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Conductance data for Ets4NBr, Et4NBF4, BusNBr, BusNBF4 in acetonitrile for the molar concentration range
of 2:10*-1-10 mol-dm™ over the temperature range from 5 to 55 °C are reported. Limiting molar conduc-
tivities and ion association constants were determined by using the Lee-Wheaton equation for the symmet-
rical electrolytes. On the basis of the preliminary conductometric data analysis it was established that the
closest approach parameter is almost independent from the temperature for all studied acetonitrile solutions.
Therefore, the closest approach parameter was adopted as a sum of cation and anion radii for further con-
ductometric data treatment.

The limiting conductivities of Br’, BF4, EtsN" and BusN" ions and the structure-dynamic parameter of ion-
molecular interaction obtained from the experimental data on limiting molar conductivities were evaluated in
the framework of the approach proposed by authors [Kalugin O. N., Vjunnik I. N. Limiting ion conductance
and dynamic structure of the solvent in electrolyte solution. Zh. Khim. Fiz. (Rus.) 1991, 10 708-714]. Elonga-
tion of the alkyl radical of the tetraalkylammonium cation from Et4N* to BusN* leads to a significant increase
in the structure-dynamic parameter, which indicates the dynamic structuring of the solvent near the tetrabu-
tylammonium ion and increased solvophobic solvation of the BusN* compared to Et4N".

lon association constants are discussed in terms of competition between Coulomb and non-Coulomb forces
in terms of short-range square-mound potential. An increase in the ion association constants in the sequence
BusNBFs<EtsNBF4<BusNBr<Et4NBr was explained by the increase in the contribution of short-range ion-
molecular interactions to the interionic attraction in addition to the electrostatic component. An increase in tem-
perature enhances the ionic association due to both the electrostatic and short-range components.

Keywords: tetraethylammonium bromide, tetrabutylammonium bromide, tetraethylammonium tetra-
fluoroborate, tetrabutylammonium tetrafluoroborate, acetonitrile, electrical conductivity, ion association con-
stant, limiting molar conductivity, square-mound interionic potential, ion solvation microdynamics.

Introduction

Non-aqueous electrolyte solutions are widely used in electrochemical energy storage devices, such
as supercapacitors (SCs) with porous nano-carbon electrodes [1]. Non-aqueous solutions of tetraal-
kylammonium salt-based electrolytes were used to test samples of porous carbon electrodes in SCs
[2]. On one hand, non-aqueous solutions of tetraalkylammonium salts have a broader operating current
range [3] and a wider operating temperature range, compared to water electrolyte solutions [4-5]. On
the other hand, non-aqueous solutions of tetraalkylammonium salts have even greater ionic conductiv-
ity than ionic liquids [6-7]. It was also shown that electrical conductivity of symmetrical tetraal-
kylammonium salts in acetonitrile is greater compared to the corresponding solutions in propylene
carbonate, y-butyrolactone and dimethylformamide [8]. Moreover, a unique combination of dielectric
permittivity, viscosity and solubility in acetonitrile of both solid and liquid electrolytes and ionic liq-
uids (ILs) have caused an extensive use of acetonitrile in electrochemical practice.

Electrolytes for SCs have to satisfy a set of requirements that determine technical and operational
characteristics of the electrochemical device: a broad temperature interval of the liquid state, high elec-
trochemical stability and non-hygroscopicity [9]. However, high electrical conductivity of solvent-
electrolyte system still remains the property of paramount importance.

A literature review shows that the data on electrical conductivity adequately cover many 1-1 elec-
trolytes in acetonitrile, including tetraalkylammonium salts [10-13]. Unfortunately, in most of them
either only data at 298.15 K is given, or is interpreted not deep enough. In the same time, conductome-
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try, as a method of analysis, allows to obtain precious information about ion-ion and ion-molecular
environment, electrolyte association constant and quantitative characteristics of ionic solvation. As a
result, using conductometry it becomes possible to investigate regularities in the influence of composi-
tion and nature of electrolyte solution components on its macroscopic properties.

Giving the fact that solutions of Et;NBF, are considered as model electrolyte solutions for SCs
[14], within this research we focused on studying the influence of the temperature on the electrical
conductivity of tetraalkylammonium salts RyNX (R = Bu, Et; X = BF,, Br) in acetonitrile. Exceptional
attention was paid to quantitative characteristics of ion-ion and ion-molecular interactions when inter-
preting obtained conductometric data. This data is important not only for systematization of already
available data but also to formulate new approaches to optimize properties of electrolyte solutions for
SCs.

Experimental Section

Materials. Tetrabutylammonium tetrafluoroborate was synthesized by the reaction:
Bu,NOH + HBF, — Bu,NBE, + H,O

An excess of tetrafluoroboric acid (up to pH=5) was added to the water solution of tetrabutylam-
monium hydroxide (0=40%). Precipitated needle crystals were filtered on a glass filter and rinsed by
double-distilled water until the filtrate had pH=7. Obtained salt was recrystallized 2 times from ben-
zene with the addition of octane.

Tetrabutylammonium bromide (Sigma-Aldrich, 99% purity) and tetraethylammonium tetra-
fluoroborate (Sigma-Aldrich, 98% purity) were recrystallized 2 times from benzene with the addition
of hexane and acetone respectively. Tetraethylammonium bromide was recrystallized 3 times from the
waterless ethanol.

Purified salts were dried under vacuum at room temperature for 24h. Needle crystals were then
ground down in the agate mortar and re-dried under vacuum at 55-65°C to the constant weight
(0m<0.005%). Dried salts were stored in the glass weighting bottles in the desiccator dehydrated with
PZOS.

Acetonitrile, previously withstood over dry potassium permanganate, was distilled, collecting the
2™ fraction of the solvent. Collected acetonitrile was distilled 4 more times over P,Oy, in order to re-
move remaining water [15]. In order to remove polyphosphoric acids acetonitrile was boiled with cal-
cined potassium carbonate for 90 minutes. Trace quantities of water were removed by storing acetoni-
trile over calcium hydride for 12h followed by the distillation. The purity of acetonitrile was controlled
by specific electrical conductivity (1.1-2.5-10® S cm™ at 25°C).

Measurements. Initial concentrated solutions for conductometric study were prepared from the
solid salt. The rest of the solutions were prepared by diluting the concentrated solution by mass taking
into account Archimedes force correction. Molar concentrations of solutions prepared were calculated
by the equation (1).

¢, =m;-d(T) (1
where d,(T') is the density of a solution at a given temperature, m is the concentration of a solution,
expressed in moles per kg of the solution (malonity). d,(7') was found by the equation (2)

d(T)=d,(T)+ Bm 2)
where d, is the density of a pure solvent, B is the density concentration coefficient.

Experimental densities of the solutions of BuyNBF,, BuyNBr and Et;NBF, in acetonitrile were ob-
tained for the concentration range of 0-1 mol kg™ and fitted by equation (2).

The permanence of B coefficient was observed for all solutions studied in the temperature range of
25-55°C. Therefore, 0.072, 0.084 and 0.066 kg (mol dm’)" values of B coefficient were used for
BuyNBF,, BuyNBr and Et4NBF, respectively. The value of B = 0.070 kg (mol dm3)'1 for Et;NBr in
acetonitrile was taken from the literature [16].

The electrical resistance of solutions was measured at 5, 15, 25, 35, 45 and 55 °C in four double-
electrode conductometric cells using P5083 and Gwinstek LCR-821 AC bridges. Conductometric cells
were previously calibrated against potassium chloride solutions. When measuring the resistance of
solutions, conductometric cells were thermostated with the accuracy of £0.02°C for 20 minutes before
taking the measurements.
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Obtained values of the solutions’ resistance were used to derive specific (k, S cm™) and molar
(A, S cm® mol™) electrical conductivities. Specific and molar electrical conductivities were calculated
taking into account the conductivity of a pure acetonitrile. Obtained primary data is given in Appendix A.

Data Treatment

A joint approach of conductometric data treatment was used to process experimental data [17]. The
approach is based on the application of non-linear least squares method to solve the overfilled system
of the equations: concentration dependence of electrical conductivity (A”*") (3), the mass action law
(4), mass balance equation (5) and expression for mean ionic activity coefficient (6) for a set of k ex-
perimental points:

Atheor :C—if(C,AO,R) (3)
c

K =cf(e.n.) )

c=c,+c, ®))

y.=¢(c;R) (6)

where c,, ¢, and c are equilibrium concentration of ions, ionic pairs and stoichiometric concentration
of electrolyte respectively, A, is the limiting molar electrical conductivity, R is the closest approach
parameter, K, is the ionic association constant, f and ¢ are theoretical analytical concentration de-
pendencies of A and y, respectively.

Solving the overfilled system of equations X (AO,K 4 R) comes down to minimization of the sum

of squared deviations of experimental electrical conductance ( A“? ) from respective theoretical values
( Atheor ):

Ls 2
0= A" =AY (¢;;X) | = min ™
j=1
The Debye—Hiickel equation was used for the concentration function of activity coefficients:
In y, = _lﬁ (8)
2 (1 + KDR)

The Pethybridge modification [18] of Lee-Wheaton equation [19-21] was used for the concentra-
tion dependence of electrical conductance of diluted solutions:

A=a| A1+ (B, )+ Co- (B, )+ Coo(Bi,) |-
PKp 2 KpR N
_1+KDR [HC4 (Brp)+Cs-(Bry) + 5 }}
where B =e¢’/(4neck,T), xp =2N ,e°c/1000¢,6.k,T, p=Fe/299.7925-3z, e is the elementary
charge, ¢ and # are dielectric permittivity and viscosity of a pure solvent respectively, ¢, is the vac-
is the Boltz-

mann constant, 7 is the temperature, R is the closest approach parameter, c is the electrolyte concentra-
tion, C, —C; are terms that characterize electrophoretic and relaxation effects [18].

uum permittivity, /" and N, are Faraday’s and Avogadro’s constants respectively, k,

All required density (d,, g cm™), viscosity (7, mPa s) and dielectric permittivity () values of pure
acetonitrile were calculated using equations (10-12) [22]

1/d, =1.24446 +1.6458-107 (T —273.15)+2.92-10° (T—273.15)2 (10)
In =-3.5164+620-T"" +32500-T (11)
&=-21.06+20230-T"'-963000-7 (12)
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Processing of experimental conductometric data for solutions of tetraalkylammonium salts in ace-
tonitrile was done with regards to three parameters: limiting molar electrical conductivity (A, ), loga-

rithm of association constant (Ig K ,) and the closest approach parameter (R). The results are presented
in Tables 1 and 2 (option I). Concentration functions of molar electrical conductance of tetraalkylam-

Results and Discussion

monium salts in acetonitrile are shown in Figure 1.
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Figure 1. Concentration functions of molar electrical conductivity of tetraalkylammonium salts in acetonitrile at
different temperatures. Lines on the figure represent theoretical function of electrical conductance, obtained by

the f Lee-Wheaton equation.

Table 1. Results of conductometric data processing for BuyNBF, and BuyNBr in acetonitrile. 6, is a dispersion

0.02 X
¢, (mol dm™)"?

006 002 _ 0.04
¢, (mol dm™)

.06

12

oromde

5°C
15°C
25°C
35°C
45°C
55°C

of approximation.
t, °C Option Ay, S-em’ mol”! 1gK R, nm oa, Sem* mol”!
Bu,NBF,

5 I 139.65+0.08 0.3+0.4 0.3+0.2 0.095
1 139.57+0.06 0.76+0.03 0.726 0.097

15 I 155.340.1 0.4+0.5 0.4+0.3 0.13
1 155.2610.08 0.77+0.03 0.726 0.13

25 I 171.1£0.2 0.7+0.6 0.6+0.7 0.18
11 171.1£0.1 0.75£0.04 0.726 0.16

35 I 187.4+0.2 0.7£0.5 0.6+0.6 0.20
11 187.4£0.1 0.80+0.04 0.726 0.18

45 I 204.1£0.2 0.7£0.5 0.5+0.5 0.21
11 204.0£0.1 0.84+0.04 0.726 0.20

55 I 221.1+0.2 0.840.5 0.6£0.7 0.25
11 221.140.1 0.88+0.04 0.726 0.24

Buy,NBr

5 I 131.5+£0.2 1.54+0.02 6.5340.02 0.24
11 132.55+0.09 1.18+0.02 0.690 0.16

1 I 148.42+0.05 1.1740.01 0.4+0.6 0.06
1 148.27+0.05 1.22240.006 0.690 0.08

25 I 163.5£0.1 1.35+0.04 1.7+0.4 0.12
1 163.9+0.1 1.2010.01 0.690 0.16

35 I 179.94+0.02 1.36+0.05 1.4+0.5 0.18
1 180.2+0.1 1.2540.01 0.690 0.20

45 I 196.1+0.3 1.46+.0.04 2.6+0.7 0.30
1 196.810.2 1.260.02 0.690 0.40

55 I 213.340.2 1.49+0.02 2.840.4 0.16
11 214.240.2 1.3140.02 0.690 0.35
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Analysis of obtained results (Tables 1, 2 — option I) had shown that the closest approach parameter is
the least sensible parameter, compared to the limiting molar electrical conductivity and the logarithm of
association constant. Values of R were almost independent from the temperature and ranged between
0.3 — 2.8 nm for all studied acetonitrile solutions. This is why, we chose the closest approach parameter
as a sum of cation and anion radii (#(BusN") = 0.494 nm, #(Et;N") = 0.400 nm, »(BF,) = 0.232 nm,
r(Br) = 0.196 nm [22]) and to process conductometric data once again, considering the limiting molar
electrical conductivity (A, ) and the logarithm of association constant (Ig K ,) only as optimized parame-

ters. Obtained data using this approach is shown in Tables 1 and 2 (option II).

It is worth mentioning that obtained values (Table 1, 2) of limiting molar electrical conductivities
and respective association constants for Et,NBF,, BuyNBF,, BuyNBr in acetonitrile are in good agree-
ment with the data, previously obtained in our laboratory [23-25].

Table 2. Results of conductometric data processing for Et;NBF, and Et,NBr in acetonitrile. 6, is a dispersion of
approximation.

t,°C Option Ao, S-em* mol™! 1gK, R, nm o, Srem? mol™!
Et,NBF,
5 I 160.99+0.06 1.03%£0.05 0.4+0.01 0.07
11 160.92+0.04 1.111+0.008 0.632 0.07
15 1 178.940.1 1.1£0.1 0.5+0.3 0.12
11 178.89+0.07 1.1440.01 0.632 0.12
25 1 197.1£0.2 1.1£0.1 0.4+0.4 0.22
11 197.0+0.1 1.1540.02 0.632 0.21
35 I 215.840.2 1.10+£0.06 0.3+0.2 0.18
11 215.740.1 1.19+0.01 0.632 0.18
45 I 234.940.2 1.1240.06 0.3+0.2 0.27
11 234.8+0.1 1.22+0.02 0.632 0.27
55 I 254.240.2 1.14+0.05 0.3+0.2 0.19
11 254.0+0.1 1.22+0.01 0.632 0.19
Et,NBr
5 I 151.620.1 1.2440.02 0.5+0.1 0.17
11 151.5540.09 1.247+0.008 0.596 0.16
15 I 169.2+0.2 1.26+0.01 0.5+0.1 0.18
11 169.1+0.1 1.270+0.008 0.596 0.18
25 I 186.94+0.2 1.2940.01 0.6%0.01 0.18
I 186.88+0.09 1.291£0.007 0.596 0.17
35 I 205.5+0.2 1.2940.01 0.4%0.1 0.23
1I 205.3£0.1 1.3210.01 0.596 0.23
45 I 224.0+0.2 1.37£0.02 0.7+0.2 0.25
I 224.1+0.1 1.365£0.007 0.596 0.24
55 1 243.5+0.3 1.374£0.01 0.5+0.1 0.37
1I 243.340.2 1.38+0.01 0.596 0.36

Limiting ionic conductance and dynamic of ionic solvation

Temperature dependences of limiting molar conductivity of Et,;NBr, Et,NBF,, BuyNBr, BuyNBF,
in acetonitrile are shown in Figure 2. The increase in the limiting molar conductance of electrolyte
with the increase of the temperature can be explained by the decrease of the solvent viscosity.

Limiting molar conductivities of tetraalkylammonium tetrafluoroborates are greater than limiting
molar conductance of tetraalkylammonium bromides for both electrolytes at all temperatures studied.
This evidence is a consequence of the fact that bromide ion has smaller radius and greater surface
charge that increases solvation interactions, and, as a result, decreases the mobility of bromide ion in
contrast to poorly solvated tetrafluoroborate anion.

Comparing limiting molar conductivities of electrolytes with the same anion, electrolyte with a
smaller cation (Et;NX) has a greater value of molar conductance.
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Figure 2. Temperature dependence of limiting molar conductivity of tetraalkylammonium salts in acetonitrile.

In order to elucidate the influence of ion on the microscopic structure of the closes molecular envi-
ronment, the values of limiting ionic conductivities have been studied. The splitting of total limiting
molar conductivity on the ionic constituents was done by the following scheme:

— BPh,
Bu,NBPh, { — Bu,N"

BuNBr_ p.-  EtNBr

(13)

.
Et,N
Bu,NBF, - Et,NBF,

iR BF, —2h T

Available literature values of Walden’s product for Bus,N" and BPhy4 ions in acetonitrile at 25°C
[26] were used to calculate the transference number of tetrabutylammonium cation (14):

Aom 02122 44 (14)
A+ 02122+0.1993

Values of A (Bu 4N+) at other temperatures (5, 15, 35, 45 and 55 °C) were calculated by using

t*(Bu,NBPh4) =

available in the literature data on the limiting molar conductivities of BuyNBPh, solutions in acetoni-
trile [27]. The calculation was done using equations (15, 16) assuming independence of transference
number ¢ (BusNBPhy) on temperature in non-aqueous solvents [28].
A=t A, (15)
A=A + Ay (16)
On the next step according to the scheme (13), we have calculated limiting ionic conductivities of
for all other ions (Table 3) by using our own experimental conductometric data of total limiting molar
conductivities (Tables 1, 2).
In this work two values of limiting ionic conductance of Et;N" were obtained: derived from limit-
ing molar conductivity of Et,;NBF, and BuyNBF, (Table 1, 2). The average values of limiting ionic
conductivity of Et;N" (the last column of the Table 3) was used for further interpretation.

Table 3. Values of limiting molar electrical conductivities of ions in acetonitrile (4, , S-cm”*mol™)

. R - - Et,N”
t, C Bll4N BPh4— BF4 Br (Bri) (BF47) average
50.00 46.95 55 70.18
5 49.82 [27] 46.91 [27] 89.57 staopy 600 713 69.61 [27]
49.97 [29] 46.79 [29] : 69.51 [29]
55.83 52.43 o244 78.06
15 55.71 [27] 5229 [27] 99.43 ooy 7666 7946 77.02 [27]
55.70 [29] 5231 [29] : 7725 [29]
61.90 58.13 10920 102.00 86.34
25 61.30-62.3 577-58.14 o E50 10027-10L6  s4ss 7.0 83.7-85.9
[1627,2930]  [1627,29-30] % [16,27,29-30] [16,27,29-30]
63.15 64.00 112.05 94.85
35 66.98 [27] 64.73 [27] 1925 oy B 964 91.74 [27]
74.72 70.17 122.08 103.77
45 72.87 [27] 71.94 [27] 12928 g0y 102020 10552006 1 27
55 79.07 7425 142.03 135.13 108.17  111.97 110.07
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Comparison of ) given in the Table 3 indicate a good agreement of obtained ionic conductivities

with the data available in literature. Insignificant deviations might be caused by the different assump-
tions taken for splitting total molar conductivity on ionic constituents.

Immersion of an ion into the solvent medium leads to the change in the structure of the latter. The
most significant deviations occur in the closest environment of an ion. The presence of an ion not only
changes the mutual arrangement of the solvent molecules but also their kinetic parameters. The influ-
ence of the ion on the dynamic structure of the closest molecular environment can be evaluated using
the approach, proposed by Kalugin with co-authors [31-34], which is a further development of the
Samoilov's kinetic solvation theory for non-aqueous solutions.

Joint consideration of Hubbard—Onsager dielectric friction theory and Wolynes molecular theory

allows to express Hubbard—Onsager's radius ( R, ) in the following way [31-34]:

R, - { (zew,)’ (g”+2)2)(gK7D)°}1/4 an

12(47e,k,T) €26 +¢,

where ze is the ion charge, uy is the dipole momentum of the solvent molecule in the vacuum, ¢, ¢, are
static and infinite frequency dielectric permittivity of the solvent molecule respectively, gx and yp are
Kirkwood and Debye structure-sensitive factors respectively, where zero-index at (gx yp) " refers to the
pure solvent. In the expression (17) (gx yp) ° product characterizes dynamic structure of the pure sol-
vent. When an ion is immersed in a molecular environment, gx yp must undergo significant change,
which in its turn will lead to the change of theoretical Hubbard—Onsager radius [35]. Combining the
deviation of the effective Hubbard—Onsager radius with the change of the gx yp product under the in-
fluence of the ion, expression (18) was derived

R{ (ew) (242 (s (18)
HO ) K/ D

12(4re k,T) €(2e+e,
(gx yp) ¢ value can be obtained from the experimental values of ionic conductivities by equations
given in [31].
Therefore, the ratio of (gx yp) ¢ to the corresponding value for the pure solvent can be used as a
measure of the ion’s influence on the dynamic structure of the closest molecular environment [31-34]:

ez(gKyD)Ef/(gK]/D)o (19)

Such an approach allows to obtain quantitative parameter (6) for the closest solvation based on the
experimental data of ionic conductivities and physicochemical properties of the pure solvent.

In the framework of the abovementioned approach, we have calculated the values of structure-
dynamic parameter 6 for the studied ions in acetonitrile using our own experimental values of ionic
conductivities in the temperature range of 5-55°C (Figure 3).

0
40  Bu,N’ 1
30 | kvﬂ\v‘—————___y |
 EtN o

10+ .__.__.__.__.__./_
Br

5k 2 i -
BF,

10 20 30 40 50
t,°C
Figure 3. Temperature dependence of structure-dynamic parameter 6 for Bu,N", Et;N", Br and BF, in acetoni-
trile.

In accordance with the Samoilov's kinetic solvation theory [36], ionic solvation parameter 6 is in-
terpreted as a measure of the ion’s influence on the dynamic structure of the solvent. Values of 6 > 1
correspond to the “structure-making” influence of the ion on the solvent in the closest environment. In
the opposite case, values of 6 < 1 indicate that ion acts as a “structure-breaker”.
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Parameter 9 for all investigated ions is positive that corresponds to the structure-making effect of
the ion, also referred to as positive solvation. Cations facilitate the increase in vibrational stability of
the solvent’s structure in the greater extent than anions due to the specific interaction with the closest
molecules. Elongation of the alkyl chain from Et;N" to BuyN" is accompanied by the significant in-
crease of the @ parameter, which is an evidence of the dynamic structuring of the solvent molecules
around tetrabutylammonium cation and of the amplification of solvophobic solvation of BuyN" cation
compared to the Et,N".

BF, and Br" anions strengthen spatio-temporal correlations between solvent molecules in their sol-
vation shells to the less extent when compared to cations. This is characteristic for anions in aprotic
solvents due to the absence of specific interactions between solvent molecules and anions.

With the increase of the temperature, the magnitude of the 8 parameter decreases, which is ex-
plained by the increase of the relative mobility of particles in the solvent layer.

Obtained results for  parameter allow one to formulate the following recommendations regarding
the electrolyte choice (both cation and anion) for SCs. Evidently, the less pronounced the effects of
positive (solvophilic or solvophobic) solvation are, the higher the limiting molar electrical conductiv-
ity of the ion is. Considering values of structure-dynamic parameter 6, optimal electrolytes for SCs
should contain polyatomic ions whose diameter range between 0.2 to 0.4 nm.

lonic association of tetraalkylammonium salts in acetonitrile
Electrolytes, studied in this work, just like overwhelming number of other tetraalkylammonium
salts in acetonitrile [37], are weakly associated electrolytes (respective association constants do not
exceed 20 dm’mol™ at 25°C).
Statistical theory of ionic association states that association constant can be represented as a func-
tion of pair potential of interionic interaction U, (r) [38]:

47N, T U, (r)
K, = IOOOA _(‘)‘rza)(r)exp[—kB—Tjdr (20)

where a)(r) is a weight function of the paired state.

Equation (20) allows one to evaluate the value of association constant in terms of concept of simple
electrostatic interactions between ions. Here we used Ebeling model to calculate Coulomb association
constants [39]:

472_ N ) UCoul ( 7’)

K& (r)=—2|r’w(r)exp| ———2 |dr 21)
) 1000! (r)exp k,T

Coulomb association constants calculated by equation (21) as a function of temperature and ex-

perimental association constants of studied tetraalkylammonium salts in acetonitrile are shown on

Figure 4.

15 @ K Bu,NBF, | Bu,NBr 128

o K Coul ./_._/1.’._/"—.— 20
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T . 28 110X
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3( S
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10 20 30 40 50 10 20 30 40 50 ¢°C

Figure 4. Experimental values of association constants and respective Coulomb contribution for studied tetraal-
kylammonium salts in acetonitrile.
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Figure 4 clearly demonstrates that only association of tetrabutylammonium tetrafluoroborate is al-
most completely caused by the Coulomb interaction. For all other tetraalkylammonium salts in ace-
tonitrile, solvation effects contribute to the association to the greater extent than Coulomb attraction.
Solvation effects can be evaluated having reviewed the structure of paired interionic potential in more
detail.

The adequate representation of the ion-ion interaction potential is a central point in the statistical
description of electrolyte solutions at the McMillan-Mayer level [40]. Definite progress has been
achieved in describing the long-range electrostatic interactions. Taking into account the non-
electrostatic ion-ion interactions, which are manifested at short distances primarily as a consequence
of the discrete structure of the solvent and strong ion-molecule interactions, is a more difficult task.
One of the simplest ways used to describe non-electrostatic short-range ion-ion interactions is to add
the square-mound potential d. = const with a radius of action from a to R’ to the electrostatic potential
U [40]:

0, r<a,
U,(r)= UC””[(r)+di, a<r<R' (22)
UC"”'(r), r>R".

Here, the hard-core diameter a = r; + r; is the sum of the ion crystallographic or structural radii. The
distance R’ is calculated as R’ = a + nS, where S is the diameter of a solvent molecule or its functional
group. nS is the thickness of the first solvation shell.

Taking into account the expression (22), equation (20) can be expressed as:

= e L )5 o ) @

This equation allows one to evaluate d. values having experimental data on association constants
and theoretical estimation for Coulomb association constants, for example by equation (21). The cal-
culated in this way values of non-Coulomb short-range potential d. for tetraalkylammonium salts in
acetonitrile are shown on Figure 5. The values of the radii of the ions were taken from [41]. The upper
boundary of action of the non-electrostatic potential R’ was determined, as in the original paper by
Rasaiah and Friedman [40], from the relation R' = a + S. The diameter of the AN molecule was calcu-
lated from the molar volume of the solvent.

d,-N,, kJ mol”
R

;

t,°C
Figure 5. Short-range non-Coulomb potentials d.-N, (in molar scale) for Bu,NBF,(®), Bu,NBr(V),
Et,;NBF.(m), Et,NBr(#) in acetonitrile as a function of temperature.

Negative values of d.- N, product (Figure 5) for all studied tetraalkylammonium salts in acetonitrile
testify additional attraction between ions in ionic pair due to solvation effects, which leads the equilib-

rium Kt* + An” & [Kt+ An‘J to be shifted towards the ionic pair formation.
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It is also worth mentioning that d.- N, value for BuyNBF, tends to 0 and is significantly less by the
absolute value, compared to other studied electrolytes. This proves the insignificance of contribution
of the solvation effects to the ionic association for tetrabutylammonium tetrafluoroborate.

Desolvation with the increase of the temperature causes the absolute value of d.-N, product to de-
crease for all studied electrolytes.

Considering proximity of K¢ values for all tetraalkylammonium salts in acetonitrile, an increase

of experimental values of association constants in sequence BuyNBF,<Et;NBF,<Buy;NBr<Et;NBr is
defined by the increase of solvation interactions.

Based on the analysis of obtained experimental data about the association constants of tetraal-
kylammonium salts, as well as different contributions to these values, the most promising from the
practical point of view combination of cation and anion for the SCs electrolyte should provide mini-
mal value of K¢* and the absence of negative values of d.-N, product.

Conclusions

In this study it was found that tetraalkylammonium salts in acetonitrile are weakly associated elec-
trolytes. An increase in ion association constants in the sequence BusNBF,<Et,;NBF,<Buy;NBr<Et;NBr
is caused by the increase in the contribution of short-range ion-molecular interactions into interionic
attraction in addition to the electrostatic constituent. An increase of the temperature amplifies the ionic
association with regards to both electrostatic and short-range constituents.

The highest values of limiting ionic conductivity in acetonitrile were observed for polyatomic ions
with the radius ranging from 0.2 to 0.4 nm that are not inclined to the positive solvophilic or solvo-
phobic solvation. Analysis of structure-dynamic characteristics of ion-molecular interactions in solu-
tions studied had shown that the increase in polyatomic ions radii leads to the decrease of the limiting
ionic conductivity due to viscosity constituent and magnification of solvophobic solvation. Influence
of the temperature on the limiting ionic conductivity is mainly caused by the change of the solvent’s
viscosity.
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Appendix A
Table Al. Primary experimental data of electrical conductivity of tetraalkylammonium salts in acetonitrile
107, k10°, S cm’
mol kg’ 5°C 15°C 25°C 35°C 45°C 55°C
BU4NBF4

1.5634 1.7055 1.8718 2.0331 2.1966 2.3565 2.5164
2.7671 2.9902 3.2811 3.5651 3.8499 4.132 4.4114
4.3503 4.6626 5.1161 5.5612 6.0067 6.4451 6.882
6.1343 6.5047 7.1453 7.7661 8.3827 9.0004 9.6084
7.7893 8.282 9.0995 9.8932 10.682 11.466 12.238
8.4956 8.954 9.8256 10.674 11.527 12.363 13.196
10.18 10.734 11.787 12.805 13.821 14.83 15.83
12.343 12.923 14.183 15.412 16.643 17.856 19.054
17.518 18.083 19.862 21.596 23.314 24.999 26.687
21.585 22.114 24.258 26.379 28.474 30.523 32.582
26.149 26.564 29.142 31.684 34.194 36.677 39.128
31.052 31.311 34.366 37.332 40.299 43.182 46.08
13 38.28 38.244 41.966 45.619 49.224 52.764 56.281

=R R Y N N N S
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Continuation of Table Al.

BusNBr
1 1.959 0.20333 0.22461 0.24205 0.26485 0.2832 0.30393
2 3.4194 0.34967  0.38537 0.41982 0.45494  0.48935 0.52443
3 5.2692 0.53241 0.58709 0.63903 0.69317 0.7452 0.79955
4 7.5503 0.75454  0.83225 0.9071 0.98286 1.06e-4 1.14e-4
5 9.3915 0.93532 1.0324 1.1257 1.2186 1.3136 1.4077
6 10.185 1.0079 1.1119 1.2136 1.315 1.4162 1.5167
7 11.882 1.1683 1.289 1.4064 1.5245 1.6422 1.7565
8 15.377 1.4979 1.6518 1.803 1.9508 2.0983 2.2521
9 19.94 1.9163 2.1151 2.311 2.5055 2.6999 2.8825
10 23.536 2.2442 2.4747 2.7041 2.9274 3.1522 3.3774
11 28.276 2.6725 2.9428 3.2061 34741 3.7376 4.0221
12 32.574 3.0462 3.3595 3.6727 3.9934 4.3029 4.5842
13 38.474 3.5678 3.9303 4.2956 4.6468 5.0074 5.4162
14 44.464 4.0932 4.4965 4.9457 5.3597 5.7442 6.1168
15 61.651 5.5303 6.0855 6.633 7.1706 7.6962 8.2242
16 84.613 6.3652 6.9969 7.7049 8.3311 9.0111 9.6258
17 94.926 6.9463 7.6352 8.4075 9.1062 9.7474 10.457

Et,;NBF,
1 1.7677 2.2222 2.4374 2.6474 2.8589 3.0638 3.2698
2 3.2196 4.0044 4.3898 4768 5.1475 5.5175 5.8869
3 5.3899 6.6374 7.2713 7.895 8.5198 9.1659 9.7483
4 6.52 7.9853 8.7626 — 10.275 11.021 11.752
5 7.1265 8.6922 9.5307 10.352 11.173 11.983 12.788
6 9.6307 11.674 12.8 13.901 14.985 16.08 17.152
7 14.205 16.988 18.612 20.206 21.813 2.37 2493
8 19.026 22.501 24.653 26.758 28.886 30.945 33.007
9 22.713 26.666 29.241 31.781 34.294 36.733 39.16
10 26473 30.828 33.809 36.648 39.51 42.353 45.139
11 30.36 35.126 38.448 41.725 44 985 48.193 51.405
12 34,528 39.646 43.433 47.131 50.83 54.459 58.045
13 40.299 45.926 50.285 54.612 58.809 63.054 67.221

Et4NBI'
1 0.22467  0.26543 0.29314 0.31753 0.34454  0.37152 0.3966
2 0.39048 0.45555 0.50102 0.54601 0.59086 0.63574 0.68091
3 0.60217 0.6931 0.76272 0.83122 0.90327  0.96886 1.0388
4 0.86235 0.98217 1.0811 1.1783 1.2748 1.3701 1.4651
5 1.016 1.1586 1.2744 1.3885 1.5024 1.6116 1.727
6 1.1692 1.3171 1.4418 1.5811 1.7095 1.8377 1.9652
7 1.3816 1.5504 1.7055 1.8571 2.0093 2.1593 2.3099
8 1.8607 2.0589 2.2637 2.4708 2.6691 2.8748 3.0656
9 2.365 2.6108 2.872 3.1175 3.3797 3.6352 3.8762
10 2.9285 3.1588 3.4729 3.7825 4.0918 4.3931 4.6843
11 3.5883 3.8274 4.2029 4.5869 49575 5.3103 5.6885
12 3.906 4.1419 4.553 4.9534 5.3644 5.7584 6.1533
13 4.3646 4.6063 5.0654 5.5266 5.9654 6.3929 6.8319
14 4.8782 5.0903 5.5915 6.0946 6.5803 7.0623 7.5416
15 5.5218 5.7124 6.2855 6.8356 7.3954 7.9095 8.4709
16 7.498 7.5737 8.3183 9.0379 9.7729 10.451 11.172
17 9.8372 9.6683 1.0617 11.561 12.426 13.341 14.255
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O.H. KanyruH, E.B. JlyknHosa, [1.0. HoukoB. Onekrpuyeckas npoBoaNMOCTb, MOH-MOMEKYNsipHasa accoumaums
N MEXMOHHbIE B3aVMOAEWCTBMA B pacTBOpax HEKOTOPbIX TeTpaankunaMMOHWEBBLIX COMNen B aueToHUTpune:
BMUSIHWE MOHA M TemnepaTypsl.

XapbKOBCKUIA HaLMOHanbHbIN yHUBEpCUTET nmenn B.H. KapasunHa, xumudeckun cakyneTeT, kadenpa Heopra-
HU4Yeckon xumuu, nn. Ceoboasl, 4, Xapbko, 61022, YkpauHa

B pabote npeacraBneHbl 3KCNepMMEHTanbHbIE OaHHbIE MO 3MEKTpUYeckon nposogMmoctn pacteopoB Et4NBr,
Et4NBF4, BusNBr, BusNBF4 B aueToHuTpune B uHTEpBane KoHUEHTpauun 2:10*-1-10* monb-am™ npu Temnepary-
pax 5 - 55 °C. lNpegenbHble MOMSPHbIE 3MEKTPONPOBOAHOCTU U KOHCTAHTbl MOHHOW accouuaummM paccuuTaHbl C
MCMONb30BaHWEM YypaBHeHUs JIM-YUToHa AN CUMMETPUYHbIX 3NEeKTponuToB. Ha ocHOoBaHuM npeasBapuTenbHOro
aHanmsa KoHOYKTOMETPUYECKMX AaHHbIX ObINO YCTaHOBMNEHO, YTO NapaMeTp HanbonbLUero CONMKEHNst NpakTU4eCcKM
He 3aBMCMT OT TemnepaTtypbl ANA BCEX MCCNeOOBaHHbIX aueTOHUTPUbHBLIX pacTBOpoB. [1oaToMy napameTp Haw-
fonbLuero conuxkeHusa BObin NPUHAT Kak CymMMa paguycoB KaTMOHOB M @aHWOHOB Ans AanbHellen o6paboTku KoH-
OYKTOMETPUYECKNX OaHHbBIX.

3HaveHUss npedenibHbIX WMOHHBIX npoBogumocTelt Br, BF,, Et4N' T1a BusN', a Tawkke cTpykTypHO-
OVHaMWYECKOro napameTpa WOH-MONEKYNAPHOrO B3aMMOLEWCTBUS, MOMyYeHHbIE MO 3KCNEepUMEHTAanbHbIM Mpe-
OenbHbIM MOMNSAPHBIM MPOBOANMOCTAM, ObINWM MHTEPMNPETMPOBaHLI B paMKkax NpeasioKeHHOro asTopamu noaxona
[Kalugin O. N., Vjunnik I. N. Limiting ion conductance and dynamic structure of the solvent in electrolyte solution.
Zh. Khim. Fiz. (Rus.) 1991, 10 708-714]. YcTaHOBNEHO YTO YANMHEHME anKunbHOMO paavkana B kaTioHe BusN*
no cpasHeHnio ¢ Et4N* NpMBoaMT K 3HAUMTENBLHOMY YBEMMYEHMIO CTPYKTYPHO-AMHAMUYECKOro napameTpa, 4To
cBMAeTenbCTBYeT O AMHAMWUYECKOM CTPYKTYPMPOBAaHWU MONEKYN pacTBOPUTENS BO3Ne MoHa TeTpabyTunammo-
HUS M yBeNuYeHun conbBoobHoi conbeaTaumn BusN' B cpaBHernn ¢ E4N'.

KoHcTaHTbl MOHHON accoumaunm 06CyXaeHbl C MO3ULUN KOHKYPEHLMN MEXAY 3NEKTPOCTAaTUYECKUMU U HEKYMO-
HOBCKMMW CUamMy C UCMONb30BaHMEM KOPOTKOAEWCTBYHOLLErO0 HEKYNTOHOBCKOrO MoTeHuuana. YBenuyeHue KOH-
CTaHT MOHHOW accoumaumn B psgy BusNBFi<EtyNBF4<BusNBr<EtsNBr o6bsicHAeTca yBenuueHMem Bkraga Ko-
POTKOOEWNCTBYIOLNX NOH-MOMNEKYNSPHbBIX B3aMMOAENCTBUA B MEXMNOHHOE MPUTSXKEHME B OOMOMHEHNE K 3NeKTpo-
CTaTMYeCKOW COCTaBMnsAoLWER. YBENMYeHNe TemMnepaTypbl YCUITMBAET MOHHYO accoumaumio 6rnarogapst kak anek-
TPOCTaTUYECKON, TaK M KOPOTKOAENCTBYIOLLEN COCTaBMSIHOLLEN.

KnroyeBble cnoBa: 6pomua TeTpaatunammoHusi, 6pomug Tetpabytunammonns, TeTpadTopobopaTt TeTpasTu-
namMoHus, TeTpadTopobopaT TeTpabyTunaMMoHns, aueTOHUTPUIN, dnekTpuyeckass NMPOBOAUMOCTb, KOHCTaHTa
WOHHOM accoumaunm, npeaensHas MonapHas anekTpuyeckas NpoBoANMOCTb, KOPOTKOAENCTBYIOLLUMIN MEXUOHHbIN
noTeHuman, MMKpoAMHaMMKa MOHHON ConbBaTaLUK.

O.M. KanyriH, E.B. NykiHoea, [.0. HosikoB. EnekTpnyHa npoBigHiCTb, NOH-MOMEKyNsSpHa accouialis Ta Mixk-
MNOHHI B3aemogiji y po3unmHax Aesikux TeTpankilaMMOHIEBMX CONeN B aLeTOHITPUII: BNAMB MOHa Ta TeMnepartypu.

XapkiBCbkuii HauioHanbHUIM yHiBepcuTeT iMeHi B.H. KapasiHa, ximidHuin dhakynbTeT, kadeapa HeopraHiyHoi Xi-
mii, mangaH Ceoboau, 4, Xapkis, 61022, YkpaiHa

B poGoTi HaBepeHi ekcnepumeHTarnbHi AaHi 3 eneKkTpuyHoi nposigHocTi po3unHiB EtsNBr, EtsNBF4, BusNBr,
BusNBF4 B aueToHiTpuni B iHTEpBani MONSPHOI KOHLEHTpauii 2:10*-1-10 monb-am™ npu Temnepatypax 5 - 55 °C.
[paHWYHi MONsAPHI eneKkTponpoBIOHOCTI Ta KOHCTaHTM iOHHOI acouialii po3paxoBaHi 3a OOMOMOrot PiBHAHHS Jli-
BiToHa ans cumeTpuyHmx eneTponiTis. Ha nigcrtasi nonepeaHbOro aHanisy KoHOYKTOMETPUYHUX AaHux Byno BCTa-
HOBMEHO, WO napameTp HanbinbLIOro 36MnmKeHHS NPaKTUYHO He 3aneXxuTb Big TemnepaTypu Ans BCiX AOCHIAKEHNX
aUETOHITPUNBHUX PO34MHIB. TOMY napameTp HambinbLIOro 36nxeHHs ByB NPUAHATAI 9K CyMa pagiyCiB KaTioHIB i
aHioHiB Ans noganbLIoi 06pobKu KOHAYKTOMETPUYHUX AaHMIX.

3HaueHHs rpaHUYHNX ioHHKX nposigHocTel Br', BF4, EtyN Ta BusN®, a Takox CTpyKTypHO-AMHaMIYHOro napameT-
pa NOH-MONEKynspHOI B3aeMogii, Wwo bynu oTpMmaHi 3a ekcnepMMeHTanbHUMM FPaHUYHUMU MONSIPHUMIW €NEKTPO-
nposigHocTsiMK, Bynu iHTEpNpeToBaHi B paMkax nigxoaa, 3anpornoHoBaHoro asTopamu [Kalugin O. N., Vjunnik I. N.
Limiting ion conductance and dynamic structure of the solvent in electrolyte solution. Zh. Khim. Fiz. (Rus.) 1991, 10
708-714]. BctaHOBMNEHO LLO NOAOBXEHHS ankinbHOro pagukany B KaTioHi BusN* MOPIBHSIHO 3 EtsN" Bege 0o 3HauHo-
ro 3pOCTaHHAM CTPYKTYPHO-AMHAMIYHOrO napameTpa, Lo CBiAYMTb MPO AUMHaMIYHE CTPYKTYpyBaHHA MOMeKyn pos-
UMHHMKa 6ins ioHy TeTpabyTUNaMMOHiIs Ta 36inbLUeHHSM cornbBodo6HOI conbaaTaLlii BusN™ y nopisHaHHI 3 E4N™.

KoHcTaHTU MOHHOT acouiauii 06roBopeHi 3 No3uuin KOHKYPeHLii MiXk eneKTpOCTaTUYHMMM Ta HEKYNOHIBCbKMMU CU-
namMu 3a A0MOMOrOK KOPOTKOZIK0UOro HEKYITOHIBCLKOrO noTeHuiana. 36inbLlleHHst 3HaYeHb KOHCTaHT iOHHOT acoujiauil
y pagy BusNBFs<EtsNBF4<BusNBr<Et4NBr nosicHoeTbcsa 30inbLUEHHAM BHECKY KOPOTKOAiIKYMX iOH-MOMNEKYNSIPHUX
B3aEMOSjll B MKAOHHE MPUTSDKIHHA Ha LOAATOK OO eneKTpocTaTUYHOI cknafoBoi. byno BcTtaHoBneHo, Wwo 36inb-
LLUEHHSI TeMnepaTypu NOCUIIOE NOHHY accoLliallito 3aBAsKN siK eNeKTPOCTaTUYHIN, TaK i KOPOTKOAiKOYIN CKNafoBin.

KnrouoBi cnoBa: TeTpaeTunammoHin opomia, TeTpabytunaMmmMoHin 6pomia, TeTpaeTunamMmmMoHin Tetpadnyopo-
6opat, TeTpabyTunammoHii TeTpadnyopobopar, aLeToHITpWN, enekTpudHa NpPoBiaHICTb, KOHCTaHTa MOHHOI aco-
uiauii, rpaHMyYHa MonsipHa enekTpuyHa NPOBIAHICTb, KOPOTKOAIKOYMIN MIXKAOHHWUIA NOTeHLian, MiKpoaMHaMika MOH-
HOI conbBaTaldil.
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