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Abstract. Results of conductometric investigations of 
solutions of several 1-1 electrolytes in propylene 
carbonate in the range of temperatures from 298 to 398 K 
are presented. Using the expanded Lee-Wheaton equation 
of electric conductivity, constants of ionic association are 
defined. It is determined that LiClO4 in propylene 
carbonate is a non-associated electrolyte. In order to 
account on the dynamics of ionic solvation, separation 
into ionic components is made. 
 
Keywords: propylene carbonate, conductivity, 
association, 1-1 electrolytes. 

1. Introduction 

Studies of the ion-molecular and ion-ionic 
interactions, as well as the dynamics of ions in non-
aqueous solvents, are of particular interest, primarily for 
the development of chemical current sources (CCSs) [1, 
2]. Propylene carbonate (PC) belongs to the class of ethers 
widely used as co-solvents for electrolytes in CCSs. This 
solvent is of particular interest because of its high 
dielectric permeability (ε298 = 64.92) [3] and molecular 
dipole moment of the solvent (µ = 4.94) [4], as well as the 
wide range of liquid state (from 224.35 to 515 K) [3] and 
high solubility of lithium salts in it. 

In the literature there are quite many works 
primarily on the concentration-dependent investigations of 
salts solutions in PC at 298 K (Table 1), but only a few 
conductometric studies in diluted solutions [3, 5, 6] are 
known.  

In almost all the works, association constants (КА) 
of electrolytes in PC at 298.15 K are studied (Table 1), but 

little attention is given to the limiting molar ionic 
conductivity (λ0

i), from which it is possible to obtain 
information on the dynamics of ionic solvation. 
Separation into ionic components in the works [3, 7] is 
made with an assumption that λ0((i-Am)4N+) =  
= λ0((i-Am)4B–) = Λ0((i-Am)4N(i-Am)4B)/2. In the works 
[8, 9, 10], when separating into ionic components, it was 
assumed that the temperature number of K+ in KClO4 
solutions in PC was determined accurately by R. Zana et 
al. [24]. In the work [6] separation into ionic components 
is made taking into account the assumption made by 
B. Krumgalts [25] and discussed earlier, that 
λ0η0(Bu4N+) = 0.2131 S∙cm2∙P∙mol-1 remains constant in 
various organic solvents and at various temperatures. 

Proceeding from it, the purpose of the present work 
was to investigate influence of the temperature, size and 
nature of the ion on the quantitative characteristics of 
interparticle interactions, electrical conductivity of ions 
and ionic association in solutions of 1-1 electrolytes in 
propylene carbonate in the range of temperatures from 
298.15 K to 398.15 K.  

2. Experimental 

PC after dehydration over anhydrous CaO within 
several days was subjected to fractional vacuum 
distillation, collecting the middle fraction. Purity was 
controlled by specific electrical conductivity, 
κ298.15 = 3.2⋅10-8 Sm∙cm–2, and moisture presence – by 
Fisher method of coulometric titration (water content did 
not exceed 0.003 %). Physical and chemical properties of 
the solvent at various temperatures were found from the 
following polynomials described in the work [26]: 
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3 6 21/ 0.81527 0.7149 10 0.459 10d t t− −= + ⋅ ⋅ + ⋅ ⋅     (1) 

( )3 1 6 2exp 5.3665 4.344 10 0.87 10T Tη − −= − ⋅ ⋅ + ⋅ ⋅   (2) 
3 1 6 233.09 36.65 10 2.21 10T Tε − −= − + ⋅ ⋅ − ⋅ ⋅      (3) 

where d (g⋅cm-3), η (mPa⋅s), t (°C), T (K). 
Physical and chemical properties of pure propylene 

carbonate at temperatures from 278.15 to 398.15 K are 
given in Table 2. 

For the measurement of electrical conductivity of 
solutions, conductometric cells (5 pieces) from 
molybdenic glass with platinized platinum electrodes 
were used. The cells were calibrated in the aqueous 
solutions of potassium chloride [27] and their constants 
vary from 0.1 to 0.25 cm-1. 

Resistance of the solutions was measured with the 
bridge of alternating current Р-5083 and conductometer 
LCR-821 at the frequency of 1 kHz.   

 
Table 1 

Data on the diluted solutions (1∙10-4-1∙10-2 mol/dm3) of 1-1 electrolytes in propylene  
carbonate and its mixtures that have been reported in the literature 

Solvents Electrolytes T, K Concentration range  Defined 
parameters [Ref.] 

PC 
(Li, Na, K, Rb, Cs, Me4N, Et4N, 

Pr4N, Bu4N)ClO4, NaI, KI, 
KSCN, Bu4NI, Bu4NBr 

298  Λ0, КА, Λ0
ion [3] 

PC (Me4N, Et4N)PF6, Me4NBF4, 
(C7H15)4NPic, PyrPic, KPF6 

298 (4–16)·10-4 mol/dm3 λ0
i, λ0η0 [4] 

PC CF3COOLi, CHF2COOLi 238–308 (7.3–48)·10-4 mol/dm3 Λ, КА [5] 

PC 
(Na, K, Rb, Cs, Me4N, Et4N, 

Pr4N, Bu4N)I, (Et4N, Ph4P)Br, 
Ph4PCl, NaBPh4, Bu4NBPh4 

233–318  Λ0, КА, Λ0
ion [6] 

PC LiCl, LiClO4 298 1∙10-4–1∙10-2 mol/dm3 Λ, Λ0, λ0
+, λ0

– [7] 
PC LiClO4 298 9.5∙10-4–0.4 M Λ, t+(Li) [8] 

PC, AN, γ-BL LiClO4, LiAsF6 298 0.001–0.01 mol/dm3 Λ, КА [9] 

PC (Me4N, Et4N, Pr4N, Bu4N, 
Am4N, K)Pic 298 (12.5–6)∙10-4 mol/dm3 Λ0, КА, λ0

i, λ0η [10] 

PC+1,2-DММ LiClO4, LiAsF6, n-Bu4NClO4, 
n-Bu4NBPh4 

298 1∙10-2–1∙10-4 mol/dm3 Λ, λ0
+, λ0

–, Λ0, КА,  
KA

Bjerum [11] 

PC, γ-BL, PC+1,2-
DME, γ-BL+1,2-

DME 

LiAsF6, LiClO4, Bu4NClO4, 
Bu4NCl, Bu4NBPh4 

298 1∙10-3–2∙10-2 mol/dm3 Λ, λ0
+mix, λ0

–mix, 
Λ0

mix, λ0ηmix, KA
 [12] 

PC, γ-BL, 1,2-
DME, etc. 

LiX (X=ClO4, AsF6, BF4, Cl, 
Br, I, NO3, Pic, BPh4, SCN) 298  КА [13] 

PC+ 1,2-DME (1:1) 
LiX (X=BF4, CF3SO3, ClO4, 

(CF3SO3)2N, AsF6, PF6, 
SO2(CF2)4SO2N) 

298 
248–548  

Λ0, Λ0η, η 
 
κ 

[14] 

PC LiPF6, LiBF4, LiPF6∙2DG, 
LiPF6∙PMDETA 298 1∙10-3–1 M κ, Λ, Λ0, Λ0η, λ0

+, 
KA [15] 

PC (Li, Na, K, Rb, Cs) ClO4 298 1∙10-3–2∙10-2 mol/dm3 Λ0, КА, R [16] 
PC LiClO4, etc. 228–298 1 M Λ [17] 

PC, etc. LiClO4, LiSCN, Bu4NSCN, 
Bu3NHSCN 298 (1.4–19)∙10-3 mol/dm3 Λ0, КА, Λ0(calc) [18] 

PC, etc. LiC2F5CO2, LiCF3CO2 298 (0.4–4)∙10-3 mol/dm3 Λ0, КА, Λ0
ion [19] 

PC Pr4NBr, Bu4NBr, Bu4NI 223–398  Λ, η [20] 

PC etc. Li(PF6, BF4, CF3SO3, 
(CF3SO3)2N, C4F9SO3) 

298  λ0
i [21] 

PC  298  Λ0, КА [22] 

PC, etc. 
(Li, Na, K, Me4N, Et4N, Pr4N, 
Bu4N) ClO4; Bu4N (Cl, Br, I); 

Li (Cl, Br, I) 
298  Λ0, КА [23] 

 



Conductivity and Interparticle Interactions in the Solutions of 1-1 Electrolytes in Propylene…  

 

11 

Table 2 

Physical properties of the pure PC at temperatures from 278 to 398 K (calculated from Eqs. 1-3, 20) 
T, K d, g⋅cm-3 η, mPa⋅s ε τD⋅1011, s 

278.15 1.2212 4.013 70.11 5.0386 
298.15 1.1999 2.592 64.97 4.1526 
308.15 1.1893 2.200 62.57 3.6816 
318.15 1.1787 1.922 64.97 3.2888 
328.15 1.1683 1.722 58.07 2.9906 
338.15 1.1578 1.575 55.97 2.6774 
358.15 1.1372 1.387 52.01 2.2303 
378.15 1.1168 1.289 48.37 1.8941 
398.15 1.0967 1.247 45.02 1.6353 

 
For the measurement of resistance of the solutions 

at the temperatures from 278.15 to 328.15 K, water 
thermostats were used, and for temperatures from 338.15 
to 398.15 K – the oil ones. Accuracy of thermo-
stabilization was 0.02 %. 

Solutions of the electrolytes were prepared using 
the gravimetric method. Salts samples were weighted on 
the microanalytical scales GR-202 with the accuracy of 
2·10-5 g (the mass of the samples ranged within 
0.2 ≤ mc ≤ 1.0 g).  

Masses of the solutions were defined (according to 
the preliminary approximate calculation) by weighing on 
the scales VLА-200 or analytical scales GR-202 with the 
accuracy of 2·10-4 g.  

Concentration of the initial solutions expressed in 
moles of dissolved substance per 1 kg of solution ( m% ) 
was defined by Eq. (4): 

1000c
i

c p

mm
M m

⋅
=

⋅
%                                (4) 

where mc (g) and Mc (g/mol) – mass and molar mass of 
the salt, mр (g) – mass of initial solution. 

Concentrations of the solutions in the series were 
defined by the ratio: 

1 1
i

i

m mm
m
⋅

=
%

%                                         (5) 

where im%  and mi – concentration and mass of the 
prepared solution; m1 – sample of the initial solution. 

Molar concentration of electrolytes in the solution 
(c) was defined as: 

( ) ( )i i ic t m d t= ⋅%                                 (6) 
where di (t) – density of i solution at a particular 
temperature. 

To prevent moisture ingress, solutions were stored in 
the flasks with double covers with additional sealing with 
the Parafilm "M" tape at the joints of the internal section. 

Experimental values of the molar electric 
conductivity of 1-1 electrolytes in PC in a wide range of 
temperatures are given in Tables 3–5. 

 
Table 3 

Molar conductivities Λ/ S⋅cm2·mol-1 of 1-1 electrolytes in PC at temperatures 298.15–398.15 K 
m% ⋅104, 

mol⋅kg-1 298.15 K 308.15 K 318.15 K 338.15 K 358.15 K 378.15 K 398.15 K 

1 2 3 4 5 6 7 8 
LiClO4 

3.373 26.187 29.553 33.033 40.344 48.927 57.636 67.048 
4.912 26.107 29.534 32.983 40.294 48.705 57.549 66.905 
6.426 26.091 29.465 32.883 40.263 48.692 57.407 66.886 
8.281 26.023 29.402 32.787 40.214 48.578 57.296 66.789 

10.712 – 29.292 – 40.048 – – 66.733 
13.166 25.976 29.245 32.653 39.990 48.333 56.993 66.496 
15.913 25.929 29.181 32.505 39.890 48.277 56.828 66.177 
18.865 25.825 29.077 32.460 39.833 48.052 56.592 65.731 
22.343 25.788 28.842 32.396 39.770 47.985 56.411 65.667 
25.603 25.755 28.970 32.344 39.675 47.847 56.298 65.567 
29.444 25.714 28.939 32.302 39.587 47.703 56.144 65.268 
31.209 25.755 28.902 32.260 39.572 47.672 56.127 65.266 
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Table 3 (Continued) 

1 2 3 4 5 6 7 8 
34.644 25.649 28.824 32.190 39.472 47.543 55.977 65.060 
49.831 25.448 28.552 31.908 39.090 47.111 55.444 64.373 
69.942 25.250 28.348 31.617 38.612 46.522 54.650 63.429 
95.029 25.096 28.141 31.392 38.373 46.116 54.152 62.770 

NaClO4 
7.038 27.885 – – 51.599 65.178 – 95.047 

10.026 27.722 33.403 38.875 51.332 64.926 79.586 94.958 
13.164 27.664 33.003 38.657 51.055 64.681 78.939 94.654 
16.200 27.602 32.905 38.551 50.897 64.464 78.713 94.076 
20.689 27.532 32.854 38.497 50.821 64.387 78.675 93.836 
25.431 27.510 32.812 38.462 50.811 64.306 78.468 93.779 
30.405 27.491 32.792 38.423 50.712 64.275 78.329 93.625 
36.619 27.395 32.651 38.272 50.667 64.119 78.154 93.348 
42.286 27.351 32.587 38.188 50.552 63.993 78.155 93.226 
48.141 27.289 32.535 38.132 50.501 63.845 78.169 93.012 
55.744 27.249 32.507 38.091 50.366 63.651 77.783 92.969 
61.212 27.222 32.461 38.044 50.551 63.686 77.640 92.002 
72.295 27.181 32.195 37.882 50.385 62.940 77.449 91.805 

Bu4NClO4 
2.568 26.933 31.980 37.349 48.734 61.578 74.965 89.127 
2.953 26.835 31.861 37.232 48.668 61.498 74.878 89.060 
3.481 26.752 31.795 37.151 48.627 61.331 74.542 88.870 
4.096 26.742 31.754 37.104 48.526 61.179 74.440 88.729 
4.640 26.716 31.673 37.078 48.475 61.163 74.388 88.626 
5.260 26.628 31.637 36.995 48.384 60.950 74.249 88.504 
5.932 26.581 31.588 36.914 48.320 60.871 74.179 88.401 
6.669 26.540 31.516 36.800 48.297 60.739 74.069 88.333 
7.305 26.505 31.457 36.756 48.207 60.669 73.906 88.286 
7.478 26.491 31.416 36.737 48.156 60.623 73.825 88.125 
8.369 26.468 31.351 36.684 48.039 60.544 73.779 87.716 

11.375 26.332 31.307 36.586 47.896 60.467 73.720 87.501 
15.314 26.201 31.146 36.384 47.608 60.236 73.239 87.141 
19.310 26.021 30.954 36.167 47.303 59.736 72.799 86.628 
23.862 25.891 30.674 35.974 47.069 59.421 72.353 85.949 
29.073 25.728 30.561 35.726 46.707 58.974 71.752 85.293 
34.983 25.649 30.515 35.639 46.528 58.672 71.272 84.765 
41.342 25.419 30.248 35.317 46.009 58.210 70.809 84.147 
47.509 25.348 30.168 35.211 46.972 57.994 70.662 83.888 
55.495 25.282 30.086 35.066 46.728 57.713 69.848 83.007 
63.049 25.072 29.869 34.792 45.437 57.317 69.657 82.737 
70.634 24.894 29.639 34.562 *44.547 56.909 69.119 82.401 
79.710 24.792 29.439 34.424 44.482 56.650 68.918 81.798 

Bu4NBPh4 
1.250 15.785 19.246 22.876 30.910 39.664 49.018 59.189 
1.939 15.715 19.144 22.790 30.880 39.517 49.012 59.103 
2.178 15.641 19.076 22.711 30.819 39.501 48.778 59.005 
4.228 15.503 18.843 22.479 30.420 39.348 48.528 58.646 
4.422 15.445 18.851 22.399 30.362 39.139 48.293 58.622 
4.781 15.356 18.699 22.268 30.171 39.067 48.108 58.400 
5.592 15.353 18.661 22.258 30.117 38.886 47.997 58.358 
6.475 15.264 18.608 22.149 29.993 38.853 47.985 57.833 

13.539 14.967 18.147 21.559 29.267 38.658 46.732 56.614 
22.025 14.628 17.732 21.078 28.644 36.820 45.855 55.377 
27.884 14.512 17.588 20.903 28.434 36.558 45.368 54.792 
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Table 3 (Continued) 

1 2 3 4 5 6 7 8 
33.111 14.394 17.348 20.743 28.181 36.292 45.134 54.638 
41.552 14.236 17.147 20.508 27.772 35.928 44.751 54.264 
50.245 14.161 16.881 20.290 27.522 35.567 44.111 53.462 
61.204 13.920 16.682 20.064 27.221 35.188 43.632 52.947 
72.036 13.751 16.510 19.855 26.964 34.885 43.187 52.363 
83.503 13.562 16.284 19.597 26.616 34.474 42.855 52.012 

 
Table 4 

Molar conductivities Λ/ S⋅cm2·mol-1 LiBF4 in propylene  
carbonate at temperatures 298.15–398.15 K 

m% ⋅104, 
mol⋅kg-1 298.15 K 308.15 K 318.15 K 328.15 K 338.15 K 358.15 K 378.15 K 398.15 K 

2.850 – 33.025 38.875 45.201 51.706 65.335 79.027 91.764 
4.332 27.259 32.854 38.768 45.068 51.418 65.033 79.245 91.486 
6.130 27.403 32.692 38.629 44.859 51.383 64.679 – 90.679 
8.251 27.202 32.525 38.430 44.615 50.986 64.252 77.888 89.824 
10.189 27.191 32.425 38.410 44.542 50.955 64.233 77.206 89.285 
13.295 27.037 32.316 38.246 44.286 50.709 63.018 77.210 89.847 
16.349 26.869 32.171 37.996 44.063 50.413 62.695 76.536 89.527 
23.808 – 31.633 37.580 43.415 48.910 61.632 75.238 88.490 
28.275 26.226 31.446 37.013 42.950 48.544 61.109 74.365 87.602 
33.215 26.069 31.233 36.779 42.662 48.016 60.759 – 86.930 
37.850 26.101 31.103 36.536 42.418 48.459 60.419 73.109 – 
43.455 25.578 30.671 – 41.812 47.373 60.045 72.435 85.647 
48.826 25.587 30.666 36.101 41.843 47.350 59.712 72.431 – 
55.023 25.434 30.509 36.004 41.586 47.311 59.642 72.140 85.129 

 
Table 5 

Molar conductivities Λ/ S⋅cm2·mol-1 Et4NBF4 in propylene  
carbonate at temperatures 278.15–398.15 K 

m% ⋅104, 
mol⋅kg-1 278.15 K 298.15 K 318.15 K 338.15 K 358.15 K 378.15 K 398.15 K 

1.571 19.890 30.839 43.486 57.521 72.496 88.259 104.31 
2.550 19.876 30.765 43.431 57.322 72.354 88.517 104.30 
3.608 19.881 30.816 43.469 57.345 72.631 88.450 104.52 
5.379 19.652 30.493 43.057 56.940 71.868 87.691 103.61 
6.229 19.593 30.417 42.951 56.680 71.724 87.006 103.41 
7.889 19.541 30.340 42.794 56.409 71.478 86.767 103.04 
9.982 19.443 30.218 42.597 56.256 71.173 86.457 102.84 

11.708 19.397 30.132 42.514 56.179 71.037 86.352 102.70 
13.841 19.332 30.063 42.382 55.879 70.734 85.939 102.24 
16.361 19.276 29.934 42.231 55.776 70.487 85.624 101.63 
20.769 19.211 29.839 42.070 55.604 70.842 85.352 101.44 
25.930 19.042 29.559 41.678 55.480 69.633 84.288 100.51 
32.681 18.892 29.385 41.384 55.414 69.966 83.810 99.978 
41.371 18.754 29.134 41.064 55.112 69.954 83.245 99.243 
59.721 18.418 28.643 40.370 53.250 67.415 81.993 97.717 
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3.1. Processing of Experimental Results 

To define constant of ionic association (КА), 
limiting molar electrical conductivity (Λ0) and parameter 
of the closest approach of ions (R) according to the 
experimental conductometric data (Tables 3-5), the 
method of processing of experimental data [28] was used. 
It consists in minimization of the function: 

( ) 2exp

1
; min

k th st
j j j

j
Q c X

=
 = Λ − Λ ⇒∑   .        (7) 

with a vector of unknown parameters: 
Χ = Χ (Λ0, KA, R)                             (8) 

From the mathematical point of view, the problem 
of finding of a vector with unknown parameters (8) for a 
case of symmetric electrolytes with unequal 1st degree of 
dissociation consists in solving the overflowed system of 
nonlinear equations: concentration dependence of molar 
electrical conductivity for a set of k concentrations (9), the 
law of mass action (10), material balance (11) and 
expressions for mean ionic coefficients of activity (12): 

0( , , ) / , 1,st
j j j jc f c R c j kΛ = Λ =                (9) 

0 2 2
,/j j jK c c ya +−=                              (10) 

0 st
j j jc c с+ =                                   (11) 

, ( , )j jy c Rϕ+− =                                 (12) 

where 0, , st
j j jс c c  – concentration of ions, ionic pairs and 

stoichiometric concentration of electrolytes, respectively, 
and for non-associated electrolytes – st

jc ≡ i
jc . 

For calculations of electric conductivity we chose 
the following combination of equations: the second 
approach of the Debye-Hückel theory (DH2) for 
coefficients of activity and the Lee-Wheaton equation [29] 
in the modification of Pethybridge [30] (LWP) for 
electrical conductivity (Eqs. (13) and (14), respectively) 
were used. 

( )1ln / 1
2

y lk kR± = − +                    (13) 

( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

2 3
0 1 2 3

2
4 5

1

1 /12
1

C x lk C x lk C x lk

k C x lk C x lk x
x

ρ

 Λ = Λ + ⋅ + ⋅ + ⋅ − 

 − + ⋅ + ⋅ + +

(14) 

where ρ = 1.640214⋅10-8/η0, and С1–С5 – complex 
functions of х. 

Taking into account that LiClO4 is a non-associated 
electrolyte, the data on these solutions were processed 
without considering the ionic association by the method of 
optimization of parameters {Λ0, R}, where R – parameter 
of the closest approach of ions. For all other electrolytes, 
optimization by two parameters {Λ0, КА} was used, 
parameter R was fixed as a constant value: 

sR r r nd+ −= + +                         (15) 

where r+ , r− – radii of cation and anion, respectively,  
sd  – diameter of a molecule of the solvent; for alkali salts  

n = 1, for tetraalkylammonium salts n = 0. 
Results of optimisation of 1-1 electrolytes in PC 

are given in Table 6 (at 298.15 K the literature data for Λ0 
and КА are cited). 

3.2. Discussion 

For separation of Λ0 into ionic components it was 
suggested that the ratio λi

0(Bu4N+)/λi
0(BPh4

-) was constant 
at all temperatures. It should be noted that this suggestion 
does not require to assume that λi

0η = const, where η is 
the solvent density. Thus, Λ0 values of the studied salts 
were separated into ionic components in accordance with 
the following scheme: 

 

4 4 4 4 4 4

4

Bu NClO LiClO LiBF Et NBF+
4 4 4 4 4 4

NaClO

-
4

Bu NBPh Bu N ClO Li BF Et N

BPh Na

+ − − +

+

→ → → → →

↓ ↓
 

 

Results are given in Table 7 (for the ions at  
298.15 K, the literature values are cited). As the Table 
shows, limiting molar ionic conductivities obtained 
indirectly from our data are well agreed with the literature 
data at 298.15 K. 

Recently O. Kalugin et al. [31, 32] suggested to use 
the experimental ionic friction coefficients, ζ=zeF/λi

0, 
to calculate a new quantitative description of ion-
molecular interaction, the product (gK⋅γD)ef, where gK and 
γD are the modified Kirkwood factor [33] and Debye 
parameter [34]. According to [33, 34], the effective radius 
of Hubbard-Onsager dielectric friction theory [35, 36], 

ef

HOR , is related to the experimental friction coefficient ζ = 
= f(ri/ ef

HOR ), where ri is own ionic radius. On the other hand, 
ef

HOR may be expressed as a function of (gK⋅γD)ef as [37]: 

( )
( )

( )
( ) ( )

1
42 2

2
0

2
212 4

Vef
HO K D ef

B

ze
R g

k T
µ ε

γ
ε ε επε

∞

∞

 + = ⋅ ⋅ +  
    (16) 

where µV, ε and ε∞ are the molecular dipole moment, 
dielectric constant of a solvent and dielectric constant at 
the infinite frequency, respectively. 

Eq. (16) allows to obtain the product of two structure-
sensitive quantities, gK and γD, from the experimental data for 
the ionic friction coefficient. For a pure solvent, these 
parameters are given by the well-known formulas [33, 34]: 

( ) ( )
( )22

3
0

2
4 3 2

V K

B

g
k Ta

ε εµ
ε ε

πε ε ε
∞

∞
∞

+
− = ⋅

+
             (17) 

34
D D

B

a
k T
π η

τ γ=                                (18) 

where τD is the dielectric relaxation time and a is the 
molecular radius calculated from the molecular volume.  
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Table 6 

Results of conductivity measurements for 1-1 electrolytes in propylene  
carbonate (Λ0/ S⋅сm2mol-1, KA/dm3mol-1, R/nm, σΛ/S∙cm2 mol-1) 

T, K Λ0
 KA

 R σΛ 
LiClO4 

298.15 26.87 ± 0.02 
26.08(min) [3] – 28.0(max) [18] 

0.47(min)[18]– 1.5(max)[13] 2.39 ± 0.04 
2.80 ± 0.82 [23] 

0.08 

308.15 32.26 ± 0.02  2.38 ± 0.04 0.09 
318.15 37.80 ± 0.03  2.40 ± 0.04 0.1 
338.15 49.65 ± 0.07  1.56 ± 0.11 0.2 
358.15 62.08 ± 0.07  1.04 ± 0.07 0.2 
378.15 76.35 ± 0.08  0.65 ± 0.06 0.2 
398.15 93.01 ± 0.10  0.33 ± 0.07 0.3 

NaClO4 
298.15 28.08 ± 0.02 

27.29 [23] – 28.30 [31] 
4.3 ± 1.8 

0 [23] – 1.0 [32] 
0.964 

1.41 [23] 
0.03 

308.15 33.60 ± 0.07 6.9 ± 4.6 0.964 0.1 
318.15 39.24 ± 0.03 6.9 ± 1.9 0.964 0.1 
338.15 51.78 ± 0.08 9.5 ± 3.7 0.964 0.1 
358.15 65.68 ± 0.08 15.6 ± 3.2 0.964 0.2 
378.15 80.17 ± 0.13 15.6 ± 4.1 0.964 0.2 
398.15 96.16 ± 0.27 16.5 ± 7.7 0.964 0.5 

Bu4NClO4 

298.15 27.40 ± 0.01 
27.42 [3] – 28.20 [23] 

1.3 ± 0.1 
0.2 [12] – 2.2 [3] 

0.734 
2.54 [23] 

0.04 

308.15 32.52 ± 0.02 0.9 ± 0.2 0.734 0.06 
318.15 38.01 ± 0.02 1.4 ± 0.2 0.734 0.05 
338.15 49.70 ± 0.11 1.6 ± 0.8 0.734 0.3 
358.15 62.62 ± 0.03 3.2 ± 0.2 0.734 0.1 
378.15 76.17 ± 0.04 4.5 ± 0.2 0.734 0.1 
398.15 90.62 ± 0.04 5.9 ± 0.2 0.734 0.1 

Bu4NBPh4 
298.15 17.57 ± 0.02 

17.14 [23], 17.15[11], 17.31[12] 
4.2 ± 0.4 

0.93 [23] –10.2 [12] 
0.947 

3.98 [23] 
0.05 

308.15 21.08 ± 0.05 8.5 ± 0.9 0.947 0.1 
318.15 24.75 ± 0.04 6.8 ± 0.6 0.947 0.1 
338.15 32.92 ± 0.05 7.2 ± 0.5 0.947 0.1 
358.15 41.83 ± 0.06 8.1 ± 0.6 0.947 0.2 
378.15 51.33 ± 0.09 9.4 ± 0.7 0.947 0.2 
398.15 61.60 ± 0.11 10.2 ± 0.7 0.947 0.3 

LiBF4 
298.15 28.21 ± 0.07 

28.48[15] – 28.83 [22] 
8.37 ± 1.25 

1.3 [22] –10.1 [15] 
0.941 0.2 

308.15 33.74 ± 0.04 8.35 ± 0.55 0.941 0.08 
318.15 39.85 ± 0.07 9.09± 0.91 0.941 0.1 
328.15 46.29 ± 0.07 11.1 ± 0.7 0.941 0.1 
338.15 52.95 ± 0.16 14.9 ± 1.6 0.941 0.3 
358.15 66.51 ± 0.16 15.7 ± 1.2 0.941 0.3 
378.15 80.60 ± 0.17 16.7 ± 1.2 0.941 0.4 
398.15 92.96 ± 0.19 19.7 ± 1.24 0.941 0.4 

Et4NBF4 
278.15 22.18 ± 0.01 2.1 ± 0.2 0.632 0.01 
298.15 33.33 ± 0.01 

33.96 [22] 
1.9 ± 0.2 

0 – 3.0 [22] 
0.632 0.02 

318.15 46.21 ± 0.01 3.1 ± 0.2 0.632 0.03 
358.15 75.64 ± 0.03 4.1 ± 0.4 0.632 0.03 
378.15 91.32 ± 0.05 5.0± 0.3 0.632 0.09 
398.15 107.95 ± 0.07 4.7 ± 0.3 0.632 0.1 
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Table 7 

Values of limiting molar conductivities of ions (λ0
i) in PC in a wide range of temperatures 

T, K Li+ Na+ Et4N+ Bu4N+ 
4BF−  

4ClO−
 4BPh−

 

298.15 8.512 
(7.30 [3]–

8.89 [3,15]) 

9.722  
(9.04–10.71 

[12]) 

13.59 
(11.53–13.58 

[12]) 

9.042  
(8.48 [12]–

9.39[3]) 
19.74 

18.36  
(18.43 [32]–
18.89 [31]) 

8.528 
(8.10 [9]) 

308.15 10.47 11.82 14.08 10.73 25.03 21.79 10.34 
318.15 12.33 13.77 15.15 12.54 31.06 25.47 12.21 
338.15 16.35 18.48 17.89 16.40 43.41 33.30 16.53 
358.15 21.13 23.73 19.48 20.66 56.16 41.96 21.17 
378.15 25.32 29.14 21.78 25.14 69.54 51.03 26.19 
398.15 32.30 35.44 27.04 29.90 80.91 60.72 31.70 

 

  
Fig. 1. Dependence of the values θ of several ions with the same 

charge in PC on temperature 
Fig. 2. Dependence of values θ of several ions with the same 

charge in PC on radii of ions at 298 and 398 K 
 

Then, in accordance with Samoilov’s approach, the 
ratio 

( ) ( )/ef
k D k Dg gθ γ γ=                                   (19) 

was suggested as a measure of ion’s influence on the 
structure and molecular dynamics of a solvent, as the 
parameter of solvation microdynamics. The value (gKγD)0 
corresponds to the pure solvent and can be calculated 
using Eqs. (19, 20) from the physical properties of a 
solvent. Values Θ > 1 correspond to structure-making 
effect of an ion and decrease of molecules activity in its 
vicinity, and vice versa for Θ < 1. 

The data on the dielectric relaxation time, τD, taken 
from [38], is described by: 

4 25.294 0.052 1.83 10 .D t tτ −= − ⋅ + ⋅ ⋅            (20) 
and ε∞ was calculated from the Clausius-Mosotti equation 
[39] 

1
2

MP
d

ε
ε

∞

∞

−
= ⋅

+
                            (21) 

assuming that the deformational polarization P is 
independent from temperature. 

Fig. 1 shows the temperature dependence of θ, and 
Fig. 2 shows the dependence of θ for single-charged ions 
in PC on the ionic radius. The Li+ ion has rather high 
values of θ, this ion sufficiently slows down the motion of 
the nearest solvent molecules. As Fig. 1 shows, the values 
of the parameter θ for the lithium ion in PC practically 
coincide with the values of the parameter θ of the BPh4

– 

and Bu4N+ ions and decrease considerably with the 
increase of the temperature. It can be connected with the 
fact that the size of the lithium ion in a solvation shell 
practically does not differ from the size of ions BPh4

- and 
Bu4N+. It points to a large positive solvophobic ability of 
BPh4

– and Bu4N+ in PC, while the values of the parameter 
θ practically do not change with the increase of the 
temperature for BF4

–, ClO4
– and Et4N+. 

Fig. 2 shows the dependence of the parameter θ on 
the size of the ion at 298.15 and 398.15 K. As Fig. 2 
shows, the values of θ for Li+ and Na+ (at 298.15 K) are 
much higher than 1, which points to solvophilic solvation 
of these ions in PC, whereas the values of θ for the anions 
BF4

–, ClO4
– and Et4N+ are almost equal to 1, which points 
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to the poor solvation of these ions in PC. Meanwhile, the 
parameters θ for all ions at 398.15 K are almost equal to 1. 

These results can be interpreted as follows. In 
general, influence of the ions on the nearest solvation 
dynamics may be represented by two components: 
solvophilic and solvophobic [40]. The first one is related 
to the ion’s action on the solvent by the electrical field of 
the ion. Solvophilic solvation, depending on the ionic 
radius and the solvent structure features (presence of 
cavities, nature of intermolecular interaction and 
molecular motion, etc.), can be either positive or negative. 
Solvophobic solvation is observed for the ions of large 
radii only as an obstacle effect: motion of the solvent 
molecules becomes slower, because part of the solution 
space is occupied by the ion itself and is inaccessible for 
the solvent molecules. Solvophobic solvation increases 
with the increasing ionic radius and decreases with the 
increase of the temperature. 

The obtained values and dependences of θ on 
temperature and radii of ions are confirmed by the data 
obtained from the spectral characteristics. 

Association of the molecules has considerable 
impact on the properties of liquids and solutions and the 
kinetics of the processes occurring in them. In the work 
[41] investigations of the nature of self-association of 
molecules of liquid propylene carbonate using the method 
of spectral combinational dispersion of light was 
performed. The work shows that PC has more stable 
cyclic dimers as in it both atoms of the carbonyl group 
participate in the intermolecular interaction, while in a 
chain-like dimer the interaction occurs only through one 
of them. As there are more chain dimers in PC, they 
collapse faster with the increase of temperature. From the 
work [42] the conclusion is drawn that absorption bands 
corresponding to the vibrations with the participation of 
atoms of the С=О bond of the carbonyl group of PC 
appeared to be the most sensitive to the ion-molecular 
interaction. Considering that the greatest density of a 
negative charge in the PC molecule is concentrated on the 
atom of oxygen of the С=O fragment, it is possible to 
draw a conclusion that the interaction of the PC molecules 
with cations of the dissolved salts occurs through an atom 
of oxygen of the group C=O and is followed by the 
cleavage of dipole-dipole associates formed in the liquid 
PC. In a series of cations Na-Li-Mg in PC strengthening 
of interaction of the corresponding cations with PC 
molecules is observed, and as a consequence – decrease of 
frequencies of the absorption bands. 

According to the results of spectral studies of both 
pure solvent and solutions of 1-1 electrolytes in PC, as 
well as the obtained values and dependences of the 
parameter θ, assumption of poor solvation of anions in PC 
is confirmed. 

4. Conclusions 

Conductometric investigation of several 1-1 
eletrolytes in PC was performed in a wide range of 
temperatures. The values of limiting molar electrical 
conductivity (LMEC) Λ0 and association constants KA 
were calculated, which are in good agreement with the 
data for 298.15 K reported in literature. 

The values of LMEC λ0
i in the wide range of 

temperatures were obtained for the first time using the 
indirect method of separation into ionic components. The 
λ0

i values are also in good agreement with the data for 
298.15 K found in literature. 

The assumption about the poor solvation of the 
ions in PC is confirmed. It was found that Li+ ion in its 
solvation shell does not concede to the Bu4N+ and BPh4

- 
ions. 

It was confirmed that at high temperatures 
(> 333 K) all ions virtually have no solvation shells (for 
Li+ it is destroyed upon increase of the temperature). 

The values of LMEC for the ions can be used for 
more thorough investigation of the interparticle 
interactions in solutions. 
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ЕЛЕКТРИЧНА ПРОВІДНІСТЬ  
ТА МІЖЧАСТИНКОВІ ВЗАЄМОДІЇ В РОЗЧИНАХ  

1-1 ЕЛЕКТРОЛІТІВ В ПРОПІЛЕНКАРБОНАТІ  
У ШИРОКОМУ ІНТЕРВАЛІ ТЕМПЕРАТУР 

 
Анотація. Представлено результати кондукто-

метричного дослідження розчинів деяких 1-1 електролітів у 
пропіленкарбонаті в інтервалі температур 298–398 K. З 
використанням розширеного рівняння електричної провідності 
Лі-Уітона визначено константи йонної асоціації. Встановлено, 
що LiClO4 в пропіленкарбонаті є неасоційованим електро-
літом. Для врахування динаміки йонної асоціації проведенo 
поділ на йонні складові електричної провідності в широкому 
інтервалі температур. 

 
Ключові слова: пропіленкарбонат, електрична 

провідність, асоціація, 1-1 електроліти. 
 




