coordinationThe Li* ion is located at
the 4-fold axis of the [Ask}~ octahedron. Thus, it interacts only
with one fluorine atom.

2. The bidentate coordinationThe Li* ion is located at the

clearly geeﬁ: _ ) 2-fold axis of the [Ask]~ octahedron, which coincides with

The ylbratlonal spectrum of the anion [AGF in the Cs_,Aslg the bisector of the angle formed by the As atom and two nearest
crystalline salt has been described in ref 13. According to ref £ 510ms. In this case, theLtation interacts with the octahedron
13, the anion [Ask~ has the octahedral symmetry,.Qt via two fluorine atoms.

corresponds to three Raman vibrations(Ay) at 685 cn?,
vo(Eg) at 576 cnT! (double degenerate), amg(Tg) at 372 cni.
Also, there are two vibrations, which are active in the IR

3. The tridentate coordinatianThe Li* ion is located at the
3-fold axis of the [Ask]~ octahedron. Here the anion coupling
is realized via three fluorine atoms.
" . The semiempirical quantum-chemical calculatfoshowed
Correspondlng author. Tel+7 3432 616 780. Fax+7 3432 615 that two configurations of the ion pair LtiAsFg]~ corresponding
978. E-mail: Sergey.Popov@usu.ru. . . S . .
T Ural State University. to the bi- and tridentate coordinations of the cation by the anion
* Institute of High-Temperature Electrochemistry. are stable and energy equivalent. Considering these data,
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researchers?related the two absorption bands at ZJ20 and
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TABLE 1: Coordinates of Symmetry-Unique Atoms

680 cnr! to a contact ion pair and explained their appearance
by splitting of the triple degenerate vibratiors into two

coordinates

vibrations (A + E) after the symmetry of the anion in the ion
pair decreased t€s, (the tridentate coordination). However,
the author¥ and other researchers did not calculate vibrational
spectra of the anion [AsF in the contact ion pair having
different coordinations of the anion and the cation. Therefore,
the choice of the tridentate coordination seems to be insuf-
ficiently substantiated. Thus, the question of the spatial con-
figuration of ion pairs in LiAsk solutions and their manifes-
tations in vibrational spectra is still open.

Additional high-frequency components at 708L1 and 725
733 cnt?, which are observed experimentally in spectra of some
solutions (for example, acetone, tetrahydrofurane, ethyl acetate,
and diethyl ester) with high concentrations of LiAskvere
related to the formation of triple ions such as™i[AsF¢] Li .
However, the authofgdid not substantiate their interpretation.

The aforementioned information nearly exhausts the knowl-
edge about spectroscopic manifestations of the ion association
in LiIAsFg solutions. The literature does not report any data on
spectroscopic manifestations of ion aggregates, which are more
complicated than ion pairs or triple ions. Obviously, the available
data are insufficient for the unique identification of the
composition and the spatial structure of ion clusters formed in
electrolyte solutions containing LiAgFIn this connection, it
is necessary to perform a quantum-chemical study of the
structure and stability of different species of ion particles
comprising a Lt cation and a [As§l~ complex anion and
calculate their vibration spectra. The present study just deals
with these problems.

Computation Details

The objective of the study was to analyze the possibility of
formation of the following ion aggregates: ion pairg JAsFg] ;
two types of triple ions ([As§fLi T[AsF¢] ~ and LiT[AsF¢] ~Li™);
dimers (quadruple)Li "[AsFg] "} 2; trimers{ Li T[AsFg] "} 3; and
tetramers{ Li*[AsFs] " }4. Since the Li ion can be located
differently relative to the [As§}~ octahedror;12several possible

structure  symmetry
number group atom X Y 4
Il Ca, As 0 0 0
F 0.13 1.78 0
F 0.08 0.08 -—1.68
F 0.09 -1.66 0
Li 1.90 1.90 0
Il Cs, As 0 0 0
F 1.74 0.11 0.11
F —1.66 0.07 0.07
Li 1.43 1.43 143
Y, Don As 0 0 0
F 0 0 1.67
F 1.72 0.07 0
Li 1.96 1.96 0
\ Daq As 0 0 0
F 1.70 0.05 0.05
Li 1.51 1.51 1.51
VI Cu, As 0 0 2.83
F -1.17 0 1.53
F —-1.23 0 3.98
F 0 1.69 2.78
Li 0 0 0
X Daq As 1.55 1.55 1.55
F 3.23 1.51 1.51
F —0.18 1.47 1.47
Li 0 0 0
XV Con As 0.31 2.52 0
F —0.61 3.89 0
F 1.10 0.91 0
F 1.35 3.01 -121
F —0.70 1.76 1.21
Li 0 0 141
XV Dan As 3.89 0 0
F 3.78 0 1.68
F 2.59 1.21 0
F 5.02 1.23 0
Li —-2.97 0 0
XVI Dan As 4.79 0 0
F 121 3.49 0
F 5.91 1.24 0
F 4.67 0 1.68
Li 2.85 2.85 0

spatial configurations were considered for each type of ion equilibrium configurationfy;+ is the full energy of a free cation

aggregate.

The stability of an arbitrary l:i[AsFﬁ]; ion cluster was
determined by locating the minimum of the full energy of the
clusterE . - in the assigned symmetry group and calcu-
lating vibrational frequencies of a cluster with an equilibrium
(corresponding to the minimum of the full energy) structure. A
cluster was assumed to be stable if its equilibrium structure had
no imaginary vibrational frequencies, that is, all eigenvalues of
the Hessian of the cluster were not negative. The stability of
the ion cluster was determined only in terms of the Roothaan
Hartree-Fock (RHF) approximation on the assumption that
structures that are unstable according to these calculations will
also be unstable if correlation corrections MP2 are introduced.
Given in Table 1 for all unstable structures are Cartesian

e(w)=ew+z . ..
o, — o +iwly

fS

Li*, and Eligiasry; is the full energy of an ion aggregate in an
equilibrium configuration.
Optical properties of the solution containing the ion ag-
gregates under study can be described by the following

relationship for the dielectric constant:

)

wheres numbers the vibrational frequencies of the particles,
ws is the frequency of the corresponding vibratidnjs the
oscillator strength, andls is the line width in the vibrational
spectrum.

The “oscillator strength” means the value that is determined

coordinates of symmetry-nonequivalent atoms, which COr- yqether with vibrational frequencies via the dipole moment
respond to the minimum of the cluster energy. Coordinates of ey atives of the ion cluster from displacements of its atéié.

other atoms can be obtained by symmetry operations.

The formation energy of an ion aggregate containing
complex anions [As§f~ andm cations Li" can be determined
from

E=Eiasrg, — NEasrg- — ME;: (1)

The line width was not calculated. Tihg value was fixed at
30 cnt?! for all the spectra.
In this case, the absorptioNw) is proportional to

Ad0)0 —o Im(y e(w))

®3)

The calculation of the full energy of ion clusters (for determi-

whereEsrg- is the full energy of a free anion [AgF in the

nation of both the equilibrium structure and the Hessian matrix)
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TABLE 2: Vibrational Frequencies and Structure ‘
Parameters of the Complex Anion [Ask]~
As—F *
distance, A vi (A9 v2(Eg) vs(Te) va(Tw) va(Tw) Tau N
1.82 685 576 372 392 699 ® %‘ ;%]
17 746 608 403 442 763 261 $ ® @
1.7% 653F 555 359 39¢° 686 233 I‘l'

aExperimental data (ref 13%.Calculated values (RHF method).

| » o )
@ 9= o G

¢ Calculated values (RHF with MP2). '
( ) v o v ¥ VI . ®
‘ Figure 2. The possible structures of ionic triples'{AsFg] Li+.
® in good mutual agreement, a fact which points to correctness
? ® ] o of the calculation methods used.
.' _ lon Pairs Li"[AsFg]~. lon pairs can have three spatial
‘d_“ E "‘5 "‘ . ‘ﬁ » configurations corresponding to uni-, bi-, and tridentate coor-
' . dinations of Li* relative to the [Ask]~ octahedron (Figure 1
1 ® 1 9 1 e and Table 3). The calculation showed that the unidentate
Figure 1. The possible structures of ionic pairs[AsFe| . configuration | is unstable with respect to the movement of a

Li* ion corresponding to the transition to the bidentate config-
was made using the RHF nonempirical MO LCAO SCF uration (ll) or the tridentate configuration (l1l), which are stable
method“ and the PC GAMESS versidhof the GAMESS(US)  as follows from the calculation of the Hessian matrix (Table
package of quantum-chemical prograthiall the ion aggregates ~ 3).
were calculated using the same atomic basis GTO: 6-311G* Triple lons Lit[AsFg] "Li*. Three possible spatial structures

for AsY” TzV for F with three polarizingd functions (with (Figure 2) were considered for positive triple ions: both cations

exponents 5.12, 1.28 and 0.3%)and cc-pVDZ for Li*® Li* were unidentate, bidentate, or tridentate relative to the
[AsF¢]~ octahedron (the configurations IV, V, and VI in Table

Results and Discussion 3, respectively). In all these configurations, the lithium cations

hit a straight line passing through the As atoms. According to

Structure and Stability of Li ;[ASFB]; Aggregates in the the calculation, similarly to the ion pairs, the unidentate
Gaseous PhaseAnion [Askg] —. Calculated parameters of the configuration IV proved to be unstable with respect to the
structure and vibrational frequencies of the free octahedron movement of Li in the direction of the unstable bi- and
[AsFg]~ are given in Table 2 where they are compared with tridentate configurations V and VI.
the literature data for CsAgH3 Since Cg cations and [AsE ™ Triple lons [AsF] ~LiT[AsF¢] ~. One tridentate configuration
complex anions are bound much weaker in the crystal than in (X), two bidentate configurations (VIII and 1X), and one
the [Asks] ~ complex, this comparison is correct. The calculation unidentate configuration (VII) (Table 3) were considered for
of the optimal structure of the complex showed that the negative triple ions [Asgf~Li*[AsFs]~. The calculation showed
equilibrium state As'F, which was obtained using the RHF that the tridentate configuration X was stable. It could be
scheme, was 1.71 A. This value is smaller than the experimentalpictured as follows (Figure 3): the tiion and the As atoms
value (1.82 A3). If correlation corrections are introduced in  were located on a single axis, while the [A5F octahedrons
terms of the MP2 method, the equilibrium state equals 1.75 A, were turned such that the lithium cation was surrounded by an
which is closer to the experimental value. Vibrational frequen- octahedron of the nearest fluorine atoms. Of the two bidentate
cies of the [Ask]~ complex, which were calculated using the configurations studied, only configuration VIII proved to be
RHF method, proved to be a little higher than the observed stable (Figure 3): the lithium ion and the As atoms hit a single
frequencies (Table 2). Nevertheless, as seen from Table 2, thestraight line, which coincided with the 2-fold axis of the [A§F
characteristics of the calculated and experimental spectra areoctahedrons. Note that one [A§F octahedron can be obtained

TABLE 3: Structure and Formation Energy for the Li ;[ASFG]; lon Aggregates

Li* coordination formation  formation
with respectto structure symmetry Is structure Mas-e[] Was—i) [as—e] [Mas-i]  energy, energy (MP2),
associate type [AsFe]~ number  group stable? A A AMP2) AMP2) kJ/mol kJ/mol

Li*[AsFe] ™ monodentate | Cu no

bidentate Il Co yes 1.71 2.69 1.75 2.75 —591 —550

tridentate 1 Cs, yes 1.71 2.48 1.75 2.55 —597 —562
Lit[AsFg] Li™ monodentate \ Dan no

bidentate \% Dan yes 1.71 2.78 1.75 2.82 —735 —736

tridentate W Daq yes 171 2.61 1.75 2.66 -719 =727
[AsFe] Li*[AsFg]~ monodentate Vil Dan no

bidentate VIII Cu yes 171 2.83 1.75 2.86 —734 —748

bidentate IX Don no

tridentate X Dag yes 1.71 2.68 1.75 2.71 —747 —752
{Li*[AsFg]}2 bi- and tridentate Xl Caw no

monodentate Xl Dan no

tridentate Xl Ca no

bidenatate XV Con yes 1.71 2.90 —1267
{Li*[AsFg] }3 monodentate XV Dan yes 1.71 3.52 —1826

{Li*[AsFs] }4 monodentate XVI Dun yes 1.71 3.44 —2455
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Figure 3. The possible structures of ionic triples [A$FLi t[AsFe] .

from another octahedron by turning it around the axis connecting ' . ®
the As atoms and [t through the angler/2 and the parallel i :
shift along the turning axis. This case corresponds to the space a5 Pe o M
group C4,. Thus, the LI cation in structure VIII has the S . m
tetrahedral environment of the nearest fluorine atoms. i
It is remarkable that the first coordination sphere of the
lithium cation is saturated in the two stable configurations of .
triple ions [Ask] LiT[AsFg]~ (configurations VIII and X). e o 'Q\ »
Therefore, one may expect that particles having this structure ®© 4‘\
will not be involved in the doneracceptor interaction with the N ‘o
solvent molecules, that is, will not be solvated. ‘
Dimers (Quadruples]Li*[AsFg] "} 2. The calculation of the Xn
structure and the check of the stability of diméts[AsFg] "} 2
with a linear arrangement of the ions and the bi- and tridentate ® .
coordinations of the anions [AsF showed that a cluster of
the Lit[AsF¢] ~Lit[AsFg]~ type was unstable. This was caused M
probably by the saturation of ti-[AsFs]~ bonds in this | 0
configuration. - ® ®
In addition to the linear spatial configuration, three more
possible spatial configurations Xl, XIlI, and XIII (Table 3 and

Figure 4) were considered for the dimers. In all the dimers ® . ®
studied, both As atoms and four F atoms of each complex anion
[AsFe]~ lie in a single plane. One dimer differs from another ©
dimer by the relative orientation of the [AgF octahedrons.
€ . £

In one case, the anions [AgF are “parallel” one to the other s
(Figure 4, configuration XIlI), while in the other case they are

R
Y
®

turned throughr/2 (Figure 4, configuration Xl). These two E
configurations proved to be unstable. The third nonlinear ;
configuration (Figure 4, configuration XllI) was unstable also. Q- o

The relaxing of the symmetry of each of the nonlinear
configurations Xl, XllI, and XllII relative to unstable vibrations

brings all these clusters to a single common stable structure 0 D

with the bidentate coordination of lithium ions (Figure 4, '

configuration XIV). The straight lines connecting'Lions and X1y ®

As atoms in this structure are mutually perpendicular. In this Figure 4. The possible structures of ionic dimers (quadruples)
case, the octahedrons [A§F are located such that the A#&s {[AsF¢Li*}2.

axis is their 3-fold axis (). Moreover, the octahedrons are

rotated relative to one another through the angkround this unstable, these configurations were neglected in more complex

axis. Each Lf ion in this structure is surrounded by four F atoms ion aggregate$Li tT[AsFe] }3 and{Li "[AsFs] }4.

(two of them are bridge atoms belonging simultaneously to both  One nonlinear configuration corresponding to the unidentate

Li* ions), which form an octahedron with two vacant sites. Thus, coordination was considered for tri- and tetramers (Table 3). In

dimers{Li*[AsF¢] "} have the only stable configuration XIV  these configurations (Figure 5, configurations XV and XVI),

with the bidentate coordination of Liions corresponding to  one 2-fold axis of each octahedron [A$F intersects in a

the Con symmetry. common center and the axes lie in a single plane. One
Trimers{Li*[AsFg] "} 3 and Tetramerg LiT[AsF¢] ~}4. Since octahedron [Ask]~ can be obtained from another octahedron

the linear structure of the dimefd.i*[AsF¢]~}2 proved to be by turning it around the axis, which is perpendicular to the plane
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XV L] XV (] W
Figure 5. The possible structures of ionic trimefkit[AsFe] 7} 3 (left) and tetramer§Li*t[AsFs] "} 4 (right).

formed by the preferred 2-fold axes, through the angté32 curate values, but it is very awkward. Therefore, only several
for the trimer XV andx/2 for the tetramer XVI. Thus, in  structures (see Table 3) were calculated taking into account MP2
structures XV and XVI four F atoms of each octahedron [4sF correlation corrections.

lie in a single plane common for all the atoms:latoms are From Table 3, it is seen that dimefkit[AsFg] "}, trimers
located in the same plane. According to the calculation, these{Li*[AsFs]~}3, and tetramer§Li T[AsF¢] ~} 4 are most favorable
ring structures are quite stable. configurations from the energy viewpoint. However, if the total

From the calculation, it is seen (Table 3) that in almost all formation energy of an ion aggregate is referred to the number
the types of ion aggregates, except ring trimers and tetramers,of Li™—[AsF¢]~ “bonds”, the largest energy corresponds to
the unidentate coordination of thetLication relative to the bonds in ion pairs: it is2200 kJ/mol higher than in triple ions
[AsFg]~ octahedron leads to unstable spatial configurations. This and~280 kJ/mol larger than in trimers. The formation energy
situation can be explained qualitatively if one considers that of dimers, trimers, and tetramers can also be compared with
the Li* cation with the unidentate coordination in ion pairs and the formation energy of ion pairs if the formation energy of
triple ions neighbors on one fluorine atom only and a continuous {Li*[AsFg] }« is referred to the number of ion paiksin a
transition is available to more stable bi- and tridentate coordina- neutral aggregate. The comparison of these quantities shows
tions, when the L ion interacts with more fluorine atoms. In  that the formation of dimers provides the largest (40 kJ/mol)
ring trimers and tetramers, the'L¢ation is surrounded by two  energy gain. The energy gain from the formation of trimers and
F atoms and these particles do not have stable modificationstetramers is 20 kJ/mol.
with another coordination means. Thus, the cluster formation energy rises with the growing

The first coordination sphere of Lications is not saturated  number of particles in the ion aggregat%ﬂA’sFG];_ However,
in all stable configurations of the ion aggregates, except triple the analysis of experimental data should take into account that
ions [Askg] "Li*[AsFe]~ (structures VIII and X). It has vacant  the probability of formation of a particular aggregate depends
coordination sites, which can be occupied by solvent molecules. not only on the energy of ienion interactions but also on the

Formation Energies of Li [AsFg], lon Aggregates.The concentration fluctuations in the solution. Therefore, one should
energy of formation of an ion aggregate of individuat lions expect that different concentration intervals will correspond to
and [Ask]~ in the gaseous phase or, in other words, the energy different species of dominating ion particles.
of binding of complex anions [Asf~ and lithium cations was Vibrational Frequencies of lon Aggregates: IR Spectrum.

calculated from eq 1 using the RHF approximation. The energy Vibrational frequencies of stable clusters [AsFg], in the
of formation of ion aggregates was estimated for all the gaseous phase (Table 3) were calculated in terms of the RHF
structures at hand (configurations-XVI). Table 3 gives  method. The Hessian matrix was calculated analytically for all
formation energy values for stable configurations only. ion aggregates, except the dimer, the trimer, and the tetramer.
The correlation energy makes some contribution to the The calculated vibrational frequencies are given in Table 4.
formation energy. Correlation corrections were introduced in  The introduction of the lithium ion caused the following
the calculation made in terms of the MoHePlesset second-  qualitative changes in the IR spectrum of the complex ion
order perturbation theory (MP2).The binding energy was  [AsFg|: (1) the appearance of new lines related to Li
calculated taking into account MP2 correlation corrections so vibrations; (2) the appearance of new lines caused by the
as to determine the new structure of ion aggregates decrease in the local symmetry of the [AfFoctahedron; (3)
Li '[AsFg]. corresponding to the minimum of the full energy the shift of the lines of the complex anion [A§F, which was
with MP2 corrections, and then the structure of the free complex connected with the interaction betweentLvibrations and
anion [Ask]~ was optimized a second time. The overall [AsFg]~ vibrations.
accuracy of the calculation was evaluated by calculating MP4  The shift and splitting of odd vibrations of the anion [AFF
correction$® without optimization of the ion aggregate structure. \which are active in the IR spectrum, depend on frequencies
The maximum error, that is, the value of the correction MP2to connected with vibrations of the tication. The frequency of
the full energy of a complex anion [AsF was about 20 kJ/ these vibrations is determined by two factors, namely, the mass
mol. The correction to the full energy of complexes of the Li* cation and the strength of its interaction with other
Li-[AsF¢, had the same value. The minimum error, which atoms in ion aggregates. Since'ltias a small mass, positions
was estimated from the correction MP4 to the energy of a of the spectrum lines will considerably depend on the strength
complex anion [Ask]~, was about 0.3 kJ/mol. The calculation of the [AsR] —Li* bond. It should be expected that positions
of the formation energy of ion aggregate%ﬂAsFe];, which of Li* lines will be determined mainly by the coordination (uni-,
takes into account correlation corrections, provides more ac- bi-, or tridentate) of the cation.
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TABLE 4: Calculated Vibrational Frequencies for the

Stable lon Aggregates Li[AsFq], i {Li'[ASF I}, (XVI)
structure symmetry [
number  group frequencies, cm F LW S e PN P
Il Ca, A; 829731610578 459 375 269 L ' ' N _ i
A, 403206 i {LITASF I}, (XV)

By 827 440410 60 .
B, 821549 499 362 224 £ :
Il Ca, A: 840 711 528 488 393 " AN —a N
A, 240 ; .
E 826579 449 410 290 208 i {L [AsF ])L(XIV)
v Dan Ay, 776649484372 g
Big 400
By 420101 == E=S ot el - ‘AN
Bsy 602297
Awn 276 i LT
B 755 484 436 289 [ReF T LEASF] (%)
Baw 720468 278 170
Bs, 86944290 e e i =
Vi Dss Ay 768434392 ' : . ' ]
E, 643407 94 _ [ASF T LiTAsF ™ (Vi) |
Awn 221 3
Az 818510358
E. 77744229471 o

Vil Ca A, 796 737 621472 411 27578 ' '
A, 402267 i Li'TAsF JLi" (VI
B: 40326815 i [AsFILI (V)

B, 620571454 391 270 L
E 807 780 581 461 438 408 295 b

R Yo i ey
226 71 27 - 3 -
X Dag A1y 805744 476 407 76 r Li'TAsF s]_l-f V)
Ay 245 i
Ey; 783604 435404 273 39 [ .
A 246 14 E LN A A =
Az, 800 740522 430 399 ; : i
E, 791618449405 276 136 34 [ & F:
XIV Cm A, 838818712546 493 441 412 406 332 g EX[ARy] Q)
273124 98
B, 815603512 437 376 278 261 182 88 Y i N
A, 820599 464 425 289 272 257 84 49 k L !
B, 833824706577 541 461 441 405 384 [ & IR
274 213 57 . Li[AsFg] (1)
XV Dan A} 813756 630 450 381 268 238 56 L
Ab 798 695 485 414 254 36 i V. ¥ e
E 814 805 774 688 613 509 436 419 379 ' ' s ’
261 250 238 26 22 i [AsF ]
AY 405 265 [
A7 836436 403 89 33 25 [
E" 832431405 403 266 49 29 25 5 Al
XVI Dan A1y 810 755614 464 398 267 203 87 = - : - ~
Az 794668 503 419 257 46 200 400 600 800
Byy 810769 6775344143792448 o Cm"‘
By 804 604 440 303 239 30 29 1
E; 832434406403 266 73 26 19 :
Ay, 404 266 31 As partial DOS
Ay, 836442 404 90 67 gt
Bi, 406 267 61 20 P paxtial. DOS
B, 830431403288 : Li partial DOS
E, 808800761677 619518441 425 389 . : . . . "
283 252 227 36 30 Figure 6. The partial vibrational densities of states of stable ionic

associates.

New lines associated with the decrease in the anion symmetryC idering that i t . I ber of

may emerge for two reasons: removal of the inversion on the . onsidering that lon aggregates comprising a smail numoer o

As atom and splitting of the lines, which are active in the IR ions have little V|brat_|ona'l states, the density of states may be

spectrum of the undistorted free anion [AFF The first presented as Gaussians:

situation is not realized only in triple ions tJiAsFg] “Li*. The ] _ 5

IR spectra of all the other structures should contain additional Ze(lalk)e*(lalk) exp(—(o — wy)/o7)

lines whose frequencies approach those of the combination g(w) = “« 4)

scattering of the undistorted octahedron [4sF ' o
A group-theoretical analysis was performed to determine fo 9(@) dew

possible splittings of vibrations of the octahedron [4sF

resulting from the decrease in the octahedron symmetry afterwherei numbers the aggregate iomgv) is the total density of

the formation of ion aggregates. The analysis results are givenvibrational states (the integral in the denominator means

in Table 5. normalization of the densities to unity(ia|k) is the component
Partial densities of vibrational states were plotted (Figure 6) of the vibrational vector numberdd Thus, the partial density

to picture the distribution of vibrational degrees of freedom. of vibrational states for each ion species is the sum of densities
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TABLE 5: Results of Group Theory Analysis of [AsFg]~ Vibration Splitting Caused by Formation of Li ;[ASFG]; lon Associates

irreducible representations of [AgF complex

structure
number A = Ty Tau Tig T1u
1l Ar A1+ B Ar+Bi+ A A+ A+ B A>+B1+ By A1+ B+ B;
1] Ar E A+E A+E A+ E A+ E
\% Ag Ag+ Bag Ag+ Big+ Byg Ay + Biu+ Bay Bi1g+ Bog + Bsg B1y+ Boy+ Bay
\Y| Ag Ey Ag+ Ey A+ Ey 2g Ao+ Ey
VIl A1+ By Ai+B+E At+A+B+B+E A+A+B +B+E A+B+2E A+ B+ 2E
X Ag+ Az Eg+ Ey Ag+ A+ Eg+ Ey At Ay + Eg+ Ey A+ A+ Eg+ Ey Ag+An+Eg+Ey
XIV  Ag+ By Ag+Bg+ A+ By 280+ Bg+ A+ 2B, Ag+2Bg+2A+ By, Ag+2Bg+2A,+B,  2Ag+ By+ A+ 2B,
XV AL+ E AL+ Ay + 2F AL+ A+ A+ AL+ A+ A+ Ao+ A+ AT+ AL+ A+ A+
E' + 2E" 2E +E" E' + 2E" 2E' +E"
XVI Ag+Bigt+Euy Agt+Acgt+Big+ Ag+AtAu+Bigt Ag+A+Ay+Bygt AitAgtAr+But Ayt Aggt Ayt Byt
B:

2g+ Eu

Biy+ Bau+ 265 + Ey

Biy+ Bog + Eg + 2Ey

B2g+ Bou+ 2Eg + Ey

Bog + Bou+ Eg + 2E,

gi(w), wherei numbers fluorine ions for the partial density of determination of their spatial configuration. One should analyze
fluorine vibrations and As ions for the density of As vibrations. the whole frequency interval from 200 to 850 chrather than

The line width was arbitrarily taken as equal to 20énn limiting the analysis to a fragment of the spectrum near the
the calculation for all densities of vibrational states. From Figure
6, it is seen that vibrational frequencies associated with the Li
movement are not higher than the upper vibrational frequencies
of the F atom in nearly all the ion aggregates under study. Their
maximum corresponds to 700 cin

The vibrational frequency characterizes rigidity of ldation
binding in an ion aggregate. The higher the vibrational
frequency, the more rigid the bond. The presence of several
maxima of the density of vibrational states of lithium in Figure
6 corresponds to different spatial directions of vibrations. Their
different frequencies reflect different rigidity of bonds. An
examination of Figure 6 shows that thetL¢ation in the ion i
pair Il with the tridentate coordination is bound less rigidly R s g0 TR W4
than in the ion pair Il with the bidentate coordination? Iciations
proved to be most mobile in triple ions tfiAsFg] Li*
(configurations V and VI) and least mobile in triple ions _
[AsFg] ~Li T[AsFg] ~ (configurations VIII and X) where the first 5 . VRS k..
coordination sphere of the lithium cation is fully occupied with
fluorine atoms. Lithium ions may vibrate in several directions
in neutral ion aggregatgs.i "[AsFs] "} . Cations are bound more = o ]
rigidly in some directions (high-frequency maxima in Figure el SN, L T
6) and less rigidly in other directions (low-frequency maxima).
It may be thought therefore that lithium cations in neutral ion ; =
aggregates will be mobile in directions beyond the limits of RIS ]
their plane. This information may be useful for identification - ——
of mechanisms of the transport of lithium cations in real

{LITASF.}, (XVI)

{UTASFT}, (XV)

{Li'[ASF,] 1L(XIV)

[AsF JLI'ASF J(X)

Li'[AsFILI"(V)
electrolyte solutions.
From Table 2, it is seen that the calculated vibrational P i ;N
frequencies of the free anion [AgF are nearly 10% higher o S =
than the experimental frequenciéayhich is typical for RHF LiASF,] (1) %

calculations. One may assume therefore that the calculated oo j

vibrational frequencies of the ion aggregateg[BEF, are

slightly overestimated as compared with the experimental ' ) '

frequencies. Therefore, it is difficult to compare the calculated

absorption spectra in Table 4 with the experimental spectra. :
The correction factor of 0.92 was introduced, and the

spectrum lines were calculated from formula 3 for convenient

comparison of the calculated IR spectra of stable ion aggregates

and the experimental spectra. Since the line widthsvere

unknown, they were arbitrarily taken as equal to 30 &rfior

all the lines. The IR spectra, which were calculated for all stable 200 400

ion aggregates after the aforementioned transformations, are o, cm’

shown in Figure 7. To render the analysis of the experimental

data convenient, Figure 7 presents the spectrum of the free anion free ion cluster

[AsFe]~. From this figure, it is seen that each type of ion ion cluster solvated in acetone

aggregates gives its own specific IR spectrum in the gaseousrigure 7. The calculated IR spectra of free anion [AFand stable

phase and, therefore, the IR spectroscopic method can be usedssociates [j/AsF,. (The frequencies for this figure were multi-
in principle for identification of ion particles in solutions and plied by a factor of 0.92.)

[AsF]

600 800
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absorption band at 700 crh which has been a common practice the octahedral anion, triple ions [AgFLi*[AsFs]~ and
so fard46-11 LiT[AsFg] ~Li ™ with the bi- or tridentate coordination, dimers
The spectra of all stable particles (configurations II, lll, V, {Li*[AsFg]}2 with the bidentate coordination, and ion trimers
VI, VIII, X, and XIV), except the trimer (configuration XV) {Li"[AsFg] }3 and tetramerq Li*[AsFg] " }4 in the form of
and the tetramer (configuration XVI) were calculated to analyze symmetric ring structures having the unidentate coordination.
how the solvent affects the shape of the IR spectra of the ion The formation energy of the clusteEs;. aqr- rises as the
aggregates. The model of a continuous polarized mefiwas number of aggregate ions grows. The differénce between the
used for the calculations. Therefore, it was possible not to presetenergies of stable bi- and tridentate configurations of a single
the spatial configuration of the solvated ion aggregate and species of ion particles is insignificant, and these configurations
disregard the geometry of solvent molecules. The solvents werecan be formed equiprobably.
acetone, ethanol, and nitromethane, which have nearly equal The calculations of the frequency and the intensity of IR
dielectric constants (20.5, 24.3, and 38.6, respectiQelys well absorption bands of ion clusters showed that each stable ion
as tetrahydrofuranes (= 7.49). The calculations showed that particle has a special spectral pattern over the interval of200
the spectra of the particles in the solution differed slightly from 850 cnt. Therefore, the ion clusters are rendered spectroscopi-
the corresponding spectra in the gaseous phase. However, eacbally discernible. The calculated spectra may serve as a basis
particle had its own inherent shape of the spectrum. The effectfor identification of the composition and the structure of ion
of the solvent led to a monotonic shift of (polar) vibrations, aggregates during experimental studies of particular electrolyte
which were active in the IR spectra, to the low-frequency region. systems.
The shift value depended on the polarity of the medium. In the
case of solvents with similar characteristics (acetone, ethanol, Acknowledgment. The present study was supported by
and nitromethane), the shift value was the same and theRFBR (Project No. 03-03-32287) and CRDF (No. REC-005 EK-
calculated spectra were almost identical. Figure 7 presents005-x1).

spectra of the ion aggregates Il, lll, V, VI, VIII, X, and XIV in
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