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Precise equivalent conductances of Bu,NBr, Pent,NBr, Hex,NBr abd Hept4 NBr have been measured in 1,2-
dimethoxyethane (DME) at 25 ± 0.005oC in the concentration range of 5.0 x w- 2 to 1.0 x w- 4 mol dm -l. The 
conductance data have been analyzed by the Fuoss-Kraus theory and the values of the ion-pair and triple-ion for
mation constants have been calculated. Analysis of the data indicates that the electrolytes are mainly associated in 
the form of ion-pairs ( KP"" 10~ M- 1 ). A small amount of triple-ions are also detected for these salts at 
0.01 M< C< 0.05M, the maximum concentration limit where the data have been analysed. 

1,2-Dimethoxyethane (DME) is a potential solvent 
now-a-days for use in non-aqueous batteries and 
its applications in organic syntheses and electro
chemical studies 1 have been widely stressed. It is, 
therefore, imperative to study the transport pro
perties of ions in this aprotic medium. The con
ductometric method is well known to give valuable 
information regarding ion-solvent interactions. Al
though a number of studies have been made in 
DME on alkali metal halides2-4, literature provides 
no information on conductometric behaviour of 
tetraalkylammonium halides in DME. This led us 
to undertake the title investigation1 the results of 
which are reported in this paper. 

Materials and Methods 
1,2-Dimethoxyethane (Fluka, purum) was shak

en with FeS04 (AR, BDH) for 1-2 hr, decanted, 
distilled, the distilate refluxed for 12hr and redis
tilled over metallic sodium. The b.p. and density 
compared fairly well with the corresponding litera
ture v~lues 5 (b.p. 83S; d0, 0.86261 gcm- 3 at 
25°C). The specific conductance of DME was 
0.81 x 10-n ohm- 1cm- 1 at 25oC. 

Tetraalkylammonium bromides were Fluka pro
ducts. Tetrabutylammonium and tetrapentylammo
nium bromides were recrystallized from acetone
ether and dried in vacuo at 60o for two days. Tet
rahexylammonium and tetraheptylammonium bro
mides were washed with ether and dried in vacuo 
at room temperature for two days. 

Conductances. were measured at 
25oC ± O.OOSOC employing a Pye-Unicam PW 
9509 conductivity meter at a frequency of 
2000Hz using a diptype cell of cell constant 
0.731 cm- 1• 
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Densities were measured with an Ostwald
Sprengal type pycknometer of about 25 ml capac
ity. The dielectric constant of DME (E = 7.012) 
was taken from the literaturefi. 

Results and Discussion 
The log-log plots of t\ versus concentration for 

tetrabutyl-, tetrapentyl-, tetrahexyl- and tetrahep
tyl-ammonium bromides, given in Fig. 1, show a 
minimum in every case. The precise equivalent 
conductances of the tetrabutyl-, tetrapentyl-, tetra
hexyl- and tetraheptyl-ammonium bromides are 
given in Table 1. 

The conductance data have been analysed by 
the Fuoss-Kraus theory7 for the triple-ion forma
tion (Eq. 1) 

( ) 
112 Ao A6 KT ( A) Age C =~+--11-2 - 1-~ C 

KP KP Ao 
... (1) 

where g(c) is a factor that incorporates all the inte
rionic interaction terms; A 0 and AJ are the limit
ing equivalent conductances of R4NBr and of two 
possible triple-ions R 4 N(Br).2 and (R4 N)2Br+ and 
KP and KT are the ion-pair and triple-ion forma
tion constants respectively. The symmetrical ap
proximation of the two possible formation con
stants of triple-ions equal to each other has been 
considered4

• 

The term g(c) is given by Eq. (2) 

[ ~' l/2] 
exp - t\ b'2 ( C A ) · 

g(c) = ( ) ( ) ... (2) S tn A 
1 - -, ( CA ) - 1 --
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Table !-Equivalent Conductances of Tetraalkylammonium Bromides in 1,2-Dirnethoxyethane at zs•c 
1o•c /\. 1o•c . /\. 

(mol1- 1) (ohm- 1crn 2mo1- 1) (mo11- 1) (ohm- 1cm2mo1- 1) 

Bu,NBr Pent4 NBr 

1.0102 11.401 29.9798 2.801 
1.9976 7.011 49.9899 2.541 
4.0028 4.799 70.0101 2.414 
5.9879 3.817 99.9897 2.341 
8.0201 3.375 129.9951 2.323 
9.9989 3.161 169.9895 2.341 

20.0091 2.369 199.9969 2.369 
40.0011 2.021 219.9899 2.381 
59.9969 1.933 289.2401 2.458 
80.0019 1.901 300.0109 2.466 

100.0101 1.919 
149.9992 2.013 
159.9891 2.044 
250.0112 2.476 
300.0091 2.691 
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Fig. !-Plot of log 10/\. versus Jog 10 C for (A) Bu4 NBr and 
Pent,NBr and IB) Hex,NBr and Hept4 NBr in 1,2-DME at 

25"C 

wher~ ~' is the Debye-Huckel actiVlty coefficient 
term and S the limiting Onsager coefficient. Neg
lecting 1\. I 1\. 0 , S/ 1\. 6'" ( C/1\. ) 1 

'
2 and assuming 

f ± = 1 lead to g( c)= 1 and we get 

1\. 1\.TK 1\. ( C) I ~ = __ ,_1 - + _,_1 _T. c 
(Kr)l" (Kr)l'2 

00 0 (3) 

w•c 
(mo11- 1) 

5,9989 
8.0019 
9.9989 

12.4999 
14.9879 
18.0019 
20.0109 
24.9985 
30.0017 
35.0105 
39.9879 
64.9987 
99.8998 

149.9899 
250.0107 
300.0105 
499.9899 
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0 

I\ 1o•c 
(ohm- 1cm2mo1- 1) .(mo11- 1) 

Hex4NBr 

2.916 19.9989 
2.487 22.0019 
2.141 24.9998 
1.976 30.0210 
1.793 35.0111 
1.677 39.9959 
1.580 64.9981 
1.462 99.9989 
1.379 150.0119 
1.337 199.9791 
1.305 249.9986 
1.244 300.0101 
1.279 350.0091 
1.333 
1.464 
1.513 
1.682 

Hex4 NBr in I, Z OME 
1 = zs•c 

/ -

0·05 0·10 0·15 0·20 
c 

B Hex4 NBr in 1. Z OME 
r = zs•c · 

FUOSS-KRAUS THEORY 

FOR TRIPLE IONS 

I\ 
(ohm- 1cm2mo1- 1) 

Hept4NBr 

2.025 
1.902 
1.611 
1.367 
1.289 
1.223 
1.166 
1.161 
1.227 
1.283 
1.379 
1.456 
1.514 

7 17 Z? 3'1 47 5'7 67 '77 87 97 

C(1-A )~10~ 
·- Ao 
~ig. 2-Representative plot of (A) I\ C 1' 2 versus C and (B) 
/\.g(c)C 1

."
2 versus C(1-/\.//\. 0 ) for Hex4NBr in 1,2-DME at 

25'C .. 

For the present data, it was found that Eq. (3) was 
inadequate, the data showing a downward curva
ture when plotted as 1\. C 12 versus C (a represen
tative plot for Hex4NBr is shown in Fig. 2A). On 
the contrary Eq. ( 1) gives reasonably a linear plot 
(Fig. 2B). 
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Table 2-Ion-pair and Triple-ion Formation Constants 
of Electrolytes in DME at 25"C 

Salt Ao Kpx w- 6 KT 
(ohm- 1cm2mol- 1) (mol dm- 3)- 1 (mol dm - 3)- 1 

Bu 4 NBr 
Pent4 NBr 
Hex 4 NBr 
Hepi 4 NBr 

138.37 
132.76 
128.61 
125.93 

2.39 
1.12 
5.18 
4.74 

267.58 
192.01 
260.64 
230.74 

Table 3-Values of Coefficients from Regression Amily-
sis 

Salt rl Intercept Slope 

Bu4NBr 0.968 8.95x10- 2 15.96 
(±0.007) (±0.83) 

Pent4NBr 0.999 12.53 x w- 2 16.04 
( ± 0.002) (±0.11) 

· Hex4 NBr 0.996 5.65x10- 2 9.82 
(±0.002) (±0.14) 

Hept4 NBr 0.984 5.78x10- 2 8.90 
( ±0.005) ( ±0.34) 

For evaluation of KP and KT values from Eq. 
( 1 ), the average A 0TJ 0 values of the salts at 25oC 
were taken from the work of Krumgalz8

. The vis
cosity (TJ 0 ) of 1,2-DME is 0.004129 poise. There
fore, from Walden's rule i\. 0 values of the electro
lytes in 1 ,2-DME at 25°C were calculated (Table 
2 ). Linear regression analysis of Eq. ( 1) gives coef
ficient (r 2), intercept and the slope (Table 3). From 
the above results and arbitrary position A6 = 2/ 
3 i\ 0 , KP and KT values were calculated and are 
given in Table 2. 

Table 2 shows that major portion of the electro
lytes exists as ion-pairs with only a minor propor
tion as triple-ions (neglecting quadrupoles). The 
K P and KT values change in a zig-zag fashion with 
cationic size from Bu4N+ to Hept4N + but de
crease sharply for Pent4NBr. This probably hap
pens as a result of spherical interaction9 (forming 
'clathrate-like' structure around their hydrocarbon 
side chains) of the tetraalkylammonium ions with 
solvents in general. With the above values of KP 

576 

and KT (Table 2 ), the ion-pair concentrations ( cP ), 
of the electrloytes have been calculated4 at a con
centration of c= 0.03 Musing the relation: 

... (4) 

where 

and 

aT= ( KT/ K!12
) C112 

The values are: Bu4NBr, 271.902 x 10-4; 
Pent4NBr, 270.112 X w-4; Hex4NBr, 
281.389 X w- 4 and Hept4NBr, 282.688 X w- 4• 

The results indicate that a very small fraction of 
the electrolytes are present as triple-ions even at 
such a high concentration. 
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Conductance Studies of Alkali-Metal Chlorides and 
Bromides in 2-Methoxyethanol at 25 oc 

Debasis Nandi, Susanta Das and Dilip K. Hazra* 
Department of Chemistry. North Bengal Unit·ersity, 7 34 430 Darjeeling. India 

The conductances of a number of alkali-metal chlorides and bromides. 
MX (M· =(['jj Na. K. Rb. Cs and x- = Cl. Br) have been measured in 
2-methoxye¥anol (ME) at 25 °C and the data have been analysed by the 
1978 Fuoss Conductance equation in terms of the limiting molar conduct
ance 1\ ". the association constant. K, and the association distance. R. 
Single ion conductivities have been determined using Bu~NBPh~ and 
·Bu 1NBBu 1 as reference electrolytes. Strong association was found for 
all these salts in ME and the limiting conductances(/\") were in the order 
Li > Na < K < Rb < Cs and Cl > Br. Evaluation of Stokes radii indicates 
that NaCI and NaBr form ion pairs with fully solvated ions while in other 
cases some solvent molecules are perhaps included in the ion pair. 

2-Methoxyethanol (ME) has attracted much attention in recent years as a solvent 
medium for various electrochemical investigations. 1 Although a number of precise 
conductance measurements of alkali-metal halides_in other solvents are known in the 
literature, 2 -

7 relatively few studies of such a nature have been made in 2-methoxyethanol. 
In this paper an attempt has been taken to reveal the nature of ion-solvent interactions 
of alkali-metal halides with 2-methoxyethanol through the measurement of their 
conductances at 25 oc. Since transference number data for solutions of these salts are 
lacking in ME. single ion conductivities have been evaluated using two reference 
electrolytes. Pi=. Bu 1NBBu 1 and Bu~NBPh~. in an effort to provide reliable values of 
ionic mobilities. 

iExperimental 

2-Methoxyethanol (G.R.E. Merck) was distilled twice in an all glass distillation set 
before use. The purified sample had a density of0.96002 gem·". viscosity 1.5414 cPt and 
a specific conductance of ca. 1.01 x 10-~ n- 1 cm- 1 at 25 oc. 

The alkali-metal chlorides and bromides (Fiuka) were of purum or puriss grade: they 
were dried in L'acuo for a long time immediately prior to use and were used without 
further purification. _ 

Tetrabutylammonium tetraphenylborate (Bu~NBPh~) was prepared by mixing equi
molar quantities of NaBPh, and Bu 1N8r as described in the literature." Tetra
butylammonium bromide (Bu,NBr) and tetrabutylammonium tetrabutylboJate 
(Bu,NBBu 1 : Alfa) was purified as suggested by Lawrence et al.u · 

Conductance measurements were made by a Pye-Unicam PW 9509 conductivity meter 
at a frequency of 2kHz using a dip-type cell of cell constant 0.73 em·'. Measurements 
were made in an oil bath maintained at 25 ± 0.005 oc. The details of experimentul 
procedures have been described earlier.'" Solutions were prepared by weight for ~he 
conductance runs. the moJulities being converted to molarities by the use of densities. 
Several independent solutions were prepared and runs were performed to ensure the 
reproducibility of the results. All data were corrected at 25 oc with the specific 

t I cP = 10 "Pas. 
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Table I. E4uivall:nt eonduetanc.:s and corr.:sponding rnolariti.:s 
· tlf th.e alkali-metal halides in 2-methoxyethanol at 25 oc 

t\jD.-' em' t\/D.-• em' 
Hl'Cjmol drn·" mol'' IO'Cjmol dm"' mol·' 

LiCI NaCI 

19.229 24.54 38.459 21.81 
14.422 26.38 28.844 23.31 
12.889 27.04 25.169 23.93 
I 1.572 27.53 19.229 . 25.14 
9.614 28.47 14.422 26.08 
7.692 29.48 9.614 27.28 
5.769 30.58 8.653 27.57 

KCI RbCI 

19.226 26.90 7.694 30.60 
14.420 28.32 6.732 31.15 
11.263 29.62 5.771 32.06 
9.614 30.18 4.808 33.20 
8.653 30.49 3.846 33.90 
7.691 30.92 2.885 35.10 
6.721 31.39 1.923 37.12 

CsCI 

7.694 32.90 
6.732 33.30 
5.771 34.75 
4.808 35.65 
3.846 36.70 
2.885 38.60 
1.923 40.61 

LiBr NaBr 

9.741 29.20 79.998 22.07 
8.654 29.75 60.001 22.97 
7.692 30.28 49.998 23.49 
6.731 30.82 45.001 2HO 
5.769 31.29 40.002 24.11 
4.807 31.87 34.998 24.42 
4.423 32.24 30.011 24.74 

--1.' KBr RbBr 

49.999 25.60 25.179 28.85 
40.001 26.37 14.422 31.52 
30.001 27.53 12.546 32.08 
20.001 29.10 10.572 32.71 
14.998 30.11 8.654 33.42 
I 0.()() I 31.10 7.694 33.70 
7.999 32.01 5.771 34.53 

CsBr 

I 0.002 33.32 
8.997 34.40 
8.002 35.22 
6.999 36.01 
6.001 36.61 -·-· ------, 
4.998 37.59 . /--- ... _. 
-l.OO I 38.50 

. .....__ 

--{__ ~;s,~ 
-~-
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conductance of the solvent. The corrected values were analysed by means of the Fuoss 
conductance equation. 

The dielectric constant of ME was taken from the literature. 11 

Results 

The measured equivalent conductances and the correspo_nding molarities for alkali
metal salts in 2-methoxyethanol are given in: table I. The data were analysed with the_ .. 
Fuoss conductance equation'~·'" using the following set of equations: 

1\ = p[/\ 11 ( I+ Rxl + £,.] 

p = [1-.:x(l-!'l] 

r = 1-K~c/F 

-In/= fl@/2( I +@Rl 

e~ 

fJ = r.kT 

K, = Ku/( I -.:x) = Ku(l + Ks) 

(I l 

(2) 

(3) 

(4) 

(5) 

(6) 

where Rx and £ 1• are relaxation and hydrodynamic terms, respectively as derived by 
Fuoss. and the other terms have their usual significance. The parameters /\ 11

, K, and R 
were obtained by solving the above equations. The calculations were performed on a 
Wipro Z-650 computer using the program devised by Fuoss. Initial /\" values for the 
iteration procedure were obtained from Shedlovsky extrapolations of the data. 

Calculations were carried out by finding the values of /\ 11 and .:x which minimize 

(7) 

for a sequence of R-values. and then plotting a%= IOOaft\" against R: the best fit R 
corresponds to a(ri"iax~of the a% 1'.1". R curve. First approximate runs over a fairly 
wide range of R varueswere made to locate the minimum and then a fine scan around 
the minimum was made. Finally the minimizing value of R was read into the computer 
and the corresponding values of/\" and .:x were calculated. 

However, since the rough scan using unit increment of F. values from 3 to 15 gave no 
significant minima in the a %-R curve except for RbCl and CsCl, the computations in 
other cases were done by fixing R at {J/2. 

The values of /\ 11
, K, and R obtained by this procedure are reported in table 2. The 

limiting conductances. of alkali-metal ions based on the values of Bu 1NBPh 1 and 
Bu,NBBu 1 have been shown in table 3. The/\" values of Bu,NBPh 1 and Bu,NBBu 1 were 
taken from our previous work.'" The Walden product and the Stokes radii of the ions 
are also given in table 3. 

Discussion 

Table 2 shows that with the exception of the sodium salts. the limiting equivalent 
conductances(/\") of the alkali-metal chlorides and bromides increase as the size of the 
alkali ion increases. the values being greater in the case of chlorides than hrornides. The 
results show that the conductance of the Na' ion is much too low on the basis of its 
dimension. Similar behaviour has been ohserved in acetone.'; The explanation ollcred for 
this is that. though the Na' ion has a lower surface charge density than that of the Li' 
ion. it is experiencing greater interaction between the charge on the ion and the dipoles 
of the adjacent solvent molecules. which leads to a reduction in mohility. In other cases. 
structure-forming clrect increases with decreasing dimension and consequently mohility 

··----._ 

.··? ~ s.c..z._ 
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Table 2. Conductance parameters or alkali-metal halides in :!-methoxyethanol at 25 oc 

Walden 
sa Its A,/n- 1 em! mol- 1 kJdm" mol- 1 product R(A (T 

LiCI 39.94 ( ± 0.47) 587 < ±-m 0.616 7.50 0.16 
NaCI 35.42 ( ± 0.23) 290 ( ± 3 I l 0.543 7.S5 0.24 
KCI 40.12(±0.17) 410 ( ± 131 0.61S S.22 0.06 
RbCI -+2.94 ( ±0.3SJ 762 (±52) 0.662 S.SO 0.19 
CsCI 4S.I3 (±0.4S) 973 ( ±63) 0.741 lUO 0.21 

LiBr 3H.22 ( ±0.26) J:!R ( ±25) 0.5X9 7.50 0.05 
NaBr 33.71 (±0.31) 127 ( ± 10) 0.521 7.99 0.09 
KBr 38.40 (±0.14) 175 ( ±RJ 0.591 X.34 0.15 
RbBr 41.22 ( ±0.23) 240(±16) 0.634 H.SI 0.15 
CsBr 46.42 ( ± 0.37) 524 ( ± 34) 0.7:!0 8.69 0.10 

Bu 1NBr 36.74 ( ± 0.27) 372 ( ± 24) 0.566 11.97 0.20 
Bu,NBBu, 28.84 ( ±0.13) 142 (± 11) 0.445 S.OO o:12 
Bu 1 NBPh, 27.64 (±0.28) 369 (±21) 0.426 8.60 0.14 

Table 3. Limiting ionic conductance. Walden pro-
ducts and Stokes radii or alkali-metal (chlorides 
and bromides) ions in 2-methoxyethanol at 25 oc 

ion i .. f i .. f 1/u r, 

c1- 24.04 0.370 1.21 
Li· 15.90 0.245 3.34 
Na- ll.JS 0.175 4.67 
K" 16.08 0.247 3.30 
Rb· 1S.90 0.291 2.81 
cs· 24.09 0.371 2.20 

Br- 21.31 0.344 2.3S 
Li" 15.90 0.245 3.34 
Na· 11.39 0.175 4.67 
K- 16.0S 0.247 3.30 
Rb· IS.90 0.291 2.S I 
cs· 24.10 0.371 2.20 

in the reverse order. This explains the order observed for the limiting equivalent 
conductances of alkali-metal chlorides and bromides in methyl cellosolve. 

We find that all these salts are moderately <tSSociated in this solvent media. This is 
quite expected owing to the low dielectric const<.lllt (1; = 16.93) 11 of the solvent. The most 
outstanding feature of the association constant given in table 2 is the fact that the salt 
containing larger ions shows a considerable amount of <.tssociation. Furthermore. the 
process of ionic association in ME docs not exhibit the simple dependence upon ionic 
size predicted by electrostatic theory. This can he seen more clearly in fig. I. where log 
K, for salts in ME is plotted against the reciprocal of the sum of the estimated 
crystallographic radii.'' However. the association constant decreases with the increasing_ 
size of the anion: the decrease appears to he greater in the case of large cations than in 
that of small cations. This can he accounted for hy the assumption that the 
destabilization of the anion in ME increases in the order Cl > Brand the stahilizations 
of the cations arc in the order Li > Na < K < Rh < Cs. Thus the behaviour of the alkali 



jl 

< 
:.c 
"" ..:: 

D. Nandi. S. /)us unci D. 1\. Hu::w 

3.0 

2.8 

2.6 

2.4 

2.2 

2.0L-~--~----~--~----~--_.--~ 

5.5 6.0 7.0 8.0 9.0 
10 
,. 
' 

10.0 11.0 12.0 

s 
(){)() 

Fig. I. Plot of Association Constant for the alkali-metal chlorides (.6) and bromides (0) as a 
function of crystallographic radii (r :.) at 25 °C. 
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Fig. 2. A plot ofWaldcn product against lfrx for tctraalkylammonium and Alkuli metal bromides 
in 2-mcthoxyethanol at 25 oc. 

salts in ME are not consistent with the measurements in alcohols 1 where K, increases 
with the increasing size of the anion. 

The single-ion conductances have been evaluated from the division of A" values of 
Bu 1NBBu 1 and Bu 1NBPh 1 using the following relationships: 

and 

).u(BuiN') =)."(BulB·)!'·"' 

;:11(8u 1N') = ~ = 5.35 = I.07_1.; 

1. 11 (Ph 18-) r 11.,
1
:-;· 5.00 

(8) 

(9) 

The t\" values of the reference electrolytes in ME w~re taken from our earlier work. 1
" 

The i.,; values of alkali-metal ions from eqn (H) arc presented in table.\. Values derived 
from eqn (9) diflercd from eqn (S) only hy + or -0. I.\ for anions and cations. 
respectively. This suggests that either of the two methods can he used to calculate the 
limiting ionic conductances in organic solvents. 
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The Walden rroduct. i.,; ''"and Stokes radii (rJ of alkali[mctal ions arc reported in 
table 3. The dependence of A 11 ''" uron ionic size in ME at 25 °C can be seen in fig. 2. 
the corresponding values for tetraalkylammonium ions were taken from our previous 
work.'" The Walden products for alkali metal halides in ME are substantially lower than 
those in aqueous solutions' and also show considerably less variation with crystal
lographic size than the corresponding values for aqueous solutions and are also 
grouped closely together with the exception of Li' ion. The apparent excess of mobility 
in aqueous solution has been attributed to far-greater solvation in the non-aqueous 
solvents. It is generally accerted that larger alkali and halide ions possess an excess 
mobility in aqueous solution owing to their ability to break hydrogen bonds in their 
immediate vicinity and thereby reduce the local viscosity."·' Thus in fig. 2. the change 
from Li· to cs· may be considered to have been associated with the change of ions from 
strongly solvated to structure[breaking. Also the trend from cs· to Et~N+ was associated 
with 'iceberg' formation'' inauced in ME by tetraalkylammonium ions. 

Table 3 shows that the Stokes radii decrease with the increasing size of the cations 
(with the exception of Na•) and is most "likely due to greater ionic mobilities of the 

·· cations. The order of halide·ion conductances in ME is Cl > Br. which is the same as 
that found in acetone. 6 The Stokes radii for these ions in ME are greater than the 
crystallographic radii. indicating that they may' be solvated in this solvent. However. 
with the exception of the Na ·ion. the Stokes radii are much less than the sum of the radii 
of the ion and the solvent molecule (r ~ 11 .: = 3.14 A).'" indicating that they are only 
slightly solvated in this solvent medium. though nothing can be said definitely in the 
absence of precise transference number data. 

We thank Prof. R. M. Fuoss for furnishing the computer programming of this equation. 
D. N. thanks the U.G.C .. New Delhi. for the award of a research fellowship. 
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