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Ultrasonic velocity at 1.92 MHz has been measured precisely in 1,2-dimethoxyethane (DME), acetonitrile
(AN), and propylene carbonate (PC) solutions of lithium tetrafluoroborate (LiBF4) and in DME solution of
lithium hexafluoroarsenate (LiAsFg) at 25 °C. The molar relative sound velocity for the LiBF4 solution has
been found to show a clear inflection in the DME solution at 0.01 moldm™2 and in the AN one at 0.02 moldm 3
concentration though such an inflection has not been found in PC solution. The inflection for DME solution
of LiAsFs is found near 0.0013 moldm™3. These sound velocity inflection points are believed to be due to
formation of triple ions or dimers (quadrupoles) in solvents of low dielectric constants.

Ultrasonic absorption coefficients in DME solutions of LiAsFg and LiBF4 have been measured in the fre-
quency range from 8.5 to 220 MHz by a pulse method as a function of their concentration. A single relaxational
absorption has been observed in both solutions. In DME solution of LiBF4, the observed relaxational absorption
mechanism has been attributed to the dimerization reaction, as reported by Maaser et al. (J. Phys. Chem., 88,
5100 (1984)). Our determination of the rate and thermodynamic constants, however, has taken into account
the presence of triple ions.

The results in LiAsFs solutions are compared to those reported by Farber et al. (J. Phys. Chem., 87, 3515
(1983)) in the concentration range higher than 0.1 moldm™3. At concentrations lower than that, however, a
phenomenon with a concentration dependent relaxation frequency has been found. From a consideration of
various reaction models, it has been concluded that the relaxation is associated with formation of triple ions in
solution. The rate and thermodynamic parameters have been determined from the concentration dependence
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of the relaxation frequency and the maximum absorption per wavelength.

The solution properties of lithium salts in nonaque-
ous solvents have been widely investigated by vari-
ous methods.? Ultrasonic absorption and velocity may
provide useful information concerning the dynamical
properties (relaxations) and the structural changes
(compressibility) in such solutions. The ultrasonic
methods are also used to study the solution character-
istics of lithium salts in various solvents.? Depending
upon the sizes of the anions and the characteristics of
the solvents, it is believed that ion pairs, triple ions and
the quadrupoles (dimers) may be formed in their solu-
tions. Information concerning the dynamical properties
of lithium salts is very important because such informa-
tion may be closely related to the transport mechanisms
of electrically conductive species. Farber et al.®) re-
ported that the ultrasonic relaxation of LiAsFg in DME
is associated with the solvation process and Maaser et
al. showed that the relaxation of LiBFy in the same
solvent is due to the dimerization process. Because of
these apparent differences in the behavior of the two so-
lutions, we wished to reexamine whether the ultrasonic
relaxations observed in solutions of LiBF4 and LiAsFg
in the pulse frequency range reflect the processes asso-
ciated with solvation or dimerization in the particular
solvent. Also, we expect that the solution compress-
ibility may be altered if higher order aggregates, such
as triple ions or quadrupoles, are formed in these solu-
tions. In the present study, the solution characteristics
of some lithium salts in solvents with low dielectric con-
stant are reconsidered by measuring the sound absorp-

tion and sound velocity.

Experimental

Chemicals: LiBF4 (lithium tetrafluoroborate) and
LiAsFg (lithium hexafluoroarsenate) were purchased from
Morita Kagaku Co., Ltd., and were the purest grades com-
mercially available. These salts were dried under reduced
pressure at 50—80 °C. DME (1,2-dimethoxyethane), AN
(acetonitrile), and PC (propylene carbonate) were pur-
chased from Wako Pure Chemical Co., Ltd. and were dried
through molecular sieves, then distilled.

Apparatus: Ultrasonic velocity measurements were
carried out by a sing-around meter at 1.92 MHz. This equip-
ment provides an accurate relative value of the sound veloc-
ity of the solvent (£5 cms™ '), though the absolute value
is not as well determined (£50 cms™!). Ultrasonic absorp-
tion coefficients were measured by a pulse method in the
frequency range from 8.5 to 220 MHz, the details of which
are described elsewhere.?’ The ultrasonic cells, which were
tightly isolated from air by circulating dry N» gas, were im-
mersed in a water bath maintained at a constant tempera-
ture with an accuracy better than +0.003 °C. All measure-
ments were carried out at 25 °C.

Results and Discussion

The sound velocity, v, in DME solutions of LiBF,4 and
LiAsFg appears to increase gradually with increasing
salt concentration. The difference of the sound veloc-
ity from that of solvent, vy, divided by the analytical
concentration, Cy, Va=(v—1p)/Co, may indicate the
presence of structural changes in solution.®) The plots
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of V4 vs. the concentration are shown for LiBF, solu-
tions in three solvents in Fig. 1. In DME (dielectric
constant=>5.5) an inflection is found at 0.01 moldm™3
and in AN (DK=36) it is observed at 0.02 moldm™3.
However, in PC (DK=65) solution, the inflection could
hardly be observed. These results indicate that the po-
sition of the inflection concentration increases with the
solvent dielectric constant.

Barthel et al.” have reported that the concentration
dependence of the molar conductivity for DME solu-
tion of LiBF, indicates a minimum at around 0.015
moldm—2 (0.018 mol kg=!), at a concentration that
is slightly higher than the inflection concentration ob-
served by sound velocity. The dependence of the molar
conductivity in DME on LiAsFg concentration was re-
ported by Maaser et al.¥ at concentration lower than
0.09 moldm™3. We have measured it to a concentra-
tion of 0.21 moldm™3 and the results are very similar
to those reported in ref. 4 in the lower concentration
range.®) The sound velocity was also measured in DME
solution of LiAsFg. For sake of comparison, the dif-
ference of the molar sound velocity is shown in Fig. 2
along with that of LiBF4. The inflection concentration
is found at 0.0013 mol dm—2 for the LiAsF¢ solution. It
is likely that the characteristic properties of the DME
solutions may change at the concentrations where the
difference of the molar sound velocity shows the inflec-
tion. One possible explanation for these observations
is that the nature of the chemical species has changed
from single ions and their pairs to triple ions, dimers or
higher aggregates in these solutions.

From the results of sound velocity measurements, it
may be concluded that it is difficult for lithium salts to
form higher aggregates with increasing solvent dielec-
tric constant. Also, depending upon the size of the an-
ion, the inflection concentration may be altered. That
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Fig. 1.  Concentration dependence of the relative

sound velocity per mole for LiBFy4 in solvents with
different dielectric constant at 25 °C. O:in DME;
©:in AN; @:in PC.
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Fig. 2. Concentration dependence of the relative

sound velocity per mole for DME solution of LiAsFs
and LiBF4 at 25 °C. @:LiAsF¢ solution; O:LiBF4
solution.

is, the formation of the aggregate is also controlled by
the structure of the counter ion. However, it is certain
that these sound velocity inflection phenomena reflect a
change in the adiabatic compressibility of the solution,
ks, according to the well known Laplace equation, k5=
1/(pv?), where p is the solution density. The solution
density changes gradually with solute concentration.”

The ultrasonic absorption coefficients divided by the
square of the measurement frequency, a/f?’s, were fre-
quency independent in DME solvent per se, in DME
solutions of LiBF4 at concentration lower than 0.05
moldm~3, and in those of LiBF4 lower than 0.005
mol dm ™3, while they are frequency dependent at higher
than those listed concentrations. That is, the relax-
ational absorption was only observed in the concentra-
tion range where the higher aggregates are believed to
coexist in the solutions according to conductivity and
sound velocity experiments. In order to analyze the fre-
quency dependence of the absorption coefficients, the
following Debye-type single relaxational equation is ap-
plicable:

af/f? = A/{1+ (f/f)} + B, (1)

where A is the amplitude of the ultrasonic relaxation,
f: the relaxation frequency and B the background ab-
sorption. The three ultrasonic parameters, A, B, and
fr, were determined so as to obtain the best fit of the
experimental data to Eq. 1, using a nonlinear least-
mean square computer program. The ultrasonic pa-
rameters so calculated are listed along with the sound
velocity data in Table 1. Figures 3 and 4 show some
representative absorption spectra for DME solutions of
LiBF4 and LiAsFg, respectively. The solid lines indicate
the calculated values and it is seen that the agreement
between the experimental and calculated values is ex-
cellent. These results demonstrate that a single re-
laxational absorption is observed in solutions of both
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Table 1. Ultrasonic Parameters for DME Solutions
of LiBF4 and LiAsFg at 25 °C

Concn fr A B c
MHz 107 ¥ m1s? ms™}
LiBF4
0.000 — — 30.8 1165.1

0.050 51+7 227 33.0£0.3 1168.6
0.060 2214 34+8 35.24+0.2 1169.0
0.080 27+3 2142 34.7+£0.4 1170.0
0.090 4843 19+£1 33.3+0.2 1170.5
0.100 4914 33+2 37.44+0.3 1171.1
0.110 38+3 25+2 35.440.2 1171.5
0.120 40+6 315 34.8+0.4 1172.0
0.150 71+8 372 29.0+3.0 1173.4
0.160 6614 25+1 42.1+0.3 1173.9
0.170 8710 352 38.0+2.0 1174.3
0.200 94+4 49+1 42.94+0.6 1175.8
0.300 130+£18 4312 35.0+3.0 1180.6
0.350 132+11 56+2 34.0+2.0 1183.0
0.400 1267 38+1 49.5+1.0 1185.5
0.450 123+4 501 48.6+0.6 1186.9
0.470 151+13 5612 43.0+3.0 1189.0
0.500 138+10 5412 50.0+2.0 1190.3
LiAsFs
0.005 56+3 13+1 29.8+0.1 1165.4
0.006 48+4 15+1 30.3+0.1 1165.5
0.007 55%8 15+2 30.2+0.3 1165.7
0.008 48+1 15+1 32.6+0.1 1165.8
0.010 58+3 19+£2 32.1+0.2 1165.8
0.060 72£3 5412 38.3+0.5 1169.6
0.070 T1+£2 53%1 44.3+0.4 1170.2
0.300 88+13 5916 54.0+2.0 1184.7
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Fig. 3. Representative ultrasonic absorption spectra
in DME solutions of LiBF4 at 25 °C. @:0.090
moldm™2; 0:0.15 moldm™3; ®:0.35 mol dm™3.

LiBF4 and LiAsFg. The complete sets of a/f? values
at various concentrations of salts are available on re-
quest from one of the authors (S.N.). Figures 5 and 6
show the concentration dependencies of the relaxation
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Fig. 4. Representative ultrasonic absorption spectra
in DME solutions of LiAsFe at 25 °C. @:0.005
moldm™?; @:0.030 moldm™%; 0:0.060 moldm™3;
®:0.10 moldm™>.
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Fig. 5. Concentration dependence of the relaxation

frequency.

®:present data for LiAsFs solution;

@:those by Farber et al. for LiAsFg¢ solutions;
© :present data for LiBF4 solution; ®:those by
Maaser et al. for LiBF4 solution.

frequency and the amplitude of the ultrasonic relax-
ation, respectively. The results reported by Farber et
al.?) and Maaser et al.*) in DME solutions of LiAsFg
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Fig. 6. Concentration dependence of the amplitude
of the ultrasonic relaxation. @:present data for
LiAsF¢ solution; @ : those by Farber et al. for LiAsFs.
Their data at more than 0.3 moldm™2 are off this
scale; ©:present data for LiBF4 solution; ®:those
by Maaser et al. for LiBFy.

and LiBF, are also shown in the figures for compari-
son. The facts that the similar ultrasonic absorption
results are obtained in a similar concentration range
may indicate that the salt solutions used in this study
are fully applicable to the ultrasonic study. The source
of the relaxation in LiAsFg solution was attributed to
a unimolecular reaction associated with the solvation
process, since the observed relaxation frequency was re-
ported to be independent of the concentration.® How-
ever, our new finding is the result that the observed
relaxation frequency does depend on the concentration
at the lower LiAsFg concentrations.

In order to clarify the absorption mechanisms, it is
very important to determine the nature of the chemi-
cal species present in the solutions. It may be certain
that the higher aggregates exist in the lithium salt so-
lutions of which solvents have low dielectric constant.
In consistent with previous studies carried out by other
investigators,®% we also assume the following equilib-
ria.

I 11
k12 k23
M* 4L~ = ML 5 MML"(or MLL"),

ko1 k32
Mt (or L7)
111
k34
OML = (ML)a, )
ka3
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where MT and L~ are the cation and anion, ML the
ion pair, MML* or MLL™ the triple ion and (ML),
the quadrupole (dimer). We define the ion pair for-
mation constant, K,, as K,=[ML]/[M][L], the triple
ion formation constant, Kt, as Kr=[MML]/[M]ML]=
[MLL]/[L][ML] and the dimer formation constant,Kg,
as Kq=[(ML)2]/[ML]2. The analytical concentration
of the lithium salts is then expressed by retaining the
symmetrical approximation for triple ions as

Co = [ML]"2K;'/? + ML)
+3K. K7 P IML*? + 2K4[ML]*. 3)

For the solution of LiBF,, the equilibrium constants for
the individual steps can be estimated from conductiv-
ity data.®) They are K,=1.2x10"7 mol~! dm3, K1=50
mol~! dm?, and K,=2 mol~! dm?®. From these data one
can calculate numerically the ion pair concentration,
[ML], at each analytical salt concentration. This was
performed on a computer (NEC PC-9801). Once the
ion pair concentration is determined, the concentration
of other chemical species can also be calculated. As the
concentration of the ions in LiBF,4 solution is too small
(less than 10~* moldm™3), the ion pair formation proc-
ess (process I in Eq. 2) may be ruled out as the cause
of the observed relaxational absorption. If the second
step (II) is associated with the observed ultrasonic re-
laxation, then the relationship between the relaxation
frequency and the concentration, and the maximum ab-
sorption per wavelength is given by

2nfe = ki2((M] + [ML]) + ko1, (4)
fimax = 0.5Afrc = (AV)?/(2ksRT)T, (5)
I = (1/[M]+1/[ML] + 1/[MML]) ™",

where AV is the volume change of the reaction, R the
gas constant and T the absolute temperature. The
plots of f; vs. ([M]+][ML]) provide a reasonable straight
line from which the rate constants of the order of 10%
mol ' dm®s~! and 10® s7! can be deduced. However,
the calculated volume change for the reaction is 180
cm? mol~! which is implausible even if the presence of
another triple ion formation process, L”+ML=MLL,
is taken into account. This suggests that the second
step in Eq. 2 is not the cause of the observed relax-
ation. Next, the intervention of a dimerization process
is tested with the following:

27Tfr = 4k‘34[ML] + k437 (6)
fmax = T(AV)?/(26sRT)T, (7
I' = Kq[ML]?/(1 4+ 4K4[ML)).

The calculated rate constants from the plots of f
vs. the ion pair concentration are ksq=(7.940.5)x10%
mol~!dm3s~! and ky3=(7.5+£3.1)x10" s=!. The ra-
tio, k34/ ka3, is (10+4) mol~! dm3, which can be consid-
ered similar in magnitude to the dimer formation con-
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stant, Kg, used for calculating the distribution of chem-
ical species in Eq. 2. The above forward and reverse
rate constants are slightly larger than those reported by
others.®) This might be due to their use of the approx-
imation that the analytical concentration is similar to
the ion pair concentration. Further, the volume change
of the reaction was determined from plots of ppmax Vvs.
nt/(2ks RT)I" using Eq. 7 as (10.840.7) cm®mol™!, a
reasonable value.

Next, we turn to an analysis of the relaxation ob-
served in LiAsF¢ solution. According to the conductiv-
ity experiments, it was concluded that formation of the
dimer is rare. Therefore, we neglect the fourth term
on the right hand side of Eq. 3. The ion formation
constant, K, =1.03x10% mol~! dm3, and the triple ion
formation constant, K1=28 mol~! dm? are used in this
solution.® The ion pair concentration was calculated at
each analytical concentration of salt, and the concen-
trations of the single and triple ions were also deduced.
The ion pair formation constant is not very large, there-
fore the possibility of ion pair formation as the cause of
the relaxation cannot be excluded. The plots of the ob-
served relaxation frequency, f;, vs. vY2[M] gave the rate
constants, k12 and kp;, from the slope and the inter-
cept, respectively, assuming that the relaxation is due to
ion pair formation. However, the calculated value, k2,
is 7x10'° mol~!dm3s~!, which is unreasonably large.
Also, the volume change of the reaction was calculated
to be 65 cm3mol~!. These calculations indicate that
the cause of the observed relaxation is unlikely to be
the ion pair formation process. Farber et al.® reported
that the observed relaxation can be attributed to the
solvation and desolvation process of the ion pair, since
their experimental results showed that the relaxation
frequency is independent of the concentration. How-
ever, our results show that the relaxation frequency is
indeed concentration dependent in the low concentra-
tion range, as seen in Table 1 and in Fig. 5. Therefore,
the solvation process might be couple to the ion pair
formation process. Under these conditions, step I in
Eq. 2 takes on a more complex form:

k12 12
Mt +L- = M(S)L = ML, 8)
ko1 ks,

where M(S)L is the solvent separated ion pair. If the
observed relaxation is associated with coupling of the
first and the second processes in Eq. 8. The expression
for the relaxation frequency is given by:

2nfe = k1p2K129°[M]/(1 + 2K127°[M]) + kb1, (9)

where K, is defined as K12=*k12/k21 and v the activity
coefficient calculated from the Debye equation. The
concentration of the ion pair, ML, is very low com-
pared with that of the solvent separated ion pair, M-
(S)L. Therefore, K12 can be approximated to equal to
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the association constant, K,. However, the plots of f;
vs. 2K,72[M]/(14+2K,~v*[M]) provided a negative inter-
cept and unreliable rate constants. Therefore, we have
to rule out this mechanism as the cause of the relax-
ational absorption. The only mechanism remaining for
consideration is the formation of triple ions. The con-
centration of ion pair, including the solvent separated
ion pairs, is not very small compared to that in LiBF,
solutions and the sound velocity and the conductivity
data indicate the existence of triple ions. Figure 7 shows
the plots of f; vs. ([M]+[ML]) according to Eq. 4. The
rate constants are ko3 =(8+1)x10® mol~!dm®s~! and
k3o=(3.540.2)x 108 s~1. The ratio of the rate constants,
ko3 / k32, is about 2 mol~! dm3 with a quite significant
error. Therefore, it is believed that this ratio may be
close to the triple ion formation constant, K, used for
the calculation of the concentration of various chemical
species. Further, the volume change of the reaction was
calculated from Eq. 5 using the same procedure as for
LiBF,. The plots of pimax vs. /(2ksRT)I" are shown
in Fig. 8 and the slope provided A V=5345 cm3dm™1.
The fact that the line does not pass through the origin
may indicate that the observed relaxation is not only
due to volume relaxation but also to thermal relaxation.
That is, the volume change in Eq. 5 should be expressed
precisely as AV=AV,e—ap,AH/pC,, where AV, is
the real volume change of the reaction, a;, the thermal
expansion coefficient, AH the enthalpy change and C,
the specific heat at constant pressure. Therefore, the
volume change given above may be overestimated if we
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Fig. 7. Plots of the relaxation frequency vs. the con-
centration of single ions and ion pairs for DME solu-
tion of LiAsFe at 25 °C. O:present data; @ :those
by Farber et al.
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length, pmax vs. m/(2ksRT)I" for DME solution of
LiAsF¢ at 25 °C. O: present data; @ : those by Farber
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take into account of the thermal relaxational term. It
is not possible at this stage to analyze quantitatively
how much the thermal relaxation contributes to the ab-
sorption because of lacks of other thermodynamic pa-
rameters, i.e., ap, AH and C,. There may be other two
reasons for such a large volume change. One is associ-
ated with the structure of the triple ion. We have as-
sumed that the triple ion formation processes are iden-
tical, even though there may exist two forms of triple,
MML and MLL. These two processes are considered to
superimpose in the same frequency range. It is impos-
sible to differentiate between them at this stage. The
second reason for the large AV may be that the ma-
jor species among the ion pairs are those separated by
a solvent molecule. This is consistent with the model
proposed by Firman et al.?

In summary, the observed behavior of the sound ve-
locity reflects the change of the solution characteristics
of lithium salts in low dielectric solvents. Depending
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upon the size of the counter anion for lithium and the
dielectric constant, the concentration where the molar
relative sound velocity exhibits inflection may change.
Therefore, it is possible to estimate from the sound ve-
locity measurement how the solution structure is being
changed.

The ultrasonic relaxations observed in DME solutions
of LiBF, and LiAsFg have been attributed to the for-
mation of dimers and of triple ions. We speculate that
these results are mainly due to the magnitudes of the
ion pair formation constant, K,, the triple ion forma-
tion constant, K, and the dimer formation constant,
K,. The concentration of triple ions for LiBF4 solutions
(2x1073—1.3x10~* moldm™3) is one order of magni-
tude lower than that for the LiAsFg solution at each
analytical salt concentration. This is because of the
large difference of their ion pair formation constants
and because of the formation of the dimer of LiBFy.
In LiAsFg solution, the dimer is not formed and the
related relaxation is not observed. Even if the rate con-
stants for triple ion formation of LiBF,; might be sim-
ilar to those for formation of triple ions from LiAsFg,
the relaxational amplitude would be very small and the
relaxation frequency would appear at frequency range
lower than that used in this study.
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