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Conductivity studies of sodium iodide in pure

tetrahydrofuran and aqueous binary mixtures of

tetrahydrofuran and 1,4-dioxane at 298.15K
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Department of Chemistry, North Bengal University, Darjeeling 734013, India

(Received 3 November 2006; in final form 6 December 2006)

Electrical conductance measurements are reported for sodium iodide (NaI) in waterþ tetrahy-
drofuran (THF) and waterþ 1,4-dioxane binary mixtures at 298.15K. The conductance data
have been analyzed by the Fuoss conductance–concentration equation in terms of the limiting
molar conductance (�0), the association constant (KA) and the distance of closest approach of
ions (R). Furthermore, the conductance data for pure THF have also been analyzed by the
Fuoss–Kraus theory and the values of the ion-pair and triple-ion formation constants are
calculated.

Keywords: Association constant; Walden product; Ion-pair; Triple-ion; Tetrahydrofuran;
1,4-dioxane

1. Introduction

Studies on ionic solvation of alkali metal ions in solvents of low permittivity are very
few. Such studies have been assumed important because of their applications in
modern technology [1]. Tetrahydrofuran (THF) and 1,4-dioxane (DO) are solvents of
low permittivity which have applications in high energy batteries and organic syntheses
as manifested from the physicochemical studies in these media [2,3]. Water–THF and
water–DO binary mixtures are favorite solvent systems to study association and
mobilities of ions, because the permitivities can be varied over a large range. Changes
upon addition of these solvents to aqueous solutions are due to increasing ion–ion
interaction at decreasing permittivity and to changes in ion-solvent and solvent–solvent
interactions.

Several systematic investigations on the conductivity of alkali metal halides in water–
THF [4,5] and water–DO [6–8] mixtures have been carried out by workers to reveal the
nature of ionic association and mobility of ions in these mixed solvent systems.

After the classical work of Fuoss and Kraus [9] in the thirties, there has been a
renewed interest in the study of association and dimerization of electrolytes in media of
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low permittivity [10]. This has been particularly important because knowledge of the
state of association of the electrolytes along with the type and structure of the complex
species in solution is essential for the optical choice of solvents and electrolytes. The
formation of triple ions in media having low permittivity ("<10) [11] have been
investigated from the conductivity studies of tetraalkylammonium, [12,13] alkali metals,
[14,15] and ammonium salts [16] by fitting the Fuoss–Kraus equation.

In this article, a systematic conductivity study of sodium iodide (NaI) in water–THF
and water–DO mixtures is presented at 298.15K over the whole mole fraction range.
We have also reported the formation of triple ions of NaI in pure THF ("¼ 7.58) and
the result is discussed herein.

2. Experimental

2.1. Source and purity of samples

THF (Tetrahydrofuran, C4H8O, LR grade) containing 0.1% water, and 0.005%
peroxide was supplied as 99.5% pure and DO (1, 4-dioxane, C4H8O2) containing
0.5% water, 0.02% nonvolatile matter was 99.0% pure. These were used after further
purification by standard methods [17]. Sodium iodide salt (NaI, Merck, 99.0%)
contained 3% moisture, 0.03% sulfate, and 0.1% potassium. It was dissolved in
acetone, filtered and cooled to �20�C, the resulting yellow crystals being filtered off and
heated in a vacuum oven at 70�C for 6 h to remove acetone. It was then crystallized
from very dil. NaOH, dried under vacuum, and stored in a desiccator. The purity was
detected by gas-liquid chromatography. Deionized water was used after further
distillation having specific conductivity 1.99� 10�6��1 cm�1. The purity of the liquids
was checked by measuring their densities and viscosities at 298.15K which were in good
agreement with the literature values [5,18]. The materials finally obtained were found to
be >99.5% pure.

2.2. Method

The conductance measurements were carried out in a systronic 308 conductivity bridge
(accuracy� 0.01%) using a dip-type immersion conductivity cell, having cell constant
1.11 cm�1. Measurements were made in a thermostated water bath maintained at
298.15K� 0.01K. Solutions were prepared by weight precise to �0.02%. The weights
were taken on a Mettler electronic analytical balance (AG 285). Determination of cell
constant was based on 0.1 (M) aqueous KCl solution. The cell was calibrated by the
method of Lind et al. [19,20]. The entire conductance data were reported at 1KHz and
was found to be �0.3% precise. Due correction was made for the specific conductance
of the solvent and solvent mixtures. The relative permittivity of water, THF, and
DO are 78.54, 7.58, and 2.21, respectively. The concentration range of electrolytes
was �(1.48–968.95)� 10�4mol dm�3 for water-THF mixture and �(0.35–968.95)�
10�4mol dm�3 for water–DO mixture.

Densities (�) were measured at 298.15K with an Ostwald–Sprengel type pycnometer
having bulb volume of about 25 cm3 and an internal diameter of the capillary of about
1mm. Viscosities (�) were measured by means of a suspended Ubbelohde type
viscometer [21]. Calibration was done at 298.15K with triply distilled water and
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purified THF using density and viscosity values from the literature. The details of the
methods and techniques for determination of the parameters were described earlier
[22,23]. The precision in the density and viscosity measurements are �2� 10�4 kgm�3

and �3� 10�4 Poise, respectively.

3. Results and discussion

The physical properties of the pure liquids and the solvent mixtures are given in table 1.

3.1. Treatment of data

The experimental values of the molar conductances, � against the respective
concentration, c for NaI salt in water–THF and water–DO binary mixtures over
the whole mole fraction range at 298.15K are recorded in table 2. The conductance data
are analyzed using the Fuoss conductance equation [24]. So with a given set of
conductivity values (cj,�j; j¼ 1, . . . , n), three adjustable parameters, i.e., �0, KA, and R
are derived from the Fuoss equation. Here, �0 is the limiting molar conductance, KA is
the observed association constant, and R is the association distance, i.e., the maximum
center to center distance between the ions in the solvent separated ion-pairs. There is no
precise method [25] for determining the R value but in order to treat the data in
our system, R value is assumed to be, R¼ aþ d, where a is the sum of the
crystallographic radii of the ions, which varies from 6 to 7 Å and d is the average
distance corresponding to the side of a cell occupied by a solvent molecule.
The distance, d is given by [24],

d ¼ 1:183
M

�

� �1=3

ð1Þ

Table 1. Physical properties of pure solvents and the solvent mixtures.

�� 10�3 (kgm�3) �� 102 (Poise)

x(THF/DO) " Observed values Literature values Observed values Literature values

THFþH2O mixture
0.0000 78.54 0.9973 0.9971 [12] 0.8904 0.8903 [12]
0.0588 57.25 0.9865 0.9867 1.4903 1.4900
0.1427 44.50 0.9666 0.9664 1.7323 1.7321
0.2725 32.00 0.9462 0.9460 1.4901 1.4904
0.4998 19.50 0.9157 0.9159 0.9234 0.9237
1.0000 7.58 0.8808 0.8807 0.4632 0.4630

DOþH2O mixture
0.0486 63.50 1.0145 1.0143 [17] 1.3003 1.3000 [17]
0.1199 44.40 1.0286 1.0284 1.7397 1.7400
0.2347 27.50 1.0358 1.0360 1.9803 1.9800
0.4498 12.10 1.0352 1.0350 1.7302 1.7300
1.0000 2.21 1.0271 1.0269 1.1963 1.1960
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where M is the molecular weight and � is the density of the solvent. For mixed

solvents, M is replaced by the mole fraction average molecular weight (Mav) which is

given by,

Mav ¼
M1M2

W1M2 þW2M1
ð2Þ

where W1 is the weight fraction of the first component of molecular weight M1.
Thus, the Fuoss conductance equation may be represented as follows:

� ¼ p½�0ð1þ RXÞ þ EL� ð3Þ

Table 2. Molar conductances, � and the corresponding concentration, c of NaI salt in THFþH2O and
DOþH2O binary mixtures at 298.15K.

c� 104

(mol dm�3)
�� 104

(Sm2mol�1)
c� 104

(mol dm�3)
�� 104

(Sm2mol�1)
c� 104

(mol dm�3)
�� 104

(Sm2mol�1)

xTHF¼ 0.0000, "¼ 78.54 xTHF¼ 0.0588, "¼ 57.25 xTHF¼ 0.1427, "¼ 44.50

97.04 114.2 38.37 72.5 18.03 54.7
177.90 111.9 70.35 71.5 30.32 54.2
304.97 108.9 120.60 70.2 51.97 53.5
400.28 107.2 158.29 69.4 68.21 52.9
474.40 105.9 187.60 68.8 80.84 52.7
533.70 104.9 211.05 68.4 90.95 52.5
582.22 104.2 230.24 68.1 99.22 52.3
622.65 103.6 246.23 67.9 106.11 52.1
656.86 103.2 259.75 67.6 111.94 52.0
686.19 102.8 271.35 67.4 116.94 51.9
711.60 102.4 281.40 67.3 121.27 51.9
733.84 102.2 290.19 67.1 125.06 51.8

xTHF¼ 0.2725, "¼ 32.00 xTHF¼ 0.4998, "¼ 19.50 xDO¼ 0.0486, "¼ 63.50

6.96 53.9 1.56 59.7 53.88 75.9
11.70 52.8 3.15 56.7 98.78 72.0
20.06 51.3 5.40 53.4 169.34 67.4
26.33 50.3 7.09 51.2 222.26 64.8
31.20 49.6 8.40 49.7 263.42 62.9
35.10 49.1 9.45 48.8 296.35 61.6
38.29 48.7 10.31 48.1 323.29 60.6
40.95 48.4 11.03 47.8 345.74 59.9
43.20 48.2 11.63 47.2 364.74 59.1
45.13 47.9 12.15 46.8 381.02 58.5
46.80 47.8 12.60 46.3 395.13 58.1
47.48 47.8 12.99 46.2 407.48 57.6

xDO¼ 0.1199, "¼ 44.40 xDO¼ 0.2347, "¼ 27.50 xDO¼ 0.4498, "¼ 12.10

18.82 56.6 4.37 40.8 0.36 31.7
31.65 55.5 7.35 38.4 0.60 28.8
54.26 54.1 12.60 35.3 1.03 25.0
71.21 53.2 16.54 33.4 1.35 22.9
84.40 52.6 19.60 32.1 1.60 21.1
94.95 52.1 22.05 31.1 1.80 19.9

103.58 51.7 24.05 30.2 1.96 19.1
110.78 51.5 25.73 29.7 2.10 18.3
116.86 51.2 27.14 29.1 2.21 17.6
122.08 51.0 28.35 28.7 2.31 17.1
126.60 50.9 29.40 28.3 2.40 16.7
130.18 50.8 30.32 28.1 2.48 16.3
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p ¼ 1� �ð1� �Þ ð4Þ

� ¼ 1� KAc�
2f 2 ð5Þ

�ln f ¼
�k

2ð1þ kRÞ
ð6Þ

� ¼
e2

"kBT
ð7Þ

KA ¼
KR

1� �
¼ KRð1þ KSÞ ð8Þ

where, RX is the relaxation field effect, EL is the electrophoretic countercurrent, k�1 is

the radius of the ion atmosphere, " is the relative permittivity of the solvent or solvent

mixture, e is the electron charge, c is the molarity of the solution, kB is the Boltzmann

constant, KA is the overall pairing constant, KS is the association constant of contact-

pairs, KR is the association constant of solvent-separated pairs, � is the fraction of

solute present as unpaired ion, � is the fraction of contact pairs, f is the activity

coefficient, T is the absolute temperature, and � is twice the Bjerrum distance.
The computations are performed on a computer using the program suggested by

Fuoss. The initial �0 values for the iteration procedure are obtained from Shedlovsky

extrapolation of the data [26,27]. Now, we input for the program, the number of data, n,

followed by ", � (viscosity of the solvent mixture), initial �0 value, T, � (density of the

solvent mixture), mole fraction of the first component, molecular weights, M1 and M2

along with cj, �j values where j¼ 1, 2 , . . . , n and an instruction to cover pre-selected

range of R values.
In practice, calculations are performed by finding the values of �0 and � which

minimize the standard deviation, �, whereby

�2 ¼
X ½�jðCalcdÞ ��jðobsÞ�

2

n� 2
ð9Þ

for a sequence of R values and then plotting � against R, the best- fit R corresponds to

the minimum in � versus R curve. So an approximate sum is made over a fairly wide

range of R values using a 0.1 increment to locate the minimum, but no significant

minima is found in the ��R curves for the salt studied here, thus R values are assumed

to be R¼ aþ d, with terms having usual significance [24]. Finally, the corresponding �0

and KA values are obtained which are reported in table 3 along with R and � for the two

binary mixtures of NaI salt.
The Walden’s product, �0 � [28,29] of an ion is also calculated for the various solvent

compositions and the results have been depicted in figure 1.
Figure 2 predicts the nature of the curves for the Gibbs’ energy of ion-pair formation,

�Go for the binary mixtures studied here. �Go is given by the relationship [30],

�Go ¼ �RT lnKA: ð10Þ
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3.2. Electrical conductivity of NaI in aqueous THF mixtures

As observed from table 3, the molar conductance at infinite dilution i.e., �0 is
maximum in pure aqueous medium but it gradually decreases up to xTHF¼ 0.14 and
then increases with the increase in the THF content of the mixture. The results are in
good agreement with those obtained by Taniewska et al. [31]. The decrease in �0 means
decrease in mobility of the ions which is due to increase in viscosities of the mixtures
and vice versa (table 1). Thus, the experimental results obtained here for the binary
mixtures are in accordance with the Walden’s rule. Pure water has maximum mobility

Table 3. Derived conductance parameters for NaI in THFþH2O and DOþH2O binary
mixtures at 298.15K.

x(THF/DO) Ra (Å) �0
b
� 104 (Sm2mol�1) KA

c (dm3mol�1) �(%) d

THFþH2O mixture
0.0000 6.23 122.87� 0.13 1.69� 0.04 0.13
0.0588 6.29 76.88� 0.09 1.94� 0.11 0.11
0.1427 6.39 57.68� 0.07 0.72� 0.22 0.08
0.2725 6.54 57.71� 0.05 33.9� 0.51 0.05
0.4998 6.87 66.29� 0.21 470� 11.14 0.17

DOþH2O mixture
0.0486 6.26 85.78� 0.18 17.02� 0.24 0.14
0.1199 6.31 60.32� 0.04 10.03� 0.14 0.04
0.2347 6.41 49.31� 0.63 477.46� 28.13 0.36
0.4498 6.68 53.00� 0.19 30322� 39.62 0.89

aAssociation distance.
bLimiting molar conductance.
cAssociation constant.
dStandard deviation.
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Figure 1. Walden product, �0� of NaI salt in THFþH2O (g) and DOþH2O (m) binary mixtures
at 298.15K.
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of the ions as pure liquids have easier flow than mixed solvents. Since, the resistance to
the flow of liquid mixture becomes highest at xTHF¼ 0.14, we find minimum �0 at this
point.

The association constant, KA for this binary mixture also follows the same trend as
that of �0. However, the association in pure water is less than that in xTHF¼ 0.06. The
KA values become minimum at xTHF¼ 0.14 but it increases significantly as the THF
content in the mixture increases showing much larger deviations (�), and thus pointing
towards ionic association in pure THF which will be discussed later on.

Figure 1 shows that Walden product is maximum at xTHF¼ 0.06 and then decreases
gradually for the mixture. This is justified as the Walden product of an ion or solute
is inversely proportional to the effective radius of the ion, or solute in a particular
solvent, r [32].

�0� ¼
1

6�rT
ð11Þ

Figure 2 points out the nature of curve for the Gibbs energy of ion-pair formation, �Go

which clearly predicts that the tendency for ion-pair formation decreases significantly
with an increase in the association factor for the electrolyte in aqueous-THF medium.

3.3. Electrical conductivity of NaI in aqueous DO mixtures

We observe that �0 values decrease up to xDO¼ 0.23 and then it shows an increase.
At this minima, we have maximum viscosity of the DO mixture as seen in table 1, thus,
indicating maximum resistance to the flow of the liquid mixture.

However, KA value is lowest at xDO¼ 0.12 but shows a significant increase at the
higher mole fraction of DO owing to the very low permittivity ("¼ 2.21) of the pure
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Figure 2. Gibbs energy of ion-pair formation, �Go of NaI salt in THFþH2O (g) and DOþH2O (m)
binary mixtures at 298.15K.
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solvent in which there will be a significant association. This also explains the increase
in � values as water content in the mixture decreases.

The Walden product rises up to xDO¼ 0.05 and then there is a gradual fall in it as
r increases with the increase in the mole fraction of DO in its aqueous mixture.

The �Go curve in figure 2 for NaI in this binary mixture along with the other
parameters mentioned previously are quite in accordance with the results observed by
Barthel et al. [30].

3.4. Comparison of the behavior of the electrolyte in the aqueous
THF and aqueous DO mixtures

The conductance of the ions is observed to be highest when water is considered. This is
due to its large " (78.54) which results in greater dissociation of the salt as compared to
the solvents, THF and DO. Further, in the binary mixtures we get minimum �0 at
xTHF¼ 0.14 and xDO¼ 0.23 owing to their maximum viscosities at these points. It is
observed that depending on �, �0 changes its nature in the respective solvent
mixtures because the viscosity of the solvents increases to a maximum and then
decreases (table 1).

The association constants show that NaI is almost completely dissociated in the
water-rich mixtures but a perturbation by triple-ion formation is also expected at very
high THF and DO content. The difference in the " values for the solvents results in the
different amounts of association, KA as noticed here. However, NaI showed a larger
association in aqueous DO mixture than in the THF medium. This is expected as
DO has lower " (2.21) than THF ("¼ 7.58).

Figure 1 indicates that Walden’s product is higher for NaI in water-DO mixtures. The
variation of the Walden product reflects the change of solvation [33,34]. The solvation
of NaI ions is weak in presence of DO molecules, but THF solvates the sodium ions
specifically resulting in greater ion-solvent interaction. At lower mole fraction of THF
and DO, the ions are preferentially solvated by water. The maxima is, however attained
at the same mole fraction for both the mixtures i.e., at x¼ 0.05, but the maximum value
is greater in THF mixture. The maximum point indicates preferential solvation of the
ions by THF and DO in their respective aqueous mixtures.

Figure 2 compares �Go for the binary mixtures. The aqueous-THF mixtures
have higher �Go than aqueous-DO mixtures. This indicates greater degree of ion-
pair formation and lower extent of association in presence of THF molecules,
attributing to its higher " than DO. Similar works have been performed by Hazra
et al. [35,36].

3.5. Data analysis for pure THF

Figure 3 presents the plot of � versus
ffiffiffi
c

p
for NaI in pure THF which is a curve showing

a minima. The conductance data have been analyzed by the Fuoss–Kraus triple-ion
theory [37] in the form as given below,

�g
ffiffiffi
c

p
¼

�0ffiffiffiffiffiffi
Kp

p þ
�T

0KTffiffiffiffiffiffi
Kp

p 1�
�

�0

� �
c ð12Þ
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gðcÞ ¼
exp ��0=

ffiffiffiffiffiffi
�0

p� � ffiffiffiffiffiffi
c�

p� �
1� ðS=�3=2

0 Þ
ffiffiffiffiffiffi
c�

pn o ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ð�=�0Þ

p ð13Þ

�0 ¼
1:8247� 106

ð"T Þ
3=2

ð14Þ

S ¼ ��0 þ � ¼
0:8206� 106

ð"T Þ
3=2

�o þ
82:501

�oð"T Þ
1=2

: ð15Þ

In the above equations, �0 is the sum of the molar conductances of the simple ions at

infinite dilution, �T
0 is the sum of the values for the two kinds of triple- ions, Kp and

KT are the ion-pair and triple-ion formation constants, respectively, S is the limiting

Onsager coefficient. The symmetrical approximation of the two possible formation

constant of triple ions equal to each other has been considered [38].
Neglecting, �/�0, (S/�3=2

0 )(c�)1/2 and assuming f�¼ 1, lead to g (c)¼ 1 in

equation (12), we get,

�
ffiffiffi
c

p
¼

�0ffiffiffiffiffiffi
Kp

p þ
�T

0KTffiffiffiffiffiffi
Kp

p c: ð16Þ

But equation (16) becomes inadequate as a downward curvature is obtained when �
ffiffiffi
c

p

is plotted against c for NaI in THF. On the contrary, equation (12) gives a reasonably

straight line. �0 is obtained by applying the Walden’s rule [29] as suggested by

the work of Krumgalz [39].�T
0 is calculated by setting the triple-ion conductance as

0
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Figure 3. Plot of � vs.
ffiffiffi
c

p
of NaI in pure THF at 298.15K.
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equal to 2/3 �0 [40]. On running the Fuoss–Kraus equation, we get Kp¼ 1.168�

107 (mol dm�3)�1 and KT¼ 39011.12 (mol dm�3)�1 while the slope¼ 1798.25 and

intercept¼ 6.914� 10�2.
The values predict that major portion of the electrolyte exists as ion-pairs with a

minor portion as triple-ions (neglecting quadrupoles). At very low permittivity of the

solvent, i.e., "<10, electrostatic ionic interactions are very large. So the ion-pairs

attract the free positive and negative ions present in the solution medium as the distance

of the closest approach of the ions becomes minimum. This results in the formation of

triple-ions which acquire the charge of the respective ions in the solution. [11,41] i.e.,

Mþ þA�
$ Mþ � � �A�

$ MA ð17Þ

MAþMþ $ MAMþ ð18Þ

MAþA�
$ MAA�: ð19Þ

Furthermore, the ion-pair and triple-ion concentrations, CP and CT, respectively of the

electrolyte are also calculated at the highest concentration (0.825� 10�4mol dm�3) of

THF using the following relations [13,42]

� ¼
1

Kp1=2 � c1=2
ð20Þ

�T ¼
KT

Kp1=2

� �
c1=2 ð21Þ

CP ¼ cð1� �� 3 � �TÞ ð22Þ

CT ¼
KT

Kp1=2

� �
c3=2: ð23Þ

Here, � and �T are the fraction of ion-pairs and triple-ions, respectively. Thus,

CP¼ 0.542� 10�4mol dm�3 and CT¼ 0.086� 10�4mol dm�3 which indicate that

the ions are mainly present as ion pairs even at high concentration of THF with a

fraction existing as triple-ions. Since the effect of ternary association is to remove

some nonconducting species MA from the solution and replace them by triple

ions which contribute to the conductance, it is observed (figure 3) that � passes

through a minimum as c increases. Similar type of work has been reported by

Corti et al. [43].
The experimental work, however, could not be performed with pure DO as the salt

was not completely soluble in the requisite amount for the measurements of

conductance at 298.15K. However, the results with pure water have been analyzed

with Fuoss conductance equation as reported earlier in this work.
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