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Abstract Densities and viscosities were measured for binary mixtures of isoamyl 
alcohol with 2-methoxyethanol, 2-ethoxyethanol, and 2-butoxyethanol over the entire 
range of composition at 303.15 K, 313.15 K, and 323.15K and ultrasonic speeds and 
refractive indices at 303.15 K under atmospheric pressure. From the experimental 
values of density, viscosity, ultrasonic speed, and refractive index, the values of excess 
molar volume (VE), viscosity deviations(!:>.~). deviations in isentropic compressibil
ity (!:>.Ks), and excess molar refraction (!:>.R) have been calculated. The excess or 
deviation properties were found to be either negative or positive, depending on the 
molecular interactions and the nature of liquid mixtures. 

Keywords Excess molar volume · Refractive index · Ultrasonic speed -
Viscosity deviation 

1 Introdnction 

Grouping of solvents into classes is often based on the nature of the intermolecu
lar forces because the manner whereby solvent molecules are associated with each 
other brings about a marked effect on the resulting properties. The determination 
of density, viscosity, speed of sound, and refractive index is a valuable tool to 
develop new theoretical models and learn about the liquid state [ 1] because of the close 
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connection between liquid structure and macroscopic properties. Ultrasonic properties 
and refractive index find extensive applications resulting from their ability of charac
terizing the physicochemical behavior of liquid systems. On the other hand, excess 
thermodynamic functions and deviations of non-thermodynamic properties of binary 
liquid mixtures are fundamental for understanding the interactions between molecules 
in these types of binary mixtures. 

There has been a recent upsurge of interest [2,3] in the study of thermodynamic 
properties of binary liquid mixtures which has been used extensively to obtain infor
mation on intermolecular interactions and stereochemical effects in these solvents. 
The present work reports the density (p) and viscosity(~) for binary mixtures of iso
amyl alcohol (I.A.A) with 2-methoxyethanol (2-M.E), 2-ethoxyethanol (2-E.E), and 
2-butoxyethanol (2-B.E) over the entire range of composition at 303.15 K, 313.15 K, 
and 323.15 K. Also, the ultrasonic speed (u) and refractive index (no) have been 
reported for the binary mixtures at 303.15 K. 

The amyl alcohols are used for the composition of perfumes and the synthesis of 
fruit essences. They are also used as solvents for surfaces and lacquer baths, inks for 
print, and dyes for wool as well as in the chemical production of photographic and 
pharmaceutical substances. Furthermore, they are an intermediate in the production 
of amyl acetate and other amyl esters. In some of these uses, a knowledge of their 
physical properties is very important. It is well known that alkoxyethanols have wide 
use as monomers in the production of polymers and emulsion formulations. They are 
also of considerable interest for studying the heteroproximity effects of the etheric 
oxygen on the -OH bond and, hence their influence on the associated nature of the 
species in these molecules. This work provides a test of various empirical equations 
to correlate viscosity, density, acoustic, and refractive index data of binary mixtures 
in terms of pure component properties. 

2 Experimental 

2.1 Chemicals 

2-methoxyethanol, 2-ethoxyethanol, and 2-butoxyethanol (S.D. Fine Chemicals, AR, 
India) were purified as described in the literature [4]. Isoamyl alcohol was procured 
from Merck, India and was used as purchased. The pure chemicals were stored over 
activated 4 A molecular sieves to reduce water content before use. The chemicals after 
purification were 99.8% pure, and their purity was ascertained by GLC and also by 
comparing experimental values of density, viscosity, and refractive index with those 
reported in the literature when available, as presented in Table I. 

2.2 Measurements 

Densities (p) were measured with an Ostwald-Sprengel type pycnometer having a 
bulb volume of about 25 cm3 and an internal diameter of the capillary of about 0.1 em. 
The measurements were carried out in a thermostat bath controlled to ±0.01 K. The 
viscosity (~) was measured by means of a suspended Ubbelohde type viscometer, 

.g) Springer 
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Table 1 Density (p), viscosity (lJ), sound speed (u), and refractive index (nn) of the pure component 
liquids at different temperatures 

T(K) 

This 
work 

Isoamyl alcohol 

303.15 0.8031 

313.15 0.7964 

323.15 0.7898 

2-Methoxyethanol 

303.15 0.9568 

313.15 0.9463 

323.15 0.9378 

2-Ethoxyethanol 
303.15 0.9195 

313.15 0.9120 

323.15 0.9038 

2-Butoxyethanol 

303.15 0.8920 
313.15 0.8842 

323.15 0.8775 

Literature 

0.8032 [19] 

-
-

0.9558 [20] 

0.9462 [20] 

-

0.9212 [20] 

0.9123 [20] 

-

0.8923 [20] 

0.8839 [20] 

-

~(mPa·s) 

This 
work 

Litemture This 
work 

3.2622 3.1111[19] 1197.4 

2.4409 -
1.9396 -

1.5496 1.476 [20] 1324.3 

1.2883 1.189 [20] -
1.0824 -

!>."-' 

1.6226 1.643 [20] 1301.5 

1.3554 1.293 [20] -

1.1432 -

2.4864 2.408 [20] 1288.4 
1.9788 1.869 [20] -
1.6525 -

no 

Literature This Literature 
work 

1197.0 [19] 1.4035 -

1359.2 [21] 1.3983 -

1319.9 [21] 1.4065 -

1322.0 [21] 1.4150 -

calibrated at 298.15 K with triply distilled water and purified methanol using density 
and viscosity values from the literature. The flow times were accurate to ±0.1 s, and 
!he uncertainty in !he viscosity measurements was 2 x w-4 mPa . s. The mixtures 
were prepared by mixing known volume of pure liquids in airtight-stopper bottles, 
and each solution thus prepared was distributed into three recipients to perform all 
the measurements in triplicate, with !he aim of determining possible dispersion of 
!he results obtained. Adequate precautions were taken to minimize evaporation losses 
during !he actual measurements. The reproducibility in mole fractions was within 
±0.0002. The mass measurements were carried out on a Mettler AG-285 electronic 
balance with a precision of ±0.01 mg. The uncertainty of density measurements was 
less !han 0.0002 g. cm-3. 

Ultrasonic speeds of sound (u) were determined by a multifrequency ultrasonic 
interferometer (Mittal Enterprise, New Delhi, M-81) working at 1MHz, calibrated 
with triply distilled and purified water, methanol, and benzene at 303.15 K. The uncer
tainty of the ultrasonic speed measurements was 0.8 m · s-1. The details of !he meth
ods and techniques have been described in earlier articles [5-8]. The refractive index 
was measured with !he help of an Abbe refractometer (USA), which works with !he 
wavelength corresponding to !he D line of sodium. The uncertainty of refractive index 
measurements was 0.0002 units. The refractometer was calibrated using twice distilled 
and deionized water, and calibration was checked after every few measurements. All 
experimental measurements were done under atmospheric pressure. 

~Springer 
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Fig. I Plots of excess molar volumes vEx 106(m3 · mot-1) against mole fraction (xt) of isoamyl alcohol 
with Z..methoxyethanol (t), 2-ethoxyethanol (~.and 2-butoxyethanol (A.) at 303.15K 

3 Results and Discussion 

3.1 Excess Molar Volumes 

The experimental densities (p), viscosities (~). excess molar volumes (VE), and 
viscosity deviations (A~) for the binary mixtures studied at 303.15 K, 313.15 K, and 
323.15K are reported in Table 2. 

The excess molar volumes, yE, for the mixtures were calculated using the following 
equation [9]: 

2 

yE = L;x;M; (1/p- lfp;) 
i=l 

(1) 

where p is the density of the mixture and M;, x;, and p; are the molar mass, mole 
fraction, and· density of the ith component in the mixture, respectively. 

Figure 1 illustrates that the excess molar volumes, yE, for the binary systems of 
I.A.A with 2-M.E, 2-E.E, and 2-B.E. are positive over the entire range of composition 
at 303.15 K and follows the order 2-M.E > 2-E.E > 2-B.E. Similar trends were found 
for higher temperatures. 

The sign of the excess volume (VE) of a system depends on the relative magnitude 
of expansion/contraction on mixing of two liquids. If the factors causing expansion 
dominate the factors causing contraction, then V E becomes positive. On the other hand, 
if the contractive factors dominate the expansive factors, then yE becomes negative. 

Mixing of I.A.A with alkoxyethanols induces a decrease in the molecular order 
in the latter, resulting in an expansion in volume and hence positive yE values. The 
values of excess molar volumes V E were found to decrease with an increase in the 
carbon chain length of alkoxyethanols. A similar result was found in the study of 
binary mixtures of chloroform with propan-1-ol and butan-1-ol [10]. The yE values 
were found to increase with an increase in temperature over the complete composition 
range. A similar dependence of V8 values on temperature was reported elsewhere 
[11, 12]. 
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Thble :2. Experimental vaJues of density, p, viscosity, '1· excess molar volume, vE, and deviations in 
viscosity, .6.11, for the binary mixtures under investigation at 303.15 K, 313.15 K, and 323.15K 

Mole fraction ofl.A.A (XI) P x 10-3 ~(mPa·s) VB X 106 a~(mPa·s) 
(kg·m-3) (m3 · mol-1) 

I.A.A (1)+2·M.E (2) 303.15K 

0.0000 0.9568 1.5496 0.0000 0.0000 

0.0875 0.9383 1.5784 0.0510 -0.1211 

0.1775 0.9205 1.6106 0.0930 -0.2430 

0.2701 0.9032 1.6521 0.1600 -0.3600 

0.3653 0.8867 1.7492 0.2100 -0.4260 

0.4633 0.8708 1.8200 0.2580 -0.5230 

0.5643 0.8558 1.9339 0.2720 -0.5820 

0.6683 0.8415 2.1190 0.2740 -0.5750 

0.7754 0.8278 2.3539 0.2460 -0.5237 

0.8860 0.8151 2.7148 0.1460 -0.3520 

1.0000 0.8031 3.2622 0.0000 0.0000 

313.15 K 

0.0000 0.9463 1.2883 0.0000 0.0000 

0.0875 0.9282 1.3120 0.0530 -0.0772 

0.1775 0.9108 1.3412 0.1070 -0.1517 

0.2701 0.8939 1.3763 0.1790 -0.2232 

0.3653 0.8776 1.4323 0.2560 -0.2771 

0.4633 0.8622 1.4823 0.2940 -0.3400 

0.5643 0.8476 1.5537 0.3100 -0.3850 

0.6683 0.8336 1.6675 0.3060 -0.3910 

0.7754 0.8205 1.8341 0.2550 -0.3480 

0.8860 0.8081 2.0595 0.1520 -0.2500 

1.0000 0.7964 2.4409 0.0000 0.0000 

323.15 K 

0.0000 0.9378 1.0824 0.0000 0.0000 

0.0875 0.9198 1.1114 0.0640 -0.0460 

0.1775 0.9028 1.1526 0.1110 -0.0820 

0.2701 0.8859 1.1689 0.1950 -0.1450 

0.3653 0.8700 1.1921 0.2550 -0.2035 

0.4633 0.8547 1.2236 0.3060 -0.2560 

0.5643 0.8401 1.2801 0.3360 -0.2860 

0.6683 0.8263 1.3552 0.3390 -0.3000 

0.7754 0.8132 1.4811 0.2930 -0.2660 

0.8860 0.8011 1.6708 0.1770 -0.1710 

1.0000 0.7898 1.9396 0.0000 0.0000 

I.A.A (1)+2·E.E (2) 303.15K 

0.0000 0.9195 1.6226 0.0000 0.0000 

0.1020 0.9061 1.6885 0.0313 -0.1013 
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Thble 2 continued 

Mole fraction of I.A.A (xt) P x w-3 
(kg·m-3) 

~(mPa· s) yE X 106 
(m3 ·mo1-1) 

t.~(mPa ·S) 

0.2036 0.8929 1.7610 0.0750 -0.1953 

0.3047 0.8801 1.8121 0.1288 -0.3101 

0.4053 0.8677 1.8916 0.1644 -0.3956 

0.5055 0.8558 1.9937 0.1920 -0.4578 

0.6053 0.8443 2.1244 0.2020 -0.4906 

0.7046 0.8333 2.3012 0.1973 -0.4767 

0.8035 0.8228 2.4957 0.1560 -0.4443 

0.9020 0.8126 2.8067 0.1040 -0.2947 

1.0000 0.8031 3.2622 0.0000 0.0000 

313.15K 

0.0000 0.9120 1.3554 0.0000 0.0000 

0.1020 0.8986 1.3851 0.0385 -0.0810 

0.2036 0.8856 1.4245 0.0796 -0.1518 

0.3047 0.8729 1.4688 0.1320 -0.2173 

0.4053 0.8605 1.5295 0.1740 -0.2659 

0.5055 0.8487 1.6041 0.1976 -0.3001 

0.6053 0.8373 1.6804 0.2087 -0.3320 

0.7046 0.8264 1.8119 0.2008 -0.3084 

0.8035 0.8159 1.9451 0.1698 -0.2825 

0.9020 0.8058 2.1431 0.1156 -0.1760 

1.0000 0.7964 2.4409 0.0000 0.0000 

323.15K 

0.0000 0.9038 1.1432 0.0000 0.0000 

0.1020 0.8905 1.1695 0.0400 -0.0550 

0.2036 0.8777 1.1963 0.0830 -0.1090 

0.3047 0.8651 1.2221 0.1370 -0.1637 

0.4053 0.8530 1.2627 0.1790 -0.2033 

0.5055 0.8413 1.3098 0.2020 -0.2360 

0.6053 0.8300 1.3771 0.2180 -0.2482 

0.7046 0.8192 1.4598 0.2090 -0.2445 

0.8035 0.8088 1.5657 0.1850 -0.2174 

0.9020 0.7990 1.7275 0.1230 -0.1340 

1.0000 0.7898 1.9396 0.0000 0.0000 

J.A.A (1)+2-B.E (2) 303.15K 

0.0000 0.8920 2.4864 0.0000 0.0000 

0.1297 0.8822 2.4826 0.0142 -0.1043 

0.2510 0.8725 2.4959 0.0282 -0.1852 

0.3649 0.8631 2.5135 0.0370 -0.2560 

0.4720 0.8539 2.5572 0.0400 -0.2953 

0.5728 0.8450 2.5937 0.0364 -0.3370 
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Tab1e2 continued 

Mole fraction of I.A.A (XI) P x 10-3 
(kg·m-3) 

~(mPa·s) v" x 106 

(m3 ·mo!-1) 
ll.~(mPa ·s) 

0.6679 0.8386 2.6532 0.0313 -0.3514 

0.7578 0.8277 2.7480 0.0231 -0.3262 

0.8428 0.8193 2.8774 0.0158 -0.2629 

0.9235 0.8111 3.0576 0.0080 -0.1452 

1.0000 0.8031 3.2622 0.0000 0.0000 

313.15K 

0.0000 0.8842 1.9788 0.0000 0.0000 

0.1297 0.8745 1.9694 0.0165 -0.0693 

0.2510 0.8654 1.9674 0.0335 -0.1274 

0.3649 0.8561 1.9873 0.0422 -0.1601 

0.4720 0.8472 1.9969 0.0460 -0.2002 

0.5728 0.8379 2.0284 0.0449 -0.2151 

0.6679 0.8295 2.0671 0.0368 -0.2204 

0.7578 0.8210 2.1207 0.0294 -0.2083 

0.8428 0.8125 2.2001 0.0195 -0.1682 

0.9235 0.8046 2.3034 0.0092 -0.1021 

1.0000 0.7964 2.4409 0.0000 0.0000 

323.15K 

0.0000 0.8775 1.6525 0.0000 0.0000 

0.1297 0.8677 1.6233 0,0190 -0.0664 

0.2510 0.8582 1.6286 0.0356 -0.0960 

0.3649 0.8488 1.6363 0.0495 -0.1209 

0.4720 0.8398 1.6498 0.0540 -0.1382 

0.5728 0.8310 1.6729 0.0514 -0.1440 

0.6679 0.8223 1.7022 0.0473 -0.1420 

0.7578 0.8139 1.7371 0.0383 -0.1329 

0.8428 0.8057 1.7985 0.0280 -0.0960 

0.9235 0.7976 1.8507 0.0190 -0.0669 

1.0000 0.7898 1.9396 0.0000 0.0000 

I.A.A Isoamyl alcohol, 2-M.£2-methoxyethanol, 2-E.E 2-ethoxyethanol, 2-B.E2-butoxyethanol 

3.2 Viscosity Deviations 

The viscosity deviations ( ll. ~) from a linear dependence on mole fraction were calcu-
lated [13] by 
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ll.~ = ~- :L;x;~; 
i=l 

(2) 
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Fig. 2 Plots of viscosity deviations, .6.1](mPa·s) against mole fraction (xi) of isoamyl alcohol with 
2-methoxyethanol <•>. 2-ethoxyethanol (.A.), and 2-butoxyethanol (t) at 303.15 K 

where~ is the viscosity of the mixture andx; and ~i are the mole fraction and viscosity 
of pure component i, respectively. 

Deviations in viscosity (!:1.~) for the mixture ofi.A.A with alkoxyethanols are neg
ative as depicted in Fig. 2, and the magnitude of the negative deviation increases with 
the increasing chain length of alkoxyalkanols. The trend in negative deviation of !:1.~ 
is 2-M.E > 2-E.E > 2-B.E at 303.15 K and also at higher temperatures. The !:1.~ values 
show a systematic increase with increase in temperature for the binary mixtures. Sim
ilar results have been reported earlier [11]. Also, the deviations in !:1.~ values are found 
to be opposite to the sign of excess molar volumes vE for all three binary mixtures, 
which is in agreement with the view proposed by Brocos et at. [ 14, 15]. A correlation 
between the sign of !:1.~ and vE (Table 2) has been observed for a number of binary 
solvent systems [16,17], i.e., !:1.~ is positive when vE is negative and vice-versa. 

3.3 Deviations in Isentropic Compressibility 

The isentropic compressibility, Ks, and deviation in isentropic compressibility, l:I.Ks, 
were calculated using the following relations: 

Ks = (u2p)-1 

2 

l:I.Ks = Ks- 'Lx;Ks; 
i=l 

(3) 

(4) 

where u and Ks are the speed of sound and isentropic compressibility of the mixture, 
respectively, and Ks; is the isentropic compressibility of the ith component in the 
mixture. The experimental speed of sound, isentropic compressibility, and deviation 
in isentropic compressibility are listed in Table 3 and are graphically represented in 
Fig. 3 as a function of mole fraction of !.A.A. From Fig. 3, it is evident that the l:I.Ks 
values are positive and the magnitude of the positive values decreases with increasing 
chain length of the alcohols. The order of l:I.Ks values is: 2-M.E > 2-E.E> 2-B.E. 
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Tab1e3 Experimental values of ultrasonic speed, u, isentropic compressibility, Ks, deviation in isentropic 
compressibility, D.Ks, refractive index, no, and excess molar refraction, f:l.R, for the binary mixtures at 
303.15K 

Mole fraction u(m·s-1) Ks x 1012 D.Ks X 1012 no D.R x 10-6 

of I.A.A (XI) (Pa-1) (Pa-1) (m3 ·mol-1) 

I.A.A (1)+2·M.B (2) 303.15K 

0.0000 1324.3 595.9 0.0 1.3983 0.0000 
0.0875 1312.1 619.1 21.1 1.3988 0.0076 
0.1775 1299.2 643.6 39.2 1.3993 0.0137 
0.2701 1287.4 668.0 52.6 1.3999 0.0314 
0.3653 1274.8 694.0 62.2 1.4004 0.0412 
0.4633 1261.2 721.9 67.6 1.4009 0.0513 
0.5643 1248.8 749.2 66.8 1.4014 0.0540 

·1'~,· 

0.6683 1235.7 778.3 60.5 1.4020 0.0600 
0.7754 1223.3 807.3 47.5 1.4025 0.0545 
0.8860 1210.5 837.2 27.5 1.4030 0.0322 
1.0000 1197.4 868.5 0.0 1.4035 0.0000 

I.A.A (1)+2·B.B (2) 303.15K 

0.0000 1301.5 1301.5 0.0 1.4065 0.0000 
0.1020 1292.4 1292.4 16.8 1.4062 0.0175 
0.2036 1282.4 1282.4 31.0 1.4059 0.0290 
0.3047 1272.7 1272.7 41.3 1.4055 0.0392 
0.4053 1262.9 1262.9 47.9 1.4052 0.0432 

0.5055 1251.2 1251.2 51.6 1.4049 0.0396 

0.6053 1240.6 1240.6 50.3 1.4046 0.0320 
0.7046 1229.3 1229.3 44.9 1.4043 0.0223 
0.8035 1219.2 1219.2 34.5 1.4040 0.0148 

0.9020 1208.7 1208.7 19.6 1.4037 0.0065 

1.0000 1197.4 1197.4 0.0 1.4035 0.0000 

I.A.A(1)+2·B.B(2) 303.15K 

0.0000 1288.4 675.3 0.0 1.4150 0.0000 
0.1297 1279.8 692.1 14.6 1.4138 0.0136 

0.2510 1270.3 710.2 26.2 1.4127 0.0194 

0.3649 1261.8 727.7 33.3 1.4115 0.0223 

0.4720 1251.8 747.3 38.0 1.4104 0.0221 

0.5728 1242.3 766.8 39.1 1.4093 0.0208 

0.6679 1233.5 785.9 36.7 1.4080 0.0176 

0.7578 1224.2 806.1 31.7 1.4069 0.0140 

0.8428 1215.3 826.4 23.7 1.4058 0.0116 

0.9235 1206.4 847.1 13.1 1.4047 0.0047 

1.0000 1197.4 868.4 0.0 1.4035 0.0000 

I.A.A Isoamyl alcohol, 2-M.E 2-methox.yethanol, 2-E.£2-ethoxyethanol, 2-B.E 2-butoxyethanol 
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Fig. 3 Plots of deviation in isentropic compressibility i:l.Ks x 1012 (Pa-1) against mole fraction (xt) of 
isoamyl alcohol with 2-methoxyethanol (+), 2-ethoxyethanol (•), and 2-butoxyethanol (.&)at 303.15 K 

3.4 Excess Molar Refraction 

The molar refraction, [R], can be evaluated from the Lorentz-Lorenz relation [ 18] 
and gives more information than no about mixture phenomena because it takes into 
account the electronic perturbation of a molecular orbital during the liquid mixture 
process and [R] is also directly related to the dispersion forces, 

[R] = (n6- 1/nb +2) (Mjp) (5) 

where [R], n6, and Mare, respectively, the molar refraction, the refractive index, and 
the molar mass of the mixture. Deviations for the molar refraction were calculated 
from the following relation: 

M = x1M1 + (l-x1lM2 

I:!.R = [R] - (X1 [Rlt + X2[R]2) 

(6) 
(7) 

The value of I:!.R is positive (Table 3) for all systems indicating that the dispersion 
forces are higher in the mixture than in the pure liquids. The deviations in refractive 
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Fig. 4 Plots of molar refraction l:J.R x 1 o-6 (m3 . mor-1) against mole fraction (x1) of isoamyl alcohol 
with 2-methoxyethanol C+), 2-ethoxyethanol (II), and 2-butoxyethanol (A) at 303.15 K 
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indices are shown in Fig. 4. The !> R values for the binary mixtures under study follows 
the order 2-M.E > 2-E.E > 2-B.E with a maximum at around x1 ~ 0.3 to 0.4. 

4 Conclusion 

After a thorough study of the behavior of alkoxyethanols and isoamyl alcohol, we 
get a clear idea about the molecular interactions between the components and it was 
found that the interactions between the solvent molecules increase with increasing 
chain length of alkoxyethanols. 
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Study of the Solution Properties of Ternary Mixtures of 1,3-Dioxolane (1), Diethyl 
Ether (2), and n-Amyl Alcohol (3) and the Corresponding Binary Mixtures by 
Density, Viscosity, Refractivity, and Ultrasonic Speed Measurements at 298.15 Kt 
Radhey Shyam Sah, Biswajit Sinha, and Mahendra Nath Roy* 

Department of Chemistry, University of North Bengal, Drujeeling 734013, West Bengal, India 

The excess molar volume (vE), viscosity deviation (Aq), deviation in isentropic compressibility (AKs), and 
excess molar refractivity (All) have been investigated using experimentally measured densities, viscosities, 
speeds of sound, and refractive indices for the three binary mixtures 1,3-dioxolane (1) + diethyl ether ~2), 
diethyl ether (1) + n-amyl alcohol (2), and 1,3-dioxolane (I}+ n-amyl alcohol (2) and the correspondmg 
ternary mixture 1,3-dioxolane (1) + diethyl ether (2) + n-amyl alcohol (3) at 298.15. K. The calculated 
quantities were further fitted to the Redlich-Kister equation to estimate the bi_nary fitting parameters. and 
standard deviations from the regression lines. The excess or deviation properties were found to be etther 
negative or positive depending on the molecular interactions and the nature of the liquid mixtures. 

Introduction 

A knowledge of densities, excess volumes, and viscosities 
of fluids and fluid mixtures is essential for understanding the 
molecular interactions between unlike molecules and developing 
new theoretical models as well as for engineering applications 
in the process industry. Ultrasonic methods have found extensive 
applications because of their ability to characterize the physico
chemical behavior of liquid systems from absorption and velocity 
data It is also possible to investigate molecular packing, molecular 
motion, and various types and extents of intennolecular interactions 
influenced by the size, shape, and chemical natme of the component 
molecules and the microscopic structures of the liquids. 

Amyl alcohols are used fundamentally fOr the composition 
of perfumes and the synthesis of fruit essences. They are also 
used as solvents for surfaces and lacquer baths, inks for print, and 
dyes for wool as well as in the chemical production of photographic 
and pharmaceutical substances. Furthennore, they are an intennedi
ate in the production of amyl acetate and other amyl esters. 1,3-
Dioxolane is a versatile solvent that is used in the separation of 
saturated and unsaturated hydrocarbons and in pharmaceutical 
synthesis and also serves as a solvent for many polymers. 1'

2 

Ethers such as diethyl ether are regarded as ideal potential fuel 
alternatives or additives, which have good combustion character
istics. The investigation of the thennophysical properties is very 
important for the increased applications of oxygenated fuels or fuel 
additives. Considering all of these aspects, we undertook investiga
tions of the thermodynamic and transport properties of binary and 
ternary mixtures involving 1,3-dioxolane (1,3-DO), diethyl ether 
(DEE), and n-arnyl alcohol (AL). 

In this paper, we report excess molar volumes (fE), viscosity 
deviations (.6.q). deviations in isentropic compressibility (ilKs), 
and excess molar refractivities (M) for the three binary mixtures 
1,3-DO (I)+ DEE (2), 1,3-DO (I)+ AL (2), and DEE (I)+ 
AL (2) and the corresponding ternary mixture 1,3-DO (1) + 
DEE (2) + AL (3) at 298.15 K over the entire range of 
composition. The excess or deviation properties of the binary 
mixtures were fitted to the Redlich-Kister polynomial equation 

t Part of the "Sir JohnS. Rawlinson Festschrift". 
*Corresponding author. Tel.: +91 353 2776381. Fax: +91 353 2699001. 
E-mail: mahendraroy2002@yahoo.co.in. 

to obtain their coefficients and have been interpreted in terms 
of molecular interactions and structural effects. 

Experimental Section 

Materials. 1,3-Dioxolane (CAS no. 646-06-0), n-amyl alcohol 
(CAS no. 71-41-0), and diethyl ether (CAS no. 60-29-7) with 
minimum mass fraction purities of 0.99 used in this study were 
purchased from S.D.Fine-Chem Ltd. (Mumbai, India). The pwe 
chemicals were stored over activated 4 A molecular sieves to reduce 
their water content before use. The purity of each substance was 
evaluated by comparing experimental values of density, viscosity, 
speed of sound, and refractive index with those reported in the 
literatwe whenever available, as presented in Table I. 

Apparatus and Procedures. Densities (p) were measured with 
an Ostwald-Sprengel-type pycnometer having a bulb volwne 
of about 25 cm3 and a capillary internal diameter of about 0.1 
em. The measurements were done in a thermostat bath controlled 
to ± 0.01 K. Viscosity (q) was measured by means of a 
suspended Ubbelohde-type viscometer calibrated at 298.15 K 
with triply distilled water and purified methanol using density 
and viscosity values from the literature. The flow times were 
accurate to ± 0.1 s, and the uncertainty in the viscosity 
measurements was ± 2 ·10-4 mPa • s. The mixtures were 
prepared by mixing known volwnes of the pure liquids in 
airtight stopper bottles, and each solution thus prepared was 
distributed into three receptacles to perform all of the measure
ments in triplicate, with the aim of detennining possible 
dispersion of the obtained results. Adequate precautions were 
taken to minimize evaporation losses during the actual measure
ments. The reproducibility of the mole fraction was within ± 
0.0002. The mass measurements were done on a Mettler AG-
285 electronic balance with a precision of ± 0.01 mg. The 
precision of the density measurements was ± 3·10-4 g•cm-3• 

Ultrasonic speeds of sound (u) were detennined using a 
multifrequency ultrasonic interferometer (M-81, Mittal Enter
prises, New Delhi, India) working at I MHz that had been 
calibrated with triply distilled and purified water, methanol, and 
benzene at 303.15 K. The precision of the ultrasonic speed 
measurements was± 0.2 m·s- 1• The details of the methods 
and techniques have been described in earlier papers.3
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Table I. l>ensities (pl. Viscosities (q ). StiCcds or Sound (u ). and Rerracli\'e Indices Inn) or the l'ure Liquids at T 298. 15 K 

10-'·pll.g· m 1 •J/mPa·s 11/m· s 1 11 11 

hqu1d exptl lit lit C\pll lit exptl ht 

1.3-00 
AL 
DEE 

I 0587 
0 .8 11 2 
0 7083 

I 058614 

0.811017 

0.7083" 

0.589 
3504 
0.247 

0.58861
• 

1.510 '" 
IB9 4 1.138 8" 
1271.6 1274.11'' 

1.3985 
I 4100 
135 15 

1.3981
" 

1.409'" 

Table 2. l>ensities (p), Viscosities (1/). Excess ~tolar Volumes ( 1"'). 
and Viscosity l>e•iations (dq l ror Binary Mixtures or 1.3-0ioxolane, 
Oieth) l Ether. and 11- \m) l Alcohol all' 298. 15 K 

I I kg ·m ' mPa· s m1 · mol mPa· s 

1.3-Dio\olane t II t D1cthyl Ether (2) 
0.0000 0.7083 0247 0.000 0.000 
0.1000 07364 0 266 0.533 0.016 
0.2000 0.7656 0 284 0.905 0.031 
0.3001 07963 0 .. 106 - 1.176 0.044 
0.4001 08290 OB I - 1.381 0.053 
0.5001 0.8634 0160 1480 0058 
0.6001 08997 () 194 1.480 0 .058 
0.7001 0.9382 04 35 I 400 0052 
0.8000 0.9770 0 478 1.072 0 043 
0.9000 10 184 0.53 1 0.694 0.025 
I 0000 10587 0.589 0 .000 0.002 

1.3-010\ 0iane (I) + 11-Amyl Alcohol (2) 
0.0000 0.81 12 1504 0000 0000 
0.1168 0.8329 2505 0 287 0659 
0.2293 0.8545 I 885 0.4 14 0.95 1 
0 3.177 0.8766 I 440 0 .460 I 080 
0.4424 0.8992 I 063 -04 40 1.152 
0.5434 0.9125 0.906 -0.377 101 4 
0.6409 0.9468 0756 0.290 0.880 
07352 09725 0647 0.213 071 4 
08264 0 .9993 0.570 - 0.117 0.525 
0.91 46 1.0282 0.541 0058 0.297 
I 0000 1.0587 0 ~89 0.000 0.000 

D•ethyl Llher I I I I 11-Amyl Alcohol 121 
00000 0.811 2 1 ~04 0.000 0.000 
0. 11 67 0.8052 2 65 1 0 750 0.384 
0 2292 0.7975 I 966 I 150 0.714 
01377 0 .7889 I 491 1.575 0.847 
0 4423 0.7797 I 123 I 788 0884 
05433 0 .7704 0829 - I 950 0.859 
06409 0.7595 0620 - I 860 0.761 
07152 0.7479 0 481 1638 0.602 
0.8263 0.7361 0 382 1 .. 145 0.41 3 
09146 07230 01 14 0820 0203 
I 0000 0 .7083 0.247 0000 0000 

Refractive indices (n ul were measured wilh the he lp of an Abbe 
refracto meter. The accuracy o f the refractive index measure
me nts was ± 0.0002 units. The re fractometer was ca librated 
twice using distilled and deionized wa1er. and 1he calibration 
was c hecked after e very few measure me nts 
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Figure 1. Excess molar \Oiumes ,,.,_ ·ICf/m ' ·mol 1 as funcuons of mole 
fractiOn 1.1,) ror the three bmary subsy"""" "' 1' 298 15 K: D. 
1.3-d•o•olane t1) t n amyl alcohol (2): 0. 1.3-diO<Oiane ( I 1 i d•eth) I 
e ther (2): L>. d1<th) l ether 1 I I + 11-amyl alcohol 121 

982.3 981" 

Res ults a nd Discussion 

We calculated excess molar volumes (Y ). viscosity deviations 
(1).1/). de1 tat io ns in isentropic comprcssibili1y (ICiK.1) . and excess 
mo lar refractivities (f).R) at 298.15 K for binary mix ture s of 
diethy l e ther. dic hloromethanc. and n-anl) I alcoho l over the 
w ho le com posit ion range. The variations o f 1he excess propenies 
over the e ntire range o f compositio n fo r the binary mix tures 
are depicted in Figures 1- 4 . 

Excess Molar Volume. De nsity (p) values were used to 
calculate the excess molar volumes ( 0) for binary (11 = 2) and 
te rnary (11 = 3) mixture; using the fo lio\\ ing equation:" 

V = L, x,M,-- -. " (I I ) 
' I p P, 

( I) 

w here p IS the density of the m ixture and M,. x,. a nd p1 are the 
molar mass. mole frac1ion. and density. respectively. o f the 1th 
com pone nt in the mixture. 

Y' is the resu lt of contribUiions from several o pposing e ffects. 
These may be divided arbitrarily into three types. namely. 
physica l. c he mical. and structural. Physical contributio ns. which 
arc nonspecific inte ractions between the real species pre sent in 
the mixture. make a positive contributio n to Y . C he mical o r 
specifi c intermo lecular interactions result in a volume decrease, 
resulting in a negative contribution to V . Structural contribution~ 
are mo stly negatil c and arise from several e ffects. es pecially 
fro m inte r titial accommodatio n and changes in free volumc .7 

The values of V' were found to be negative for all o f the binary 
truxtures. as reported in Table 2 and depicted graphically in Figure I: 
lhc order o f the negative deviat ions is schematically depicted belo w· 

~·~>l;·~'~·~ 
DEE + AL I , .J-00 + DE E I, JDO + AL 

These pheno mena result from difference in the e nergies o f 

interactio n between I he mo lecu les and packing effects. D isrup
tio n o f the ord ered structure o f the pure componelll during 

Table 3. Densities (p). VIscosities (!J). E.•cess ~to~•r Volumes (1"'1. and 
Viscosity IH\iations (ti.J/) for Temal) Mhtures or 1.3-0ioxolane (I )+ 
Oi<th) l Ether (21 ~ n·Am) l Alcohol (3) at T 298.15 K 

10 ' ·p ,, 10"·0 61J 

., ., kg ·m ' mPa ·s m'· mol 1 mPa·s 

0.5001 0 4999 0.8614 0 360 1.480 0058 
04 574 0 4572 0.8602 0 43 1 1.595 - 0 121 
04 1.11 0 4131 0.8567 0 -'80 1668 0 .222 
0.3676 0 .3675 0.8525 0.552 1680 -0 322 
0.1205 03204 0.8477 0651 - 1.608 0.411 
0.2717 0 2716 0.8424 0 759 1.476 - 0 .543 
0 :!212 0 2211 0.8367 0966 I 293 -0607 
0 1689 0 1688 0.8307 I 243 1.046 - 0654 
0 1146 0 1146 0.8246 I 682 0770 0 .609 
0051\.1 0 .0584 0.8181 2 104 0.424 -0 476 
0.0000 00000 0.811 2 l404 0000 0.000 
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Figurr 2. Y1scO>II) de\lauons !!II Jim· Pa s as funcuons of mole fracuon 
!ttl for lhe lhrec btlllll) subs)Siems al T 298 15 K D. I l dtoxolane ( 1) 
+ n-amyl alcohol (2). <>. 1.3-dto<olane (I) + dtelh)l e1her 121. 1:>.. dtelhyl 
elher ( I) + n-amyl alcohol (2) 

Table 4. l: ltrason ic p<'ffis (u ), Isentropic Con1prtSSibilitk>s !K,). 
IH•ialions in l<entropk ComprtSSibilit) (dA,J. Rdractht Indices 
!nu). and Excrss \lola r Rtfrnelhities (4/l) for Binar) \J i•tures of 
l .J-Oio<olane. Oiethyl Ether. and n -i\m) l Alcohol at T 298.15 K 

fo m1a11o n o f lhe m"lUre leads to a poSIII\c effect o n excess 
volume. while fonna1ion of order in 1he mixwrc leads 10 a 
negmive contributio n The negative Vi \aluc indicale the 
specific intcracuon~. ~uch ~ onteffilo lecular hydrogen bondong 
and interstitial accommodatio n of the nming componen1s 
because o f 1he d offcrence in molar volumes. 

The p and Vi values for I he lernary mmure I .J-DO ( I ) + 
DEE (2) + AL !3) are repon ed in Table 3. The \A values 
are ncgam e rn I he lo\\ mole frac11o n reg1on fo r A L. 
suggcMi ng a ~pecrhc onlcnnolcc ular onlc racrion bel"ecn rhc 
rwo compo ne nl s 1.3-DO ( I) and DEE (2). bur a~ !he mole 

000 

2000 

-4000 

·. 6000 "-

~ -80 00 

: -100.00 

" .. 12000 

1.0000 

16000 
000 020 040 oeo 080 100 .. 

Figure J. De• 1a11on' tn l<enlropoc compre.stb1111y 6K · 10 ' /Pa ., 
fun.:uons of mole fracuon ( t1J for 1he ~ bolllll) subs)stems a1 T 298 1 ~ 
K D. U-d10xolane (I) t n-am)l alcohol 121. <>. U-d10xolane (II dielh•l 
e1her (2). I>.. dte lhyl clher ( I) + n am) I alcohol (2) · 

Table 5. Lltrasonic S peeds (u ). IS4!ntropk Compressibilit les fK,J. 
IH•iations in Isentropic Compressibilit) <~ •'· Rtfractht Indices 
fnul. and E' cess \lola r Rtfracthitits (4/l l for Ttrnar) \lhlures of 
I.J-Oio,olane ( I ) t Oietb) l Ethtr ( 2 ) + n· \ m)l Alcohol (J J at T 
298. 15 K 

II IO" ·K IO" ·t.K 10 '·ti.R 

t· m·s Pa Pa n,. m'·mol 

05001 0 ~999 11~9. 2 877.0 sn I 1750 0 ,1081 
0 ~57~ 0,~572 1165.9 858 ~ 88 7 I l77~ 00710 
0 ~112 0 ~ 131 118JA s~n 927 1.3805 0 15-10 
0.1676 0.1675 11%.6 81S9 890 138~0 0 ~60& 
0 1~0~ Ol2Q.l 1107 6 15 9 805 I 3875 0 33--10 
OB I7 02716 1213 9 8056 6-15 I 3925 0.3819 
0.2212 02211 1224.6 796.9 512 I 39~5 03600 
0 168'1 0 1688 12.15.8 788.1 ~I I 13980 0 104<) 
0 11~ 0 11~6 12~ 7 7801 116 I -100~ o tno 
00~~ 005~ 1258.2 712 1 p ~ I 4035 00140 
00000 00000 1!71.6 762 ~ 000 I ~1 00 00000 

frawon of AL in the lcrnaJ) mPnure mcrcases. 1hc magnuude 
of ~A decreases. suggesring !hal dispers1o n fo rces nO\\ begm 
to o per:ue. Thus. il can be sa1d thai lhc additio n o f ALto a 
binary mixrure of 1.3-DO ( I ) a nd DEE (2) causes a decrea~ 

in lhc 1ntem1olccular interaclions between 1hc m1~ture 
componenls 

Viscosity Deviation. The measured 'I 'a,lues for bm:IJ) 
S)Slcms are lisled in Table 2 and depic led graphically rn Figure 
2. The " '~cosily dcvialions (61J ) from a Jmear dependence fo r 
bln:IJ) !11 = 2) and le mary (11 = 3> mi"ures can be calculmcd 
~ .. 

611 = 17 (::!) 

"here 11 t> rhe vi>cosity of the mi~rurc and '• and IJ, are the 
mole frac lio n and viscosil). respeclivel). o f pure component 1 

The •alucs o f 11 over entire range o f mole fraction for the 
bmaJ) mmures follow the lrcnd \\ hich IS schemaricall} ~ho\\ n 
beiO\\ 

> J!-.·~ 
I. J · OO + AL t , J · OO + DEE DEE + AL 

The I rend 111 !he dcv1a110n'> o f the 611 'a lues was found 10 be 

lhc oppo,lte of rhalm the ~A •alucs for alllhrce bin:IJ) mmure\. 
in agrecmc m wuh rhe VIC"' pro posed b) Broco cl al • The 
values o f AI/ for 1hc lernary m1"urc arc hMcd in Table l f or 
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Figure 4. Excess molar refractivities M·I0-6/m1 •mol- 1 as functions of 
mole fraction (.r1) for the for the three binary subsystems at T = 298.15 K: 
0, 1,3-dioxolane (I)+ n-amyl aJcohol (2); 0, 1,3-dioxolane (I)+ diethyl 
ether (2); t:., diethyl ether (I) and n-runyl alcohol (2). 

Table 6. Redlich-Kister Coef'fldents (a.) and Standard Del'lations 
(u) for the Binary Mixtures at T = 298.15 K 

excess property a, a, a, a, 
1.3-Dioxolane (1) + Diethyl Ether (2) 

!OS·yi!Jml·mol-1 -5.915 -1.079 -Ul3 
dq/mPa·s --o.230 -0.056 
IO'l•AKsfPa-' -480.02 -127.24 222.66 
I0-6·t:J.Rfml·mol-1 ---o.5842 -0.2040 0.0988 0.1994 

1,3-Dioxolane (I)+ n-Amyl Alcohol (2) 
JO.S·veJml·mol-1 -1.623 1.286 -0.196 
lltJ/mPa·s -3.717 2.154 -0.732 0.356 
1012•AKsfPa-1 -22.97 -13.39 6.97 
10-6 ·AR/m1·mol-1 -0.5995 0.4953 

Diethyl Ether (I)+ n-Amyl Alcohol (2) 
IO"·V"Jml·mol-1 ~7.480 -1.698 -1.748 
.1-FJ/mPa•s ~3.548 0.820 0.352 
I011·Ms/Pa-1 -574.02 -204.92 69.38 
JO"*il·dRJml·mor1 -0.8943 1.0672 -0.0883 

a 

0.021 
0.001 
1.81 
0.0024 

0.005 
0.013 
0.27 
0.0019 

0.029 
0.014 
2.30 
0.0048 

the ternary mixture, the viscosity deviations are negative over 
the entire range of composition. These can be interpreted 
qualitatively by co-nsidering the effect of the intennolecular 
interactions and the shapes of the components. 

Deviation in Isentropic Compressibility. Isentropic com
pressibility (Ks) and deviations in isentropic compressibility 
(Ms) for binary (n = 2) and ternary (n = 3) mixtures were 
calculated using the following relations: 

" 
AKs = Ks - Lx;Ks; 

i=l 

(4) 

(5) 

where 11 and Ks are the speed of sound and isentropic 
compressibility, respectively, for the mixture and x1 and Ks.1 are 
the mole fraction and isentropic compressibility, respectively, 
for the ith component in the mixture. 

It is evident from Table 4 and Figure 3 that the AKs values 
for the binary mixtures are negative over the entire composition 
range and that order of negative deviation is as follows: DEE 
(I)+ AL (2) > 1,3-DO (!) +DEE (2) > 1,3-DO (!) + AL (2). 
These results can beexplained in tenns of molecularinteractions9

•
10 

between unlike molecules. It appears from the sign and 
magnitude Or Ms that specific interactions between the mixture 
components exist. These results are in excellent agreement with 
those for 0' discussed earlier. 

The values of IlKs for the ternary mixture (Table 5) are 
negative over the entire composition range, which suggests that 
specific interactions exist between the mixture components.'' 

Excess Molar Refractivity. The molar refractivity [R] gives 
more infonnation than n0 about the mixture phenomenon 
because it takes into account electronic perturbations of the 
molecular orbitals during the liquid mixture process; in addition, 
[R] is directly related to the dispersion forces, It can be evaluated 
from the Lorentz-Lorenz relation: 12 

(R] = ("o'- !)(~) 
no2 + 2 p 

(6) 

where [R], n0 , and Mare the molar refiactivity, refractive index, 
and molar mass of the mixture, respectively. The excess molar 
refiactivity was calculated from the following relation: 

(7) 

The values of no and AR for the binary mixtures are presented 
in Table 4, and the AR values are depicted graphically in Figure 
4. The data for ternary mixtures are reported in Table 5. 

The excess propenies (V", ill], AKs. AR) for the binary 
mixtures were fitted to the Redlich-Kister polynomial 
equation,13 

K 

yC = x1x2 L an(x1 - x2f 
•=0 

(8) 

where yE denotes an excess property. The coefficients a, were 
obtained by fitting eq 8 to the experimental results using a 
least-squares regression method. In each case, the optimal 
number of coefficients, K, was ascertained from an ap
proximation of the variation in the standard deviation. The 
fitted values of the coefficients along with the standard 
deviations are summarized for all of the mixtures in Table 
6. The standard deviation was calculated using the equation 

= [ L(i!',ptl- t!'.o~l']'n 
u (N m) (9) 

where N is the number of data points and m is the number 
of coefficients. 
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K•ywordr 
Alkdh lllt'l.tl dCt'ldle-s 

Aqueous 2·butdnol solut•on 
L1m1tlng molar conducldnces 
Wttlden products 

Molar conductance of lllh!Um acetate. sodium acetate and potassrum acetate were studred on aqueous 
2·butanol soluuons wnh an alcohol mass fraCtion (w1) of0.70, 0.80 and 0.90 at 298.15.303.15 and 
308.15 K. The conduCtance data were analyzed with the Fuoss conduc!dnce ncent .n equanon to 
evaluate the hmrung molar conductances ( .10 ). assocranon constants(K...,. )and cosphere drameter (R for 
ron-parr formanon. Gabbs energy (LI.G" ). enthalpy (LI.H" ) and entropy ( i>SO) for ron-assocranon reactron 
were denved from the temperature dependence of KA,. Acnvanon energy for rome movement (J.H• ) 
was denved from the temperature dependence of 110 • Based on the composrtion dependence of Walden 
products ( llo•lol and drfferenr thermodynamic properties (LI.G".J.H". !>.SO and LI.H" ). the onnuence of 
the solvent composrtion on ron-assocranon and solvanon behavror of rons were drscussed on terms of 
ron <olvPnt. 1011 1011 interactions and I he structural changes on the mrxed solvent media. 

Preferennal solvanon 

I. lnlroduction 

The solvation behavior of ions 1n soluuons ca n be well 
understood in terms of ion solvenl. 1on a n and ~olvem ~olvenl 

Interactions. lon solvat ion is one of the most importalll factors 
determining the rate and mechanism of various physico-chemical 
processes occurring on solutions with iomc species as interme
diates. Also conductance study of electrolytes over a range of 
temperature in pure and mixed solvent media provides valuable 
information about therr thermodynamrc behavior. Usually a mix
ture is repeatedly tested by electrolytes wrth a common ion (anion 
or cation) to confirm the trend of changes and to reveal the annu
ences of the co-ion on the quantities denved. In such a drrectron. 
aqueous binary mrxrures of organic solvents With a varying range of 
composition are most frequently invesngated solvent med1a 11-51. 
Also a number or conducrometric 161 and related studies of different 
electrolytes in non-aqueous solvents. specially mixed organic sol 
vents. have been made for their optimal use in high energy batteries 
171 and for understand ing organic reaction mechanisms 181. Ionic 
association of electrolytes in solution depends upon the mode of 
solva tion of its ions 19- 171. which in its turn depends on the nature 
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f the solvent or solvent mrxtures. Such solvent properties as VIS
cosrty and the relative permittiVIty were taken into consrderanon 
as these properties help in determmong the extent of ron assocranon 
and the solvent ~olvent interactions. 

2-Butanol is a colorless nammable secondary alcohol With lim
ited mutual solubility in water but completely m1scible wrth polar 
organic solvent such as ethers and other alcohols. It IS priman ly 
used as a precursor to the rndustnal solvent. methyl ethyl ketone. 
Aqueous 2-butanol mixture is a poorly studied med1a due to lim
ited mutual solubi li ty of the constrtuent l iqurds and conductance 
study of alkali metal acetates 1n aqueous 2-butanol mrxture tS still 
rare. though the conductance studies on alkali metal halides on 
aqueous 2-butanol mixtures have been described frequently m the 
literature 113-171. Therefore. 111 the present work an attempt has 
been undertaken to d1scuss the molar conductances ( .1) and asso
cration constants (K,v) of three .tlkah metal acetates v1z .. lrthtum 
acetate (LIAc). sodium acetate ( NaAc) and potassium acetate (KAc) 
in aqueous 2-butanol m ixtures at 298.15. 303.15 and 308.15 K. 
The alkali metal acetates were selected, because unlike halides 
acetate anion is unsymmetricalrn structure with both a hydrophiliC 
and hydrophobic end and it may suffer extensive solvation via 
hydrogen bond interactions [ 181 in aqueous alcohol ic media. Exper
im ental resu lts w ere treated by Fuoss conductance conrt>nl lt 11 

equation 119.201 to obtain limrtmg mol.tr conductance ( /\o) and 
assocrauon constant (KA.c) which served further to calculate the 
Walden product (,Iorio) and other t hermodynamrc quanntles of 
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solutions at r - 298.15. 303.15 and 308.15 K. Fluid Phase Equilib. (201 1 ). doi:10.1016/j.nuid.2011.05.01 7 

.. 
" 

.. 
•• 
" .. .. 
so 

" .. 
S3 .. 
" .. 
57 

"' •• .. .. 
82 

03 .. 
•• 



G Model 
FLU108873 1 6 

RS. S<Jh tr al / Fluid Phase Equll1bna """ (2011 ) XXX- IOV< 

Tabl• 1 
Ql Dens1ry (Po). VISCOSII'Y (q0), reldtave permHiivuy {r,) and conductiVJty (Ao ) of aqut-ous 2-butdJlOI solutions. 

Mass fraciJOn of2 -buldnol (W:z) f'ox l0 1 (kgm 1 ) 

Th1swork t.ll• 

298. t 5K 
0.70 0.8638 0.8635 
0.80 0.8436 0.8426 
0.90 0.8228 0.8216 

303.t5K 
0.70 0.8596 0.8590 
0.80 0.8392 0.8382 
0.90 0.8 188 0.8174 

308.15K 
0.70 0.8551 0.8545 
0.80 0.8348 0.8337 
0.90 0.81JS 0.8131 

the ion-association reaction (ACO. A/;<l and As<'). The calculation 
was further extended to denve the activation energy of the ionic 
transport (t.H•) and desert bed accordingly. 

2. Experimental 

The alkalt metal acetates selected for the present work. i.e .. 
ltthtum acetate (LtAc). sodtum acetate (NaAc) and potassium 
acetate (KAc) each of A.R. irJde punry >99.5%) were procured 
from Merck. India and punfied as described tn the literature (21(. 
2 ButJnol (A.R. grade. Merck. India. punry >99.5 was shaken well 
with anhydrous K1C03 and left over night, next H was distilled 
at 372 K (2 1(. The purity of the chemicals. checked by gas- liQUid 
chromatography, were better than99.8%. 

Doubly distilled de-tonized water with a spec1fic conductance 
<I x 10 Gscm 1 at298. 15Kwasusedforprepanngthemlxedsol
vents by mass. For the preparation of the solvent m1xture required 
weighted amount of water was transferred to a volumetric flask 
of SOOml and the flask was fi l led up to the mark wtth 2-butanol 
at 298.15 K. The relative error 111 solvent compOSitiOn was about 
1%. Concentrated stock soluuons of each electrolyte 111 the mtxed 
solvents were prepared by mass. For conductance runs the work
ing solutions were obtamed by mass d1Iunon of the stock solutions 
and densities of the soluttons were measured w1th a vibrating-rube 
dens1ty meter(Anton Paar. DMA 4500M ). mamramed at O.Dl K of 
the desired temperatures and ca librated at the experimental tem
peratures wi th doubly distilled water and dry air. The uncertainty 
in density was estimated to he 1 0.000 I g cm- 3• The density coef
ficient D (kg2 dm- 3 moi - 1) was obtained assuming a l inear change 
of solvent density [22] on irs molality m following the relation 
p =Po+ Om. where p. 1 are the denstties of the solunons and sol
vent mixtures. respecttvely. The density coeffic1ent was assumed to 
be temperature mvanant but dependent on the nature of the elec
trolyte and irs values were (0.0642. 0.1325, 0.0875) 111 the solvent 
mixture with an alcohol mass fraction w2 •0.70. (0.3429. 0.1789. 
0.3621 ) in the solvent m1xture with w2 •0.80 and (0.3356. 0.3576, 
0.6496) in the solvent mixture with W:! • 0.90. respectively for LiAc. 
NaAc and KAc. These values were used to conven the rest solution 
molal ity (m) into molarity (c) by means of t he relauon: 

1000 1111 
c = ..,1"'00"'0;:-+-ll...:.IM,..., ( I } 

where M i s the molecular weight of alkali metal acetates. 
In order to neglect the influence of triple ions or higher ionic 

aggregations on conductivity. the highest molarity of the working 
solunons were kept around cm.Jx = 3.2 x 10-7 r? at 298.15 K [ 15). 
The uncertainty of molartty of different salt solutions is evaluated 
t 0.0<101 mul dm 3• Actually several independent solurions were 
prepared and the runs were performed to ensure reproducibility 
of the resul t s. Appropriate correcnons were also made for the spe-

IJo ( mPds) 1-o • 10 (Scm 1 ) ,, 
Th1s work lu" 

Jl42 3 343 144 J16J 25.0 J16J 
3.098 3.099 41 J16J 20.0 )161 
2.812 2.811 2.3 J16J 16.6 JIG I 

2.795 2.796 16.7 l t61 24.3 J16J 
2.608 2 607 4.5 )161 19 4 J161 
2.375 2 373 2.6 J16J 16 0) 161 

2.377 2.376 t9.3J t6J 23.5 1161 
2216 2.214 5.2 JIG I 18.8 J16J 
2.029 2.027 2.9 J1 6J 15.4 )161 

cific conductance of the solvents at all temperatures. The viscos1ty 
was measured by means of a suspended Ubbelohde type VISCome
ter. calibrated at298.15±0.01 K with doubly distilled water and 
punfied methanol using density and viscosity values from the lit
erature [2.23.24) and the efflux times of now were recorded with a 
digital stopwatch correct tu c::O.O s. The uncertainty of the VISCOSity 
measurements wa' 0.003 mPa s. The details of the methods and 
measurement techniques had been descnbed elsewhere (25.26). 

The conductance measurements were carried out in a Systronic 
308conductivitybridge accurJcy ~o.o· usingadip-typeimmer
Sion conductivity cell. CD-I 0. The cell was calibrated by the method 
of lind et al. (27( using aqueous potassium chloride solutions. Mea
surements were made in a water bath maintained w i tll1n ±0.01 K 
of desired temperature. During the conductance runs cell constant 
was Within the range 1. 10 1.12 em 1. The conductance data were 
reported at a frequency of 1 kHz and the accuracy WJ\ • 0 3 Dur
ing all the three measurements uncertamty of temperatures "J' 

0.0 K. 

3. Discussion 

The solvent properties of aqueous 2-butanol soluttons are 
reported in Table I, where lir is relative permittivity. Po the density. 
'lo thev•scoSity and Ao conductance of the solvent mixtures. respec
tively. Molar conductivities of the studied alkali metal acetates at 
different molahues are given 1n Table 2 and depicted in F1g. I. The 
conductance data were analyzed in terms of limiting molar con
ductance i\0 and ion-association constant K.-..r of tile electrolytes 
usmg Fuoss cond uctance cuncentr Jt1un equation ( 19,20). resolved 
by an tterative procedure programmed in a computer as suggested 
by Fuoss (19). For such an analysis initial ilo values for the itera
tive procedure were obtained from Shed lovsky extrapolat ion (28) 
of the expenmental data using least square treatment. Shedlovsky 
method mvolves a linear extrapolation of conductance data g1ven 
by the relation. 

1 I KA .c 2 
-

5
() = -11 + - 2 c i\f±S(z) 

i\ z o i\0 

(2) 

where A0 IS l1mtting molar conductivity and other symbols have 
their usual meaning descr ibed earlier (1.29). 

So with a given set of conductivity val ues (c,. i\ 1, i · I . 2, .. n). 
three adjustable parameters. i.e .. A 0, KA.c and the di sta nce param
eter R were denved from the Fuoss conductance equatiOn. Here 
R is the assoctanon distance or co-sphere diameter. i.e. the max
imum center- to-center distance between the ions in the solvent 
separated 10n-pairs (SIP). Since there IS no precise method (30) for 
determining the R-value and for the electrolytes studied no signif
icant minima were obtained in the o,1 versus R-curve and thus in 
order to treat the data in our system. R-values were preset at the 
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112 

113 

11S 

110 

117 

110 ... 
120 

121 ,. 
123 

, . 
"" 
120 

128 

129 

130 

131 

132 

133 

'"' 
13S 

130 

137 

130 

1 .. 

1.00 

1<2 

1<3 

1<S 

... 
,., 
1 .. 

1<0 

1SO 

1S1 

"'' 
1S3 

1S< 

1SS 

1SO 



G Model 
FLUID8873 1- 6 

R.5 S<lh.ral f Fiu idPhawEqui/ibna;oa (2011 ) = ;oa 

Table 2 
Moldr conduct1V1rtes ( .. \)or the dlkclh metal acet~tes dt vc1nous molc1ll t1es (m) '" 
aqueous 2-butdflOI solunons WUhdtfft're111 2-butdllOI ffidSS rrdCIIOO( Wl )dt dt rff~'ftnl 
te mperd lures. 

m . IO'( molkg 1) 

LIAc (w1 · 0 70) 
6.9 
11 6 
17 4 
21 2 
29.0 
40.5 
46.3 
52.1 
57.9 
63.7 
N• Ac (w, • 0 70) 
6.9 
11.6 
17 4 
23.2 
29.0 
40.5 
46.3 
52. 1 
57.9 
63.7 
KAc (w, • 0.70) 
6 9 
11.6 
17.4 
23.2 
29.0 
40.5 
46) 
52.1 
57.9 
63 7 
LIAc(w, • 0.80) 
3.6 
5.9 
83 
11 .9 
14.2 
17 .8 
202 
23 7 
26 1 
29 .6 
N•Ac (w, • 0.80) 
3.6 
5.9 
83 
11 .9 
14.2 
17 8 
20.2 
23.7 
26. 1 
29.6 
KAc (w, • 0.80) 
3.6 
5.9 
83 
11 .9 
14.2 
17.8 
202 
23.7 
26.1 
29.6 
l 1Ac (w1 • 0.90) 
1 2 
3 6 
61 
7.3 
8 5 

i \ {Srm2 mol 1 ) 

--------
29815K 

1663 
15 60 
14 87 
13.90 
13 42 
12 29 
11 75 
IIJJ 
10.95 
104 5 

15.83 
14.88 
14.00 
13 27 
12 70 
11.60 
11.09 
10.6 1 
1013 
9 .64 

14.57 
13.60 
12.80 
12.06 
11.43 
10 46 
9.93 
9.50 
9.07 
8.7 1 

15.9 1 
15.4) 
14.6) 
14.00 
n 50 
13.02 
12.70 
12.00 
11.65 
II 25 

15. 11 
14.64 
14.00 
13.36 
12.86 
12 29 
11.89 
11.33 
II 0 1 
10.57 

14.71 
14.07 
1l36 
12.71 
12.40 
II 79 
1 1.43 
1100 
10.64 
10.00 

14 40 
13 29 
12.36 
12.07 
11 71 

303 15 K 

20 .67 
1939 
18.50 
18.20 
17 40 
1609 
15.60 
15.50 
15.00 
14 60 

19.6 
18.60 
17 70 
17.00 
16 40 
15.39 
14.95 
14 30 
14.20 
13.50 

18.22 
17.]] 
16.36 
15.82 
14.93 
13.96 
13 42 
12.98 
12 53 
12 36 

20.20 
19.30 
18 80 
1810 
17 50 
16.90 
16.50 
16.00 
15.60 
15.00 

1890 
18.13 
17.60 
17.00 
16.40 
15.81 
15.45 
14.80 
14 38 
13.74 

17 so 
16.61 
15.89 
15.09 
14 55 
14 00 
13.60 
12.95 
12 70 
12 40 

19.00 
17.54 
16.60 
16 42 
16.02 

3081 5 K 

24 29 
2JJ2 
22 64 
22.06 
2 1.38 
20.5 1 
20.00 
19.54 
19.05 
18.57 

22.60 
21.80 
2 1.00 
2040 
19.80 
18.80 
18.20 
17 70 
17.20 
16.70 

21. 10 
2023 
19.50 
18.80 
18.29 
1720 
16.70 
16.20 
15.80 
15.50 

22.70 
22.00 
2 1 40 
20.70 
20.20 
19.50 
19.00 
1840 
17.38 
17.20 

2 1 80 
20.80 
20.10 
19.32 
18.90 
18.00 
17.60 
16.96 
16.52 
1601 

19.50 
18.60 
18.00 
17.30 
16.60 
16.00 
15.54 
14 7 ) 

14 29 
13.80 

2 1.50 
20 16 
19.09 
18.80 
18.20 

Tdbl< 2 (fanllnuPd) 

m. 10' rnol kg 1 ) 

10.9 
12 2 
13 4 
14.6 
17 0 
NaAc ( w, • 0 .90) 
I 2 
36 
6 .1 
7 3 
85 
109 
12 2 
13 4 
14 6 
170 
KAc (w, • 0.90) 
1 2 
36 
6 .1 
73 
85 
10.9 
12.2 
13.4 
14 6 
17.0 

\ Scm'mol 1) 

2981 5 K 

11 20 
1085 
1064 
10.16 
10.00 

12 69 
11 .60 
10 88 
10.56 
10 25 
9 .69 
9 38 
913 
8.94 
8 .50 

11.69 
10.56 
9 88 
950 
9 .20 
8 75 
8 .56 
8 .3 1 
8 00 
756 

103 ISK 

15.11 
1489 
14 65 
14.25 
1l93 

17 36 
16.20 
15.07 
14 64 
14 14 
13.69 
11.40 
12 88 
12.64 
12.00 

16.60 
15.21 
14.20 
11.88 
13 56 
12.9 4 
12.60 
12.29 
11 .93 
11 40 

30815 K 

17 40 
1720 
16.90 
16 40 
1560 

19.60 
1800 
1700 
16.62 
1613 
15.50 
15. 10 
14 69 
14 50 
13 88 

1712 
16.07 
IS 14 
14 79 
14 36 
1366 
IJJO 
noo 
12.64 
1214 

center-to-center distance of solvent separated ion-pairs [ 1.19.201. 
.t' R •a + d; where a= r; + rc and dis the average distance corre

sponding to the side of a cell occupied by a solvent molecule. The 
definitions of d and related terms have been described 10 the litera
ture [ 1.19,201. The val ues of the crystallographic rad ii for the alkali 
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metal cations were obtained form literature [ 31[ and that of acetate 
amon was calculated to be 2.28 A according to a scheme suggested 
by Marcus [32[. 

The Fuoss conductance ncen11 ,l!Jon equation [ 19.20[ may be 
represented by a set of relations as follow s: 

,\ = p[ ilo(l + Rx) +Ed 

P = 1- a( l -y) 

y = t - K,.. .ccrl~ 

- In 

"' ,1\,. f 

"~ \---;; 

(3) 

(4) 

(5) 

(8) 

where Rx is the relaxation field effect. Et is lhe electrophoretic 
counter current. K 1 is the rad1us of the ionic atmosphere. tr is 
the relative permittivity of the solvent. y IS the fraCtion of solute 
present as unpaired ion and other symbols have usual Significance 
as described earlier [ 1,19,20[. 

We input for our program the number of data. n: followed by rel
ative permittivi ty of the solvent mixture.,.,; ini tial ilo values. T. p. 
molecular weight of the solvents along with c,. II,, values with i • I. 
2. . n and an mstruction to cover pre-selected range of R-values 
mcreased by a step 0.1 A for the Herative process. Actual calcu la
tions involved determmation of 110 and KA,r values with mimm um 
standard devia1ion (n 1 ) defined as. 

n 2 
a 2 = ~ [ il ,(calc) - . l ,(obs)J 

.1 L.. n - p 
•=-I 

(9) 

Thus. conductance data were analyzed by fixmg the distance of 
closest approach R with two parameters fit (p - 2). Table 3 show s 
that for all the electrolytes studied. the limiting molar conductances 
( ,10 ) mcreaseas the temperature mcreases but decrease as the mass 
fraction of2-butanol m the solvent mixtures increase. This trend in 
lim1t1ng molar conductance ( ilo) ca n be w ell described by the vis
cosity behavior of the solvent media. A perusal of Tables I and 2 
show that the conductance of the alkal i metal acetates decreases 
along w ith a pa rallel decrease m VISCosity and density of the solvent 
m1xtures (due to addinon of more alcohol) at pa rticular exper
Imental temperature. suggesting that the effecnve JOilJC size of 
the cations necessanly mcreases [ 33 [. J.~ .. preferential solvation 
of the alkali metal acetates occurs in aqueous 2-butanol mix
tures. But the l imiting molar conductances ( ilo) follow the order: 
L1Ac > NaAc > KAc suggesting that solvation increases the 10nic s1zes 
of cations in such a way that the sizes of the solvated cat ions fol
lows the crystallographic radii order for the alkali metal ions in 
aqueous 2-butanol solutions. The values of K,v follows the order: 
L1Ac < NaAc < KAc for all the solvent composition and expenmental 
temperature. i.e .. with increasing alcohol content the association 
equil ibrium shi fts to the right of the above order as a result of 
decrease in mixture permittivity. 

Walden products ( 1\ ol]o) for the alkali metal acetates are g1ven 
in Table 4. The variation of Walden products ( iloilo) w i th sol
vent composition and temperature may be attnbuted to changes 
in Jon -solv,HJOJ ,mel 1 n-s, !vent interact ions. Walden product 
( ilo'lol either varies sl ightly w i th temperature or is almost Inde
pendent of temperature for the electroly tes studJed w1thm the 
experimental errors but decreases with increasmg mass fraction 
of the alcohol. This is most probably due to pre-solvation of 1ons 
(by alcohol molecules) that lead to an increase of the hydrody
namic radii of 1ons and decrease of their mobility. The values of 

Table 3 
Lmuung moldr conducuv111es (t\ 0 ~ ton-dSSOCid!lon consranrs {KA.c d lld KI\.Jn). d1S 

ldllCt> p.JrdrTk;'lf"r (R) dnd stdndMd devtdUons(n ·' )Oft"xpt>nmenldl .\from tht- Fuoss 
condun.mce equauon m aqlJf'Ous 2-bur.mol soluuons 

Temp(K) J\ 0(Scm1 mol 1) K"',.-(dm1 mol 1) R( A) n 1(Srm1 mol 1 ) 

LoAc (w2 •070) 
29815 20.4 '! ~ 0.12 441.23 ~ 0.24 6.12 0 21 
301 15 21.54 ± 0.11 246. I 1 .i 0.12 6.11 0.20 
10815 26.87 ± 0. 10 147.98 ± 020 6.14 O.IB 
NdAC (W, • 0 70) 
29815 19.82 ~ 0.11 494 71' 026 6.67 028 
101.15 22.66 ± 0.14 271.57 ± 024 6.68 0 18 
308 IS 25.S1 ± 0 IS JB777 ±021 6.69 025 
KAc (w2 ·0 70) 
298 15 IB.S8 ~ 0.20 56612' 0.11 7.05 0.24 
10115 2162±0.10 115.72" 021 706 0. 18 
JOB IS 21.91 ± 0. 14 20719 ± 0 21 7.07 0. 17 
LoAr(w,·080) 
298 15 18.66 ± 0.15 549.81 = 0.27 6.57 0 21 
101 15 22 82 ± 0. 12 188.51 "' 0.26 6.58 0.18 
J08.JS 25.76 ± 0. 11 360.96 ± 0 22 6.59 0.37 
NdAc(w, · 0.80) 
298 15 1789.0.11 58863 " 0 20 6.92 0.13 
10115 21.61 = 0 12 411.00 = 021 6.91 0 26 
108 IS 24.81 ,o, IO 430 67 "'0.12 6.94 0.21 
KAc(w, •0.80) 
298.15 17 16±0.14 6 1929±024 7.29 0.10 
1011S 20.19 ot 0. 1 I 581.85 : 0.13 7.30 0. 11 
308 IS 22 76 ± 0. 18 542.1) "'028 7.3t 0.18 
L•Ac (w2 • 0.90) 
298 IS 15.96 ± 0.11 856 24 ± 0.10 6.88 0.13 
103 IS 20.68 ± 0. 18 644.12 ± 029 689 0.16 
308.15 21 55 t 0 17 62263 " 0.25 6.90 0.17 
NaAc (w, •0.90) 
298 15 14.13, 009 9B822 "'0.02 7 21 0. 17 
101 IS 19.12 = 0.10 84141 ± 0.1 4 7.14 023 
30815 2154 " 0. 12 761.38 "' 0.09 7.2S 0 17 
I<Ac(w, · 090) 
298 I 5 1)81 ± 0.18 1117.10 ± 026 7.60 0.16 
1011S 18 38 "'0.20 B65.99 ± 029 7.61 0 IB 
JOB IS 19.14 "O.IB BIJ.07 ot O.JO 762 023 

Walden products ( iloiJo) follow the order: L1Ac> NaAc> KAc for a 
particular solvent mixture at an expenmental temperature. Th1s 
difference m assocJa!Jon behaviOr can be attributed to the differ
ences in the acetate ion r,ltlnn interacnons and may not be due to 

speofic solvent effects alone. However. the order Ill Walden prod
ucts mdJCates a hydrodynamic rad1us enlargement for the cations 
(from u· to Na ' ). Though smaller 1ons are expected to be strongly 
solvated. the posi!Jon of the curves m F1g. 2 (A olio versus w 2) sug
gests a relationship u· < Na' < K' for this rad1us. We have earlier 
found JUSt the opposite resu lt for the studied alkali metal acetates 
in aqueous glycerol solutions [ 34[ suggesting that smaller ions 
are strongly solvated. though such di fferences gradually dimin
ished at higher concentrations of glycerol. But in the present work 

Tab I• 4 
Walden products (. l o•/0) o f Jhe electrolyJes SJudH'd on aqueous 2-buranol soluuons 

Mass fract1011 of2~butanol (wl) 1\otlo (Scm1 mol 1 mP.H) 

29B 15 K 101 15 K JOB.I5K 

l1AC 
0.70 6B.28 65.79 63 87 
080 57 Bl 59.51 570B 
0.90 44 88 4911 47 78 
NaAc 
0.70 66.14 63.35 60.68 
0.80 55.42 56.4 1 54.98 
0.90 40.01 45.88 4370 
KAr 
0.70 62.09 60.41 56.8B 
080 51.78 51.18 50.44 
0.90 3706 43.65 39.04 

Please ci te this article in press as: R.S. Sa h. et al .. lon association and solvation behav1orofsome alkali metal acetates m aqueous 2-butanol 
solutions at T- 298.15, 303.15 and 308.15 K. Fluid Phase Equilib. (2011 ). dOJ:10.1016jj.fluid.201 1.05.017 
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Table !I 
Acdvatlon enthalpy orionic transport (Afi9) and thermodynamic parameters of the lon-assodadon reaction (Aifl, ArP and as<') for tbeelectrolytes under study In aqueous 
2-butanol solutions at 298.15K. 

Mass fraction of2-butano1 (W,) Afi9 (kjmoJ-1) MfJ(kjmol-1) Aa<'(kjmol-1) ASOOK-lmo!-1) 

'"" 0.70 
0.80 
0.90 
N~Ac 

0.70 
0,80 
O.!JO 

"'' 

20.4 
24.1 
292 

18.8 
2~4 
312 

-84.2 -14.7 -232.9 
-31.1 -15.2 -59.9 
-·25,3 -16.2 -30,5 

-74.8 -15.0 -200.7 
-24.8 -15,4 -31.7 
-20.8 -16,6 -14.1 

0.70 18.8 -77.5 -15.3 -208.4 
0.80 20.2 -1D.9 -\5,5 15.3 
o.9o 2as -25.2 1J ·~ -16.9 -27.9 

the reversed trend in hydrodynamic radii is very interesting. No The ~the ion-association (alP) and the activation 
doubt aqueous 2-butanol solutions are comparatively Jess char- enthalpy of clla"r_ge transfer (L).W), assuming both the parameters 
acterized by Intermolecular hydrogen bond interactiOn, so more as temPeraturepndependent. were evaluated by the least squares 
extensive ion-solvent Interaction is thus expected. But the degree analysis'Orthe!relations· 
of ion-solvent interaction or preferential Interaction (solvation) In £);;' , + 

1 
• 

is such that the effective size of the solvated cations follows the 
orderli+ <Na+ <K+. This indicates that the alkali metal cations pre
fer water molecules to 2-butanol molecules in their solvation or ~~J L).Htt , 
coordination sphere. Such a reversed order ror solvated cations has /}0 /}'6 ~ In Po = - Rs r + 1 

(II) 

(12) 

also been reported earlier in literature (35,36) and Kay [37] has sug- ~ . . . 
gested that the difference is attributable to the differences In thea'. Tlie second term on the left hand stde ofEq. (12)ongmated (38} 
acetate lon-c.ltion tnteractlons rather than solvent effects. 1r~~ ( 1/3) (BIn VJanp, V stands ror the voluf!!e of the cube con-

The distance parameter R, shown In Table 3, is the least distance 'M~mg a unit mass of solvent and Rg is the umversal gas constant. 
that two free ions can approach before they merge Into ion pair. R T~e standard deviations (u) of linear fit for Eqs. (11) and (12).w~re 
values were found to increase with increase in both the temP,~~·.-wtthln 0.000-0.002. Gibbs energy. (AC0) ?r the lon-assoCiabon 
ture and mass fraction or alcohol(~) in the solventmixture.JQese reaction was calculated by the relaoon (39] . 
effects can be attributed to the thermal activation of the soi~eh L).c;0 = -RgT In K~.m (13) 
sheath due to the activation or the solvent molecules at eJihanced . . 
temperature and more molecular volume or 2-butanolrn.~!'Uie~?' and the standard enthalpy of ion-pa1r forman on was calculated by 
than water. !J -~ the relation [39]: 

In order to minimize the contribution of the the_IJn~!, •• ;_~pan- L).So _ Lllfl - ~Go 
. sian or the solvent to the reaction enthalpy, KA.c was-tonvfrted to - r (14) 

molality scale using the equation [15]: () Values or these thermodynamic properties at 298.15 K are pre-
sented In Table 5. The negative; values or 6fi0 and L).OJ can be 

K~.m = K~t,cPo (lO) explained by participation of specific covalent interaction in the 

l ll ion-association process. But the binding entropy (6S0) between 
.. -------------"""Sif;:c,;/1'----, the ions was found to be negative to unfavor the ion-association 

~~~ :::: ~~ 

i~ f!k;;1 ~·,L ~~ 
J ::s==:::::::=::~~·----~~-...v~· ~==~~~~A:tJ:•:s~.J~s~K~~ 

0.7 0.8 
w, 

0,9 

Fig. 2. Plots of W.:~lden products (Ao71o) versus mass rractlon (w:) of 2-butanol 
in .:~queous 2-butanol solutions for alkali metal acetd~s at different temperature. 
Symbol: (A) LIAr: (0) NaA~: (0) KAc. 

-15.2 

-=- -15.4 r------==:::::~ 
~ ·15.8 a ·15.8 

'b ·16.0 

<I -16.2 

Fig. 3. Plots or Walden products (AOl) versus mass fracdon (W:z) of 2-butanol In 
aqueous 2-butdnol solutions for alkali metal acetatesat298.15 K. Symbol: (A) UAc: 
(0) Nak; (G) KAt. 
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fls-4. Acdvatlon enlhalpy of the charge tr.:~nsport (aff', solid lines) and the tem
peraturegradlentoflluidlty(e, dashed line) !or the aqueous 2-butano! mass fraction 
(W:z)at 298,15 K. Symbols: {A) u·; (D) Na': (0) K'. 

process and thus favoring ion solvation process. The uniformly 
descending nature of the curves (AGJ) in Fig, 3lndicates a greater 
degree of association at comparatively lower solvent permittiv
ity. However, comparatively higher values of KA..c than the limiting 
molar conductances (Ao) indicate that the studied electrolytes are 
sufficiently associated in aqueous 2-butanol mixtures and this fact 

m molality 
A molar conductance 
Ao limiting molar conductance 
K~s,c association constant (molarity scale) 
KA.m association constant (molality scale) 
I± mean activity coefficient 
Rx relaxation field effect 
EL electrophoretic counter current 
y fraction or solute present as unpaired ion 
f1 twice the Bjerrum distance 
K-1 radius of ionic atmosphere 
e electric charge 
K8 Boltzmann constant 
R assoc~atlon distance or co-sphere diameter 
t:.cfJ Gibb.S'enBgy of lon-assodatlon reaction 
l:J.IfJ enttfaJp(o~~on-association reaction 
D.SJ entropy,ofton-assodation reaction 
t:.fl# 1Ctivati6~ energy of ionic movement or charge transfer 
CT A S'i~evfation 
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The apparent molar volume (V ~ ). VJscosny 8-coeffinem. 1soentrop1c compressibility (t/>• ) of memhol 
have been derermmed 1n bmary solunon of Isopropyl alcohol and merhyls.>hcylate (ar 303. r 5. 313.15 and . 
323.15 K) from dens1ry(p). VISCOSity (•/) and sound speed respecnvely. The app,1ren1 molar volumes have 
been exrrapolared to zero concemranon to obt,lm the limiting values at mfimte dliunon usmg Masson 
equanon. The infinite dilunon pamal molar expansib1lines have also been calculated from the temper
ature dependence of rhe hmmng apparent molar volumes. V1scOs1ry 8-coeffinents has been calculated 
usmg Jones- Dole equanon. The srrunure-makmg or break1ng capanry of the solute under mvesuga
non has been d1scussed m terms of s1gn of(B2V0f!'>T2 )r. The acuvanon parameters ofVJscous now were 
determmed and discussed by apphcanon of rrans1rion srare rhrory. 

Mt·nrhol 
Isopropyl • !coho! 
Merhyl s.~hcyldl e 

1. Introduction 

The volumemc. vrscometric and rnterferrometric behavior of 
solutes has been proved to be very useful rn eluCJdatrng the va rrous 
rnteractlons occurnng rn pure and m1xed solvents. Studres on the 
effectofconcentratron and temperature on the appa rent molar vol
umes of solutes have been extensrvely used to obtain information 
on 10n-1on. ion-solvent. and solvent-solvent mteracuons I1-3J. It 
has been found by a number of workers 14-61 that rhe addnion of 
a solute could e1ther make or break the structure of a liquid. 

In th1s paper we have attempted to study the behavror of 
menthol m isopropyl alcohol (I.PA) and m rts mixture with 
methyl salicyla te (5. I 0 and 15 mass%) at varrous temperarures 
because of their extensive use in pharmaceutical and cosmetic 
mdustrres. Methyl salrcylate has a long history of use rn consumer 
products as a counterrrritant ,1nd as an analgeSIC in the treatment 
and temporary management of aching and painful muscles and 
JOints. Methyl salicylate 1S also used as an UV absorber and in 
perfumery as a modrfier of blossom fragrances f7J. I.P.A. is widely 
used as a cleaning agent. a cost-effective preservative for biological 
specimens and is a major ingredient in "dry-gas" fuel additive. 
Menthol. an old remedy m Chinese medrcme extracted from plants 

• Correspondmg dulhor Tel +91 1512776181. f•x ·9 1 151 2699001 
F mall addrl'Ss m.tl<'ndmoy2002~•hoo.ro m (\1C.. Roy 

0040-GOJ I , S st-e f ront mo~lter f:l 2009 Elsev1t.'r 8 V All nghrs reservt."d 
do1 !010!6,'p cd 2009 12 001 

C> 2009 Elsev1er B.V. All nghrs reserved. 

of the genus Menrha. rs w1dely used as both a cooling agent and a 
counterrrntant for relrevrng parn especrally m the muscles. v1scera 
or remote areas IBJ. <lS well as for the treatment ofprurrtus. 

l\1t nthol lsoprop) I altohol 

2. Experimenta l 

2. 1. Chemicals 

Menthol (Thomas Baker. >99%)was used as such wr thout further 
purrficauon. Isopropyl alcohol (Merck. >99.5%) and methyl salrcy
late (Sigma- Aidrrch. >99%) were used wah no further punficanon 
other than berng dried wrth molecular sieves. Experimental values 
ofv1scos1ty ( q). density (p). sound speed (u) and refrac11ve md1ces 
(no) of the pure solvents were compared wllh the literature values 
and are Irs ted m Table 1. 
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Table 1 
~nsity (p), viscosily (q), sound speed (u) and refrilctive indices (no) of binary mixture of methyi"W~Iicylate (1) and I.PA (2) at different temperatures. 

Temperature (K) px 10-J (kgm-3 ) 11(mPas) 

Exp Lit Exp 

WI =0.00 
303.15 0.7771 0.7768!25) 1.7470 
313.15 0.7684 0.7680 [25) 13296 
323.15 0.7560 0.7557 [26) 1.0029 

W1 =0.05 
303.15 0.7909 1.7981 
313.15 0.7828 1.3786 
323.15 0.7703 1D485 

W! =0.]0 

303.15 0.8053 1.8464 
313.15 0.7943 1.4369 
323.15 0.7851 1.1164 

W! =0.15 
303.15 0.8224 1.9614 
313.15 0.8120 1.5600 
323.15 0.7993 1.2274 

22. Measurements 

Densities (p) were measured with an Ostwald-Sprengel type 
pycnometer having a bulb volume of about 25 cm3 and an inter
nal diameter of about 0.1 em. The measurements were done 
in a thermostat bath controlled to ±0.01 K. Viscosity (q) was 
measured by means of suspended Ubbelohde type viscometer, 
calibrated at 298.15K with triply distilled water and purified 
methanol using density and viscosity values from literature. The 
flow times were accurate to ±0.1 s, and the uncertainty in the 
viscosity measurements was ±2 x 1 Q-4 mPa s. The mixtures were 
prepared by mixing known volume of pure liquids in airtight
stopper bottles and each solution thus prepared was distributed 
into three recipients to perform all the measurements in tripli
cate, with the aim of determining possible dispersion of the results 
obtained. Adequate precautions were taken to minimize evapora
tion loses during the actual measurements. Mass measurements 
were done on a Mettler AG-285 electronic balance with a pre
cision of ±0.01 mg. The precision of density measurements was 
±3 x 10-4 gcm~3• Refractive index was measured with the help 
of Abbe-Refractometer (USA). The accuracy of refractive index 
measurement was ±0.0002 units. The refractometer was calibrated 
twice using distilled and deionized water, and calibration was 
checked after every few measurements. 

Viscosity of the solution, q, is given by the following equation: 

( Kt-L) 
·~ -,- p (I) 

where K and L are the viscometer constants and t and pare the 
emux time of flow in seconds and the density of the experimental 

"'·" • 200.00 

~ 195.00 • E 190.00 • •. 
~ 1&5.00 • • ~ 1!0.00 • 0 .. 
't. 175.00 • D 

HO.CO I!! 
145.00 

300.00 ,..., 310.00 31500 ""-"' m.oo 
TIK 

Fig. 1. Plororvg x 106 (m1 moJ-1 )as a function of temperature (T, K)ofmenthol in 
O%(t).S%(•). 10%(.f.).15%(D)masspercentormethy1 salicylate+LPA 

u(ms-1) "' 
Lit Exp Lit Exp "' 
1.7430 (26) 1130.6 1127(27) 13736 1.3737 (28) 
1.3260 125) 
1.0020 [26) 

1146.8 1.3791 

1170.6 1.3852 

1197,7 13912 

liquid, respectively. The uncertainty in viscosity measurements is 
within ±0.003 mPa s. 

Details of the methods and techniques of density and viscosity 
measurements have been described elsewhere (9-12]. The solu
tions studied here were prepared by mass and the conversion of 
molality in molarity was accomplished [3] using experimental den
sity values. The experimental values of concentrations (c), densities 
(p ), viscosities (JJ1 and derived parameters at various temperatures 
are reported in Table 2. 

3. Results and discussions 

Apparent molar volumes (V 0 ) were determined from the solu
tion densities using the following equation: 

yo _ M 1000(p- Po) 
e- Po CPo 

(2) 

where M is the molar mass of the solute, c is the molarity of the 
solution; Po and pare the densities of the solvent and the solution 
respectively. The limiting apparent molar volumes vg was calcu
lated using a least-square treatment to the plots of V0 versus Jc 
using the Masson equation [ 13 ]. 

(3) 

where vg is the partial molar volume at infinite dilution and 5~ the 
experimental slope. The plots of V 0 against square root of molar 
concentration (Jc) were found to be linear with negative slopes. 
Values of V0 and s: are reported in Table 3. 

The solute-solvent and solute-solute interactions can be inter
preted in terms of structural changes which arise due to hydrogen 
bonding between various components of the solvent and solution 
systems. V0 values can be used to interpret solute-solvent inter
actions. Table 3 reveals that V0 values are positive and increases 
with rise in temperature and decreases with increase in the mass 
percent of methyl salicylate in the solvent mixture as depicted in 
Figs. 1 and 2 respectively. This indicates the presence of strong 
solute~solvent interactions and these interactions are strength
ened with rise in temperature and weakened with an increase in 
the mass percent of methyl salicylate suggesting larger electrostric
tion at higher temperature. Similar results were obtained for some 
1:1 electrolytes in aqueous DMF [14] and aqueous THF (15]. 

The observed result can also be explained in view of the molar 
volume of solute as well as solvents studied here. The partial m01a·r 
volume (182.55) of menthol in pure I.PA is far greater than molar 
volume of I.PA (77.24) but a little extent greater than the molar 
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volume of methyl sa licylate. Further. the part1al molar volume of 
menthol decreases gradually w1th decreasmg composruon of I.P.A 
to the m1xture. Hence I.P.A. eas1ly fits 111 menthol 111 the m1xture 
resulung m more solute-solvent 1nreracrron between rhem which 
1s an excellent agreemem wuh the conclus1on drawn from values 
of v& as well as viscosity IJ-coefficient. 

A schemauc d1agram is shown below. 

uons dominate over solute-solute lnleractlons 111 a lithe soluuons 
and at all expenmental temperatures. 

The polynOJTII,JI below represents the vanauon of v;, With tern 
pera1ure 

(4) 

over the !em perature ra nge under study where T1s the temperature 
m K. Values of coefficients of the above equauon are reported m 
Table 4. 

The apparent molar expans•biluies (0 Pl can be obtamed by 1he 
following equal ion: 

0~- c::),. (5) 

The values 0\1 of for drfTerent solutiOns at 303.15. 313. 15 and 
323.15 K are reponed m Table 5. Table 5 reveals that 0~ value 
decreases w1th 1ncreas1ng temperature and mass percent of methyl 
salicylate. Th1s fact may be annbuted to gradual disappearance of 
cagrng or pack1ng efTect(16.17) 111 the ternary soluuons. Accordmg 
to Helper (18) the s1gn of (&0~ '&T)p rs a bener cn tenon m char
actenzlng the long-range structure-making and breakmg abi lity 

Panial Molar Volume (182.55) Molar Volume (77.2~) 

l'anral Molar Volume ( 182.55) Molnr Volume ( 129.49) 

s;. values are negatrve at all temperatures and rhe values 
decreases With mcrease of temperature and Increases w1th 1 ncrease 
111 mass percent of methyl salicylate wh1ch may be annbuted to 
more v1olent t hermal agrtauon at h1gher temperatures. resuhmg m 
dim1nrsh1ng the force of 10n- ion lnteracuons ( ionic-di ssociation ) 
(1 6). The magni tude of v0 va lues are much greater than those of 
S,. for a lithe soluuons wh1ch suggests that solute-solvent rnterac-

of the solutes in solutiOn. The general thennodynamlc expresston 
used IS as follows 

(~~) = 2a2 
8T p 

(6) 

If the stgn of (~0?/IIT}P is posll1ve (19) the solute IS a structure 
maker and i f negauve 1t IS a st ructure breaker. As IS ev1dent from 
the values of (t\0~ f,\T )1,, menthol predominately acts as a structure 
breaker. 

TI1e vtscos1ry data has been analyzed usmg jones-Dole (20) 
equal ton: 

(
(IJ! •Jo 1)) - A t 8c 1 2 

cl 2 
(7) 
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Tablel Table 2 (Canfinued) 
Mol~rity (c). density (p~ viscosity ('11 apparent molar volume (Va) <tnd (1}/1/n 

c(moldm-l) P>< to-] 1}(mPas) Vs x toG (11/1/n -1 )(clfl - t)fc112 or menthol in bilt.Iry mixture of diFfereJtt mass% (w1 ) or methyl salicylate 
(1) and I.P.A. (2) at 303.15,313.15 and 323.15 K (kgm-l) (mlmoJ-1) 

c(moldm-l) px t0-1 1J(mPas) v0' x tos (1//'1~-1 )fclfl WJ "'0.15 
303.15K (kgm-3 ) (m3 moJ-1) 
0.0250 0.8228 1.9763 168.21 0.0480 

WJ =0.00 0.0350 0.8230 1.9818 167.94 0.0554 
303.15K 0.0450 0.8232 1.9859 167.71 0.0588 
0.0250 0.7776 1.7572 17631 0.0370 0.0550 0.8235 1.9905 167.44 0.0632 
0.0350 0.7778 1.7613 17536 0,0436 0.0750 0.8238 1.9991 166.98 0.0702 
O.G450 0.7180 1.7659 174.55 0.0510 0.0850 0.824() 2.0034. 166.83 0.0734 
0.0550 0.7783 1.7713 173.92 0.0593 

313.15K 0.0750 0.7188 1.7812 172.25 0.0716 
0.0850 0.7791 1.7851" 171.03 0.0748 0.0247 0.8125 • 1.5752 169.49 0.0620 

0.0346 0.8127 1.5806 168.51 0.0710 
313.1SK 0.0444 0.8129 1.5846 167.48 0.0750 
0.0247 0.7688 13401 182.60 0.0501 0.0543 0.8132 1.5909 166.69 0.0850 
0.0346 0.7690 13443 180.77 0.0592 0.0741 0.8137 1.6003 165.80 0.0949 
0.0445 0.7692 1.3493 178.95 0.0699 0.0840 0.8140 1.6047 165.00 0.0990 
0.0544 0.7695 13545 177.14 0.0800 

323.15K 0.0742 0.7700 13638 175.43. 0.0942 
0<840 0.7703 13684 173.20 0.1007 0.0243 0.7997 1.2408 175.44 0.0700 

0.0340 0.7999 1.2451 174.28 0.0781 
323.1SK 0.0437 0.8001 1.2500 17337 0.0880 
0.0243 0.7564 1.0121 187.30 0.0590 0.0535 0.8003 1.2538 172.68 0.0931 
0.0340 0.7566 1.0170 184.80 0.0760 0.0729 0.8007 '1.2634 171.20 0.1087 
O.D438 0.7568 1.0215 181.50 0.0886 0.0826 0.8010 1.2683 170.48 0.1160 
0.0535 0.7571 1.0258 179.20 0.0989 
0.0730 0.7577 1.0342 175.65 0.1157 
0.0827 0.7580 1.0388 .174.40 0.1246 '::~:. 
w, =0.05 where 'lo and 11 are the viscosities of the solvent/solvent mixtures 
303.15K and solution respectively. A and B are the constants estimated by 
0.0250 0.7914 1.8073 171.1S 0.0322 a least-squares method and are reported in Table 6. The values 
0.0350 0.7917 1.8110 170.20 0.0384 of the A coefficient are found to decrease with temperature and 
0.0450 0.7919 1.8145 169.06 0.0431 increases with increase in mass percent of methyl salicylate. These 
0.0550 0.7922 1.8200 168.34 0.0519 
0.0750 0.7927 1.8282 167.30 0.0612 results indicate the presence of very weak ion-ion interactions and 
0.0850 0.7930 1.8329 166.55 0.0664 these interactions further decrease with the rise of experimental 

313.15K temperatures and increase with an increase in mass percent of 
0.0247 0.7832 13879 176.43 0.0430 methyl salicylate. These results are in excellent agreement with 
0.0346 0.7835 1.3922 174.00 U0530 those obtained from 5~ values. 
0.0445 0.7837 13966 172.70 0.0620 The effects of ion-solvent interactions on the solution viscos-
0.0544 0.7840 1.4014 171.45 0.0709 ity can be inferred from the B-coefficient [21,22]. The viscosity 
0.0741 0.7846 1.4097 169.32 0.0829 
0<840 0.7849 1.4138 168.40 0.0881 8-coeffictent is a valuable tool to provide infonnation concerning 

the solvation of the solutes and their effects on the structure of 
323.15K the solvent. From Table 6 it is evident that the values of the B-
0.0243 0.7707 1.0567 182.04 0.0500 
0.0340 0.7709 1.0603 180.44 Q0610 coefficient are positive, thereby suggesting the presence of strong 
0.0438" 0.7711 1.0642 178.83 0.0715 solute-solvent interactions, and these types of interactions are 
0.0535 0.7114 1.0682 177.33 0.0811 strengthened with a rise in temperature and weakened with an 
o:o129 0.7719 1.0754 175.24 0.0950 increase of mass percent of methyl salicylate. Similar results are 
0.0827 0.7721 1.0795 174.24 0.1030 

obtained from V~ values discussed earlier. 
w, =0.10 The adiabatic compressibility (/3) was evaluated from the fol-
303.15K lowing equation: 
0.0250 0.8058 1.8631 168.90 0.0571 
0.0350 0.8060 1.8675 168.40 0.0610 1 
0.0450 0.8062 1.8728 167.96 0.0673 fi = u2p (8) 
0.0550 0.8065 1.8794 167.76 0.0760 
0.0750 0.8069 1.8878 166.94 0.0818 
0.0850 0.8072 1.8937 166.57 0.0879 where p is the solution density and u is the sound speed in the 

313.15K 
solution. The apparent molal adiabatic compressibility (0K) of the 

0.0247 0.7948 1AS11 172.80 0.0630 solutions was determined from the relation. 
0.0345 0.7950 1AS72 171.06 0.0760 

0K ~ MP + IOOO(fipo - fioP) O.o#l 0.7952 lAGOS 170.24 0.0780 (9) 
0.0543 0.7955 1.4673 168.94 D.0910 Po mppo 
0.0740 0.7960 1A767 167.40 0.1020 
0.0839 0.7963 1.4821 166.88 0.1086 where fio. {J are the adiabatic compressibility of the solvent and 

323.15K solution respectively and m is the molality of the solution. Limit-
0<244 0.7855 1.1281 175.71 0.0670 ing partial mala I adiabatic compressibilities (0k) and experimental 
0.0341 0.7858 1.1328 173.71 0.0800 slopes CSK-l were obtained by fitting 0K against the square root of 
0.0439 0.7860 1.1362 172.20 0.0850 molality of the electrolyte (Jm) using the method of least squares. 
0.0536 0.7862 1.1414 171.80 0.0970 
0.0731 0.7868 1.1501 169.65 0.1120 0K =0~+SK:Jm (10) 
0.0829 0.7871 1.1535 167.87 0.1160 .... 

Values of m, u, {J, 0K, 0)( and Sic are presented in Table 7. Since 
the values of 0~ and Sic are measures of ion-solvent and ion-ion 
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Table] 
Umlting apparenr malar volumes (V:) and experimental slopes (S;) or menthol In binary mixture or different mass!C: (w1) or methyl salicylate (1) and I.PA (2) at 303.15, 
313.15 and 323.15 K. 

. Table4 
Values of the coefficients ofEq. (4) of menthol in binary mixture of different mau% 
(w1) of methyl salicylate (1) and I.PA (2) at303,15, 313.15 and 323.15 K. 

interactions respectively, a perusal ofTable7 shows that the values 
are in agreement with those drawn from the values of V~ and s; 
discussed earlier. 

The viscosity data has also been analyzed on the basis of tran
sition state theory of relative viscosity of solutes as suggested by 

· TableS 

TableS 
limiting p.lrt[al molar expanslbllities of menthol in binary mixture or different 
massl: (WJ) of methyl salicylate (1) and LPA (2) ap03.15,313.15 and323,15K 

U~a~s-~~t~ithYi~~~.l~~(in1.~017_1._K~~}J: .. ·~.k.~~-t(f-_-,- ';(&'.'1af&T)~--.:.; ~J r •al~!aterr."~?;.,_\\ ~,'o:Ji\. :l"'. ·"', --·' • '"~ -~<.;--,>~\.'<·'·::-.,.~; · •' ·dm moi:-•.K-2~\J 

f. ·~;::t. ~~lf~~E~§~;-;~;o3;~~~;;. :;_;;;is -~-:-~i:~-~li;~~-;~a.t~- ~-~; .<~:_ f·.;~:~:~ 
l ·~ ... ·o.oo~~'c{~c{;--'.,:.--t:1390 1~ , .., f,Ot70- c;···~OBss0·'~~-·-:._..'t.~.-o.Otil"'1~£ --~ } 
;,\Y•''" Q.O.S~\{\<t.'~ :;lD170":h~o •. 7~5o. :; · .-:-:o:47. 3o. (-:(."'> ~;..:0 .. 02. 12 {<~:·-.! 
~.W'I·;;.._o;1o·1·q:,:·~~;::; ;'0,9527.•:r·o.62471 • ·-;0.29~7_->J! ',:-0.0328 "· \r~ 
!:..W .;. 0~1 s~<'f)},;'f.?., ~.,.~;o.9Hs~s~p.ssls~~· ": ·o:~q9s;;_•:t --.O.:.O.Ol54_:; ~-::_-~ J 

Feakins et al. [23] using the following equation 

A OM A 0/1 (1000B+Vj'-0,'lRT 
~JL2 = ~JI.l + V!> 

I 

(11) 

Vaiues or A and 8 coefficients or menthol in blnal)' mixture of different mass% (wa) of methyl salicylate (1) and i.P.A(2) at303,15, 313.15 and 323.15 K. 

Tablt7 
Molality (m), sound speed (u), adiabaticcompresslb!lity (jl), partial molal adtabatk compressibility (ar).llmttlng putial adiabatic compressibility ("r). experimental slope 
(S_l:) and refractive Indices of menthol In blnal)' mixture of different mass% (w1) ofmtthyl salicylate (1) and l.P.A.(2)at 303.15 K. 
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TableS 
Values of d,,o., ap.r, Tasr and Mr.~ of mentbol in binary mixture of different 
mass% (w1) o/ methyl salicylate (1) anJ I.P.A. (2) at 303.15, 313.15 and 323.15 K. 

where \if and \1 .are the partial molar volumes of the solvent and 
the solute respectively. The contribution per mole of the solute to 
the free energy of activation of viscous flow (.6.JL~#) of the solutions 
was determined from the above relation and is listed in Table 8. The 
free energy of activation of viscous flow of the pure solvent (AJ.I.~#) 
Is given by the relation: 

t;. 0 _ t;.G',' _ RTin(~ov:'l (12) 
ILt- 1- hNo 

where the symbols have their usual significance. The values of 
.6..~-t~* and Ap.'f' are reported in Table 8. From Table 8 it is evi
dent that ll.JLf.l' is almost constant over all solvent composition 
and temperature. implying that .6.~t;z01 Is mainly dependent on the 
viscosity B-coeffidents and (~ - iip) terms. According to Feaklns 
et at .. .6.~# > .6.tt'r for electrolytes having positive B-coefflcients 
and indicates a stronger solute-solvent interactions. thereby sug
gesting that the formation of transition state is accompanied by 
the rupture and distortion of the intermolecular forces In solvent 
structure (24]. The smaller values of .6.11:2ot supports the lilcreaSed 
structure breaking tendency of the solute as discussed earlier. The 
entropy of activation for solution has been calculated using the 
following relation (23]. 

t;.M -d(!;.Jtg") 
"':! dT (13) 

where .6.sr has been determined from the negative slope of the 
plots of .6.~01 against Tby using a least square treatment. 

The activation enthalpy (.6.~#) has been calculated using the 
relation [23): 

t;.llg"- ~ /;.Jtg" + T~ (14) 

The value of .a.sr and .6.H~ are listed in Table 8 and are found 
to be negative for all the solutions at all experimental tempera
tures which suggest that the transition state is associated with 
bond-breaking and Increase in order which supports our earlier 
discussions. 

4. Conclusion 

The values of apparent molar volume (\f0), viscosity B
coefficients and isoentropic compressibility (0~) indicate the 
presence of strong solute-solvent interactions and these Interac
tions are strengthened at higher temperature and weakened with 
Increasing mass percent of methyl salicylate in the binary solu
tion. 
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Ion Pair and Triple Ion Formation by Some Tetraalkylammonium Iodides in 
Binary Mixtures of Carbon Tetrachloride+ Nitrobenzenet 

Mahendra Nath Roy,• Pran Kumar Roy, Radhey Shyam Sah, Prasanna Pradhan, and Biswajit Sinha• 

Department of Chemistry, University of North Bengal, Darjeeling-734013, India 

Electrical conductances of tetraalkylammonium iodides, R..tNI (R = butyl to heptyl), in different mass % 
(20 to 80) of corbon tetrachloride (CC4) + nitrobenzene (PhNO,) have been measured at 298.15 K. Limiting 
molar conductances Ao. association constants KA. and cosphere diameter R for ion pair formation in the 
mixed solvent mixtures have been evaluated using the Lee-Wheaton conductivity equation. However, the 
deviation of the conductometric curves (A versus ../c) from linearity for the electrolytes in 80 mass %of 
CC4 + PhN02 indicated triple ion formation, and therefore corresponding conductance data have been 
analyzed by the Fuoss-Kraus theory of triple ions. Limiting ionic molar conductances Ad' have been calculated 
by the reference electrolyte method along with a numerical evaluation of ion pair and triple ion formation 
constants (Kp ~ KAand KT); the results have been discussed in terms of solvent properties and configurational 
theory. 

Introduction 

Mixed solvents enable the variation of properties such as 
dielectric constant or viscosity, and therefore the ion-ion and 
ion-solvent interactions can be better studied. Furtbennore, 
different quantities strongly influenced by solvent propenies can 
be derived from concentration dependence of the electrolyte 
conductivity. Consequently, a number of conductometric1 and 
related studies of different electrolytes in nonaqueous solvents, 
especially mixed organic solvents, have been made for their 
optimal use in high-energy batteriesl and for understanding 
organic reaction mechanisms. 3 Ionic association of electrolytes 
in solution depends upon the mode of solvation of its ions,4- 8 

which in tum depends on the nature of the solvent or solvent 
mixtures. Such solvent properties as viscosity and the relative 
pennittivity have been taken into consideration as these proper
ties help in detennining the extent of ion association and the 
solvent-solvent interactions. Thus, extensive studies on electri
cal conductances in various mixed organic solvents have been 
perfonned in recent years9

- 13 to examine the nature and 
magnitude of ion-ion and ion-solvent interactions. Also, 
tetraalkylrurunonium salts are characterized by their low surface 
charge density, and they show little or no solvation in 
solution. 14

•1' As such, they are frequently selected as desired 
electrolytes in conductance studies. In continuation of our 
investigation on electrical conductances,uo.u the present work 
deals with the conductance measurements of some tetraalky
lrurunonium iodides, ~I (R = butyl to heptyl), in binary 
mixtures of CC~-a nonpolar aprotic liquid-and PhN02-a 
polar aprotic liquid-at 298.15 K. 

Experimental Section 

Materials. CCI.t (carbon tetrachloride, CAS: 56-23-5) and 
PhN02 (nitrobenzene, CAS: 98-95-3) were purchased from 
Merck, India, and purified as reported earlier. u; The mole percent 

• Co!Tesponding authors. Tel.: +9J-353-m6381. E-mail: 11lllhendmroy2002® 
yahoo,co.in and biswnchem@gmnll.com. 
t Part of the "William A. Wakeham Festschrift". 

Table 1. Density p, Vlscoslty q, and Dielectric Constant E for CCI. 
(1) + PbNO, (2) at T = 298.15 K 

(p·IO-l)!(kg·m-3) (~Y(mPa•s) 

solvent mixture expll lit. exptl lit. ~ 

w,- 0.00 1.1982 1.1985" 1.686 1.68641 34.6911 

1.198341 

w, =0.20 1.2614 1.613 29.66" 
w, =0.40 1.3314 1.411 23.90" 
w, =0.60 1.4067 1.224 17.45° 
w1 =0,80 1.4910 1.099 10.22" 
W1"" 1.00 1.5843 1.5844"1 0.902 0.90IT1 2.2541 

"Obtained by interpolation of literature data from ref 18. 

purities for the liquids used as checked by GC (HP6890) using 
an FlO detector were better than 99. The salts B14NI (N.N,N
tributy1·1·butanaminium Iodide, CAS: 311-284), Pen.N1 (NJVJV· 
tripentyl-1-pentanaminium iodide, CAS: 2498-20-6), He~ 
(NJ{JV-trihexyl-1·hexanaminium iodide, CAS: 2138-24-1), and 
Hepr.Nl (N,N,N-trihepty1- I ·heptanaminium iodide, CAS: 3535-
83-9) of puriss grade were purchased from Aldrich, Gennany, 
and purified by dissolving in mixed alcohol medium and 
recrystallized from solvent ether medium.t7 After filtration, the 
salts were dried in a oven for a few hours. 

Apparatus and Procedure. Binary solvent mixtures were 
prepared by mixing a requited volume of CC4 and PhN02 with 
earlier conversion of required mass of each liquid into volume 
at 298.15 K using experimental densities. A stock solution for 
each salt was prepared by mass, and the working solutions were 
obtained by mass dilution. The uncertainty of molarity of 
different salt solutions is evaluated to± 0.0001 mol•dm-3. 

The values of relative permittivity Er of the solvent mixtures 
were obtained by inteqmlation of the solvent permittivity data 
from the litemture18 by cubic spline fitting. The physical 
properties of the binary solvent mixtures at 298.15 K are listed 
in Table 1. Densities were measured with an Ostwald-Sprengel
type pycnometer having a bulb volume of about 25 cm3 and an 
internal diameter of the capillary of about 0.1 em. The 
pycnometer was calibmted at 298.15 K with doubly distilled 

10.1021/je800885h CCC: $40.75 © 2009 American Chemical Society 
Published on Web 05/llfl009 
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water and benzene.19 The pycnometer with experimental liquid 
was equilibrated in a glass-walled thennostatted water bath 
maintained at ± 0.01 K of the desired temperature. The 
pycnometer was then removed from the thermostat, properly 
dried, and weighed in an electronic balance with a precision of 
± 0.01 mg. Adequate precautions were taken to avoid evapora-
tion losses during the time of measurements. An average of 
triplicate measurement was taken into account. The uncertainty 
of density values is± 3·10""" g·cm-3• Solvent viscosities were 
measured by means of a suspended Ubbelohde-type viscometer, 
calibrated at 298.15 K with doubly distilled water and purified 
methanol using density and viscosity values from theliterature?0

-
22 

A thorougbly cleaned and perfectly dried viscometer filled with 
experimental liquid was placed vertically in the glass-walled 
thermostat maintained to ± 0.01 K. After attainment of thennal 
equilibrium, effiux times of flow were recorded with a stopwatch 
correct to ± 0.1 s. At least three repetitions of each data 
reproducible to± 0.1 s were taken to average the flow times. 
The uncertainty of viscosity values is ± 0.003 mPa • s. The 
details of the methods and measurement techniques had been 
described elsewhere.11.23 The conductance measurements were 
canied out in a systronic 308 conductivity bridge (accuracy ± 
0.01 %) using a dip-type immersion conductivity cell, CD-10, 
having a cell constant of approximately (0.1 ± 1 0) %. 
Measurements were made in a water bath maintained within T 
= (298.15 ± 0.01) K. and the cell was calibrnted by the method 
proposed by Lind et al.24 The conductance data were reported 
at a frequency of 1 kHz and were uncertain to ± 0.3 %. 

Results and Discussion 

The concentrations and molar conductances A of R!NI (R = 
butyl to heptyl) in different binary solvent mixtures of CC4 
and PhNO:l are given in Table 2. 

For the solvent mixtures in the range of moderate relative 
pennittivity (Er = 29.66 to 17.45), the conductance curves (A 
versus ../c) were linear, and extrapolation of../ c = 0 evaluated 
the starting limiting molar conductances for the electrolytes; 
however, as the relative pennittivity Er droped to 10.22 for the 
solvent mixture containing 80 mass % of CC4 in PhN02, 

nonlinearity (Figure 1) was observed in conductance curves. 
Thus the conductance data, in the solvent mixtures (w1 = 0.20 
to 0.60) wherein higher clusters other than ion pair fonnation 
was not expected, were analyzed by the Lee-Wheaton con
ductance equation2!1 in the fonn 

A= u,{Aoll + C,PK + C2(/JK)2 + C3(/JK)
3J -

I rKR[ I + CJlK + C,(fJKJ' + ~~]) (I) 

The mass action law association26 is 

KA = (1 - ~)}' A!alciy~ (2) 

and the equation for the mean ionic activity coefficient 

(3) 

where C1 to c, are least-squares fitting coefficients as described 
by Pethybridge and Taba:.2!1 ~is the limiting molar conductivity; 
KA is the association constant; ~ is the dissociation degree; q is 
the Bjenum parameter, y is the activity coefficient; and {3 = 2q. 
The distance pammeter R is the least distance that two free ions 
can approach before they merge into an ion pair. The Debye 
panuneter K, the Bjemun parameter q, and ,ill are defined by the 
expressions 

K = 16000mVAqc;a1 

- e' 
q- 8e

0
e,kT 

Fe 
p = 299.79. 31tq 

where the symbols have their usual significance.27 

(4) 

(5) 

(6) 

Equation 1 was resolved by an iterative procedure. For a 
definite R value, the initial values of A0 and KA were obtained 
by the Kraus-Bray method.28 The parameters Ao and KA were 
made to approach gradually their best values by a Sequence of 
alternating linearization and least-squares optimizations by the 
Gauss-Siedel method29 until satisfying the criterion for con
vergence. Th~ best value of a parameter is the one when eq 1 
is best fitted to the experimental data corresponding to minimum 
standard deviation a~~. for a sequence of predetennined R values, 
and standard deviation UA was calculated by the following 
equation 

.,;_ = l [A1(calcd) - A1(obsd)]
2 

1=1 n m 
(7) 

where n is the number of experimental points and m is the 
number of fitting parameters. The conductance data were 
analyzed by fixing the distance of closest approach R with two
parameter fit (m = 2). As for the electrolytes studied in the 
solvent mixtures (w1 = 0.20 to 0.60), no significaru minima 
were observed in the UA versus R curves, and the R values were 
arbitrarily preset at the center to center distance of the solvent
separated pair' 

R=a+d (8) 

where a is the sum of the crystallographic radii of the cation 
and anion and d is the average distance corresponding to the 
side of a cell occupied by a solvent molecule. The definitions 
of d and related tenns have already been described in the 
literature. 8 R was generally varied by a step of 0.1 A, and the 
iterative process was continued with eq l. 

Table 3 reveals that the limiting molar conductances Ao for 
the electrolytes decrease with the increase of CCL content in 
the solvent mixtures. This fact is in line with the decrease of the 
relative permittivity E, of the solvent mixtures. 14

•
30 Although 

the decreasing trend of viscosity for the solvent mixtures with 
increasing content of CCL. suggests concomitant increase in 
limiting molar conduetances14.30 for the electrolytes, we ob
served an opposite trend. This trend suggests predominance of 
relative pennittivity e,over the solvent viscosity 7Jo in effecting 
the electrolytic conductances of the electrolytes under study in 
these media. In a particular solvent mixture, the limiting molar 
conductances ~ of the electrolytes under investigation decrease 
as the size of the alkyl group increases, in contrapositlon to the 
conductance behavior of the alkali metal cations, as tetra.alkyl
anunonium salts are characterized by their low surface charge 
density.I4,1S 

The decreasing trend of Walden products Ao7Jo in Table 3 is 
mainly in accordance with the concomitant decrease of both 
the solvent viscosity and limiting molar conductance of the 
electrolytes. The ionic conductances At for the various R.N+ 
cations (R = butyl to hexyl) in different solvent mixtures (w1 

= 0.20 to 0.60) were calculated using tetrabutylammonium 
tetraphenyl borate (Bl4NBP14) as a reference electrolyte fol
lowing the scheme as suggested by B. Das eta1.31 We calculated 
its limiting molar conductances Act in our solvent compositions 
by interpolation of conductance data from the Iiterature18 using 
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Table 2. ConcentrotJons c and Molar Conductances A of R!NI (R = Butyl to Heptyl) In Dltterent Binary Solvent Mixtures of CC4 (1) + 
PhNOl (2) at T = 298.15 K 

B-.Nl P,n,NI Hox,NI Hept.NI 
(c·l~) (,\) (c·IO') (A) (c·l~) (A) (c·lO") (A) 

(mol•dm-3) (S•cm1·mol-1) (mol•dm-3) (S·cm2·mol-1) (mol·dm-3) (S·cm2•mor1) (mol·dm-3) (S•cm2•mol-1) 

"' 0.20 
8.3 39.50 8.3 38.60 8.4 36.38 8.3 35,20 

15.3 37.00 153 36.00 153 34.66 15.3 33.20 
21.2 35.80 21.2 34.90 21.2 33.14 21.2 3233 
26.2 34,68 26.2 34,20 26.3 32.14 26.2 31.22 
30.6 34.00 30.6 33.00 30.64 31.66 30.6 30.72 
34.4 33.50 34.4 33.00 345 30.50 34.4 30.20 
37.8 32.80 37.8 31.70 37,8 30.30 37.8 29.89 
40.8. 32.10 40.8 31.30 40.8 29.80 40.8 29.30 
45.9 31.70 43.5 30.60 43.5 29.40 45.9 29.00 
50.1 30.50 48.1 29.70 46.0 29.37 50.1 28.40 
53.6 30.00 51.9 29.27 50.1 28.92 53.6 28.19 
57.8 29.40 55.1 28.66 51.9 28.49 56.5 27.70 
61.2 29.20 57.8 28.52 55.1 28.29 59.0 27.62 
64.0 28,59 61.2 28.08 57.9 27.82 61.2 27.28 
66.3 28.34 64.0 27.80 60.2 27.23 63.1 27.25 
68.3 28.26 66.3 27.58 63.2 27.22 65.6 27.00 
69.9 28.01 68.3 27.37 65.7 27.11 67.6 26.76 

• 71.4 28.00 705 27.23 '67.1 26.98 69.4 2651 

i 72.3 27.80 723 26.96 695 26.62 70.9 26.36 
73.8 27.76 74.2 26.95 115 26.44 72.7 26.28 

~~ W1 =0.40 
,~ 

4.4 38.80 4.4 36.89 4.4 3.5.50 4.6 34.61 
"8 8.1 37.00 63 36.00 6.3 35.25 6.6 33.82 r'll 11.3 35.80 8.1 35.20 8.0 34.18 8.4 32.71 
-~ 13.9 34.56 9.7 34.56 9.7 33.86 10.1 32.31 
~a 16.3 33.37 11.2 34.00 11.1 33.39 11.6 31.84 ·-:d 183 32.83 139 32.90 12> 32.47 13.1 31.35 .- 20.1 32.30 16.2 32.34 13.8 32.10 14.4 30.91 rs 23.1 31.50 18.2 31.43 14.9 32.04 15.7 30.54 
,~ 25.6 30.43 20.0 30.70 17.1 31.23 17.9 29.82 
$~ 27.6 30.19 21.6 30.50 19.0 30.86 19.9 29.66 

5 ~- 29.3 29.81 23.0 30.14 20.7 30.30 21.6 29.16 ,_ 
31.4 29.32 24.3 29.38 22.2 29.75 23.2 28.61 ,- 33.1 28.97 265 29.30 23.5 29.21 24.6 28.60 

) ~ 

'" 34.4 28.44 28.4 29.06 24.7 29.16 25.9 28.24 ... 35.6 28.36 29.9 28.68 25.8 28.77 27.0 27.99 
'~ 
ii! 36.9 27.91 31.2 28.22 27.7 28.41 29.0 27.54 

37.9 27.66 32.9 27.94 29.3 27.64 30.7 27.37 
),!! 39.0 27.40 34.3 27.69 30.7 27.73 321 26.95 
:,s 39.9 27.29 355 27.35 319 27.48 33.4 26.81 
; g 40.7 27.29 36.7 26.94 33.4 26.93 345 26.40 
••D 

~-~ \IIi =0.60 

'"' 1.7 36.41 1.7 34,60 1.7 33.30 1.7 32.30 

I'" 2.5 34.82 2.4 33.05 2.4 32.51 24 31.60 
3.2 34.12 3.1 32.50 3.1 31.40 3.1 30.80 

; 3.8 32.94 3.8 31.40 3.7 30.48 3.8 30.05 

i 4.4 32.12 43 30.70 43 30.20 4.3 29.73 , 4.9 31.31 4.9 30.00 4.8 29.70 4.9 28.93 
5.4 30.94 5.4 29.50 5.3 29.00 5.4 28.67 
5.9 30.44 5.8 29.10 5.8 28.60 5.8 28.11 
6.3 29.80 6.3 28.90 6.2 28.40 63 28.00 
7.1 29.21 6.7 28.50 6.6 28.00 6.7 27.70 
7.8 28.20 7.0 27.96 7.4 27.56 7.0 27.20 
8.4 27.66 7.7 27.70 7.7 27.14 7.7 26.87 
8.9 27.18 8.3 26.94 8.3 26.71 8.4 26.33 
9.5 26.81 8.9 26.63 8.9 26.30 8.9 25.94 
9.9 26.50 9.4 26.08 9.3 25.88 9.4 25.74 

10.7 25.86 9.8 25.71 9.8 25.80 10.2 24.96 
11.4 25.42 10.6 25.40 10.6 25,26 U.3 24.02 
11.9 2531 113 24.60 11.2 24.87 11.8 23.82 
12.6 24.62 11.8 24.51 11.8 24.46 123 23,54 
13.2 24.54 12.3 24.29 12.2 24.24 12.9 23.29 

WJ = 0.80 
1.7 4.07 1.7 3.72 1.7 3.72 1.7 3.64 
2.4 3.57 2.4 3.27 2.4 3.20 24 3.38 
3.1 3.26 3.1 2.96 3.1 2.95 3.1 3.09 
3.8 3.03 3.8 2.71 3.8 2.75 3.8 2.90 
4.3 2.93 43 2.49 4.3 2.61 4.3 2.72 
4.9 2.81 4.9 2.36 4.9 2.50 4.9 2.63 
5.4 2.72 5.4 2.25 5.4 2.40 5.4 251 
5.8 2.59 5.8 2.16 5.8 2.31 5.8 243 
6.3 2.55 6.3 2.10 6.3 2.28 6.3 236 
7.0 2.45 7.0 2.00 7.0 2.21 6.7 2.29 
7.7 2.33 7.7 1.87 7.7 2.13 7.0 2.23 
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Table 2. (Continued) 

Bu.Nl Pe .. Nl 

(c•lO") (A) (c•IO') (A) 

(mol•dm-3) (S·cm2·mol-•) (mol·dm-3) (S•cm2•mol-1) 

8.4 2.26 83 1.82 
8.9 2.19 8.9 1.74 
9.4 2.15 9.4 1.72 

10.2 2.05 9.8 1.68 
10.9 2.01 10.6 1.66 
11.6 1.94 
12.1 1.90 
12.7 1.86 
13.3 1.82 

cubic spline fitting. The lG' values were in tum utilized for the 
calculation of Stokes' radii r, according to the classical 
expression32 

- F' 's- :I: 
6"NAloqo 

(9) 

Ionic Walden products ~0• Stokes' radii r5, and crystal
lographic radii r~ are presented in Table 4. The trends in ionic 

Figure I. Plots of molar conductance, A, versus square root of saJt 
concentrntion, clll, in w1 = 0.80 of CC~ (I)+ PhN02 (2) at T = 298.15 
K ••• B~~.tNI; 0. Pen.Jfl; A, HCJ4NI; I:., Hep~. 

Table 3. Limiting Molar Conductance Aot AssodaUon Constant KA, 
Cosphere Diameter R, and Standard Deviations q or Experimental 
A from Equation 1 and Walden Products tor tile Electrolytes In 
Dlll'ertnt Bin.ary Solvent Mixtures of CCI. (1) + PhN02 (2) at T = 
298.15 K 

R M/o 
T (S•cm2•mol-1·mPa•s) a 

"""" 0.20 4"-23 159.9 12.0 74.57 0.24 
0.40 45.71 301.l 12.4 64.49 0.22 
0.60 44.94 3305 12.7 54.99 0.25 

Pen,NI 
0.20 4253 90.9 11.9 69.71 0.21 
0.40 4235 246.1 13.4 59.75 0.26 
0.60 41.51 1075.3 12.6 50.79 0.26 

HeX4NI 
0.20 41.74 126.5 11.9 67.33 0.23 
0.40 41.31 231.9 12.3 58.28 0.25 
0.60 39.01 816.2 12.6 47.74 0.24 

Hept.NI 
0.20 39.59 99.6 11.9 63.86 0.12 
0.40 39.30 195.8 12.3 55.44 0.14 
0.60 38.51 851.9 12.6 47.13 0.16 

HeW! I Hept.NI 

(c•W) (A) (c•IO") (A) 

(mol·dm-3) (S•cm1•moi-•) (mol·dm-3) (S•cm1•mot-•) 

8.4 2.05 7.7 2.17 
8.9 1.98 8.4 2.08 
9.4 l.95 8.9 2.02 

10.2 1.87 9.4 1.97 
10.9 1.81 9.8 1.94 
ll.6 1.77 10.6 1.87 
12.1 1.75 ll.J 1.82 
12.5 1.70 11.8 1.78 
13.1 1.66 12.3 1.75 

Table 4. Limiting Ionic Conductance J.t, Ionic Walden Product 
J.tqh Stokes' Rndll r., and Crystallographic Radii f't at T = 
298.15 K 

"' .J<q, '• , .. 
ion (S•cm1•mol- 1) (S•cm2•mol-1• mPa • s) T T 

w. = 0.20 
Bn,N+ 13.38 21.58 3.79 4.94 
Pen,N· 9.68 15.61 5.25 5.29 
HeXo~N+ 8.89 14.34 5.71 5.60 
Hepl!N+ 8.74 10.87 7.53 5.88 
r 32.85 52.99 1.76 2.16 

w, = 0.40 
Bn.J;+ 14.97 21.12 3.93 4.94 
Pen,N+ 11.61 16.38 5.09 5.29 
He~+ 10.57 14.91 5.60 5.60 
Hep~N+ 8.56 12.08 6.95 5.88 
1- 30.74 43.37 1.87 2.16 

WJ = 0,60 
Bn,N+ 15.83 18.82 4.15 4.94 
Pen,N+ 12.40 15.18 5.26 5.29 
Hex.N+ 9.90 12.16 6.56 5.60 
Hep4N+ 9.40 11.50 6.89 5.88 
1- 29.11 35.62 2.32 2.16 

"rc values are taken from ref 14. 
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Figure 2. Plots of Walden products, f'ldJo. for electrolytes and ionic Walden 
products,M'I]o. versus w1 of CCI. (l) + PhN01 (2) mixtures at T= 298.1' 
K. •• Bu.Nl or B~~.tN+; 0, Pen,NI or Pen.N+; .1., Hex.NI or Hex.N+: A, 
Hep4N or Hep~+. 

Walden products A.g=q0 and Walden products A0q0 for all the 
electrolytes in the solvent mixtwes (w1 = 0.20 to 0.60) are 
depicted in Figure 2. It shows that Walden products ~TJo for 
all electrolytes decrease almost linearly as the CC4 content 
increases in the solvent mixtures, but the trend in ionic Walden 
products .tg=q0 for R!N+ ions is rather irregular. However, the 
I- ion shows a similar trend with the electrolytes in this regard. 
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Tnble 5, Calculated Limiting Molar Condudnnce Ao. Slope and Intercepts or EquatJon 10, Maximum ConcentratJon c, Ion Pair Formadon 
Constant Kp, Triple Ion Formation Constant KTo Ion Pair Concenlratlon c,, and Triple Ion Concentradon c,. for ~I (R = Butyl to Heptyl) in 
80 Mass % ot CCL. (1) + PhNO~ (2) at T = 298.15 K 

"' c"•IO' 

(S•cm2•mot-•) slope intercept•IOl (mol•dm-3) Kp•I05 /(T ep•)Ql er·IQ"i 

B1LiNI 
50.04 9.069 6.164 13.3 6.6 220.6 1.24 13.1 

(± 0.(:03) (±0.002) 

Pen•NI 
46.22 5.824 5.265 10.6 7.7 165.8 1.01 6.5 

(± 0.002) (±0.003) 

HeX-iN! 
43.44 7.121 5.408 13.1 6.4 194.4 1.23 11.5 

(± 0.004) (± 0.001) 

Hepl!NI 
42.88 15.422 5.235 

(± 0.001) (± 0.001) 

"Maximum conceo1rlltions used In calculations. 

Thus, it seems that the 1- ion plays a predominating role in 
characterizing the conductance behavior of the electrolytes under 
study in these media. The position of the curves in Figure 2. 
Aof/o or ..t.o"tJo versus w~o suggests a relationship BlLIN+ < Pe!14N+ 
< Hex4N+ < HepttN+ for Stokes' mdius just similar to their 
ionic radii order. For tetraalkylammoniwn ions, the Stokes' mdii 
are either lower or comparable to their crystallographic mdii 
r~, particularly for smaller ions. This suggests that these ions 
are comparatively less solvated than alkali metal ions due to 
their intrinsic low surface charge density. 

The conductance data for all the electrolytes in 80 mass % 
of CC4 in PhN02 (Er = 10.22) were analyzed by the classical 
Fuoss-Kraus theory of triple ion fonnation in the fonn33•34 

r Ao A;l"KT( A) t\g(c)'c = - + -- 1 - - c 
{I(; {I(; Ao 

(10) 

where g(c) is a factor that lumps together all the intrinsic 
interaction tenns and is defined by 

exp( -(2.303/ t\:n)f3(ct\ •a)) 
g(c) = (11) 

( 1 - (S/Abn)(ct\)112 )(1 - Alt\0!112 

f3 = !.8247•10°/(e1)312 (12) 

S = aAo + f3 = 0.8204·10° Ao + 82.501 (13) 
(e1)"' q(e1)112 

In the above equations, Ao is the sum of the molar conductance 
of the simple ions at infinite dilution; A! is the sum of the 
conductances of the two triple ions R.sN(I2)- and <R.~N)tl for 
R..NI salts; and Kp ~ KA and KT are the ion pair and triple ion 
formation constants. To make eq 10 applicable, the symmetrical 
approximation of the two possible constants of triple ions equal 
to each other has been adopted, and Ao values for the studied 
electrolytes in 80 mass % of CCJ4 in PhN02 have been 
calculated using respective Ao and f]o values in 60 mass % of 
CC4 in PhN02 according to the Walden ru1e.14

•
30 AX is 

calculated by setting the triple ion conductance equal to 213/\a.3s 
The ratio A~li\o was thus set equal to 0.667 during linear 
regression analysis of eq 10. 

Linear regression analysis of eq 10 for the electrolytes with 
an average regression constant, R2 = 0.9653, gives intercepts 
and slopes. These pennit the calculation of other derived 
parameters such as Kp and KT listed in Table 5. A perusal of 
Table 5 shows that the major portion of the electrolytes exists 

12.3 6.7 44i.7 1.12 23.3 

Table 6, lnterlonlc Distance Parameter aa and Inttrlonk Distance 
Cor Triple Ion an In 80 mass % of cc-. In PhN02 at T = 298.15 K 

electrolyte arr/A an/A 1.5auiA 

BILINI 3.0i 3.95 4,51 
Perl.iNI 2.99 4.32 4.48 
Hex..NI 3.02 3.92 4.53 
Hept.Nl 3.01 3.62 4.51 

as ion pairs with a minor portion as triple ions. Using the Kp 
values, the interionic distance parameter alP has been calculated 
with the aid of the Bjemun's theory of ionic association36 in 
the fonn 

Kp = ~:a;[SrJ'Q(bl 
Q(b) = J: y -4 exp(y)dy 

e' 
b = a,pe,KI' 

(14) 

(15) 

(16) 

The alP vnJues obtained are given in Table 6. The Q(b) and b 
values have been calculated by the literatw"e procedure.36 Table 
6 reveals that aw values are almost similar for all the electrolytes 
though the actual ionic sizes varied by (0.28 to 0.35) A. This 
may be due to easy penetration by the 1- ion to some extent 
into the void spaces between the alkyl chains, as suggested by 
Abbott and Schiffrin.l7 Thus, an increase in chain length for 
tetraalkylammonium ions does not affect the distance of closest 
approach between the two ions. The alP are much less in 
comparison with the crystallographic radii (rc) suggesting 
probable contact ion pairs for the iodides in solution.14 This 
will cause a decrease in the degree of freedom for the cations 
in the ion pair resulting in their loss of configurational entropy 
of the contact pair. Generally, Kp values do not change 
significantly for quatemruy anunonium ions with the alkyl chain 
consisting of more than 3 carbon atoms. The small changes in 
the Kp may thus be related to entropic contributions. The 
interionic distance an for the triple ion can be calculated using 
the expressions33 

2JrNAa'll 
KT = 1000 l(b,) 

b =_l_ 
3 a,e,kT 

(17) 

(18) 

/(b3) is a double integral tabulated in the literature33 for a range 
of values of h Since /(b3) is a function of an. an values have 
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been calculated by an iterative computer program. The an values 
(Table 6) for the electrolytes are greater than the corresponding 
aw values but are much less than the expected theoretical value 
1.5aw. This is probably due to repulsive forces between the two 
anions or cations in the triple ions 14N(I2r and (RtN)ti as 
suggested by Hazra et al. 38 

A perusal of Table 5 shows that the majOr portion of the 
electrolytes exists as ion pairs with a minor portion as triple 
ions. The tendency of triple ion formation can be judged from 
the KT/Kp ratios, which are highest for HeptsNI. These ratios 
suggest that strong association between the ions is due to the 
Coulombic interactions as well as to covalent forces ln the 
solution. At very low permittivity of the solvent (Er < 15),30 

electrostatic interactions are very strong pennittlng the ion pair 
to attract free anions/cations from solution bulk and from triple 
ions33•38 which acquire the charge of the combining ion, i.e, 

M+ +A-- M+ ... A-- MA 

MA+A--AMA-
MA + M+- MAM+ [M = R4NandA =I) 

(19) 

The effect of ternary association39 thus removes some noncon
ducting species MA from solution and replaces them by triple 
ions which increase the conductance manifested by nonlinearity 
observed in conductance curves for the electrolytes in 80 mass 
% of CC4 in PhN02• 

The ion pair and triple ion concentrations (Cp and CT. 
respectively) of the electrolytes at the highest electrolyte 
concentration have been derived using eqs38 20 to 23 and are 
listed in Table 5. 

a = (Kpe)-1n 

a,.= KT cl/1 

14' 
Cp = c(1 - a- 30or) 

KT 312 
cT= mc-·-

Kp 

(20) 

(21) 

(22) 

(23) 

While the highest ep value was found for Btl4Nl, the highest CT 
value was found for Hep4NI. 

Note Added after ASAP Publication: This paper was published 
ASAP on May 11, 2009. A change was made to an aulhor name. 
The revised paper was reposted on May 18, 2009. 
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Density, viscosity, speed of sound and refractive index of the binary 
mixture of 2-methoxyethanol (2-ME) +diethylether, 2-ME+ dich!oro
methane (DCM) and diethyl ether+ DCM and the ternary mixture of 2-
ME+diethylether+DCM have been measured at 298.15K and atmo
spheric pressure over the entire composition range. These results are used 
to calculate excess molar volume (V"), viscosity deviation (11~). deviation in 
isentropic compressibility (L\K8), excess Gibbs free energy of activation 
(AG*E) and excess molar refraction (AR) for the above systems. The 
calculated quantities are further fitted to the Redlich-Kister equation to 
estimate the binary fitting parameters and root mean square deviations 
from the regression lines. These excess properties have been used to discuss 
the presence of significant interactions between the component molecules in 
the binary and ternary mixtures. The excess or deviation properties were 
found to be either negative or positive depending on the molecular 
interactions and the nature of liquid mixtures and have been discussed in 
terms of molecular interactions and structural changes. 

Keywords: excess molar volume; viscosity deviation; ultrasonic speed; 
refractive index 

1. Introduction 

The thermodynamics of ternary liquid mixtures has not received much attention as 
has the thermodynamics of binary mixtures because it becomes more difficult and 
time consuming with the addition of each component beyond a binary mixture. It is 
also possible to investigate molecular packing, molecular motion, various types and 
extent of intermolecular interaction influenced by the size, shape and chemical nature 
of component molecules and microscopic structure of liquids. 

The study of alkoxy alkanols is of interest not only because of their wide use as 
industrial solvents but also from the more theoretical point of investigating the effect 
of the simultaneous presence of etheric and hydroxyl groups on the interaction of 
such molecules. Since ethers are used as oxygenating agents in gasoline technology, 
the thermodynamics involving ethers and other liquid mixtures have been intensively 
studied [1-4]. Dichloromethane (DCM) is a very interesting solvent with appreciable 
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industrial use in pharmaceutical industry, as a paint stripping agent, aerosols and as 
adhesives etc. and also as it is a solvent exhibiting high density and low viscosity. 

Considering all of these aspects, we undertook investigations on the thermo
dynamic and transport properties of binary and ternary mixtures involving 
2-methoxyethanol (2-ME), diethyl ether (DEE) and DCM. 

In this paper are reported excess molar volume (VE), viscosity deviations (C.~). 
deviations in isentropic compressibility (t.K8), excess molar refraction (C.R) and 
Gibbs excess free energy of activation for viscous flow (t.G*) for three binary 
mixtures 2-ME+DEE, 2-ME+DCM, DEE+DCM and their corresponding 
ternary mixtures at 298.15 K over the entire range of composition. The excess or 
deviation properties of binary mixtures were fitted to Redlich-Kister polynomial 
equation to obtain their coefficients and have been interpreted in terms of molecular 
interactions and structural effects. 

2. Experimental . 

2.1. Cflemicals 
2-ME (S.D. Fine Chemicals, AR, India) was purified as described in the literature [5]. 
DCM (Sigma-Aldrich, 99.9%, HPLC grade) was dried over calcium hydride and 
distilled. Diethylether (S.D. Fine Chemicals, AR grade, India) was used as purchased . 
The purity of each substance was evaluated by comparing experimental values of 
density, viscosity and refractive index with those reported in the literature when 
available, as presented in Table I. 

2.2. Measurements 
Densities (p) were measured with an Ostwald--8prengel type pycnometer having a 
bulb volume of about 25 cm3 and an internal diameter of the capillary of about 
0.1 em. The measurements were done in a thermostat bath controlled to ±0.0 I K. 
Viscosity (~) was measured by means of suspended Ubbelohde type viscometer, 
calibrated at 298.15 K with triply distilled water and purified methanol using density 
and viscosity values from the literature. The flow times were accurate to ±0.1 s, and 
the uncertainty in the viscosity measurements was ±2 x 104 mPa s. The mixtures were 
prepared by mixing known volume of pure liquids in airtight-stopper bottles and 
each solution thus prepared was distributed into three recipients to perform all the 

Table I. Density (p), viscosity(~). sound speed (u) and refractive index (no) of pure liquids at 
298.15K. 

p x w-3 (kgm-3) ~ (mPas) u (ms- 1) no 

Pure components This work Lit. This work Lit. This work Lit. This work Lit. 

2-Methoxyethanol 0.9608 0.9601' 1.5470 1.573' 1339.40 1341° 1.4005 1.3996' 
Dich1oromethane 1.3162 1.3163b 0.4652 0.406' 1071.30 1035b 1.4210 1.4228b 
Diethy1ether 0.7091 0.7083' 0.2337 982.30 983' 1.3515 

'See ref [22]; bSee ref [23]; 'See ref [24]; 'See ref [25]; 'See ref [26]. 
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measurements in triplicate, with the aim of determining possible dispersion of the 
results obtained. Adequate precautions were taken to minimize evaporation loses 
during the actual measurements. The reproducibility in mole fractions was within 
±0.0002. The mass measurements were done on a Mettler AG-285 electronic balance 
with a precision of ±0.01 mg. The precision of density measurements was 
±3 x 10-4 gcm-3• 

Ultrasonic speeds of sound (u) were determined by a multi-frequency ultrasonic 
interferometer (Mittal enterprise, New Delhi 9, M-81) working at I MHz, calibrated 
with triply distilled and purified water, methanol and benzene at 303.15 K. The 
precision of ultrasonic speed measurements was ±0.2 ms- 1

• The details of the 
methods and techniques have been described in earlier papers [6-9). Refractive index 
was measured with the help of Abbe-Refractometer (USA). The accuracy of 
refractive index measurement was ±0.0002 units. The refractometer was calibrated 
twice using distilled and deionised water and calibration was checked after every few 
measurements. . .. 

3. Results and discussion 
The experimental values of densities and excess molar volumes of binary mixtures 
2-ME+DEE, 2-ME+DCM and DEE+DCM at 298.15K are listed in Table 2. 

Table 2. Densities, viscostttes, excess molar volumes, viscosity deviations and excess 
Gibbs energy of activation for binary mixtures of 2-methoxyethanol, dichloromethane and 
diethylether at 298.15 K. 

p X 10-3 VEX 106 l1G* X 10-3 

x, (kg m-') ~ (mPas) (m3 mo1- 1) A~ (mPas) (Jmo1-1) 

(x1) 2-Methoxyethano/+(1-x,) diethylether 
0.0000 0.7091 0.2337 0.0000 0.0000 0.00 
0.0976 0.7321 0.2661 -0.5400 -0.0958 -167.00 
0.1958 0.7562 0.3070 -1.0400 -0.1838 -280.00 
0.2944 0.7824 0.3630 -1.5900 -0.2574 -309.82 
0.3936 0.8083 0.4399 -1.9000 -0.3107 -276.00 
0.4933 0.8360 0.5713 -2.2000 -0.3103 -175.00 
0.5936 0.8650 0.6782 -2.4500 -0.3351 -96.00 
0.6944 0.8927 0.8546 -2.3700 -0.2910 31.00 
0.7957 0.9201 1.0645 -2.1100 -0.2142 80.00 
0.8976 0.9445 1.3300 -1.4400 -0.0825 70.60 
1.0000 0.9608 1.5470 0.0000 0.0000 0.00 

(x1) 2-Methoxyethano/ +(I - x,) dich/oromethane 
0.0000 1.3162 0.4652 0.0000 0.0000 0.00 
0.1103 1.2779 0.5177 -0.4500 -0.0668 -75.08 
0.2181 1.2419 0.5832 -0.8942 -0.1180 -113.11 
0.3235 1.2056 0.6707 -1.2004 -0.1445 -88.49 
0.4266 1.1702 0.7669 -1.4324 -0.1598 -53.00 
0.5274 1.1359 0.8908 -1.5990 -0.1450 -3.13 

(Continued) 
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Table 2. Continued. 

p X 10-3 vEx 10' I!.G* X 10-3 

x, (kg m-3) ~ (mPas) (m3 mol- 1) ll~ (mPas) (Jmol-1) 

0.6260 J.IOJ3 1.0294 -1.6165 -0.1130 48.00 
0.7225 1.0671 1.1678 -1.5248 -0.0790 77.00 
0.8170 1.0331 1.2950 -1.2940 -0.0540 80.00 
0.9095 0.9977 1.4276 -0.8000 -0.0214 49.05 
1.0000 0.9608 1.5470 0.0000 0.0000 0.00 

(x1) Diethylether +(I - x 1) dichloromethane 
0.0000 1.3162 0.4652 0.0000 0.0000 0.00 
0.1130 1.2193 0.4351 -0.3915 -0.0039 50.00 
0.2227 1.1347 0.4106 -0.7090 -0.0031 91.00 
0.3294 1.0592 0.3839 -0.8800 -0.0050 124.40 
0.4331 0.9934 0.3585 -1.0670 -0.0064 134.44 
0.5341 0.9343 0.3342 -J.l633 -0.0074 127.97 
0.6322 0.8806 0.3106 -J.l290 -0.0083 113.09 
0.7278 0.8313 0.2890 -0.9383 -0.0077 89.81 
0.8209 0.7842 0.2687 -0.6520 -0.0065 63.00 
0.9116 0.7471 0.2496 -0.5070 -0.0046 20.24 
1.0000 0.7091 0.2337 0.0000 0.0000 0.00 

3.1. Excess molar volume 

The p values have been used to calculate the excess molar volumes (VE) for binary 
(n=2) and ternary (n=3) mixture using the following equation [10]: 

II 

F = L:x1M,(lfp-ijp1), (I) 
i=l 

where pis the density of the mixture and M1, x1 and p1 are the molecular weight, mole 
fraction and viscosity of the ith component in the mixture, respectively. 

Figure I summarizes details of the experimental binary excess molar volume data 
over the entire range of composition. 

VE is the resultant of contributions from several opposing effects. These may be 
divided arbitrarily into three types, namely, chemical, physical and structural. 
Physical contributions, which are non-specific interactions between the real species 
present in the mixture, contribute a positive term to vE. The negative values to VE 
are contributed by the chemical or specific intermolecular interactions that result in a 
volume decrease. The structural contributions are mostly negative and arise from 
several effects, especially from interstitial accommodation and changes of free 
volume [II]. 

From Table 2 and Figure I it is evident that VE values are negative for binary 
mixtures of 2-ME +DEE, 2-ME + DCM and DEE+ DCM. These phenomena are 
the results of difference in energies of interaction between molecules being in 
solutions and packing effects. 

The negative values of VE indicate that the packing degree is enhanced in these 
mixed liquids with respect to the pure species and to their ideal mixtures, suggesting 
that specific intermolecular interactions such as hydrogen bonding and dipolar 
interactions of any kind between the component molecules are more effective 
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Figure I. Plot of excess molar volumes vEx 106 (m3 mo!- 1) against (x1) for the three binary 
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Figure 2. Plot of viscosity deviations, !J.n (mPa s) against mole fraction (x1) for the three 
binary subsystems at 298.15K. 0 (x1)2-ME+(I -x1) DEE; 1::. (x,)2-MB+(I -x,) DCM; 
o(x1)DEE +(I - x1) DCM. 

and operative. Therefore, the attractive interactions (which are generally responsible 
for structure-making effects) seem to be the prevailing forces in the liquid structure 
[12] of these solutions with respect to repulsive phenomena due to sterical hindrances 
and unfavourable interactions between polar and apolar groups (structure-breaking 
effects). Another negative contribution to VB comes from the geometrical fitting of 
unlike molecules into each other's structure due to differences in shape and size of 
the component molecules. 
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Table 3. Densities, viscosities, excess molar volumes, viscosity deviations and excess Gibbs 
energy of activation for ternary mixtures of 2-methoxyethanol, diethy!ether and dichlor
omethane at 298.!5K. 

t.G• x w-' VEX 106 

px 10-3 kgm-3 n (mPas) (m3 mol- 1) Ary (mPa s) (Jmol- 1
) 

(x1) 2-Methoxyethano/ + (x2) diethylethe~· +(I - x 1x,) dich/oromethane 
0.4933 0.5067 0.8338 0.5713 -1.9657 -0.3103 -35.00 
0.4702 0.4829 0.8723 0.5616 -4.0630 -0.3005 -62.34 
0.4442 0.4562 0.9084 0.5541 -5.4352 -0.2861 -97.18 
0.4148 0.4260 0.9434 0.5476 -6.2341 -0.2677 -146.79 
0.3810 0.3913 0.9832 0.5306 -6.9236 -0.2562 -193.65 
0.3421 0.3513 1.0266 0.5158 -7.3003 -0.2382 -260.69 
0.2966 0.3047 1.0741 0.5026 -7.2811 -0.2130 -298.59 
0.2429 0.2494 1.1256 0.4926 -6.7043 -0.1776 -316.29 
0.1782 0.1830 1.1842 0.4857 -5.5657 -0.1299 -285.48 
0.0991 0.1018 1.2493 0.4799 -3.5475 -0.0689 -158.19 
0.0000 0.0000 1.3241 0.4652 -0.4003 0.0000 -0.12 

Table 3 lists experimental values of densities (p) and viscosities (ry) of ternary 
mixture of2-ME+DEE+DCM at 298.15K. The excess molar volume depends on 
the balance between two opposing contribution (a) a positive term from the rupture 
of hydrogen bond and physical dipole-dipole interaction between components in 
solution and (b) a negative term from formation of hydrogen bonded complex and 
packing effect between solvents. The experimental data in the present investigation 
suggests that factor (b), which is responsible for negative excess volume, dominates 
over the entire range of composition. From Table 3 it is evident that the magnitude 
of negative deviation of yE values of ternary mixture is more than that of their 
corresponding binary mixtures, suggesting that specific intermolecular interactions 
between the component molecules are more prominent and operative. 

3.2. Viscosity deviation 

The measured ry values for binary systems at 298.15K are listed in Table 2 and are 
grephically depicted in Figure 2. The viscosity deviations (!l.ry) [13] from linear 
dependence for binary (11 = 2) and ternary (11 = 3) mixtures can be calculated as: 

" 
!l.ry = ry - I:: xm~> (2) 

I= I 

where ry is the viscosity of the mixture and x1 and ry1 are the mole fraction and 
viscosity of pure component i, respectively. The values of !l.ry are negative over the 
entire range of mole fraction for 2-ME+DEE, 2-ME+DCM and DEE+DCM 
systems. It is observed in many systems that there is no simple correlation between 
the strength of the interactions and the observed properties. Rastogi et a/. [14] 
therefore suggested that the observed excess property is a combination of an 
interaction and a non-interaction part. The non-interaction part in the form of size 
effect can be comparable to the interaction part and may be sufficient to reverse the 
trend set by the latter. 
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The values of viscosity deviations (l!.q) for the ternary mixture are listed in 
Table 3. For the ternary mixture, the viscosity deviations are negative over the entire 
range of composition. These can be interpreted qualitatively by considering the effect 
of intermolecular interaction and shape of components. 

3.3. Deviation in isentropic compressibility 

Isentropic compressibility, Ks, and deviation in isentropic compressibility, I!.Ks, for 
binary (n = 2) and ternary (n = 3) mixtures were calculated using the following 
relations: 

(3) 

n 

I!.Ks = Ks- L;x;Ks;, (4) 
I= I 

where 11 and Ks are the speed of sound and isentropic compressibility of the mixture 
and Ksh the isentropic compressibility of the ith component in the mixture, 
respectively. It is evident from Table 4 and Figure 3 that for the binary mixtures, tbe 
I!.Ks values are negative over all composition range. These results can be explained in 
terms of molecular interactions [15,16] between unlike molecules. It appears from 
the sign and magnitude of I!.Ks that specific interaction exists between mixing 
components. These results are in excellent agreement with those of V8 discussed 
earlier. 

The values of I!.Ks for the ternary mixture are negative over all composition range 
and are given in Table 5, which suggests that specific interactions exist between 
mixing components [17]. 

3.4. Deviation in molar refraction 
The molar refraction, [R], can be evaluated from Lorentz-Lorenz relation [18] and 
gives more information than no about the mixture phenomenon because it takes into 
account the electronic perturbation of molecular orbital during the liquid mixture 
process and [R] is also directly related to the dispersion forces 

[R] = (n~- ljn~ + 2)(M/ p), (5) 

where [R], nl,, and Mare, correspondingly, the molar refraction, the refractive index 
and the molar mass of the mixture, respectively. Deviation from molar refraction for 
binary (n = 2) and ternary (n = 3) was calculated from the following relation: 

n 

I!.R = [R]- L (x1[R]1), (6) 
i=l 

where x; and [R]; are mole fraction and molar refraction for the pure components, 
respectively. The values of I!.R for binary mixtures (Table 4 and Figure 4) and ternary 
mixture (Table 5) were found to be negative over the entire range of composition. 
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Table 4. Ultrasonic speed, isentropic compressibility, deviation in isentropic compressibility, 
refractive indices and excess molar refraction for binary mixtures of 2-methoxyethanol, 
dichloromethane and diethylether at 298.15 K. 

fiR X 10-6 

x, u (ms-1) K, x 1012 (Pa-1) f>. K, x 1012 (Pa-1) llo (m3 mol-1) 

(x,) 2-Methoxyethano/ +(I - x,) die thy/ether 
0.0000 982.30 1461.52 0.00 1.3515 0.0000 
0.0976 1017.70 1318.92 -56.55 1.3562 -0.0570 
0.1958 1053.40 1191.72 -97.26 1.3616 -0.0890 
0.2944 1089.10 1077.55 -124.47 1.3674 -0.1280 
0.3936 1124.80 977.80 -136.79 1.3727 -0.1640 
0.4933 1160.50 888.22 -138.49 1.3786 -0.1840 
0.5936 1196.20 807.91 -130.44 1.3846 -0.2070 
0.6944 1231.90 738.17 -111.35 1.3897 -0.2140 
0.7957 1267.60 676.38 -83.84 1.3948 -0.1920 
0.8976 1303.30 623.32 -47.11 1.3990 -0.1284 
1.0000 1339.40 580.16 0.00 1.4005 0.0000 

(x1) 2-Methoxyetha/lo/ +(I - x 1) dichloromethane 
0.0000 1071.30 662.00 0.00 1.4210 0.0000 
0.1103 1104.91 640.97 -12.00 1.4190 -0.0883 
0.2181 1137.46 622.34 -21.80 1.4157 -0.2260 
0.3235 1166.54 609.52 -26.00 1.4130 -0.3134 
0.4266 1196.12 597.28 -29.80 1.4105 -0.3808 
0.5274 1222.20 589.35 -29.48 1.4080 -0.4373 
0.6260 1247.93 583.06 -27.70 1.4062 -0.4360 
0.7225 1270.90 580.17 -22.70 1.4050 -0.3881 
0.8170 1292.52 579.39 -15.74 1.4033 -0.3310 
0.9095 1315.96 578.77 -8.79 1.4020 -0.1960 
1.0000 1339.40 580.16 0.00 1.4005 0.0000 

(x1) Diethylether +(I - x 1) dichloromethane 
0.0000 1.4210 662.00 0.00 1.4210 0.0000 
0.1130 1.4106 575.31 -177.00 1.4106 -0.0320 
0.2227 1.4015 575.07 -265.00 1.4015 -0.0586 
0.3294 1.3930 621.73 -303.63 1.3930 -0.0758 
0.4331 1.3859 686.30 -322.00 1.3859 -0.0827 
0.5341 1.3794 775.98 -313.00 1.3794 -0.0840 
0.6322 1.3732 897.03 -270.46 1.3732 -0.0782 
0.7278 1.3671 1013.53 -230.39 1.3671 -0.0647 
0.8209 1.3603 1148.43 -169.92 1.3603 -0.0452 
0.9ll6 1018.01 1291.50 -99.36 1.3568 -0.0272 
1.0000 982.30 1461.52 0.00 1.3515 0.0000 

3.5. Excess Gibb's free e~zergy of activation 

On the basis of the theories of absolute reaction rates [19], the excess Gibbs energy of 
activation for viscous flow was calculated from equation [20] for binary (n = 2) and 
ternary (n = 3) systems. 

(7) 
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Figure 3. Plot of deviation in isentropic compressibility AK, x 1012 (Pa-1) against mole 
fraction (x1) for the three binary subsystems at 298.15K. 0 (x1) 2-ME+(1-x1) DEE; 
11 (x1)2·ME +(I - x1) D.C.M; o (x1) DEE+ (I - x1) DCM. 

Table 5. Ultrasonic speed, isentropic compressibility, deviation in isentropic compressibility, 
refractive indices and excess molar refraction for ternary mixtures of 2-methoxyethanol, 
diethylether and dichloromethane at 298.15 K. 

x, 
(x,) 2-Methoxyethanol+ (x,) diethylether+ (I- x1x2) dichloromethane 
0.4933 0.5067 1260.90 890.5 -136.17 
0.4702 0.4829 1293.77 834.9 -150.00 
0.4442 0.4562 1296.88 806.5 -152.00 
0.4148 0.4260 1249.41 826.0 -147.00 
0.3810 0.3913 1208.62 830.3 -134.00 
0.3421 0.3513 1171.32 827.0 -117.00 
0.2966 0.3047 1148.04 806.4 -100.00 
0.2429 0.2494 1125.02 785.9 -84.00 
0.1782 0.1830 1109.57 746.9 -61.00 
0.0991 0.1018 1090.98 706.5 -34.00 
0.0000 0.0000 1071.30 658.0 0.00 

1.4668 
1.4475 
1.4294 
1.4139 
1.3986 
1.3835 
1.3668 
1.3525 
1.3377 
1.3244 
1.3090 

AR X 10-6 

(m3 mol-1) 

0.0000 
-0.4136 
-0.7550 
-0.9582 
-1.1149 
-1.2055 
-1.2957 
-1.1946 
-0.9935 
-0.5604 

0.0000 

where R, T, V1 and V are the universal gas constant, experimental temperature in 
absolute scale, and the molar volumes of the pure component and the mixtures, 
respectively. The calculated values of AG* for binary mixtures are reported in 
Table 2 and represented graphically in Figure 5 and those for ternary mixtures are 
reported in Table 3. 

The excess properties (VE,A~. 11Ks, ilR, AG*) for the binary mixtures were fitted 
to the Redlich-Kister polynomial equation [21]: 

K 

yE = x 1x2 LA;(x,- x2)', 
1=0 

(8) 
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Figure 4. Plot of molar refraction I1R x w-• (m3 mol- 1
) against mole fraction (x1) for the 

three binary subsystems at 298.15K. <> (x1) 2-ME+(l-x1) DEE; 11 (x1)2-ME+(l-x1) 
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Figure 5. Plot of deviation of excess Gibbs energy of activation llG• x w-'(Jmol-1) against 
mole fraction (x1) for the three binary subsystems at 298.15K. <> (x1) 2-ME+(l-x1) DEE; 
t:. (x1)2-ME+(l-x1) DCM; o (x1) DEE+(l-x1) DCM. 

where yE refers to an excess property, x 1 is the mole fraction of!AA and x2 is that of 
the other component. The coefficients (A;) were obtained by fitting Equation (8) to 
experimental results using a least-squares regression method. In each case, the 
optimal number of coefficients was ascertained from an approximation of the 
variation in the standard deviation. The estimated values along with the standard 
deviations are summarized for all mixtures in Table 6. The standard deviation was 
calculated using the equation: 

[ "" E 2 ]''
2 

u = (r0,P- Y00100) f(n- m) , (9) 

where 11 is the number of data points and m is the number of coefficients. 
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Table 6. Redlich-Kister coefficients and standard deviations (a) for the binary mixtures at 
298.15 K. 

Excess property Ao A, A, A, A, As a 

(x1) 2-Methoxyethanol+ (I - x1) diethy/ether 
V8 x 106 -8.9561 -4.5284 -2.8712 -2.1783 0.0361 

(m3 mol-1) 

!>~ (mPas) -1.4062 -0.2284 0.5879 -0.1309 -1.4100 0.9561 0.0039 
llG• x to-3 -726.6322 2050.1837 260.3553 -529.6563 8.1111 

(Jmol-1) 

.6. K,x 1012 -554.1238 90.0715 -35.7869 -13.8799 0.3714 
(Pa-1) 

t>R x 10-• -0.7534 -0.4545 -0.4509 -0.1894 0.2568 0.0019 
(m3 mol-1) 

(x1) 2-Methoxyet/zanol + (I - x1) dichloromethane 
yB X 106 -6.2185 -2.3247 -1.4405 -1.2546 0.0124 

(m3 mol-1) 

!>~ (mPas) -0.5735 0.4051 0.1382 -0.2725 0.0025 
llG* X 10-J -58.5601 1071.7461 -56.7858 -292.8441 3.6397 

(J mol-1) 

ll K,x 1012 -118.1758 3.3582 -20.3350 0.4595 
(Pa-1) 

l>R X 10"" -1.6550 -0.9392 0.0108 
(m3mol-1) 

(x1) Diethylether+ (1 - x1) dichloromethone 
yE X 106 -4.51045 -1.01182 0.0364 

(m3 mol-1) 

!>~ (mPas) -0.03317 -0.00694 -0.00822 0.0002 
l>G' X 10-3 417.5670 88.7335 -12.3521 -92.0735 82.5724 1.3980 

(Jmol-1) 

I!J. K3 X 1012 -1249.4508 340.0011 -336.8316 4.6221 
(Pa-') 

l>R X 10-6 -0.33878 0.01127 0.02961 0.0012 
(m3 mol-1) 
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Apparent molar volume (V0) and viscosuy 8-coefficients were estimated for sod1um molybdate and sodium 
tungstare 111 aqueous bu1<1ry 1111XIure of ethane 1.2-diol from measured solution density (r>) and voscosuy (•ll 
at 298.15. 308.15 and 318.15 Kat vanous eleclrolyte concemratoons. The expenmental densoty data were 
evaluated by Masson equatoon and the denved dara were 1111erprered 111 renns of oon-solvent and oon- ion 
1111eracuons. The viscosity data has been analyzed using jones-Dole equatoon and the denved paramerers. 8 
and A. have also been mrerprered 111 renns of ion-solvent and 1on- oon 111teractions respectively The 
structure-mak111g or break111g capaCity of I he electrolyte under 111vestigauon has been doscussed 111 tenns of 
sogn of (o2V 0 

0 fhT2)1• The actovanon paramelers of viscous now were also delermined and were doscussed by 
rhe apploca11on of transition stare rheory. 

1. Introduction 

Studies on densities (fl) and viscosities (rj) of electrolyte solutions are 
of great Importance 10 characterizing the properties and structural 
aspects of solutions. The addition of an electrolyte to an aqueous organic 
solution alters the pattern of ion solvation and causes phenomenal 
changes in the behav1or of the dissolved electrolyte. Hence studies on 
the limiting apparent molar volume and VJscosity-B coefficients of 
electrolyte provide us valuable information regarding ion-ion. ion
solvent and solvent-solvent interactions JI - 3J. It has been found by a 
number of workers 14- GJ that the addition of an electrolyte could either 
make or break the structure of a liquid. As the viscosity of a liquid 
depends on the intermolecular forces. the structural aspects of the liquid 
can be inferred from the viscosity of solutions at various electrolyte 
concentrations and temperature. 

In this paper we have attempted to report the limiting apparent 
molar volume (\IS). experimental s lopes(~) and viscosity B-coefficients 
for sodium molybdate and sodium tungstate in aqueous binary mixture 
ofethane- 1.2-diol at 298.15.308.15 and 318.15 K. The mixtureofethane-
12 -diol with water was chosen because of its diverse application in 
pharmaceutical and cosmetic industries J7.8J. However. the experiment 
was nor performed in pure ethane-1.2-diol due to the insolubility of the 
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electrolytes. Since both molybdate and tungstate ions have similar 
structure J9J and sodium ion being a common cation for both the 
electrolyte under investigation. the present work enables us to have a 
qualitative comparison of the role of am on in aqueous bmary mucture of 
ethane- 12-diol in terms of various denved parameters obtamed from 
viscosity (tJ) and density (p) measurement 

2. Experimental section 

2.1. Marenals 

Ethane- 1.2-diol (E. Merck. India) was purified by standard methods 
j iOJ. The purity of the solvent was checked by measuring the v&osity 
(r/) and density (p) at 298.15 K which was 10 good agreement With the 
literature values. Doubly distilled. degassed and deiomsed water with a 
specific conductance of 1 • 10- 6 rr 1 em- • was used. Sodium tungstate 
and sodium molybdate (E. Merck. lndia)were purified by re-crystallizing 
twice from conductivity water and then dried in a vacuum dessicator 
over P20 5 for 24 h before use. The purity of the solvents was ascertained 
by GLC and also by compa nng experimental values of viscosity (11} and 
density (p) whenever available with those reported in the literature and 
is listed in Table I. 

22. Measurements 

Densities (p) were measured with an Ostwald-Sprengel type 
pycnometer having a bulb volume of about 25 cm3 and an mtemal 
diameter of about 0.1 em. The measurements were done in a thermostat 
bath conrrolled to ±0.01 K. Viscosity (rl) was measured by means of 
suspended Ubbelohde type viscometer. calibrated at298.15 K with triply 
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Table 1 
Density (p, kg m-1) and viscosicy (IJ, mPa s) of aqueous binal}' mixtures of ethane-1.2-
'diol in 0.0312, 0.06"17, 0.1106 mole fractions (xd of ethane-1,2-diol at different 
temp erarures 

lemper.nure ·p .. ur3 kg m·l fjmPas 
(K) This work lit This work Ut 

K1'"0.0312 
,: 298.15 uri. to LQU6132r l1284 ' - 1.0071 '1.0080 [32[ o.s92z I )QSJS 

: 318.15- 1.0036 ~.0(1:3~. [32) 0.7564 
~I 

x1"'o.osn 
: 298.15, 1.0238 1.D279\32] L4244 
: 30at5 1.0207 L02~9 [32j 1.1371 
• '318.15 tot67 .t.0195 [32] o.944o 
x1-0.1106 
' 298.15 1.0372 1.002·[32] 1.8286 
\ 308.15 -1.0352 t0390 [32] 1.4302 

318.15 10290 1.0343 [321 1.1472 -I 

distilled water and purified methanol using density and viscosity values 
from literature. The flow times were accurate to ±0.1 s, and the 
uncertainty in the viscosity measurements was ±2>~10-4 mPa s. The 
mixtures were prepared by mixing known volume of pure liquids in 
airtight-stopper bottles and each solution thus prepared was distributed 
into three recipients to perform all the measurements in triplicate, with 
the aim of determining possible dispersion of the results obtained. 
Adequate precautions we-re taken 10 minimize evaporation loses during 
the actual measurements. The reproducibility in mole fractions was 
within ±0.0002. The mass measurements were done on a Mettler AG-
285 electronic balance with a precision of ±0.01 mg. The precision of 
density measurements was±3 xm-4 g cm-3• Viscosity of the solution, lJ, 

is given by the following equation: 

ij" (Kt-Lft)p (1) 

where K and L are the viscometer constants and t and pare the efflux time 
of How in seconds and the density of the experimental liquid, respectively. 
The uncertainty in viscosity measurements is within ±0.003 mPa s. 

Details of the methods and techniques of density and viscosity 
measurements have been described elsewhere [11-14]. The electro
lyte solutions studied here were prepared by mass and the conversion 
of molality into molarity was accomplished [3) using experimental 
density values. The experimental values of concentrations (c), 
densities (p), viscosities (1J). and derived parameters at various 
temperatures are reported in Table 2. 

3. Results and discussion 

The apparent molar volumes (V0 ) were determined from the 
solution densities using the following Eq. (31: 

(2) 

where M is the molar mass of the solute, c is the molarity of the 
solution; p0 and p are the densities of the solvent and the solution 
respectively. The limiting apparent molar volumes \IS was calculated 
using a least-squares treatment to the plots ofV0 versus ~c using the 
following Masson equation (15): 

(3) 

where vg is the apparent molar volume at infinite dilution and s: is 
the experimental slope. The plots of V0 against square root of molar 
concentration (~c) were found to be linear as depicted graphically in 
Figs. 1-6 with negative slopes. Values of vg and S: are reported in 
Table 3. 

As the systems under study are characterized by hydrogen 
bonding, the ion-solvent and ion-ion interactions can be interpreted 
in terms of structural changes, which arise due to hydrogen bonding 
between various components of the solvent and solution systems. \18 
can be used to interpret ion-solvent interactions. A perusal ofTable 3 
reveals that the vg values are positive and increases with rise in 
temperature and decreases with increase in the amount of ethane-1.2-
diol in the solvent mixture. This indicates the presence of strong ion
solvent interactions and these interactions are strengthened with rise 
in temperature and weakened with an increase in the amount of 
ethane-1,2-diol in the solvent mixture under study, suggesting larger 
electrostriction at higher temperature and in lower amount of ethane-
1,2-diol in the mixture. Similar results were obtained for some 1:1 
electrolytes in aqueous dimethylformamide (16) and aqueous tetra
hydrofuran (17]. 

It is evident from Table 3 that the S: values are negative for aU 
temperatures for aqueous mixtures of ethane-1,2-diol. Furthermore S: 
values decrease with the increase of experimental temperature which 
may be attributed to more violent thermal agitation at higher tem
peratures, resulting in diminishing the force of ion-ion interactions 
(ionic-dissociation) (18]. The s: values increase with an increase in the 
amount of ethane-1,2-diol in the aqueous mixture which results in a 
decrease in solvation of ions, i.e., more and more solute is accommo
dated in the void space left in the packing of large associated solvent 
molecules with the addition ofethane-1.2-diol to the mixture. Aquan- ':::~. 
titative comparison of the magnitude of values shows that \IS values are 
much greater in magnitude than those of S: for all the solutions. This 
suggests that ion-solvent interactions dominate over ion-ion interac
tions in all the solutions and at all experimental temperatures. 

The variation of vg with temperature of sodium molybdate and 
sodium tungstate in solvent mixture follows the polynomial, 

(4) 

over the temperature range under study where Tis the temperature in K. 
Values of coefficients of the above equation for sodium molybdate 

and sodium tungstate for aqueous ethane-1,2-diol mixtures are 
reported in Table 4. 

The apparent molar expansibilities (0~) can be obtained by the 
following equation: 

(5) 

The values of0~ for different solutions of the studied electrolytes at 
298.15.308.15 and 318.15 K are reported in Table 5. From the table it is 
evident that the values of 0~ for sodium molybdate increases with a 
rise in temperature and decreases with the increase in the amount of 
ethane-1,2-diol in the mixture which can be ascribed to the absence of 
caging or packing effects [19). However for sodium tungstate the 0~ 
values were found to be rather complicated to explain. 

During the past few years it has been emphasized by a number of 
workers thats: is not the sole criterion for determining the structure
making or breaking tendency of any solute. Hepler (20) developed a 
technique of examining the sign of(OO~flil)p for the solute in tenns of 
long-range structure-making and breaking capacity of the electrolytes 
in the mixed solvent systems. The general thermodynamic expression 
used is as follows 

(6) 

If the sign of (00?/01} is positive or small negative (21] the 
electrolyte is a structure maker and when the sign of (i&'il/bT)p is 
negative, it is a structure breaker. As is evident from Table 5, the 
electrolyte under investigation generally acts as a structure breaker. 
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Tablel 

Concentration (c), denslty(p). viscosity (tj), apparent molar volume (V11 ), and a•(T)/flo-1)/clll of sodium molybdate and sodium tu11J5tate in different aqueous bfnouy mixtures of 
ethane·1,2-d!olln 0.0312, O.o677, 0.1106 mole fractions (.t1) orethane-1,2-dlol at different rempemures 
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Fig. t. The .appam~t molar volume of sodium molybdate in the mixture of aqueous 
ethane-1,2-diol (x1•0.0312) a.s a function ofsquare root of concentration at 298.15 (-'.), 
308.15 (t) and 318.15 K (•). The Unes represent the Jlnear fit5. 
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erhane-1,2-dlol (x1•D.0677) as a function of square root of concentration at 298.1 5 (.1). 
308.15 (t) and 318.15 K (•).The Jines represent the linear fits. 

Thus it may beconduded that the electrolytes are characterized by the 
absence of caging effect [18,22]. 

The viscosity data of solutions for the electrolytes in 0.0312, 0.0677, 
0.1106 mole fraction (x1) of ethane-1,2-diol+water mixtures have 
been analyzed using jones-Dole (23) equation: 

(7) 

where TJo and 'T1 are the viscosities of the solvent/solvent mixtures and 
solution respectively. A and Bare the constants estimated by least-
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Fig. 1lhe apparent molar volume of sodium molybdate In the mixture of aqueous 
ethane-1,2-dlol (x,•O.t106) as a funa:lon of square root of concentration at 298,15 (j,), 
308.15 (t) and 318.15 K (•).The lines repreent t:he linear fits. 
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squares method and are reported In Table 6. From the table it is 
evident that the values of the A coeffident are negative for all the 
solutions under investigation at all experimental temperatures. These 
results indicate the presence of weak ion-ion interactions, and these -
interactions further decrease with the rise of experimental tempera
tures suggesting an increase in ion-solvation while these interactions 
increase with an increase of ethane-1,2-diol in the mixture. Interest
ingly, values are found to be more negative For sodium molybdate and 
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Fig. 6. 1he apparent molar volume of sodium tungstate In the mixture of aqueous 
ethane-1,2-dlol (x1•0.1106) as a funa:lon of square root of concentration at 298.15 (j,), 
308.15 C•l .tnd 318.15 K (•).The lines represent the line.1r fits. 
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Table3 
limldng .apparent molar volumes (~) and experimental slopes (S,f) of sodium 
molybdate and sodium tungstate in different aqueous binary mixtures of ethane-1,2· 
dlol in 0.0312, 0.0677, 0,1106 mole fractions or ethane-1,2-diol at different temperatures 

Mole:-·;;:_ ~-V8~~"ioa.m1 1Jl_ot·~~ .::~_~-~ .• ·} __ ;.:~~~~i!-l<io"Jn3- rnor~l:?-~l1i'Pt:; ._r~;:i 
~;~lo~:.~~~:~~~i~~ K,· ·· -.~08.15_1(L~)Jl~\1S_-K.[1f!ls.~.l~!<:r ·3mLts,K9-.(31~~15'~ 

~:~t~i{t~_:)~~ ~j~~~~~~~i~.:J~~l.: ~i~f;~~::c:0:~:!i~:·~B~~4~~~~~~~ 
~dlum molybdate ·:- _ · ~ · ~, ,, ·-· "!· ?; - : ; 'l ;:,~ • .- ... ..,. •• ';. -,_,. < • •• ~ j 
0,0312 • ~·. _12~:i(•'- lS~Ait'_._ ., -1~-!ff.'t' _.'--i~2_..t4·:-: i2:z9:iJ.~~"..~37iJ_.9~. 
~.06p '' . 11~.07- .- -·138~- ~ 17~-16,~;;.~ ':.1!4~7"~ • ~-i67,61,,,..~'-:.:2~~-~i 
o.~,JDS .. ~·, ··~~BAD1-c, , · J23.B~ "( , 1~2.7?;(·- ·•_;;az .. os,_. J ~:7_124.49' ~.!,:!t9J:?2l 

· }oil!~~~~u~~;~ri,_; ~ .. :· _-'": ~:::_{ ·. · '·-~-~;~~::~d ~~ < ~~~:.~::_:::-~~~ \~~ ~';~~~~:1'!tf 
P:D3}7·.•r,!vt)~-2~- · '"·~~-~ 174,!.;:"-" .19~.§~,}~·? .:-~f1?-9t"'?·:~;~l5.0~-~']':~~3~.1.~) 
P:osn.,rt:w7.p~- ,:. >.ts_a~si. -~·'',tf_sJo-~~~-:-4ais·: .'1-,,;,_.,.2_~7.5J'.;~f,·,:.2s4;~o· 
p.tws.~-; :.~--ss:sl_: ' · )t34.3J!.'-/ ··l46.72?:,-:(·:-:.•~3t66_<.,~ _ "-l~t~s·r!·1 ~tso.osj 

hence it may be concluded that sodium molybdate Is more soluble In 
aqueous ethane-1,2-diolsolutions than sodium tungstate. 

The effects orion-solvent interactions on the solution viscosity can 
be Inferred from the B--coefficient (24,25], The viscosity 8-coefficient 
is a valuable tool to provide information concerning the solvation of 
the solutes and their effects on the structure of the solvent From 
Table 6 it is evident that the values of the 8-coeffident of sodium 
molybdate and sodfum tungstate in the studied solvent systems are 
positive, thereby suggesting the presence of strong ion-solvent 
interactions, and these type of interactions are strengthened with a 
rise in temperature and weakened with an increase of ethane-1,2-diol 
in the mixture. These conclusions are In excellent agreement with 
those drawn from VS values discussed earlier. 

It has been reported in a number of studies [26,27] that d8/dT Is a 
better criterion for determining the structure-making/breaking nature 
of any solute rather than simply the value of the 8-coefficient It Is 
found from Table 6 that the values of the 8-coefficient increase with a 
rise In temperature (positive d8/dn suggesting the structure-breaking 
tendency of sodium molybdate and sodium tungstate in the solvent 
systems. A similar result was reported in a study (28] of viscosity of 
some salts in propionic acid and ethanol mixtures. 

The viscosity data have aJso been analyzed on the basis of 
transition state theory of relative viscosity of the electrolytes, 
suggested by Feakins et al. (29] using the following equation 

61'!•·6/lj•+ (10008+~-V:)RT/V~ (8) 

where vr and v~ are the partial molar volumes of the solvent and 
the solute respectively. The contribution per mole of the solute to the 
free energy of activation of viscous flow cAJli•) of the solutions was 
determined from the above relation and is listed in Table 7. The free 

T.lhle4 
Values of the coeffidents of Eq. (4) for sodium molybdate and sodium tungsrate In 
different aqueous binary mixrures of ethane-1,2-diol in 0.0312, o.osn. 0.1106 mole 
fractions of ethane-1,2-dlol 

T.lb!e5 
Umiting pan:ial molar expansibilitles for sodium molybdate and sodiwn tungstate in 
different aqueous binary mixtures of etltane-U-diol in 0.0312, O.D677, 0.1106 mole 
fractions of ethane-1,2-dlol at different temper.uures 

energy of activation of viscous flow of the pure solvent(~) is given 
by the relation: 

(9) 

where N is the Avogadro's number and the other symbols have their 
usual significance. The values of ~t and ~t' are reported in Table 7. 
From Table 7 it is evident that ~t is practically constant at all the 
solvent composition and at all temperatures, implying that ~t is 
mainly dependent on the viscosity B-coefficients and (Vf-Vf) terms. 
Also ~t values were found to positive at all the experimental 
temperatures and hence the formation of the transition state is less 
favorable In the presence oftheseanions.Aslmilarresultwas reported 
for sodium molybdate and sodium tungstate in aqueous acetonitrile 
solutions [21!. According to Fealdns et al. [291 &.,u~'">hpt' for 
electrolytes having positive 8-coeffidents and indicates a stronger 
ion-solvent interactions, thereby suggesting that the formation of 
transition state is accompanied by the rupture and distortion of the 
intermolecular forces in solvent structure (30]. The smaller values of 
Apt indicate the increased structure breaking tendency of the 
electrolyte. Thus from the values of .llpt it can be inferred that both 
tungstate and molybdate Ions have similar structure breaking 
tendencies. The entropy of activation for electrolytic solutions has 
been calculated using the following relation (29]. 

l>.5f • -d( "14") /dt (10) 

where asr has been determined from the negative slope of the plots 
of AJ.fr against T by using a least square treatment 

table 6 
Values of A and B coeffidents for sodium molybdate and sodium rungstate in different 
aqueous binary mixtures of ethane-1,2-diol in O.D3t2, OD677, 0.1106 mole fraclions or 
ethane·1.2-dlo! at different temperatures 
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T.lble 7 
Values of Yr. \1",lJilt,lllfi, Tt..St' and !JJit for sodium molybdate and sod tum tungstlte In different aqueous binary mixtures of ethane-1,2-diol in 0.0312, o.osn. 0.1106 mole 
fractions (x:1) of etha.ne-1,2-dlol at different temperatures 

The activation enthalpy (A1/t} has been calculated using the 
relation [29): 

(11) 

the value of t.St' and Mlf are listed in Table 7 and they are found to 
be negative for all the electrolytic solutions and at all experimental 
temperatures suggesting that the transition state is associated with 
bond formation and increase in order. Although a detailed mechanism 
for this cannot be easily advanced, it may be suggested that the slip
plane Is in the disordered state l29,31). 

4. Conclusion 

In summary it can be concluded that both sodium molybdate and 
sodium tungstate ·show similar trend of ion-solvent and ion-ion 
interactions, which can be ascribed to the similar structure of 
tungstate and molybdate ions (7J. From the values of apparent 
molar volume (V8) and viscosity B-coefficients it may be concluded 
that ion-solvent interaction increases with increasing temperature 
and decreases with increasing amount or eth.me-1,2-diol in the 
aqueous mixture. Also the structure breaking tendencies of the two 
electrolytes were round to be similar. 
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Abstract -Apparent molar volume (V0 ) and viscosity B-coefficients were measured for phosphomolybdic 
acid in aqueous solution of catechol from solution density (p) and viscosity (TJ) at 298.15, 308.15 and 318.15K 
at various solute concentrations. The experimental density data were evaluated by Masson equation and the 
derived data were interpreted in terms of ion-solvent and ion-ion interactions. The viscosity data have been 
analyzed using Jones-Dole equation and the derived parameters, B and A, have been interpreted in terms of 
ion-solvent and ion-ion interactions respectively. The structure-making or breaking capacity of the solute 
under investigation has been discussed in te~ of sign of (B2 J-0 /B T2) p. The activation parameters of viscous 
flow were determined and discussed by application of transition state theocy. 

INTRODUCTION 

Studies on densities (p) and viscosities (TJ) of solu
tions are of great importance in characterizing the 
properties and structural aspects of solutions. Hence 
studies on the limiting apparent molar volume and vis
cosity B-coefficients of electrolyte provide us valuable 
information regarding ion-ion, ion-solvent and sol
vent-solvent interactions [1-3]. It has been found by 
a number of workers [4-6] that the addition of a solute 
could either make or break the structure of a liquid. As 
the viscosity of a liquid depends on the intermolecular 
forces, the structural aspects of the liquid can be in
ferred from the viscosity of solutions at various solute 
concentrations and temperature. 

In this paper we have attempted to report the limit

ing apparent molar volume ( V0 ), experimental slopes 

(St) and viscosity B-coefficients for phosphomolyb
dic acid in aqueous catechol solution at 298.15, 308.15 
and 318.15K. Phosphomolybdic acid is widely used to 
stain connective tissues by dyes. It has been found that 
phosphomolybdic acid forms salts with connective tis
sues containing basic groups and hence the polyvalent 
phosphomolybdic acid appears to form a bridge be
tween the basic group of the substrate and the basic 
group of the dye. In other words, addition of phosph
omolybdic acid to connective tissues changes its aci
dophilia to basophilia. Phosphomolybdic acid not 
only yields an intense staining of connective tissue fi
bers by dyes with basic groups but also reduces the 
staining of cytoplasm, thus producing a specific stain
ing of connective tissue fiber [7]. 

EXPERIMENTAL 

Commercial sample of catechol was purified by re
peated crystallization from mixture of chloroform
methanol. The sample was dissolved in chloroform in 
hot condition, filtered and to the filtrate dried and dis
tilled methanol was added drop wise. Fine plate like 
crystal separated and was recovered by rapid filtration 
and ready for use. Phosphomolybdic acid of analytical 
grade was purchased from Thomas Baker and was used 
without further purification. Doubly distilled, de
gassed and deionised water with a specific conduc
tance of I x JQ-6 n-1 cm-1 was used for all measure
ments. Experimental values of viscosity ( 1]), density 
(p) and pH are listed in Table I. 

Thble !. Experimental value of density (p, kg m-3) and vis
cosity (T}, mPa s) of aqueous catechol mixtures at different 
temperatures 

T,K IP X w-3, kg m-3
1 TJ, mPas pH 

0.05M 

298.15 0.99650 0.9003 6.16 

308.15 0.99371 0.7350 5.31 

318.15 0.99222 0.6135 

0.1 M 

298.15 0.99797 0.9132 4.20 

308.15 0.99509 0.7475 4.16 

318.15 0.99303 0.6375 4.13 

0.15M 

298.15 0.99910 0.9227 3.97 

308.15 0.99621 0.7602 3.89 

318.15 0.99429 0.6528 3.82 

2076 
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Densities (p) were measured with an Ostwald
Sprengel type pycnometer having a bulb volume of 
about 25 cm3 and an internal diameter of about 0.1 
em. The measurements were done in a thermostat bath 
controlled to ±0.01 K. the viscosity (1]) was measured 
by means of suspended Ubbelohde type viscometer, 
calibrated at 298.15 K with triply distilled water and 
purified methanol using density and viscosity values 
from literature. The flow times were accurate to ±0.1s, 
and the uncertainty in the viscosity measurements was 
±2 x I0-4 mPa s. The mixtures were prepared by mix
ing known volume of pure liquids in airtight -stopper 
bottles and each solution thus prepared was distributed 
into three recipients to perform all the measurements 
in triplicate, with the aim of determining possible dis
persion of the results obtained. Adequate precautions 
were taken to minimize evaporation loses during the 
actual measurements. The reproducibility in mole 
fractions was within ±0.0002 units. The mass measure
ments were done on a Mettler AG-285 electronic bal
ance with a precision of ±0.01 mg. The precision of 
density measurements was ±3 x 10-4 g cm-3• Viscosity 
of the solution, 11, is given by the following equation: 

11 = (Kt- L/t)p, (1) 

where K and L are the viscometer constants and t and 
p are the effiux time offlow in seconds and the density 
of the experimental liquid, respectively. The uncertain
ty in viscosity measurements is within ±0.003 mPa s. 

Details of the methods and techniques of density 
and viscosity measurements have been described else
where[8-ll] .The electrolyte solutions studied here 
were prepared by mass and the conversion of molality 
in molarity was accomplished [3] using experimental 
density values. The experimental values of concentra
tions( c), densities (p), viscosities (1]), and derived pa
rameters at various temperatures are reported in Table 2. 

RESULTS AND DISCUSSION 

The apparent molar volumes ( V0 ) were determined 
from the solution densities using the following equa
tion [3]: 

Jl0 = M/p0 -1000(p- p0)/cp0, (2) 

where M is the molar mass of the solute, c is the mo
larity ofthe solution; p0 and pare the densities of the 
solvent and the solution respectively. The limiting ap
parent molar volumes Jl0 was calculated using a least
square treatment to the plots of v., versus cl/2 using the 
following Masson equation [12]. 

(3) 

where Jl0 is the partial molar volume at infinite dilu

tion and s; the experimental slope. The plots of V., 
against square root of molar concentration (c112) were 

found to be linear with negative slopes. V..lues of Jl0 
and S~ are reported in Table 3. 

As the systems under study are characterized by hy
drogen bonding, the ion-solvent and ion-ion inter
actions can be interpreted in terms of structural 
changes which arise due to hydrogen bonding between 
various components of the solvent and solution sys
tems. Jl0 can be used to interpret ion-solvent interac

tions. Table 3 reveals that V0 values are positive and 
increases with rise in temperature and decreases with 
increase in the amount of catechol in the solvent mix
ture. This indicates the presence of strong ion-solvent 
interactions and these interactions are strengthened 
with rise in temperature and weakened with an increase 
in the amount of catechol in the solvent mixture under 
study, suggesting larger electrostriction at higher tem
perature and in lower amount of catechol in the mix
ture. Similar results were obtained for some I: I electro
lytes in aqueous DMF [13] and aqueous THF [14]. 

It is evident from Table 3 that the S~ values are 
negative at all temperatures for aqueous mixtures of 
catechol. Furthermore s; values decreases with the 
increase of experimental temperature which may be 
attributed to more violent thermal agitation at higher 
temperatures, resulting in diminishing the force of 
ion-ion interactions (ionic dissociation) [ 15] . A 
quantitative comparison of the magnitude of values 
shows that Jl0 values are much greater in magnitude 

than those of s; for all the solutions. This suggests 
that ion-solvent interactions dominate over ion-ion 
interactions in all the solutions and at all experimental 
temperatures. 

The variation of V0 with temperature of phospho
molybdic acid in solvent mixture follows the polynomial, 

(4) 

over the temperature range under study where Tis the 
temperature in K. V..lues of coefficients of the above 
equation for phosphomolybdic acid in aqueous cate
chol mixtures are reported in Table 4. 

The apparent molar expansibilities (0~) can be 
obtained by the following equation: 

0~ = (81'0/81), = a0 + 2a2T. (5) 

The values 0~ of for different solutions ofthe stud
ied electrolytes at 298.15, 308.15 and 318.15 K are re

ported in Table 5. Table 5 reveals that 0~ value in
creases as concentration increases up to 0.05 mol dm-3 

of catechol mixtures butthereafter 0~ value decreases 
slightly with increasing temperature. This fact may be 
attributed to gradual disappearance of caging or pack-
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Thble 2. Concentration (c), density (p), viscosity (~). apparent molar volume (V0), (~/~o- l)/c112 and pH of phospho-
molybdic acid in different aqueous catechol mixtures at different temperatures (cc is concentration of catechol in aqueous 
solution) 

c, moldm 3 px10-3,kgm 3 ,, mPas V0 x 106, m3 moi-1 (~/~o- l)/c112 pH 

c, = 0, 298.15 K 
0.0025 1.0003 0.8970 963.4739 0.0754 2.56 
0.0050 1.0042 0.9013 807.3489 0.1213 2.29 
0.0074 1.0085 0.9059 709.8034 0.1585 2.13 
0.0099 1.0125 0.9099 693.5894 0.1829 1.99 
0.0124 1.0169 0.9146 649.6547 0.2107 1.91 
0.0154 1.0223 0.9205 593.0401 0.2432 1.83 

c, = 0, 308.15 K 

0.0025 0.9972 0.7234 980.4210 0.0260 2.50 

0.0049 1.0008 0.7275 880.5810 0.0980 2.20 

0.0074 1.0048 0.7318 •. ;803.2913 0.1500 2.02 

0.0098 1.0091 0.7365 725.1210 0.1961 1.89 

0.0123 1.0135 0.7404 677.6658 0.2239 1.80 

0.0151 1.0189 0.7454 617.4291 0.2571 1.72 

c,=O, 318.15 K 

0.0024 0.9949 0.6042 1117.8019 0.2110 2.40 

0.0049 0.9989 0.6170 874.4041 0.4530 2.08 

0.0073 1.0032 0.6280 745.7746 0.5860 1.90 

0.0098 1.0072 0.6378 717.0760 0.6720 1.79 

0.0122 1.0114 0.6469 678.2216 0.7400 1.69 

0.0151 1.0169 0.6583 614.9841 0.8200 1.59 

c, = 0.05 M, 298.15 K 

0.0024 1.0007 0.9071 504.8713 0.0860 2.73 

0.0048 1.0053 0.9116 431.7338 0.1330 2.36 

0.0076 1.0107 0.9162 391.3216 0.1637 2.14 

0.0101 1.0156 0.9190 365.7746 0.1727 2.03 

0.0125 1.0205 0.9229 339.9873 0.1940 1.92 

0.0149 1.0252 0.9270 329.7652 0.2145 1.83 

c, = 0.05 M, 308.15 K 

0.0024 0.9978 0.7396 530.2752 0.1280 2.66 

0.0048 1.0023 0.7458 472.4611 0.2130 2.29 

0.0076 1.0075 0.7516 434.2549 0.2600 2.08 

0.0101 1.0123 0.7569 412.4919 0.2970 1.98 

0.0125 1.0170 0.7604 387.1231 0.3100 1.85 

0.0148 1.0217 0.7663 373.6044 0.3492 1.77 

c, = 0.05 M, 318.15 K 

0.0024 0.9962 0.6217 569.2613 0.2750 2.58 

0.0048 1.0004 0.6307 518.5812 0.4060 2.22 

0.0076 1.0055 0.6421 484.1216 0.5364 1.99 

0.0102 1.0094 0.6514 458.6212 0.6171 1.91 

0.0126 1.0132 0.6583 424.2826 0.6560 1.83 

0.0150 1.0174 0.6657 411.1519 0.7000 1.73 
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Table 2. (Contd.) 

c,moldm-3 p x ro-3, kg m-3 'll,mPas V0 x 106, m3 mol-1 (11/'lo -1)/c112 pH 

c, = 0.1 M, 298.15K 

0.0024 1.0022 0.9199 510.1307 0.1490 2.53 

0.0048 1.0065 0.9254 491.9397 0.1930 2.26 

0.0076 1.0116 0.9306 471.7912 0.2180 2,09 

0.0101 1.0162 0.9343 456.3825 0.2300 1.99 

0.0125 1.0207 0.9375 440.5892 0.2380 1.91 

0.0149 1.0253 0.9411 423.4132 0.2500 1.85 

c, = 0.1 M, 308.15 K 

0.0024 0.9992 0.7524 562.0561 0.1340 2.58 

0.0048 1.0034 0.7577 526.5677 0.1970 2.24 

0.0076 1.0084 0.7634 501.1550 0.2440 2.04 

0.0101 1.0130 0.7682 487.9350 0.2762 1.94 

0.0125 1.0173 0.7716 476.8405 0.2881 1.83 

0.0149 1.0219 0.7752 460.9899 0.3040 1.75 

c, = 0.1 M, 318.15 K 

0.0024 0.9970 0.6441 600.ol21 0.2020 2.42 

0.0048 1.0011 0.6518 572.6434 0.3230 2.14 

0.0076 1.0060 0.6604 551.5000 0.4120 1.94 

0.0101 1.0104 0.6662 533.7240 0.4480 1.85 

0.0125 1.0148 0.6731 514.6262 0.5000 1.15 

0.0150 1.0192 0.6806 498.5364 0.5540 1.70 

c, = 0.15 M, 298.15K 

0.0024 1.0034 0.9309 480.5001 0.1820 2.52 

0.0050 1.0081 0.9354 462.5995 0.1940 2.25 

0.0076 1.0128 0.9400 458.5057 0.2150 2.09 

0.0102 1.0174 0.9434 445.8924 0.2230 1.97 

0.0125 1.0217 0.9474 439.3518 0.2402 1.88 

0.0151 1.0265 0.9512 428.7236 0.2520 1.81 

c, = 0.15 M, 308.15 K 

0.0024 1.0002 0.7644 576.6336 0.1140 2.45 

0.0050 1.0047 0.7673 560.6523 0.1320 2.16 

0.0076 1.0092 0.771 548.4545 0.1630 1.99 

0.0102 1.0135 0.7737 537.4861 0.1767 1.87 

0.0125 1.0175 0.7770 535.1857 0.1990 1.78 

0.0151 1.0221 0.7807 524.5887 0.2208 1.70 

c, = 0.15 M, 318.15 K 

0.0024 0.9983 0.1040 592.5463 0.1040 2.40 

0.0050 1.0027 0.1450 565.5505 0.1450 2.09 

0.0076 1.0072 0.1700 550.8687 0.1700 1.89 

0.0102 1.0116 0.1960 540.2304 0.1960 1.79 

0.0125 1.0156 0.2270 533.9527 0.2270 1.70 

0.0151 1.0204 0.2490 513.5327 0.2490 1.62 
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Thble 3, Limiting apparent molar volumes ( V00 ) and experimental slopes cs:) for phosphomolybdic acid at different tern· 
Peratures (c0 is concentration of catechol in aqueous solution) 

cc, moldm-3 
V00 x 106, m3 rnol-1 -~ x 106, m3 mot-312dm3/2 

298.15 K 308.15 K 318.15 K 298.15 K 308.15 K 318.15 K 

0.00 1163.5 1227.3 1368.4 4757.8 4980.3 6440.7 

0.05 607.33 626.22 673.7 2372.1 2128.5 2185.7 

OJ 571.38 622.56 668.44 1174.5 1335.1 1371.7 

0.15 513.4 609.94 639.48 674.12 697.1 1000.7 

ing effect [15, 16] in the ternary solutions. During the 
past few years it has been emphasized by a number of 
workers that s:; is not the sole criterion for determin
ing the structure-making or breaking tendency of any 
solute. According to Helper [ 17] the sign of 

(S0~/S7), is a better criterion in characterizing the 
long-range structure-making and breaking ability of 
the solutes in solution. The general thermodynamic 
expression used is as follows 

(S0~/S7), = 2a2• (6) 

If the sign of (S0~/S7), is positive or small nega
tive [18] the solute is a structure maker otherwise it is 
a structure breaker. As is evident from Table 5, phos
phomolybdic acid predominately acts as a structure 
maker and its structure making ability decreases to 
some extent as the molarity of catechol increases in the 
solvent mixture. A similar result was observed in the 
study of nicotinamide in aqueous tetrabutylammoni
um bromide solution [19]. The small negative values of 
(S0~/Ii7), at 0.1 and 0.15 mol dm-3 aqueous cate
chol solution are probably due to higher structure pro
moting ability of catechol than phosphomolybdic acid 

with comparatively higher f'0 value in aqueous solu-

Thble 4. \lilues of the coefficients of equation (4) for phos
phomolybdic acid in different aqueous catechol mixtures 

ccmoldm-3 a0,m3 mol-1 a1, m3 mol-1 K-1 a2, m3 mol-1 K-2 

0.00 34772.46 -227.96 0.3865 

0.05 13182.24 -84.81 0.1430 

0.1 -3389.23 21.18 -0.0265 

0.15 -33143.04 212.76 -0.3350 

tion [20] originating from hydrophobic hydration with 
greater degree of hydrogen bonding than the bulk wa
ter [21]. 

Partial molar volume 11 f'0 oftransfer from water to 
different aqueous catechol solution has been deter
mined using the following relation [22, 23] 

AVO,= VO,(aqueous catechol solution)- VO, (water). (7) 

The VO, value is independent from solute-solute 
interaction and provides infom>ation regarding solute 
and co-solute interaction [22]. Table 3 shows that the 
values of f'0 is positive at all experimental tempera
tures and increases with the concentration of catechol 
in the ternary mixture. The concentration dependence 
ofthe thermodynamic properties of the solute in aque
ous solution can be explained in terms of overlap of 
hydration co-sphere. According to the co-sphere 
model as developed by Friedman and Krishnan [24], 
the effect of the overlap of hydration co-sphere is de
structive. The overlap of hydration co-spheres of rwo 
ionic species results in an increase in volume but that 
of hydration co-sphere of hydrophobic-hydrophobic 
group and ion-hydrophobic group results in a net vol
ume decrease. The positive value of 11 f'0 indicate that 
hydrophobic-hydrophobic and ion-hydrophobic 
group interaction are predominant and the overall ef
fect of the hydration co-sphere of phosphomolybdic 
acid and catechol reduce the effect of electrostriction 
of water by phosphomolybdic acid molecule and these 
effect increases with the molarity of catechol in the 
ternary mixture as shown in the Fig. I (11 VO, vs. molar
ity of catechol in solution). In addition, standard par
tial molar volume of the solute has been explained by 
a simple model [25, 26]. 

(8) 

where V""' is the vander wall volume, V """"' is the vol
ume associated with void or empty space and V"' the 
shrinkage volume due to electrostriction. Considering 
the V""' and V """" have the same magnitude in water 
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and in aqueous catechol solution for the same solute 
[27]. The increase in J10 values and the concomitant 

positive a 1'0 can be attributed to the decrease in 
shrinkage volume of water by phosphomolybdic acid 
in presence of catechol. This fact suggests that cate
chol has a dehydrating effect on the hydrated phosph
omolybdic acid. 

The viscosity data of aqueous and aqueous catechol 
solution have been analyzed using Jones-Dole [28] 
equation: 

(9) 

where TJo and lJ are the viscosities of the solvent -sol
vent mixtures and solution respectively. A and Bare the 
constants estimated by a least-squares method and are 
reported in Thble 6. From the table it is evident that the 
values of the A coefficient are either negative or very 
small positive for all the solutions under investigation 
at all experimental temperatures. These results indi
cate the presence of very weak ion-ion interactions 
and these interactions further decrease with the rise of 
experimental temperatures and increase with an in
crease of catechol in the mixture. 

The effects ofion-solvent interactions on the solu
tion viscosity can be inferred from the B-coefficient 
[29, 30]. The viscosity B-coefficient is a valuable tool 
to provide information concerning the solvation ofthe 
solutes and their effects on the structure of the solvent. 
From table 6 it is evident that the values ofthe B-coef
ficient of phosphomolybdic acid in the studied solvent 
systems are positive, thereby suggesting the presence 
of strong ion - solvent interactions, and these types of 
interactions are strengthened with a rise in tempera
ture and weakened with an increase of catechol in the 
mixture. These conclusions are in excellent agreement 
with those drawn from Jl0 values discussed earlier. 

Viscosity B-coefficient of transfer (aB) from water 
to different aqueous catechol solutions have been de
termined using the relation [22, 23] 

.6.V00 x I06,m3mol-1 
800 

3 

2 

0.08 0.12 0.16 
cc, moldm-3 

Fig. 1. Plots of partial molar volume (.6.f0) against mola
lity for the trnnsfer from water to different aqueous cate
chol solutions for phosphomolybdlcacid at different tem
peratures: (1) 298.15, (2) 308.15, (3) 318.15K. 

Table 5. Umiting partial molar expansibilities for phospho
molybdic acid in different aqueous catechol mixtures at dif
ferent temperatures 

0£ m3 mol-1 K-1 (60£/67)p, 
cc,moldm3 dm3 mol-1 K-2 

298.15 K 308.15 K 318.15 K 

0.00 2.5100 10.2400 17.97 0.7730 

0.05 0.4590 3.3190 6.1790 0.2860 

0.1 5.3884 4.8531 4.3231 -0.0530 

0.15 13.0040 6.3040 0.3960 -0.6700 

M = B(aqueous catechol solution)- B(water). (10) 

The AB values as shown in Table 7 and depicted graph
ically in Fig. 2 (M vs. molarity of catechol in solution) 
as a function of molarity of catechol in solution at the 
experimental temperature supports the result obtained 
from A 1'0 as discussed above. 

The viscosity data have also been analyzed on the 
basis of transition state theory of relative viscosity of 
solutes as suggested by Feakings eta! [31] using the fol
lowing equation: 

AJ.i~• = AJ.11'+(1000B+ ~-Vi)RT/?i, (II) 

where Pi and ~ are the partial molar volumes of the 
solvent and the solute respectively. The contribution 
per mole of the solute to the free energy of activation 

of viscous flow (AJ.i~·) ofthe solutions was determined 
from the above relation and are listed in Table 8. The 
free energy of activation ofviscous flow ofthe pure sol~ 

vent (AJ.11') is given by the relation: 

,. d'." ~· aJ.lt =A r = RT!n(lJoVr)/hN, (12) 

Fig. 2. Plots of partial molar volume (AB) against molality 
for the transfer from water to different aqueous catechol 
solutions for phosphomolybdicacid at different tempera~ 
lures:(/) 298.15, (2) 308.15, (3) 318.15K. 
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Th.ble 6. \hlues of A and B coefficients for phosphomolybdic acid in different aqueous catechol mixtures at different tem
peratures 

A, dm312 mol-112 B,dm3mol-1 

Cc, moldm-3 

298.15 K 308.15 K 318.15 K 298.15 K 308.15 K 318.15 K 

0.00 -0.0363 -0.1251 -0.1438 2.2454 3.1624 8.0839 

0.05 0.011 0.0010 -0.0025 1.663 2.8785 5.9650 

0.1 0.0941 0.0307 0.0010 1.3220 2.3322 4.5261 

0.15 0.1301 0.0355 0.0048 0.9717 1.4666 1.9682 

where N is the Avogadro's number and the other sym

bols have their usual significance. The values of Afl~· 

and Af!:• are reported in Table 8. From Table 8 it is 

evident that Afl:• is practically constant at all the sol
vent composition and temperature, implying that 

Th:ble 7. Partial molar volumes V0121 (m3 mol-1) and viscos
ity B-coefficients 11/J (dm3 mol-1) of transfer from water to 
different aqueous catechol solutions for phosphomolybdic 
acid at different temperatures 

c,, 
moldm-3 J-"0 X 106 

0.00 1163.5 

0.05 607.33 

0.10 571.38 

0.15 513.4 

0.00 1227.3 

0.05 626.22 

0.10 622.56 

0.15 609.94 

0.00 1368.4 

0.05 673.7 

0.10 668.44 

0.15 639.48 

Ll J-"0 X 106 

298.15 K 

0.00 

556.17 

592.12 

650.1 

308.15 K 

0.00 

601.08 

604.74 

617.36 

318.15 K 

0.00 

694.70 

699.96 

728.92 

Bx 106 

2.2454 

1.663 

1.3220 

0.9717 

3.1624 

2.8785 

2.3322 

1.4666 

8.0839 

5.956 

4.5261 

1.9682 

LIB X 106 

0.00 

0.5824 

0.9234 

1.2737 

0.00 

0.2839 

0.8302 

1.6958 

0.00 

2.1279 

3.5578 

6.1157 

Afl:• is mainly dependent on the viscosity B-coeffi

cle"nts and (~ - VI) terms. Also Af!:• values were 
found to be positive at all experimental temperatures 
and this suggests that the process of viscous flow be
comes difficult as the temperature and molarity of cat
echol in solution increases. Hence the formation of 
transition becomes less favorable [31] . According to 

Feakins et al., Afl:• > Afl:• for electrolytes having 
positive B-coefficients, this indicates a stronger ion
solvent interactions, thereby suggesting that the for
mation of transition state is accompanied by the rup
ture and distortion of the intermolecnlar forces in sol-

vent structure [32] . The greater values of Afl:• sup
ports the increased structure making tendency of the 
solute as discussed earlier. The entropy of activation 
for solutions has been calculated using the following 
relation [31]: 

a.f,• = -d(Afl:")/dT, (13) 

where a.f,• has been determined from the negative 

slope of the plots of Afl:• against T by using a least 
square treatment. 

The activation enthalpy ( aJt,•) has been calculat
ed using the relation [31]: 

(14) 

The values of a.f,• and ail'," are listed in Table 8 
and they are found to be negative for all the solutions 
and at all experimental temperatures suggesting that 
the transition state is associated with bond formation 
and increase in order. Although a detailed mechanism 
for this cannot be easily advanced, it may be suggested 
that the slip-plane is in the disordered state [31, 33]. 
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Thbie 8. \lilues of ~ - ~ 3 1-1 !i O;~~. D. Oil' CONCLUSION 
(m mo ), Jlt , Jl2 , 

The values of apparent molar volume ( ~ ) and vis-
nf,' and t.If,• (kJ mol-1) for phosphomolybdic acid in cosily B-coefficients for phosphomolybdic acid indi-
different aqueous catechol mixtures at different temperatures cate the presence of strong solute-solvent interactions 

I 
and these interactions are further strengthened at higher 

Parameter 298.15 K 308.15 K 318.15 K temperature and higher molarity of catechol in the ter-
nary solutions. Also phosphomolybdic acid acts as a wa-

Cc=O ter-structure promoter due to hydrophobic hydration in 

(~-~)xl06 
the presence of catechol and catechol has a dehydration 

1145.43 1209.17 1350.24 effect on the hydrated phosphomolybdic acid. 

tl.fl:- 60.82 62.86 64.90 ACKNOWLEDGMENTS 

tl.fl~· 465.134 617.891 1373.86 
The authors are grateful to the Departmental Spe-

cia! Assistance Scheme under the University Grants 

-nt,: 13546.71 14001.1 14455.5 
Commission, New Delhi (No. 540 I 61 DRS 1 2002, 
SAP-!) for financial support. 

-Mf,' x ro3 13081.609 "13383.21 13081.60 REFERENCES 

c, = 0.05 mol dm-3 1. J. M. Me Dowali, C. A. V'mcent, J. Chern. Soc. Faraday 
Trans. I. 70, 1862 (1974). 

(~- ~)x!06 589.10 607.89 655.32 2. M. R. J. Deck, K. J. Bird, A. J. Parker. Aust. J. Chern. 
Z8, 955 (1975). 

dJl~;t 60.84 62.89 64.93 
3. M. N. Roy, B. Sinha, R. Dey, A. Sinha. Int. J. Thermo-

physics. 26, 1549 (2005). 

tJ. o. 222.02 317.90 349.47 
4. R. H. Stokes, R. Mills, Int. Encyclopedia of Physical 

fl, Chemistry and Chemical Physics (1965). P. 3. 

-nt,: 
5. P. S. Nikam, Hasan, Mehdi, J. Chern. Eng. Data. 33, 

1899.99 1963.72 2027.44 165 (1988). 
6. D. Nandi, M. N. Roy, D. K. Hazra, J. Indian. Chern. 

-tJ.If,' x 103 1677.97 1645.8! 1677.97 Soc. 70, 305 (1993). 
7. Holde Puchtler and H. Isler, Department of Anatomy, 

Cc = 0.1 mol dm-3 Me Gill University, Montreal, Canada, 21st Jan (1958). 
8. M. N. Roy, A. Sinha, B. Sinha, J. Solution. Chern. 34, 

(~-~)x!O' 553.12 604.20 650.00 1311 (2005). 
9. M. N. Roy, B. Sinha, V. K. Dakna, J. Chern. Eng. Data 

.6.Jl~;o!. 60.85 62.90 64.94 
51, 590 (2006) . 

10. M. N. Roy, A. Sinha, Fluid Phase Equilibria 243, 133 

dJl~;o 
(2006). 

187.13 228.51 257.89 11. M. N. Roy, M. Das. Russian. J. Phys. Chern. 80, Sl63 
(2006). 

-nt,• 1054.85 1090.23 1125.61 12. D. 0. Masson, Phil.Mag. 8, 218 (1929). 
13. E. Garland-Paueda, C. Yanes, J. J. Calventa, J. Chern. 

-Mf,: x 103 867.72 861.72 867.72 Soc. Faraday Trans. 94, 573 (1994). 
14. M. N. Roy, A. Jha, R. Dey, J. Chern. Eng. Data. 46, 

c, = 0.15 mol dm-3 1247 (2001). 
15. F. J. Millero, Structure and Transport Process in \Y.iter 

(~-~)xi06 495.10 591.54 621.00 and Aqueous Solutions (R.A Home, New York) 
(1972). 

L\Jl~"" 60.86 62.90 64.96 
16. M. L. Parmar, D. S. Banyal, Indian. J. Chern. 44A, 

1582 (2005). 

.dJ.l~;t 
17. L. G. Hepler, Can. J. Chern. 47,4617 (1969) . 

88.55 147.27 177.11 18. B. K. Sarka~ B. Sinha, M. N. Roy, Russian. J. Phys. 
Chern. (In press). 

-nt,• 1320.21 1364.49 1408.77 19. B. Sinha, B. K. Sarkar, M. N. Roy, J. Chern. Thermo-
dynamics 40, 394 (2008). 

-t.If,• x 103 1231.66 1217.22 1231.66 20. L. H. Blanco, E. F. \ltrgas, J. Solution. Chern. 35, 21 
(2006). 

JKYPHAJI <I>H3HqECKOfl XHMHH TOM 83 No ll 2009 6* 



2084 ROY eta!. 

21. W. Y. \\lm, in: R. A. Home (Ed). W..ter and Aqueous 
Solution. Wtlley-Intersciences, New York p. 613 
(1972). 

22. K. Belibagli, E. Agrancl. J. Solution. Chern. 19, 867 
(1990). 

23. C. Zhao, P. Ma, J. Li, J. Chern. Thermodynamics. 37, 
37 (2005). 

24. H. L. Friedman, C. V. Krishnan/fE Franks (Ed). W..
ter, A Comprehensive Treatise, \bl. 3, Plenum Press, 
New York. Chapter I (1973). 

25. R. K. W..di, P. Ramasami. J. Chern. Soc. Faraday Trans. 
93, 243 (1997). 

26. R. Bhat, J. C. Ahliwalia, J. Phys. Chern. 89, 1099 
(1985). 

27. A. K. Mishra, J. C. Ahliwalia, J. Chern. Soc. Faraday 
Trans!. 77,1469 (1981). 

28. G. Jones, M. Dole, J. Am. Chern. Soc. 51, 2950 (1929). 

29. F. J. Millero, Chern. Rev. 71, 147 (1971). 

30. F. J. Millero, A. Losurdo, C. Shin. J. Phys. Chern. 82, 
(1978) 784. 

31. D. Feakins, D. J. Freemantle, K. G. Lawrence, 
J. Chern. Soc. Faraday Trans. I. 70, 795 (1974). 

32. B. Samantaray, S. Mishra, U.N. Dash, J. Teach. Res. 
Chern. 11, 87 (2005). 

33. Mithlesh, M. Singh, J. Indian. Chern. Soc. 83, 803 
(2000). 

lKYPHAJ! <l>ll31lqECKOfl XllMilll TOM 83 No 11 2009 



~eminar /~!Jmposium /~onbention ~enbeb 

~ Sia:lli CRSI, .N aJUmal Symp~ium ( :Kolliata 

e/tapWt-)' ~ fu; :OepWtint£nt ot ~tJuj, .N OJdli 91~ 
~ihf, :0~, Jndia o.n ~t 2, 2()()8 ~ :0~. 

~ fl~ in Swtfaa Scienu and !Related~ (TSSRA) V, 

~ fu; :OepWtint£nt ot ~tJuj, .N OJdli 91~ ~ihf, 

:0~ and Jndian Socidlj 0 S~ ScWta and 5 ~' 
Jadaopwt ~ihf, JW!uda, Jndia o.n ;o~ 06, 2()()8 ~ 

:Oehgau. 

~ Symp~ium on ((~ []>~ ePuuubta 9lo.tj 

Mmuvtial Symp~ium on ~huf flodmj ( 2009 )" , 

~ fu; J ndian eJWnicaL s ocidlj, fidd at JWiuda dwtituJ 
ffiUJl~t {)1, 2{){)9 ~ 9Jefu;}ate. 

. ! 



~~d<f 

DEPARTMENT OF CHEMISTRY 
University of North Bengal 

Dar jeeling 734 013 

August 02, 2008 

l'/i.";;~ 
~ ~ f 

ltril(ffti.\ ,-iJ' 

Certifietf tfiat ri;rOJ/!XJ:Mr.j;MS ... ~~-···~7-~- --rS_4__ .. ···: .................... ·········! .... . 
oJ..J7.J.j-~-~--clt~!fJ .. ! .• ..4 .~.~~~-'!!. .... V~:Y.~ ...... fiasparticipatetf 

tlie S~li CCRSI (7(o{kg.ta Cliapter)Symposium, Organized" 6y tlie {])epartment of Chemistry, Vniversity 

of :Nortli (]3enga~ as I nvitea Spea~r / {])efegate. 

~ 
Head, Department of Chemistry 

~-4-. 
Convener 

August 0:!. 2008 University of North Bengal Organizing Committee 



Trends in Surface Science and Related Areas (TSSRA) V 
Organized by 

Department of Chemistry 
University of North Bengal 

Darjeeling 734 013 
& 

Indian Society for Surface Science & Technology 
Jadavpur University 

Kolkata 700 032 

December 06, 2008 

Certified that ero}.!Dr:/Mr.(Ms. ... f:.C3d.L:. ~{. .~ .. £/>.1 .F./f. &~~~.f~'H.n:) 
of. . . . rJ.~Y.. e.:-!. s:J/'2.. . r;f. ... ":/.~ .. P.. . . . ..... : .................................... has participated 

in the Trends in Surface Science and Related Areas (TSSRA) V held at the Departn1ent of 

Chemistry, University of North Bengal as Invited Speaker/Speaker/Dele~e. 

December 06, 2008 

m~ 
Head, Departmenmemistry 

University of North Bengal 

rz:_. ____.. ;:)..... 

Convener 
Organizing Committee 



Symposium, 2009 

INDIAN CHEMICAL SOCIETY 
92, Acharya Prafulla Chandra Road 
Kolkata - 700 009, India 

~ympo.Dium 

on 

E-mail indl34 78@dataone 1n 
Phone . 91-033-2360 9497 
Fax & Phone: 91-033-2350 3478 
Web http //www indianchemsoc.org/ 

"1lcharya Prafulla Chandra 'Ray M{lmorial ~ympo.Dium 
on Ch{lmi.Dtry Today (2009)" 

(in comm!Zmoretion of lh!Z 1491
h d3irthdey of '(lcherye Preful le Chendre 'R.ey) 

'(lugu~t 01 &: 02, 2009 
Orgeni~!ld by lh!l lndien Ch!Zmi ce l ~oci!Z I<J 

To \.Vhom It illay Conce1·n 

RAY MEMORIAL SYMPOSIUM ON CHEMISTRY TODAY ( 2009)" 

organized by the Indian Chemical Society. 

No T.A./D.A. has been paid by the Society for the purpose. 

Proiessor P. L. Uajumder 
Con,·ener oi ihe Syntposium on 
••A..tutrya J•raiulla Chandra llay .lle naorial Sym1•osiunt 
on ( ' hemisCry Toda,· (2009) .. 
& llonorary St't'reiar,, Indian ( 'hemi«'nl Soc-id' 



CHAPTER- I 

1.1 Scope and Objective of the Research 

The object of this introductory chapter is to call attention to the 

significance of solvents and the study made on various interaction prevailing in 

liquid systems. The bearing of solution on natural processes was early 

recognized. It was clearly seen that without solution there would be no 

chemistry. This was summarized by the alchemists in the terse generalization, " 

Corpora non agunt nisi soluta,"or in the equally concise, "Menstrua non agunt 

nisifluida." These generalizations are a little too broad in the light of what was 

known about solutions at the time when they were written. 

A "solution" in the days of the alchemists was primarily a solution of a 

solid in a liquid. Even if solution was not limited by them to those systems which 

result when liquids are brought in contact with solids, this type of solutions was 

given such a prominence, that it was generally in mind when the term "solution 

"was used. The present use of the term" solution" is not only much broader than 

that adopted by the alchemists, but is far broader than that employed even forty 

years agol. 

We know matter in three states of aggregation - solid, liquid, and 

gaseous. Matter in every one of these three states can be dissolved in matter of 

the same state of aggregation as itself and in both of the other states. Thus, we 

have solutions ·of gases in gases, or mixtures of gases which do not act chemically 

upon one another. The characteristic here is unlimited solubility, the properties 

of the mixture being the sum of the properties of the constituent gases. 

Solutions of gases, liquids, and solids in liquids are the best and longest known 

types of solutions. Gases dissolve in liquids to only a limited extent, the amount, 

in keeping with Henry's law, increasing with the pressure to which the gas is 

subjected. 
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Ammonia dissolves in Water 

ammmonia and 
water mbdure 

Dissolution of gas in liquid 

Liquids dissolve in liquids, many of them to an unlimited extent. Liquids 

which, at ordinary temperatures, have only limited solubility in other liquids, 

often become infinitely soluble at more elevated temperatures. 

0 

J 

--+ 
+-- 0 

' 
Solution of binary liquids 

Solids dissolve in liquids to a limited extent, the amount for any solid 

being a function of the temperature. Solutions of gases and liquids in solids are 

well known. Carbon dioxide dissolves in charcoal, hydrogen in many metals, etc., 

and a large number of liquids dissolve in many solid substances. 
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Solubility of solid in liquid 

One of the newest and most interesting types of solutions is that of solid 

in solid. Solid solutions came into prominence about twenty-five years ago, when 

it was shown, as we shall see, that mixtures of certain solids exhibit all of the 

properties of solutions of liquids or solids in liquids. For example Yellow gold is a 

solid solution of solutes (silver and copper) in a solvent (gold). 

Solid solution 

To date, most chemical reactions have been carried out in molecular 

solvents. For two millennia, most of our understanding of chemistry has been 

based upon the behavior of molecules in the solution phase in molecular 

solvents. Recently, however, a new class of solvent has emerged-ionic liquids. 

These solvents are often fluid at room temperature, and consist entirely of ionic 

species. They have many fascinating properties which make them of fundamental 

interest to all chemists, since both the thermodynamics and kinetics of reactions 

carried out in ionic liquids are different to those in conventional molecular 

solvents, then the chemistry is different and unpredictable at our current state of 

knowledge. However, in addition to the scope for exciting new discoveries with 
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which they tease us, ionic liquid shave no measurable vapor pressure, and hence 

can emit no volatile organic compounds (VOCs). They have attracted, quite 

justifiably, enormous attention as media for green synthesis and this review 

attempts to capture, in a few pages, the scope and promise of the work published 

to date. As they are made up of at least two components which can be varied (the 

anion and cation), the solvents can be designed with a particular end use in mind, 

or to possess a particular set of properties. Hence, the term "designer solvents" 

has come into common use2· At first, the prospect of carrying out chemical 

reactions in ionic liquids may seem daunting to a chemist who has not worked 

with them before, but it turns out that carrying reactions out in ionic liquids can 

be exceptionally easy. The field of ionic liquids has been reviewed by several 

authors, including Welton3, Holbrey4, and Seddons. The first room-temperature 

ionic liquid [EtNH3][N03] (m.pt. 12 °C)was discovered in1914 6 , but interef\t did 

not develop until the discovery of binary ionic liquids made from mixtures of 

aluminum(III) chloride and N-alkylpyridinium 7 or 1,3-dialkylimidazolium 

chloride 8• In general, ionic liquids consist of a salt where one or both the ions are 

large, and the cation has a low degree of symmetry. These factors tend to reduce 

the lattice energy of the crystalline form of the salt, and hence lower the melting 

point. Ionic liquids come in two main categories, namely simple salts (made of a 

single anion and cation) and binary ionic liquids (salts where equilibrium is 

involved). For example, [EtNH3] [N03] is a simple salt whereas mixtures of 

aluminum (III) chloride and 1,3-dialkylimidazoliumchlorides (a binary ionic 

liquid system) contain several different ionic species. 

In recent years there has been an upsui:ge in the study of physico

chemical properties of various solvent-solvent and solute-solvent systems in 

interpreting the intermolecular interactions among mixed components. The 

determination of density, viscosity, sound speed and refractive index is a 

valuable tool to develop new theoretical models and learn about the liquid state 

because of the close connection between liquid structure and macroscopic 

properties. Ultrasonic methods and refractive index measurements finds 

extensive applications owing to their ability of characterizing the 

physicochemical behavior of systems. Young 9 made the first systematic attempt 
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in these directions by collecting a number of data on the thermodynamic and 

mechanical properties of Industrially important liquid mixtures. 

Molecular interactions in solution phases can be better understood by 

studying various excess thermodynamic properties. The excess thermodynamic 

properties of the mixtures correspond to the difference between actual property 

and the property if the system behaves ideally. Thus, these properties provide 

important information about the nature and strength of intermolecular forces 

operating among mixed components. Also, physico-chemical properties 

involving excess thermodynamic functions have relevance in carrying out 

engineering applications in the process industries and in the design of industrial 

separation processes. Information of these excess thermodynamic functions can 

also be used for the development of empirical correlations and improvement of 

new theoretical models. 

Rheology is the branch of science 1o that studies material deformation and 

flow, and is implicated in the mixing and flow of medicinal formulations and 

cosmetics and is increasingly applied in the analysis of the viscous behavior of 

many pharmaceutical products, and to establish their stability and even bio

availability. Considering the rheological behavior, thermodynamic investigation 

is very important, since many products are formulated with more than one 

component in order to yield the desired physical structure and properties. 

Synergy and antagonism gives the mutual enhancement or decrement of the 

physico-chemical, biological or pharmaceutical activity between different 

components for a given mixture. If the total viscosity of the system is equal to the 

sum of the viscosities of each component considered separately, the system u is 

said to lack interaction. The study of the viscous behavior of pharmaceuticals, 

foodstuffs, cosmetics or industrial products etc., is essential for confirming that 

their viscosity is appropriate for the contemplated use of the product. 

The importance and uses of the chemistry of electrolytes in non

aqueous and reactions in non-aqueous and mixed solvents have been 

summarized by Meek 12, Popovych 13,Franks14, Bates 15, 16, Parker 17, 18, Criss 

and Salomon 19, Mercus 2o and others 21·23. The solute-solute and solute -

solvent interactions has been subject of wide interest as apparent from recent 

Faraday Trans. of the Chemical society 24. 
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Although a great deal of work and collection of data on various 

electrolytic and non-electrolytic solution in water have been made, the 

structure of water and the various types of interactions that water undergoes 

with electrolytes are yet to be understood properly. However, a great deal of 

information has been obtained on the thermodynamic properties of different 

electrolytes and non-electrolytes in aqueous solution. Also, the effects of 

variation in ionic structure, ionic mobility and common ions along with a host 

of other properties in aqueous solutions have been well studied. 

Understanding of solute-solvent interactions in solution chemistry, 

forms the basis of explaining quantitatively the influence of solvent, the extent 

of interaction of ions in solvents and thus paves the way for real understanding 

of the different phenomena associated with solution chemistry. Estimate of 

solute- solvent interactions can be obtained thermodynamically and also from 

the measurement of partial molar volumes, viscosity B-coefficient and 

conductivity studies. 

In recent years there have been increasing interests in the behavior of 

electrolytes in non- aqueous and mixed solvents with a view to investigating 

solute-solute and solute-solvent interactions under varied conditions. 

However, different sequence of solubility, difference in solvating power and 

possibilities of chemical or electrochemical reactions unfamiliar in aqueous 

chemistry have open vistas for physical chemists and interests in these organic 

solvents transcends the traditional boundaries of inorganic, physical, organic, 

analytical and electrochemistry 2s. 

Research on non-aqueous electrolyte solutions has manifested their wide 

applications in many fields. Non-aqueous electrolyte solutions are actually 

competing with other ion conductors, especially at ambient and at low 

temperatures, due to their high flexibility based on the choice of numerous 

solvents, additives and electrolytes with widely varying properties. High-energy 

primary and secondary batteries, wet double-layer capacitors and super 

capacitors, electro deposition and electroplating are some devices and processes 

for which the use of non-aqueous electrolyte solutions has brought the biggest 

success 2 6• 27. Other fie lds where non-aqueous solutions are broadly used include 
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electro-chromic displays and smart windows, photo-electrochemical cells, 

electro-machining, etching, polishing and electro-synthesis. In spite of wide 

technical applications, our understanding of these systems at a quantitative level 

is still not clear. The main reason for this is the absence of detailed information 

about the nature and strength of ion-molecular interactions and their influence 

on structural and dynamic properties of non-aqueous electrolyte solutions. 

Studies of transport properties of electrolytes, along with thermodynamic 

and compressibility studies, give very valuable information about ion-ion and 

ion-solvent interactions in solutions 28• The influence of these ion-solvent 

interactions is sufficiently large to cause dramatic changes in chemical reactions 

involving ions. The changes in ionic solvation have important applications in 

such diverse areas as organic and inorganic synthesis, studies of reaction 

mechanisms, non-aqueous battery technology and extraction 29, 30, 

As a result of extensive studies in aqueous, non-aqueous and mixed 

solvents, it has become increasingly clear that the majority of the solutes are 

significantly modified by all solvents. Conversely, the nature of strongly 

structured solvents like water is substantially modified by the presence of 

solutes 31, 

It is thus, apparent that the real understanding of the molecular 

interactions is a difficult task. The aspect embraces a wide range of topics but we 

have embarked on a series of investigations based on the volumetric, 

viscometric, interferometric, refractometric and conductometric behavior to 

study the chemical nature of the structure of solutes and solvents and their 

mutual and specific interactions in solution. 

1.2 Importance and Scope of Physico-Chemical Parameters 

The nature of intermolecular interactions among the mixed components 

can be revealed from the interpretation of excess properties through the 

rheological and thermodynamic study of physico-chemical properties. The 

interactions between molecules can be established from a study of characteristic 

departure from ideal behavior of some physical properties such as density, 

volume, viscosity, isoentropic compressibility, refractive index 32• 33 etc. 
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Density of solvent mixtures and related volumetric properties like excess 

molar volume and apparent molar volume are of great importance in 

characterizing the properties and structural aspects of solutions. The sign and 

magnitude of excess molar volume imparts estimate of strength of unlike 

interactions in the binary and ternary solvent systems. The negative values of 

excess molar volume (VE) suggest specific interactions 34, 35 between the mixing 

components in the mixtures while its positive values suggest dominance of 

dispersion forces between them. The negative VE values indicate the specific 

interactions such as intermolecular hydrogen bonding between the mixing 

components and also the interstitial accommodation of the mixing components 

because of the difference in molar volume. Similarly, the sign and magnitude of 

apparent molar volume (~) also provides information about the nature and 

magnitude of ion-solvent interaction while the experimental slope (Sv') provides 

information about ion-ion interactions 36. 

Valuable information about the nature and strength of forces operating 

within and between the unlike molecules can be obtained from viscosity data. 

Recently the employment of computer simulation of molecular dynamics has led 

to significant improvement towards a successful molecular theory of transport 

properties in fluids and a proper understanding of molecular motions and 

interaction patterns in non-electrolytic solvent mixtures involving both 

hydrogen bonding and non-hydrogen bonding solvents 37, 38, The study of 

physico-chemical behaviors like dissociation or association from acoustic 

measurements and from the calculation of isentropic compressibility has gained 

much importance. Excess isentropic compressibility, intermolecular free length 

etc. impart valuable information about the structure and molecular interactions 

in pure and mixed solvents. The acoustic measurements can also be used for the 

test of various solvent theories and statistical models and are quite sensitive to 

changes in ionic concentrations as well as useful in elucidating the solute-solvent 

interactions. 

The refractive index is an important physical property of liquids and 

liquid mixtures, which affects the solution of different problems in chemical 

engineering in order to develop industrial processes. Knowledge of refractive 

index of multicomponent mixtures provides information regarding the 
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interactions in these mixtures 39-41, Prediction of refractive index of 

multicomponent liquid mixtures is essential for many physicochemical 

calculations, which include correlation of refractive index with density 42-44. 

Drug transport across biological cells and membranes is dependent on 

physicochemical properties of drugs. But direct study of the physico-chemical 

properties in physiological media such as blood, intracellular fluids is difficult to 

accomplish. One of the well-organized approaches is the study of molecular 

interactions in fluids by thermodynamic methods as thermodynamic parameters 

are convenient for interpreting intermolecular interactions in solution phase. 

Also the study of thermodynamic properties of drug in a suitable medium can be 

correlated to its theraptic effects 45, 46, 

These facts therefore prompted us to undertake the study of binary or 

ternary solvent systems with some polar, weakly polar and non-polar solvents as 

well as with some solutes. Furthermore, the excess properties derived from 

experimental density, viscosity, speeds of sound data, refractive index and 

subsequent interpretation of the nature and strength of intermolecular 

interactions help in testing and development of various theories of solution. 

1.3 Choice and Importance of Solvents and Solutes Used 

Alcohols, viz., isopropyl alcohol, 2-butanol, methyl alcohol, amyl alcohol, 

isoamy alcohol, ethane 1, 2-diol; alkoxyethanols, viz., 2-methoxyethanol, 2-

ethoxyethanol, 2-butoxyethanol; benzene and its derivatives, viz., anisole, 

chlorobenzene, nitrobenzene, toluene, acetophenone; 1,3 dioxolane, 

diethylether, tetrahydrofuran, carbontetrachloride, dichloromethane, methyl 

salicylate along with water were chosen as solvents for the research purpose. 

Menthol, sodium molybdate, sodium tungstate, catechol, 

phosphomolybdic acid, lithium acetate, sodium acetate, potassium acetate, 

tetraalkylammonium iodides, viz., tetrabutylammonium iodide, 

tetrapentylammoniumiodide, tetrahexylammoniumiodide, tetrahptylammonium 

iodide were considered as solutes. 

The study of these solvents and solutes is of great importance because of 

their wide use as solvents, solutes and solubilizing agents in many industries 

ranging from pharmaceutical to cosmetics. 
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Uses of some industrially important solvents which I have 
chosen during my course of research are as follows: 

Water, water is the most widely used solvent in the chemical and 

pharmaceutical industry, since it is the most phys iological and best tolerated 

excipient Water is a superb solvent, generally taken as the universal solvent, due 

to the marked pola rity of the water molecule and its tendency to form hydrogen 

bonds with other molecules. Life on earth totally depends on water. Not only a 

high percentage of living things, both plants and animals are found in water, all 

life on earth is thought to have ari sen from water and the bodies of all living 

organisms are composed la rgely of water. About 70 to 90 percent of all organic 

matte r is water. The chemical reactions in all plants and animals that support 

life take place in a water medium. Water not only provides the medium to make 

these life susta ining reactions possible, but water itself is often an important 

reactant or product of these reactions. In short, the chemistry of li fe is water 

chemistry. 

-
, .... 
••• 

w,.) r> 

: 

Water as a solvent 

2-Methoxyethanol or methyl cellosolve, is an organic compound that is 

used mainly as a solvent. It is used as a solvent for many di fferent purposes such 

as varnishes, dyes, and resins. It is also used as an additive in airplane deicing 

solutions and in the semiconductor lamina te circuit board manufacturing 

industries. 

2-Ethoxyethanol also known by the trademark Cellosolve or ethyl 

cellosolve, is a solvent used widely in commercial and industrial applications. 2-

10 



Scope and Objective of the Research 

ethoxyethanol has the useful property of being able to dissolve chemically 

diverse compounds. It dissolves oils, resins, grease, waxes, nitrocellulose, and 

lacquers. This is an ideal property as a multi-purpose cleaner and therefore 2-

ethoxyethanol is used in products such as varnish removers,degreasing solutions 

and as an additive in brake fluid. They are formulated for dying textiles and 

leathers and for insecticides and herbicides. 

2-Butoxyethanol is a solvent in paints and surface coatings, as well as 

cleaning products and inks. Other products that contain 2-butoxyethanol include 

acrylic resin formulations, asphalt release agents, firefighting foam, leather 

protectors, oil spill dispersants, bowling pin and lane degreaser, and 

photographic strip solutions. Other products containing 2-butoxyethanol as a 

primary ingredient include some whiteboard cleaners, liquid soaps, cosmetics, 

dry cleaning solutions, lacquers, varnishes, herbicides, and latex paints. 

Isoamyl Alcohol is a colorless liquid with pungent taste and disagreeable 

aroma. It is soluble in alcohol and ether but slightly soluble in water. It is used as 

a chemical intermediate and solvent, and in pharmaceutical products and 

medicines. Isoamyl alcohol is good solvent and diluent for printing inks, lacquers, 

gum, inhibitors and hydraulic fluids. Paraffin wax dissolves in the hot isoamyl 

alcohol.Various polar plastics and high molecular weight esters also employ 

isoamyl alcohol based solvent systems. 

1-Pentanol is an alcohol with five carbon atoms and the molecular 

formula CsH120. 1-Pentanol is a colorless liquid with an unpleasant aroma. There 

are 7 other structural isomers of pentanol (see amyl alcohol). The ester formed 

from butanoic acid and 1-pentanol, pentyl butyrate, smells like apricot The ester 

formed from acetic acid and 1-pentanol, amyl acetate (pentyl acetate), smells like 

banana. 

Diethyl ether also known simply as ether, is the organic compound with 

the formula (C2Hs)zO. It is a colorless and highly flammable liquid with a low 

boiling point and a characteristic odor. It is the most common member of a class 

of chemical compounds known generically as ethers. It is particularly important 
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as a solvent in the production of cellulose plastics such as cellulose acetate47. 

Diethyl ether has a high cetane number of 85 - 96 and is used as a starting fluid 

for diesel and gasoline engines, because of its high volatility and low auto ignition 

temperature. For the same reason it is also used as a component of the fuel 

mixture for carbureted compression ignition model engines. 

Methyl salicylate though its source plants are not true mints, is used as a 

mint in some kinds of chewing gum and candy, as an alternative to the more 

common peppermint and spearmint oils. It can also be found as a flavoring of 

root beer. Methyl salicylate is used as a rubefacient in deep heating liniments 

(such as Bengay ointment), and in small amounts as a flavoring agent at no more 

than 0.04%. It is also used to provide fragrance to various products and as an 

odor-masking agent for some organophosphate pesticides. 

Isopropyl alcohol is a solvent in pharmaceutical and paint industries. 

Like acetone, it dissolves a wide range of non-polar compounds. It is also 

relatively non-toxic and evaporates quickly. Thus it is used widely as a solvent 

and as a cleaning fluid, especially for dissolving lipophilic contaminants such as 

oil. Examples include cleaning electronic devices such as contact pins (like those 

on ROM cartridges), magnetic tape and disk heads (such as those in audio and 

video tape recorders and floppy disk drives), the lenses of lasers in optical disc 

drives (e.g. CD, DVD) and removing thermal paste from IC packages (such as 

CPUs.) Isopropyl alcohol solutions of 90-99% are optimal for preserving 

specimens, although concentrations as low as 70% can be used in emergencies. 

2-Butanol is used as a direct solvent and as an intermediate in the 

manufacture of other organic chemicals (2-butanone). It is used as Solvent for 

paints, coatings, varnishes, resins, gums, camphor, vegetable oils, dyes, fats, 

waxes, resins, shellac, rubbers, and alkaloids, alkyd resins, lacquers, enamels, 

paint removers, and adhesives .it is widely used in Manufacture of industrial 

cleanners, perfumes, dyes, wetting agents. 

Dichloromethane due to its volatility and ability to dissolve a wide range 

of organic compounds makes it a useful solvent for many chemical processes. 

12 



Scope and Objective of the Research 

Concerns about its health effects have led to a search for alternatives in many of 

these applications48. It is widely used as a paint stripper and a degreaser. In the 

food industry, it has been used to decaffeinate coffee and tea as well as to 

prepare extracts of hops and other flavorings. Its volatility has led to its use as an 

aerosol spray propellant and as a blowing agent for polyurethane foams. 

Dichloromethane chemically welds certain plastics, for example, it is used to seal 

the casing of electric meters. Often sold as a main component of plastic welding 

adhesives it is also used extensively in the model-making industry for join ing 

plastic components together- it is commonly referred to as "Di-do." 

-

Ethanol, turpentine, and ethyl acetate are useful solvents for matter that 

does not dissolve in water. 

1,3-Dioxolane is used as a Reaction solvent for pharmaceutical 

manufacturing. It finds application as Lithium battery electrolyte solvent 

component, as Replacement for many chlorinated solvents, Co-monomer for 

manufacture of polyacetals and other polymers, Stabilizer for halogenated 

organic solvents, Copolymerization agent with trioxane and formaldehyde 

for manufacturing polyacetal resins .It is also used as Paint stripper and 

Glue stabilizer. 

Acetophenone is ccommercially significant as it is used in production of 
-

resins by treatment with formaldehyde and base. The resulting polymers are 

conventionally described with the formula [(C6HsC(O)CH]x(CHz)x}n, resulting 

from aldol condensation. These materials are components of coatings and inks. 
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Modified acetophenone-formaldehyde resins are produced by the 

hydrogenation of the aforementioned ketone-containing resins. The resulting 

polyol can be further crosslinked with diisocyanates49. These modified resins 

are again found in coatings, inks, as well as adhesives. It is a raw material for 

the synthesis of some pharmaceuticalsso.sl Acetophenone is used to create 

fragrances that resemble almond, cherry, honeysuckle, jasmine, and 

strawberry. It is used in chewing gum. Being prochiral, acetophenone is also a 

popular test substrate for asymmetric transfer hydrogenation experiments. 

Acetophenone is also commonly used as a flavouring agent in many cherry 

flavoured sweets and drinks, as it costs far less and proves as satisfying to 

consumers this way. 

Ethylene glycol, approximately 60% of ethylene glycol is consumed for 

antifreeze, and the remainder is mainly used as a precursor to polymers. 

Because this material is cheaply available, it finds many niche applications 52 

.ethylene glycol to act as an intermediate in a wide range of reactions. 

Especially significant is resin formation, including the condensation with 

dimethyl terephthalate or terephthalic acid resulting in a polyester resin. It is 

used for Water-based formulations (adhesives, latex paints, asphalt emulsions), 

Rubber Manufacture as Rubber Softener. The major use of ethylene glycol is as 

a medium for convective heat transfer in, for example, automobiles and liquid 

cooled computers. 

Carbon tetrachloride was formerly used for metal degreasing and as a 

dry-cleaning fluid, fabricspotting fluid, fire-extinguisher fluid, grain fumigant and 

reaction medium (DeShon, 1979). Carbon tetrachloride is used as a solvent for 

the recovery of tin in tin-plating waste and in the manufacture of 

semiconductors. It is used in petrol additives, refrigerants, metal degreasing, and 

as a catalyst in the production of polyiners. Carbon tetrachloride is also used as a 

chemical intermediate in the production of fluorocarbons and some pesticides 

(HSDB, 1995). It finds application in Pharmaceuticals and Rubber industries. 

Nitrobenzene, one of the major uses for nitrobenzene is for the 

production of aniline, which is a chemical intermediate used during the 

manufacture of polyurethane. Nitrobenzene is also used industrially in the 
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manufacture of some pharmaceuticals, dyes and rubbers, as a constituent in 

some polishes and paint solvents and as a solvent in the refining of petroleum. 

More specialized applications include the use of nitrob~nzene as a 

precursor to rubber chemicals, pesticides, dyes, explosives, and pharmaceuticals. 

Nitrobenzene is also used in shoe and floor polishes, leather dressings, paint 

solvents, and other materials to mask unpleasant odors. Redistilled, as oil of 

mirbane, nitrobenzene has been used as an inexpensive perfume for soaps. A 

significant merchant market for nitrobenzene is its use in the production of the 

analgesic paracetamol . 

Uses of some solutes which I have chosen during my course of 
research are as follows: 

Sodium molybdate, NazMo04, is useful as a source of molybdenum. 53 It is 

often found as the dihydrate, NazMo04·2HzO. The agriculture industry uses one 

million pounds per year as a fertilizer. In particular, its use has been suggested 

for treatment of whiptail in broccoli and cauliflower in molybdenum-deficient 

soiJsS4,ss. However, care must be taken because at a level of 0.3 ppm sodium 

molybdate can cause copper deficiencies in animals, particularly cattle. It is used 

in industry for corrosion inhibition, as it is a non-oxidizing anodic inhibitor. The 

addition of sodium molybdate significantly reduces the nitrite requirement of 

fluids inhibited with nitrite-amine, and improves the corrosion protection of 

carboxylate salt fluids56. 

Sodium tungstate, NazW04, a tungstate of sodium, is useful as a source of 

tungsten. It is prepared from tungsten ores used to manufacture tungsten by 

reducing it. It is often found as the dihydrate, NazW04·ZHzO. This salt is soluble 

in water and is a moderately strong oxidizing agent, but finds no common use in 

the chemistry laboratory. Like the molybdate, the deep-coloured complex 

tungstate (VI, V) is formed on reducing the compound with a very mild reducing 

agent, such as complex organic compounds. It is also thought to be a possible 

inhibitor of protein-tyrosine phosphatase (PTPase). It is also sometimes used as 

a fireproofing agent. 
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Catechol is used mainly as a precursor to pesticides, flavors and 

fragrances. It is also consumed in the production of pesticides, the remainder 

being used as a precursor to fine chemicals such as perfumes and 

pharmaceuticals. 

Phosphomolybdic acid, also known as dodeca molybdophosphoric acid 

or PMA is a component of Masson's trichrome stain. It is a yellow-green 

compound, freely soluble in water and polar organic solvents such as ethanol. It 

is used as a reagent in thin layer chromatography for staining phenolics, 

hydrocarbon waxes, alkaloids and steroids. It is also used as stabilizer for 

hydrogen peroxide. 

Oxalic acid finds its application in cleaning or bleaching, especially for 

the removal of rust, e.g. Bar Keepers Friend is an example of a household cleaner 

containing oxalic acid. About 25% of produced oxalic acid is used as a mordant in 

dyeing processes. It is used in bleaches, especially for pulpwood.s1 Used as 

purifying agent in pharmaceutical industry. Crystals of oxalic acid rub bed onto 

wooden beams and floors removes unsightly stains caused by age, exterior 

exposure or rust easily. It is not only wood that oxalic acid works wonders on. It 

can also be used to treat, polish and repair other materials such as stone, marble 

and stainless steel. 

Menthol is an organic compound made synthetically or obtained from 

peppermint or other mint oils. It is a waxy, crystalline substance, clear or white 

in color, which is solid at room temperature and melts slightly above. In non

prescription products for short-term relief of minor sore throat and minor 

mouth or throat irritation. It also find use as an additive in certain cigarette 

brands, for flavor, to reduce the throat and sinus irritation caused by smoking. In 

certain medications used to treat sunburns, as it provides a cooling sensation 

(then often associated with aloe). 

Potassium acetate can be used as a deicer instead of chloride salts such 

as calcium chloride or magnesium chloride. It offers the advantage of being Jess 

aggressive on soils and much Jess corrosive, and for this reason is preferred for 

16 



Scope and Objective of the Research 

airport runways. It is, however, more expensive. Potassium acetate is also the 

extinguishing agent used in class K fire extinguishers because of its ability to cool 

and form a crust over burning oils. In medicine, potassium acetate is used as part 

of replacement protocols in the treatment of diabetic ketoacidosis because of its 

ability to break down into bicarbonate and help neutralize the acidotic state. 

Lithium acetate is used in the laboratory as buffer for gel electrophoresis 

of DNA and RNA It has a lower electrical conductivity and can be run at higher 

speeds than can gels made from TAE buffer (S-30V fern as compared to 5-

lOV /em). At a given voltage, the heat generation and thus the gel temperature is 

much lower than with TAE buffers, therefore the voltage can be increased to 

speed up electrophoresis so that a gel run takes only a fraction of the usual time. 

Downstream applications, such as isolation of DNA from a gel slice or Southern 

blot analysis, work as expected when using lithium acetate gels. 

Sodium acetate is used in the textile industry to neutralize sulfuric acid 

waste streams, and as a photoresist while using aniline dyes. It is also a pickling 

agent in chrome tanning, and it helps to retard vulcanization of chloroprene in 

synthetic rubber production. 

1.4 Methods of Investigation 

The existence of free ions, solvated ions, ion-pairs and triple-ions in aqueous and 

non-aqueous media depends upon the concentrations of the solvent systems. 

Hence, the study of various interactions and equilibrium of ions in different 

concentration regions are of immense importance to the technologist and 

theoretician as most of the chemical processes occurs in these systems. 

It is of interest to employ different experimental techniques to get a better 

insight into the phenomena of solvation and different interactions prevailing in 

solution. We have, therefore, employed five important methods, namely, 

densitometry, viscometric, conductometric, ultrasonic interferometer and 

refractometric to probe the problem of solvation phenomena. 

?._3 t:t ~ ~b 

t ~ M y LU IL 
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Thermodynamic properties, like partial molar volumes obtained from 

density measurements, are generally convenient parameters for interpreting 

solute-solvent and solute-solute interactions in solution. The compressibility, a 

second derivative to Gibbs energy, is also a sensitive indicator of molecular 

interactions and can provide useful information in such cases where partial 

molar volume data alone cannot provide an unequivocal interpretation of these 

interactions. 

The change in viscosity by the addition of electrolyte solutions is 

attributed to interionic and ion-solvent effects. The B-coefficients are also 

separated into ionic components by the 'reference electrolyte' method and from 

the temperature dependence of ionic values, a satisfactory interpretation of ion

solvent interactions such as the effects of solvation, structure-breaking or 

structure-making, polarization, etc. may be given. 

The transport p roperties in most cases are studied using the conductance 

data, especially the conductance at infinite dilution. Conductance data obtained 

as a function of concentration can be used to study the ion-association with the 

help of appropriate equations. 

1.5 Summary of the Works Done 

Chapter I 

This chapter contains the object and applications of the research work, the 

reasons for choosing the main solvents and solutes and methods of investigation. 

This also includes a summary of the works associated with the thesis. 

Chapter II 

This chapter contains the general introduction of the thesis and forms a 

background of the works embodied in the thesis. A brief review of notable works 

on the behavior of viscous synergy and antagonism, ion-ion, ion-solvent and 

solvent-solvent interaction has been made. Also an attempt has been made to 

define these interactions. Various derived parameters dependent on density, 

viscosity, ultrasonic speed of sound, refractive indices and conductance along 

with their importance in solution chemistry has been discussed. Several semi-
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empirical models to estimate dynamic viscosity of binary liquid mixtures have 

been discussed. Ionic association and its dependence on ion-size parameters as 

well as relation between solution viscosity and limiting conductance of an ion 

has been discussed using Stokes' law and Walden rule. Critical evaluations of 

different methods employed frequently for obtaining the single ion values 

(viscosity B-coefficient and limiting equivalent conductance) and their 

implications have been discussed. 

Chapter III 

This chapter contains the experimental section mainly involving the source and 

purification of the solvents and solutes used and the details of the experimental 

methods employed for measurement of the thermodynamic, transport, refractive 

indices and acoustic properties. 

Chapter IV 

In this chapter Densities and viscosities were measured for the binary mixtures 

of iso-amyl alcohol with 2-methoxyethanol, 2-ethoxyethanol and 2-

butoxyethanol over the entire range of composition at 303.15, 313.15 and 

323.15K and ultrasonic speeds and refractive indices at 303.15K. From the 

experimental values of density, viscosity, ultrasonic speed and refractive index 

the values of excess molar volume (VE), viscosity deviations (ll.IJ), deviations in 

isentropic compressibility (ll.Ks) and excess molar refraction (ll.R) have been 

calculated. The excess or deviation properties were found to be either negative 

or positive depending on the molecular interactions and the nature of liquid 

mixtures. 

ChapterV 

This chapter presents a study of the excess molar volume (VE), viscosity 

deviation (ll.l]), deviation in isentropic compressibility (ll.Ks) and excess molar 

refraction (ll.R) have been investigated from the experimentally measured 

densities, viscosities, sound speeds and refractive indices for three binary 

mixtures of 1,3 dioxolane (1) and diethylether (2), diethylether (2) and n-n-amyi 

alcohol (3) and 1,3 dioxolane (1) and n-amylalcohol (3) and their corresponding 

19 



Scope and Objective of the Research 

ternary mixtures at 298.15 K. The calculated quantities are further fitted to the 

Redlich-Kister equation to estimate the binary fitting parameters and standard 

deviations from the regression lines.The excess or deviation properties were 

found to be either negative or positive depending on the molecular interactions 

and the nature ofliquid mixtures. 

Chapter VI 

This chapter presents a study of molar conductance of some alkali metal 

acetates, viz., lithium acetate, sodium acetate and potassium acetate has been 

studied in aqueous 2-butanol solutions with an alcohol mass fraction ( w2 ) of 

0.70, 0.80 and 0.90 at 298.15, 303.15 and 308.15 K. The conductance data were 

analyzed with the Fuoss conductance-concentration equation to evaluate the 

limiting molar conductances (A,), association constants ( K A.J and cosphere 

diameter (R) for ion-pair formation. Gibbs energy (b.G0
), enthalpy (b.H0

) and 

entropy ( b.S0
) for ion-association reaction were derived from the temperature 

dependence of KA,,. The activation energy of the ionic movement (b.H#) was also 

derived from the temperature dependence of A,. Based on the composition 

dependence of Walden products (.11,170 ) and different thermodynamic properties, 

the influence of the mixed solvent composition on ion-association and solvation 

behaviour of ions were discussed in terms of ion-solvent, ion-ion interactions 

and the structural changes in the mixed solvent media. 

Chapter VII 

This chapter quantifies the Precise measurements on electrical conductances of 

tetraalkylammonium iodides, R4Nl (R = butyl to heptyl) in different mass% (20-

80) of carbon tetrachloride + nitrobenzene at 298.15 K have been performed. 

Limiting molar conductances (A,), association constants ( KA) and co-sphere 

diameter (R) for ion-pair formation in the mixed solvent mixtures have been 

evaluated using the Lee-Wheaton conductivity equation. However, the deviation 

of the conductometric curves (Aversusy'C) from linearity for the electrolytes in 
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80 mass% of carbon tetrachloride + nitrobenzene indicated triple ion formation 

and therefore corresponding conductance data have been analyzed by the Fuoss

Kraus theory of triple ions. Limiting ionic molar conductances (;il,~) have been 

calculated by the reference electrolyte method along with a numerical evaluation 

of ion-pair and triple-ion formation constants ( Kp F:J KA and Kr ); the results have 

been discussed in terms of solvent properties, configurational theory and 

molecular scale model. 

Chapter VIII 

This chapter presents a study of the excess molar volume (V8 ), viscosity 

deviation ( .171 ), deviation in isentropic compressibility ( M 5), excess molar 

refraction (~R) and excess Gibbs free energy of activation (AGE) of viscous flow 

have been investigated from the experimentally measured densities, viscosities, 

sound speeds and refractive indices for three binary mixtures of acetophenone + 

amyl alcohol, acetophenone + dichloromethane and amyl alcohol + 

dichloromethane and their corresponding ternary mixtures at 298.15K over the 

entire composition range. The calculated quantities are further fitted to the 

Redlich-Kister equation to estimate the binary fitting parameters and root mean 

square deviations from the regression lines. These excess properties have been 

used to discuss the presence of significant interactions between the component 

molecules in the binary and ternary mixtures. The excess or deviation properties 

were found to be either negative or positive depending on the molecular 

interactions and the nature of liquid mixtures and have been discussed in terms 

of molecular interactions and structural changes. 

CHAPTER IX 

This chapter presents a study of the excess molar volume (V2 ), viscosity 

deviation ( ill1 ), deviation in isentropic compressibility ( dKs), excess molar 

refraction (~R) and excess Gibbs free energy of activation (AGE) of viscous flow 

have been investigated from the experimentally measured densities, viscosities, 

sound speeds and refractive indices for three binary mixtures of isoamyl alcohol 

with with 2-methoxy ethanol (2-M.E), 2-ethoxy ethanol (2-E.E) and 2-butoxy 

ethanol (2-B.E) over the entire range of composition at 303.15, 313.15, and 
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323.15K. The calculated quantities are further fitted to the Redlich-Kister 

equation to estimate the binary fitting parameters and root mean square 

deviations from the regression lines. These excess properties have been used to 

discuss the presence of significant interactions betWeen the component 

molecules in the binary mixtures. The excess or deviation properties were found 

to be either negative or positive depending on the molecular interactions and the 

nature of liquid mixtures and have been discussed in terms of molecular 

interactions and structural changes. 

CHAPTER X 

In this chapter Apparent molar volume ( (4,) and viscosity B-coefficients were 

estimated for sodium molybdate and sodium tungstate in aqueous binary 

mixture of ethane-1, 2-diol from measured solution density (P) and viscosity (1'.1) 

at 298.15, 308.15 and 318.15K at various electrolyte concentrations. The 

experimental density data were evaluated by Masson equation and the derived 

data were interpreted in terms of ion-solvent and ion-ion interactions. The 

viscosity data has been analyzed using Jones -Dole equation and the derived 

parameters, B and A, have also been interpreted in terms of ion-solvent and ion

ion interactions respectively. The structure-making or breaking capacity of the 

electrolyte under investigation has been discussed in terms of sign of (o¢~ /ll T )P 

Chapter XI 

In this chapter an attempt has been made to reveal the nature of various types of 

interactions prevailing in solution of phosphomolybdic acid in aqueous catechol 

from solution density (p) and viscosity (11) at 298.15, 308.15 and 318.15K at 

various solute concentrations. The experimental density data were evaluated by 

Masson equation and the derived data were interpreted in terms of ion-solvent 

and ion-ion interactions. The viscosity data have been analyzed using Jones-Dole 

equation and the derived parameters, B and A, have been interpreted in terms of 

ion-solvent and ion-ion interactions respectively. The structure-making or 

breaking capacity of the solute under investigation has been discussed in terms 
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of sign of (o¢~/oT)P. The activation parameters of viscous flow were 

determined and discussed by application of transition state theory. 

ChapterXll 

The thesis ends with some concluding remarks in this chapter. 
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CHAPTER- II 

General Introduction (Review of the Earlier Works) 

2.1 Importance of Solution Chemistry 

Solution chemistry is an important branch of physical chemistry that 

studies the change in properties that arise when one substance dissolves in 

another substance. It investigates the solubility of substances and how it is 

affected by the chemical nature of both the solute and the solvent The mixing of 

different solute or solvent with another solvent/solvent mixtures gives rise to 

solutions that generally do not behave ideally. This deviation from ideality is 

expressed in terms of many thermodynamic parameters, by excess properties in 

case of liquid-liquid mixtures and apparent molar properties in case of solid

liquid mixtures. These thermodynamic properties of solvent mixtures 

corresponds to the difference between the actual property and the property if 

the system behves ideally and thus are useful in the study of molecular 

interactions and arraangements. In particular, they reflect the interaction that 

take place between solute-solute, solute-solvent and solvent-solvent species. 

However, the exact structure of the solvent molecule is not known with 

certainity. The addition of an ion or solute modifies the solvent structure to an 

extent whereas the solute molecules are also modified. The extent of ion

solvation is dependent upon the interactions taking place between solute-solute, 

solute-solvent, solvent-solvent species. The assesment of ion-pairing in these 

systems is important because of its effect on the ionic mobility and hence on the 

ionic conductivity of the ions in solution. These phenomenon thus paves the path 

for research in solution chemistry to elucidate the nature of interaction through 

experimental studies involving densitometry, viscometry, interferrometry, 

refractometry and other suitable methods and to interpret the experimental data 

collected. Complete understanding of the phenomena of solution chemistry will 

become a reality only when solute-solute, solute-solvent and solvent-solvent 

interactions are elucidated and thus the present research work is intimately 
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related to the studies of solute-solute, and solvent-solvent interactions in some 

industrially important liquid systems. 

2.1.1. Forces Binding Atoms in a Molecule 

In a molecule the forces binding atoms are due to chemical bonding. The 

energy required to break a bond is called the bond-energy. For example the 

average bond-energy for 0-H bonds in water is 463kJ/mol. The forces holding 

molecules together are generally called intermolecular forces. The energy 

required to break molecules apart is much smaller than a typical bond-energy, 

but intermolecular forces play important roles in determining the properties of a 

substances. Intermolecular forces are particularly important in terms how 

molecules interact and form biological organisms or even life. This link gives an 

excellent introduction to the interactions between molecules. 

In general, intermolecular forces can be divided into several categories. The 

prominent types are: 

a. Strong ionic attraction: It has relations to properties of solids. The more 

ionic compound has the higher lattice energy. The following result can be 

explained by way of ionic attraction: LiF, 1036; Lil, 737; KF, 821; MgF2, 2957 

kJfmol. 

b. Intermediate dipole-dipole forces: Substances, whose molecules have 

dipole moment have higher melting point or boiling point than those of similar 

molecular mass, having no dipole moment. 

c. Weak London dispersion forces or van der Waal's force: These forces 

always operate in any substance. The force arisen from induced dipole and the 

interaction is weaker than the dipole-dipole interaction. In general, the heavier 

the molecule, the stronger the van der Waal's force of interaction. For example, 

the boiling points of inert gases increase as their atomic masses increases due to 

stronger Landon dispersion interactions. 
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d. Hydrogen bond: Hydrogen bond is the attractive interaction of a hydrogen 

atom with an electronegative atom, such as nitrogen, oxygen or fluorine (thus the 

name "hydrogen bond," which should not be confused with a covalent bond to 

hydrogen). The hydrogen must be covalently bonded to another electronegative 

atom to create the bond. These bonds can occur between molecules 

(intermo/ecularly), or within different parts of a single molecule 

(intramolecularly). The hydrogen bond (5 to 30 kJ/mole) is stronger than a van 

der Waals interaction, but weaker than covalent or ionic bonds. This type of 

bond occurs in both inorganic molecules such as water and organic molecules 

such as DNA. 

Certain substances such as H20, HF, NH3 form hydrogen bonds, and the 

formation of which affects properties (m.p, b.p, solubility) of substance. Other 

compounds containing OH and NH2 groups also form hydrogen bonds. Molecules 

of many organic compounds such as alcohols, acids, amines, and amino acids 

contain these groups, and thus hydrogen bonding plays an important role in 

biological science. 

Intermolecular hydrogen bonding in a self-assembled dimer complex 

e. Covalent bonding: Covalent is really intramolecular force rather than 

intermolecular force. It is mentioned here, because some solids are formed due 

to covalent bonding. For example, in diamond, silicon, quartz etc., the all atoms in 

the entire crystal are linked together by covalent bonding. These solids are hard, 

brittle, and have high melting points. Covalent bonding holds atoms tighter than 

ionic attraction. 
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f. Metallic bonding: Forces between atoms in metallic solids belong to 

another category. Valence electrons in metals are rampant They are not 

restricted to certain atoms or bonds. Rather they run free ly in the entire solid, 

providing good conductivity for heat and electric energy. These behaviours of 

electrons give special properties such as ductility and mechanical strength to 

metals. 

The division into types is for convenience in their discussion. Of course all 

types can be present simultaneously for many substances. Us ually, 

intermolecular forces are discussed together with "The States of Matter". 

Intermolecular forces also play important roles in solutions. A summary of the 

interactions is illustrated in the following diagram: 
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The majority of reactions occurring in solutions are of chemical or 

biological in nature. It was presumed earlier that the solvent only provides an 

inert medium for chemical reactions. The significance of ion-solvent interactions 

was realized after intensive studies in aqueous, non-aqueous and mixed 

solvents 1·2. Intermolecular forces are also important in determining the 

solubility of a substance. "Like" intermolecular forces for solute and solvent will 

make the solute soluble in the solvent. In this regard ~Hsoln is sometimes 

negative and sometimes positive. Furthermore, solubility is affected by (a) 

Energy of attraction (due Ion-dipole force) affects the solubility. (b) Lattice 

energy (energy holding the ions together in the lattice. (c) Charge on ions: larger 

charge means higher lattice energy and (d) Size of the ion: large ions mean 

smaller lattice energy. 

2.2 Various Types of Interactions: 

There are three types of interactions in the solution process: 

a. Solvent - solvent interactions: energy required to break weak bonds 

between solvent molecules. 
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b. Solute - solute interactions: energy required to break intermolecular bonds 

between the solute molecules. 

c. Solute - solvent interactions: L1H is negative since bonds are formed 

between them. 

lsi tl + lsoi I ... I Sai ni 
Solvent - solvent Solute - solute Solute - solvent 

For liquid systems, the macroscopic properties are usually quite well 

known, whereas the microscopic structure is often much less studied. The liquid 

phase is characterized by local order and long-range disorder, and to study 

processes in liquids, it is therefore valuable to use methods that probe the local 

surrounding of the constituent particles. The same is also true for solvation 

processes: a local probe is important to obtain insight into the physical and 

chemical processes going on. 

2.2.1. Investigation on different kinds of Interactions: 

When salt is dissolved in water, the ions of the salt dissociate from each 

other and associate with the dipole of the water molecules. This results in a 

solution called an electrolyte. 

Water 
molecules El Chloride ion (CI-) 

~·Ei Ej s_odium ion (Na+) 

ci~ {j 
8:> • . 

~ 

Undissolved sodium chloride 
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This means that the forces can be attractive or repulsive depending on 

whether like or unlike charges are closer together. On average, dipoles in a liquid 

orient themselves to form attractive interactions with their neighbours, but 

thermal motion makes some instantaneous configurations unfavourable. 

Na+ and c 1· ,ions 
in the solid slate 

Heat of Solution 
Hs.otn = 4 kJ/ mol 

+ Na + and C l ions 

Hydrated N a+ and Cr ions 

Therefore, if a salt crystal is put in water, the polar water molecules are 

attracted to ions on the crystal surfaces. The water molecules gradually surround 

and isolate the surface ions. The ions become hydrated. They gradually move 

away from the crystal into solution. This separation of ions from each other is 

called dissociation. The surrounding of solute particles by solvent particles is 

called solvation. When the ions are dissociated, each ionic species in the solution 

acts as though it were present alone. Thus, a solution of sodium chloride acts as a 

solution of sodium ions and chloride ions. 

The determination of thermodynamic, transport, acoustic and optical 

properties of differen t electrolytes in various solvents would thus provide an 

important step in this direction. Naturally, in the development of theories, 

dealing with electrolyte solutions, much attention has been devoted to ion· 

solvent interactions which are the controlling forces in infinitely dilute solutions 

where ion-ion interactions are absent. It is possible by separating these functions 

into ionic contributions to determine the contributions due to cations and anions 
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in the solute-solvent interactions. Thus ion-solvent interactions play a very 

important role to understand the physico-chemical properties of solutions. 

One of the causes for the intricacies in solution chemistry is that the 

structure of the solvent molecule is not known with certainty. The introduction 

of a solute also modifies the solvent structure to an uncertain magnitude 

whereas the solute molecule is also modified and the interplay of forces like 

solute-solute, solute-solvent and solvent-solvent interactions become 

predominant though the isolated picture of any of the forces is still not known 

completely to the solution chemist. 

The problems of ion-solvent interactions which are closely akin to ionic 

salvations can be studied from different angles using almost all the available 

physico-chemical techniques. 

The ion-solvent interactions can also be studied from the thermodynamic 

point of view where the changes of free energy, enthalpy and entropy, etc. 

associated With a particular reaction can be qualitatively and quantitatively 

evaluated using various physico-chemical techniques from which conclusions 

regarding the factors associated with the ion-solvent interactions can be worked 

out. 

Similarly, the ion-solvent interactions can be studied using salvational 

approaches involving the studies of different properties such as, density, 

viscosity, ultrasonic speed, refractive index and conductance of electrolytes 

and various derived factors associated with ionic solvation. 

We shall particularly dwell upon the different aspects of these 

thermodynamic, transport, acoustic and optical properties as the present 

research work is intimately related to the studies of ion-ion, ion-solvent and 

solvent-solvent interactions. 

2.2.2. Ion-Solvent Interaction 

Ion solvation is a phenomenon of primary interest in many contexts of · 

chemistry because solvated ions are omnipresent on Earth. Hydrated ions occur 

in aqueous solution in many chemical and biological systems 3• Solvated ions 

appear in high concentrations in living organisms, where their presence or 

absence can fundamentally alter the functions of life. Ions solvated in organic 
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solvents or mixtures of water and organic solvents are also very common 4, The 

exchange of solvent molecules around ions in solutions is fundamental to the 

understanding ofthe reactivity of ions in solution 5• Solvated ions also play a key 

role in electrochemical applications, where for instance the conductivity of 

electrolytes depends on ion-solvent interactions 6, 

The formation of mobile ions in solution is a basic aspect to 

electrochemistry. There are two distinct ways that mobile ions form in solution 

to create ionically conducting phases. The first one is illustrated for aqueous 

acetic acid below. 

The chemical method of producing ionic solutions 

The second one involves dissociation of a solid lattice of ions such as the 

lattice of sodium chloride. In the ion formation, the solvent colliding with the 

walls of the crystal gives the ions in the crystal lattice a better deal energetically 

than they have within the lattice. It entices them out and into the solution. Thus 

there is a considerable energy of interaction between the ions and the solvent 

molecules. These interactions are collectively termed as ion- solvent interactions. 

Ions orient dipoles. The spherically symmetrical electric field of the ion 

may tear solvent dipoles out of the solvent lattice and orient them with 

appropriate charged end toward the central ion. Thus, viewing the ion as a point 

charge and the solvent molecules as electric dipoles, ion-dipole forces become 

the principal source of ion-solvent interactions. The majority of reactions 

occurring in solutions are chemical or biological in nature. It was presumed 

earlier that the solvent only provides an inert medium for chemical reactions. 

The significance of ion-solvent interactions was realized after extensive studies 

in aqueous, non-aqueous and mixed solvents 7-16, 
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Hydrated u+ 

Hydrated a-

Dissolution of an ionic crystal by the action of a solvent 

Most chemical processes of individual and biological importance occur in 

solution. The role of solvent is so great that million fold rate changes take place 

in some reactions simply by changing the reaction medium. Our bodies contain 

65 to 70 % water, which acts as a lubricant, as an aid to digestion and more 

specifically as a stabilizing factor to the double helix conformations of DNA. With 

the exceptions of heterogeneous catalytic reactions most reactions in technical 

importance occur in solutions. In addition, molecules not only have to travel 

through a solvent to their reaction partner before reacting, but also need to 

present a sufficiently unsolvated rate for collision. The solvent governs the 

movement and energy of the reacting species to such an extent that a reaction 

suffers a several-million fold change in rate when the solvent is changed. As 

water is the most abundant solvent in nature and its major importance to 

chemistry, biology, agriculture, geology, etc., water has been extensively used in 

kinetic and equilibrium studies. But still our knowledge of molecular interactions 

in water is extremely limited. 

Moreover, the uniqueness of water as a solvent has been questioned 17, 1s 

and it has been realized that the studies of other solvent media like non aqueous 

and mixed solvents would be of great help in understanding different molecular 

interactions and a host of complicated phenomena. The organic solvents have 

been classified on the basis of dielectric constants, organic group types, acid base 

properties or association through hydrogen bonding 16 donor-acceptor 
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properties 19• 20 hard and soft acid-base principles 21 etc. As a result, the different 

solvents show a wide divergence of properties ultimately influencing their 

thermodynamic, transport and acoustic properties in presence of electrolytes 

and non electrolytes in these solvents. The determination of thermodynamic, 

transport and acoustic properties of different electrolytes or non electrolytes in 

various solvents would thus provide important information in this direction. 

Henceforth, in the development of theories of electrolytic solutions, much 

attention has been devoted to the controlling forces-'ion-solvent interactions' in 

infinitely dilute solutions wherein ion-ion interactions are almost absent. By 

separating these functions into ionic contributions, it is possible to determine the 

contributions due to cations and anions in the solute-solvent interactions. Thus 

ion-solvent interactions play a key role to understand the physico-chemical 

properties of solutions. One of the causes for the intricacies in solution chemistry 

is the uncertainty about the structure of the solvent molecules in solution. The 

introduction of a solute modifies the solvent structure to an uncertain 

magnitude, the solvent molecule and the interplay of forces like solute-solute, 

solute-solvent also modify the solute molecule and solvent-solvent interactions 

become predominant, though the isolated picture of any of the forces is still not 

known completely to the solution chemist. Ion-solvent interactions can be 

studied by spectrometry 22. 23• The spectral solvent shifts or the chemicaJ·shifts 

can determine the qualitative and quantitative nature of ion-solvent interactions. 

But even qualitative or quantitative apportioning of the ion-solvent interactions 

into the various possible factors is still an uphill task It is thus apparent that the 

real understanding of the ion-solvent interaction is a difficult task. The aspect 

embraces a wide range of topics but we concentrated only on the measurement 

of transport properties like viscosity, conductance etc. and such thermodynamic 

properties as apparent and partial molar volumes and apparent molal adiabatic 

compressibility. 

2.2.3. Ion-Ion Interaction 

Ion-solvent interactions are only a part of the story of an ion related to its 

environment. The surrounding of an ion sees not only solvent molecules but also 

other ions. The mutual interactions between these ions constitute the essential 
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part- 'ion-ion interactions'. The degree of ion-ion interactions affects the 

properties of solution and depends on the nature of electrolyte under 

investigation. Ion-ion interactions, in general, are stronger than ion-solvent 

interactions. Jon-ion interaction in dilute electrolytic solutions is now 

theoretically well understood, but ion-solvent interactions or ion-solvation still 

remains a complex process. While proton transfer reactions are particularly 

sensitive to the nature of the solvent, it has become cleared that the solvents 

significantly modify the majority of the solutes. Conversely, the nature of the 

strongly structured solvents, such as water, is substantially modified by the 

presence of solutes. Complete understanding of the phenomena of solution 

chemistry will become a reality only when solute-solute, solute-solvent and 

solvent-solvent interactions are elucidated and thus the present dissertation is 

intimately related to the studies of solute-solute, solute-solvent and solvent

solvent interactions in some solvent media. 

2.2.4. Solvent-solvent interaction (Theory of Mixed Solvents) 

As the mixed and non-aqueous solvents are increasingly used in 

chromatography, solvent extraction, in the elucidation of reaction mechanism, in 

preparing high density batteries, etc. a number of molecular theories, based on 

either the radial distribution function or the choice of suitable physical model, 

have been developed for mixed solvents. Theories of perturbation type have 

been extended from their successful applicability in pure solvents to mixed 

solvents. L. Jones and Devonshire 24 were first to evaluate the thermodynamic 

functions for a single fluid in terms of interchange energy parameters. They used 

"Free volume" or "Cell model". Prigogine and Garikian 25 extended the above 

approach to solvent mixtures. Random mixing of solvents was their main 

assumption provided the molecules have similar sizes. Prigogine and Bellemans 

26 developed a two fluid version of the cell model. They found that while excess 

molar volume (VB) was negative for mixtures with molecules of almost same size, 

it was large positive for mixtures with molecules having small difference in their 

molecular sizes. Treszczanowicz et a/. 27 suggested that VE is the result of several 

contributions from several opposing effects. These may be divided arbitrarily 

into three types, viz., physical, chemical and structural. 
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Physical contributions contribute a positive term to VE. The chemical or 

specific intermolecular interactions result in a volume decrease and contribute 

negative values to VE. The structural contributions are mostly negative and a rise 

from several effects, especially from interstitial accommodation and changes in 

the free volume. The actual volume change would therefore depend on the 

relative strength of these effects. However, it is generally assumed that when VE 

is negative, viscosity deviation· (~'7) may be positive and vise-versa. This 

assumption is not a concrete one, as evident from some studies 28-29. It is 

observed in many systems that there is no simple correlation between the 

strength of interaction and the observed properties. Rastogi et aJ.30 therefore 

suggested that the observed excess property is a combination of an interaction 

and non-interaction part. The non-interaction part in the form of size effect can 

be comparable to the interaction part and may be sufficient to reverse the trend 

set by the latter. Based on the principle of corresponding states as suggested by 

Pitzer 31, L. Huggins 32 introduced a new approach in his theory of conformal 

solutions. Using a simple perturbation approach, he showed that the properties 

of mixtures could be obtained from the knowledge of intermolecular forces and 

thermodynamic properties of the pure components. 

Recently, Rawlinson eta/. 33-35 reformulated the average rules for Vander 

Waal's mixtures and their calculated values were in much better agreement with 

the experimental values even when one fluid theory was applied. The more 

recent independent effort is the perturbation theory of Baker and Henderson 36• 

A more successful approach is due to Flory who made the use of certain features 

of cell theory 37-39 and developed a sta tistical theory for predicting the excess 

properties of binary mixtures by using the equation of state and the properties of 

pure components along with some adjustable parameters. This theory is 
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applicable to mixtures containing components with molecules of different shapes 

and sizes. Patterson and Dilamas 40 combined both Prigogine and Flory theories 

to a unified one for rationalizing various contributions of free volume, internal 

pressure, etc. to the excess thermodynamic properties. Recently, Heintz 41-43 and 

coworkers suggested a theoretical model based on a statistical mechanical 

derivation and accounts for self-association and cross association in hydrogen 

bonded solvent mixtures is termed as Extended Real Associated Solution model 

(ERAS). It combines the effect of association with non-associative intermolecular 

interaction occurring in solvent mixtures based on equation of state developed 

originally by Flory et a/.37-39• Subsequently the ERAS model has been successfully 

applied by many workers 44-46 to describe the excess thermodynamic properties 

of alkanol-amine mixtures. Recently, a new symmetrical reformation on the 

Extended Real Association (ERAS) model has been described in the literature 47. 

The symmetrical-ERAS (S-ERAS) model makes it possible to describe excess 

molar enthalpies and excess molar volumes of binary mixtures containing very 

similar compounds described by extremely small mixing functions. The 

symmetrical Extended Real Associated Solution Model (S-ERAS) is, in fact, a 

simple continuation of the ERAS model. It was developed in order to widen its 

applicability to the thermodynamic properties of systems that could not be 

satisfactorily described by the equations of the ERAS model 47. 48. Gepert et al. 49 

applied this model for studying some binary systems containing alcohols. 

2.3. Density 

The physicochemical properties of liquid mixtures have attracted much 

attention from both theoretical and engineering applications points of view. 

Many engineering applications require quantitative data on the density of liquid 

mixtures. They also provide information about the nature and molecular 

interactions between liquid mixture components. 

The volumetric information includes 'Density' as a function of weight, 

volume and mole fraction and excess volumes of mixing. One of the well

recognized approaches to the study of molecular interactions in fluids is the use 

of thermodynamic methods. Thermodynamic properties are generally 

convenient parameters for interpreting solute-solvent and solute-solute 
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interactions in the solution phase. Fundamental properties such as enthalpy, 

entropy and Gibbs energy represent the macroscopic state of the system as an 

average of numerous microscopic states at a given temperature and pressure. An 

interpretation of these macroscopic properties in terms of molecular phenomena 

is generally difficult. Sometimes higher derivatives of these properties can be 

interpreted more effectively in terms of molecular interactions. The volumetric 

information may be of immense importance in this regard. Various concepts 

regarding molecular processes in solutions like electrostriction so, hydrophobic 

hydration 51, micellization sz and co-sphere overlap during solute-solvent 

interactions 53 have been derived and interpreted from the partial molar volume 

data of many compounds. 

2.3.1. Apparent and Partial Molar Volumes 

Density data can be used for the calculation of molar volume of a pure 

substance. However, the volume contributed to a solvent by the addition of one 

mole of an ion is difficult to determine. This is so because, upon entry into the 

solvent, the ions change the volume of the solution due to a breakup of the 

solvent structure near the ions and the compression of the solvent under the 

influence of the ion's electric field, i.e., electrostriction. Electrostriction is a 

general phenomenon and whenever there are electric fields of the order of 109-

lQlO V m·l, the compression of ions and molecules is likely to be significant. The 

effective volume of an ion in solution, the partial molar volume, can be 

determined from a directly obtainable quantity- apparent molar volume ( f/Jv ). 

The apparent molar volumes, ( f/Jv ), of the solutes·can be calculated by using the 

following relation 54. 

¢,=M lOOO(p-p0 ) 

' P,o cp, 0 

(1) 

Where M is the molar mass of the solute, cis the molarity of the solution; Po and p 

are the densities ofthe solvent and the solution respectively. 

The partial molar volumes, ¢2v can be obtained from the equation 55: 
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_ (1000-c¢,) ~ { / .Jc) 
¢2v - ¢v + .% (a¢J ) c a¢v a c 

2000 + c 2 Ja.rc 
(2) 

The extrapolation of the apparent molar volume of electrolyte to infinite dilution 

and the expression of the concentration dependence of the apparent molar 

volume have been made by four major equations over a period of years - the 

Masson equation 56, the Redlich-Meyer equation 57, the Owen-Brinkley equation 

sa, and the Pitzer equation31• Masson found that the apparent molar volume of 

electrolyte, ¢v, vary with the square root of the molar concentration by the linear 

equation: 

o • I t/Jv=t/Jv+Svvc (3) 

where ¢~is the apparent molar volume (equal to the partial molar volume, 

V2 °) at infinite dilution and s; the experimental slope. The majority of f/Jv 

data in water59 and nearly all f/Jv data in non-aqueous 60-64 solvents have been 

extrapolated to infinite dilution through the use of equation (3). 

The temperature dependence of ¢~ or various investigated electrolytes in 

various solvents can be expressed by the general equation as follows: 

(4) 

where llo· a,., a, are the coefficients of a particular electrolyte and T is the 

temperature in Kelvin. 

The limiting apparent molar expansibilities ( ~~ ) cim be obtained by the 

following equation: 

(5) 
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The limiting apparent molar expansibilities ( ¢~ ) change in magnitude with the 

change of temperature. During the past few years it has been emphasized by a 

number of workers that s; is not the sole criterion for determining the 

structure-making or breaking tendency of any solute. Helper 65 developed a 

technique of examining the sign of (6¢~/6 T )P for the solute in terms of long

range structure-making and breaking capacity of the electrolytes in the mixed 

solvent systems. The general thermodynamic expression used is as follows 

(6) 

If the sign of (6¢~/6 T )P is positive or small negative the electrolyte is a 

structure maker and when the sign of (6¢~/6 T )Pis negative, it is a structure 

breaker. Redlich and Meyer 57 have shown that an equation (3) cannot be any 

more than a limiting law where for a given solvent and temperature, the slope s: 
should depend only upon the valence type. They suggested the equation 

(7) 

where 

S =KW"Yz 
' 

(8) 

Sv is the theoretical slope, based on molar concentration, including the 

valence factor where 

w = o.s± r,z; (9) 
i 

and K = N2e2 
( S1l' )y, [(aineJ -fl] 
wooe3 RT ap T 3 

(10) 
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In equation (10), K is the compressibility of the solvent and the other 

terms have their usual significance. 

The Redlich-Meyer's extrapolation equation 57 adequately represents the 

concentration dependence of many 1:1 and 2:1 electrolytes in dilute solutions; 

however, studies 66·68 on some 2:1, 3:1 and 4:1 electrolytes show deviations from 

this equation. Thus, for polyvalent electrolytes, the more complete Owen

Brinkley equation 58 can be used to aid in the extrapolation to infinite dilution 

and to adequately represent the concentration dependency of ¢v . The Owen

Brinkley equation 58 which includes the ion-size parameter, a (em), is given by 

¢, = ¢~ + S,-r( Ka )..k +0.5w,e( Ka )c+0.5K,c (11) 

where the symbols have their usual significance. However, this equation 

is not widely used for non-aqueous solutions. 

Recently, the Pitzer formalism has been used by Pogue and Atkinson 69to 

fit the apparent molal volume data. The Pitzer equation for the apparent molar 

volume of a single salt M '}M M '}X Is : 

where the symbols have their usual significance. 

2.3.2. Ionic Limiting Partial Molar Volumes 

The individual partial ionic volumes provide information relevant to the 

general question of the structure near the ion, i.e., its solvation. The calculation of 

the ionic limiting partial molar volumes in organic solvents is, however, a 

difficult one. At present, however, most of the existing ionic limiting partial molar 

volumes in organic solvents were obtained by the application of methods 

originally developed for aqueous solutions to non aqueous electrolyte solutions. 

In the last few years, the method suggested by Conway et al. 7o has been used 

more frequently. These authors used the method to determine the limiting 

partial molar volumes of the anion for a series of homologous tetra alkyl 
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ammonium chlorides, bromides and iodides in aqueous solution. They plotted 

the limiting partial molar volume¢~ R.NX , for a series of these salts with a halide 

ion in common as a function of the formula weight of the cation, MR4N+ and 

obtained straight-lines for each series. Therefore, they suggested the following 

equation: 

(13) 

The extrapolation to zero cationic formula weight gave the limiting partial 

molar volumes of the halide ions¢~ x- .Uosaki et al. n used this method for the 

separation of some literature values and of their own ¢~ R.NX values into ionic 

contributions in organic electrolyte solutions. Krumgalz 72 applied the same 

method to a large number of partial molar volume data for non-aqueous 

electrolyte solutions in a wide temperature range. 

2.3.3. Excess Molar Volumes 

The excess molar volumes, VE are calculated from the molar masses M 

and the densities of pure liquids and the mixtures according to the following 

equation 73,74 

n 

v8 =Ix,M,(~-~) (14) 
i=l p p, 

where p; and p are the density of the z'th component and density of the 

solution mixture respectively. VE is the resultant of contributions from several 

opposing effects. These may be divided arbitrarily into three types, namely, 

chemical, physical and structural. Physical contributions, which are nonspecific 

interactions between the real species present in the mixture, contribute a 

positive term to VE. The chemical or specific intermolecular interactions result in 

a volume decrease, thereby contributing negative VE values. The structural 

contributions are mostly negative and arise from several effects, especially from 

interstitial accommodation and changes of free volume 13, These phenomena are 

the results of difference in energies of interaction between molecules being in 

solutions and packing effects. Disruption of the ordered structure of pure 

component during formation of the mixture leads to a positive effect observed on 
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excess volume while an orde·r formation in the mixture leads to negative 

contribution. 

2.4. Viscosity 

As fundamental and important properties of liquids, viscosity and volume 

could also provide a lot of information on the structures and molecular 

interactions of liquid mixtures. Viscosity and volume are different types of 

properties of one liquid, and there is a certain relationship between them. So by 

measuring and studying them together, relatively more realistic and 

comprehensive information could be expected to be gained. The relationship 

between them could also be studied. The viscometric information includes 

'Viscosity' as a function of composition on the basis of weight, volume and mole 

fraction; comparison of experimental viscosities with those calculated with 

several equations and excess Gibbs free energy of viscous flow. Viscosity, one of 

the most important transport properties is used for the determination of ion

solvent interactions and studied extensively 77, 78, Viscosity is not a 

thermodynamic quantity, but viscosity of an electrolytic solution along with the 

thermodynamic property, ¢~ 2 , i.e., the partial molar volume, gives a lot of 

information and insight regarding ion-solvent interactions and the nature of 

structures in the electrolytic solutions. 

2.4.1. Viscosity of Pure Liquids and Liquid Mixtures 

Since the molecular motion in liquids is controlled by the influence of the 

neighbouring molecules, the transport of momentum in liquids takes place, in 

sharp contrast with gases at ordinary pressures, not by the actual movement of 

molecules but by the intense influence of intermolecular force fields. It is this 

aspect of the mechanism of momentum transfer which forms the basis of the 

procedures for predicting the variations in the viscosity of liquids and liquid 

mixtures. 
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2.4.2. Early theoretical considerations on liquid viscosity 

The theoretical development of liquid viscosity in early stages has been 

reviewed Andrade 79• 80 and Frenkel 81• By considering the forces of collision to 

be the only important factor and assuming that at the melting point, the 

frequency of vibration is equal to that in the solid state and that one-third of the 

molecules are vibrating along each of the three directions normal to one another. 

Andrade 80 developed equations which checked well against data on mono 

atomic metals at the melting point. Frenkel 81 considered the molecules of a 

liquid to be spheres moving with an average velocity with respect to the 

surrounding medium and using Stokes' law and Einstein's relation for self 

diffusion-coefficient, arrived at a complicated expression for liquid viscosity with 

only limited applicability. Furth 82 assumed the momentum transfer to take place 

by the irregular Brownian movement of the holes 83 which were linked to 

clusters in a gas and thus, in analogy with the gas theory of viscosity and with 

assumption of the equipartition law of energy, showed that for liquids, 

RT(m) A 
1'J = 0.915V a eRT (15) 

where I'J, V and m are viscosity, volume and mass, respectively, T is the 

temperature, R is the universal gas constant, cr is the surface tension and A is the 

work function at the melting point. He compared his theory with experiment as 

well as with the theories of Andrade 81 and Ewell and Eyring 84 Auluck, De and 

Kothari 85 further modified the theory and successfully explained the variations 

of the viscosity with pressure. A critical review of these simple theories and their 

abilities to explain momentum transport in liquids is given by Eisenschitz 86• 

2.4.3. The cell lattice theory and liquid viscosity 

A model related to in the literature by various names such as cell, lattice, 

cage, free volume or one particle model was introduced by Lennard- Jones and 

Devonshire 87, 88 and further expanded by Pople 89. Eisenschitz employing this 

model developed a theory of viscosity by considering the motion of the 

representative molecules to be Brownian and their distribution according to the 

Smoluchowski equation. Even with certain assumptions, the final expression 
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showed shortcomings most of which were later overcome in a subsequent 

publication 90. 

2.4.4. Statistical mechanical approach to liquid viscosity 

The distribution functions for the liquid molecules were obtained on the 

basis of statistical mechanical theory mainly by the efforts of Kirkwood 91-92 

Mayer and Montroll 93, Mayer 94, Born and Green 95 and the considerations on 

the basis of the general kinetic theory led Born and Green 95. 96 to develop a 

viscosity equation which provided explanation for several empirical equations 79• 

so. B2 proposed for liquid viscosity. In this connection the theoretical 

contributions of Kirkwood and coworkers B3• 97·103 Zwanzig et al., 104 Rice and 

coworkers 105·108 Longuet- Higgins and Valleau 1°9 and Davis and Coworkers 110. 

111 are worth mentioning. 

2.4.5. Principle of corresponding states and liquid viscosity 

The principle of the corresponding states has been applied to liquids in 

the same way as to gases 112 the basic assumption being that the intermolecular 

potential between two molecules is a universal function of the reduced 

intermolecular separation. This assumption is a good approximation for 

spherically symmetric mono atomic non-polar molecules. For complicated 

molecules, the principle becomes increasingly crude. In general, more 

parameters are introduced in the corresponding state correlations on somewhat 

empirical grounds in the hope that such modification in some way compensates 

the shortcomings of the above stated assumption. In this connection the studies 

by Rogers and Brickwedde 113, Boon and Thoni.aes 114-116 Boon, Legros and 

Thomaes 117, and Hollman and Hijmans 11a are worth mentioning. 

2.4.6. The reaction rate theory for viscous flow 

Considering viscous flow as a chemical reaction in which a molecule 

moving in a plane occasionally acquires the activation energy necessary to sleep 
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over the potential barrier to the next equilibrium position in the same plane. 

Eyring 119 showed that the viscosity of the liquid is given by 

exp l!.Eact 
kT 

(16) 

where}. is the average distance between the equilibrium positions in the 

direction of motion, il1 is the perpendicular distance between two neighbouring 

layers of molecules in relative motion, il2 is the distance between neighbouring 

molecules in the same direction and il3 is the distance from molecule to molecule 

in the plane normal to the direction of motion. The transmission coefficient (K) is 

the measure of the chance that a molecule having once crossed the potential 

barrier will react and not recross in the reverse direction, Fn is the partition 

function of the normal molecules, FC: that of the activated molecule with a degree 

of freedom corresponding to flow, !:J.Eact is the energy of activation for the flow 

process, h is Planck's constant and k is Boltzmann constant Ewell and Eyring 

argued that for a molecule to flow into a hole, it is not necessary that the latter be 

of the same size as the molecule. Consequently they assume that flEact is a 

function of f:J.Evap for viscous flow because f:J.Evapis the energy required to make 

a hole in the liquid of the size of a molecule. Utilizing the idea and certain other 

relations 84, 120 finally gets 

1 
NAh (2n:mkT)2 

1"/ = Vh 

1 
bRTV3 llEvap 

1 exp nRT 
NA'31lEvap 

(17) 

where n and b are constants. It was found that the theory could reproduce the 

trend in temperature dependence of 71 but the computed values are greater than 

the observed values by a factor of 2 or 3 for most liquids. Kincaid, Eyring and 

Stearn 121 have summarized all the working relations. 
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2.4.7. The significant structure theory and liquid viscosity 

Eyring and coworkers 122-125 improved the "holes in solid" model theory 

121-126 to picture the liquid state by identifYing three significant structures. In 

brief, a molecule has solid like properties for the short time it vibrates about an 

equilibrium position and then it assumes instantly the gas like behaviour on 

jumping into the neighbouring vacancy. The above idea of significant structures 

leads to the following relation for the viscosity of liquid 127, 128_ 

(18) 

where Vs is the molar volume of the solid at the melting point and Vis the molar 

volume of the liquid at the temperature of interest while TJs and TJu are the 

viscosity contributions from the solid-like and gas-like degrees of freedom, 

respectively. The expressions for TJs and TJu are given by Carlson, Eyring and Ree 

128_ Eyring and Ree 129 have discussed in detail the evaluation of TJs from the 

reaction rate theory of Eyring 119 assuming that a solid molecule can jump into all 

neighbouring empty sites. The expression for TJs takes the following form 130 

NAh v 6 1 1 aEsVs 
TJs = z·V. · .! ·v- V. - !L exp (V- V. )RT 

K S 22 S 1- eT S 

(19) 

where NA is Avogadro's number, Z is the number of nearest neighbours, e is the 

Einstein characteristic temperature, Es is the energy of sublimation and a' is the 

proportionality constant On the other hand, the term TJg is obtained from the 

kinetic theory of gases 130 by the relation: 

1 

2 (mkT)2 
T/g = 3d2 7 (20) 

where dis the molecular diameter and m is the molecular mass. 
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2.4.8. Viscosity of Electrolytic Solutions 

The viscosity relationships of electrolytic solutions are highly 

complicated. Because ion-ion and ion-solvent interactions are occurring in the 

solution and separation of the related forces is a difficult task But, from careful 

analysis, vivid and valid conclusions can be drawn regarding the structure and 

the nature of the solvation of the particular system. As viscosity is a measure of 

the friction between adjacent, relatively moving parallel planes of the liquid, 

anything that increases or decreases the interaction between the planes will 

raise or lower the friction and thus, increase or decrease the viscosity. If large 

spheres are placed in the liquid, the planes will be keyed together in increasing 

the viscosity. Similarly, increase in the average degree of hydrogen bonding 

between the planes will increase the friction between the planes, thereby 

viscosity. An ion with a large rigid co-sphere for a structure-promoting ion will 

behave as a rigid sphere placed in the liquid and increase the inter-planar 

friction. Similarly, an ion increasing the degree of hydrogen bonding or the 

degree of correlation among the adjacent solvent molecules will increase the 

viscosity. Conversely, ions destroying correlation would decrease the viscosity. 

In 1905, Griineisen 131 performed the first systematic measurement of viscosities 

of a number of electrolytic solutions over a wide range of concentrations. He 

noted non-linearity and negative curvature in the viscosity concentration curves 

irrespective of low or high concentrations. In 1929, Jones and Dole 132 suggested 

an empirical equation quantitatively correlating the relative viscosities of the 

electrolytes with molar 

concentrations (c): 

.!1_ = 11r = 1 + A-/C +Be 
17o 

The above equation can be rearranged as: 

C77r- 1) =A + B-/C 
..jC 

(21) 

(22) 

where A and Bare constants specific to ion-ion and ion-solvent interactions. The 

equation is applicable equally to aqueous and non aqueous solvent systems 

where there is no ionic association and has been used extensively. The termAv'C, 

originally ascribed to Griineisen effect, arose from the long-range coulombic 
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forces between the ions. The significance of the term had since then been 

realized due to the development Debye-Hlickel theory 133 of inter-ionic 

attractions in 1923. The A -coefficient depends on the ion-ion interactions and 

can be calculated from interionic attraction theory 134-136 and is given by the 

Falkenhagen Vernon 136 equation: 

A 0.2577/\o [1 0 6863 (..1~..1~)2] 
Theo = '1o (eT)o.s .:tp~ - · II;" (23) 

where the symbols have their usual significance. In very accurate work on 

aqueous solutions 137, A -coefficient has been obtained by fitting TJr to equation 

(22) and compared with the values calculated from equation (23), the agreement 

was normally excellent The accuracy achieved with partially aqueous solutions 

was however poorer 138• A -coefficient suggesting that should be calculated from 

conductivity measurements. Crudden et a/.139 suggested that if association of the 

ions occurs to form an ion pair, the viscosity should be analysed by the equation: 

llr-1-A-./aC 

ac (1-a) B; + Bp -;;- (24) 

where A, B; and BP are characteristic constants and a is the degree of dissociation 

of ion pair. Thus, a plot of (TJ,.-1-A..{iiC I a c) against (1-a j; a, when extrapolated 

to (1-a )/a = 0 gave the intercept B; . However, for the most of the electrolytic 

solutions both aqueous and nonaqueous, the equation (22) is valid up to 0.1 (M) 

140,141 within experimental errors. At higher concentrations the extended Jones

Dole equation (25), involving an additional coefficient D, originally used by 

Kaminsky, 142 has been used by several workers 143,144 and is given below: 

!!.... = TJr = 1 +Ave+ Be+ Dc 2 

TJo 
(25) 

The coefficient D cannot be evaluated properly and the significance of the 

constant is also not always meaningful and therefore, equation (22) is used by 

the most of the workers. 
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The plots of (7J/7Jo -1)/Vc against -./c for the electrolytes should give the value of 

A - coefficient But sometimes, the values come out to be negative or considerably 

scatter and also deviation from linearity occur 141,145,146, Thus, instead of 

determining A - coefficient from the plots or by the least square method, the A -

coefficient are generally calculated using Falkenhagen-Vernon equation (23). A -

coefficient should be zero for non-electrolytes. According to Jones and Dole, the A 

- coefficient probably represents the stiffening effect on the solution of the 

electric forces between the ions, which tend to maintain a space-lattice structure 

132• The B- coefficient may be either positive or negative and it is actually the ion

solvent interaction parameter. It is conditioned by the ionize and the solvent and 

cannot be calculated a priori. The B - coefficients are obtained as slopes of the 

straight lines using the least square method and intercepts equal to the A values. 

The factors influencing B- coefficients are 147,148: 

(1) The effect of ionic solvation and the action of the field of the ion in producing 

long-range order in solvent molecules, increase 11 orB- value. 

(2) The destruction of the three dimensional structure of solvent molecules (i.e., 

structure breaking effect or depolymeriation effect) decreases71 values. 

(3) High molal volume and low dielectric constant, which yield high B- values for 

similar solvents. 

( 4) Reduced B - values are obtained when the primary solution of ions is 

sterically hindered in high molal volume solvents or if either ion of a binary 

electrolyte cannot be specifically solvated. 

2.4.9. Viscosities at Higher Concentration 

It had been found that the viscosity at high concentrations (1M to 

saturation) can be represented by the empirical formula suggested by Andrade: 

b 
7J =A expr (26) 

The several alternative formulations have been proposed for representing 

the results of viscosity measurements in the high concentration range 149-154 and 

the equation suggested by Angell 155-156 based on an extension of the free volume 
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theory of transport phenomena in liquids and fused salts to ionic solutions is 

particularly noteworthy. The equation is: 

~ = A exp [- K1 ] 
7J N0 - N 

(27) 

where N represents the concentration of the salt in eqv. litre·1, A and K1 are 

constants supposed to be independent of the salt composition and No is the 

hypothetical concentration at which the system becomes glass. The equation was 

recast by Majumder eta/. 157-159 introducing the limiting condition, that is N -->0, 

TJ--> TJo ; which is the viscosity of the pure solvent. 

Thus, we have: 

(28) 

The equation (28) predicts a straight line passing through the origin for 

the plot ofln TJRel vs. N/(No-N) if a suitable choice for No is made. Majumder eta/. 

tested the equation (28) by using literature data as well as their own 

experimental data. The best choice for No and K1 was selected by a trial and error 

methods. The set of K1 and No producing minimum deviations between TJ!:f and 

TJk~f0 was accepted. 

In dilute solutions, N <<No and we have: 

(29) 

Equation (29) is nothing but the Jones-Dole equation with the ion-solvent 

interaction term represented as B= K1/No2- The arrangement between B-values 

determined in this way and using Jones-Dole equation has been found to be good 

for several electrolytes. 

Further, the equation (28) can be written in the form: 

N N6 _ (N0)N 
lnTJRel K1 K1 

(30) 
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It closely resembles the Vand's equation 152 for fluidity (reciprocal for viscosity): 

2.5c 1 
-:::-::--:---- = - - Qc 
2.3 log17Rel vh 

where cis the molar concentration of the solute and Vh is the effective rigid 

molar volume of the salt and Q is the interaction constant. 

2.4.10. Division ofB -coefficient into Ionic Values 

(31) 

The viscosity B -coefficients have been determined by a large number of 

workers in aqueous, mixed and non-aqueous solvents 160·19o. However, the B -

coefficients as determined experimentally using the jones-Dole equation, does 

not give any impression regarding ion-solvent interactions unless there is some 

way to identify the separate contribution of cations and anions to the total 

solute-solvent interaction. The division of B - values into ionic components is 

quite arbitrary and based on some assumptions, the validity of which may be 

questioned. The following methods have been used for the division of B - values 

in the ionic components -

(1) Cox and Wolfenden 191 carried out the division on the assumption that B1on 

values of Li• and 103 in Li!03 are proportional to the ionic volumes which are 

proportional to the third power of the ionic mobilities. The method of Gurney 192 

and also of Kaminsky 142 is based on: 

BK+ =Bel- (in water) (32) 

The argument in favour of this assignment is based on the fact that the B -

coefficients for KCl is very small and that the motilities' of K• and CI- are very 

similar over the temperature range 288.15 - 318.15 K The assignment is 

supported from other thermodynamic properties. Nightingle 193, however 

preferred RbCI or CsCl to KCl from mobility considerations. 
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(2) The method suggested by Desnoyers and Perron 143 is based on the 

assumption that the E4N+ ion in water is probably closest to be neither structure 

breaker not a structure maker. Thus, they suggest that it is possible to apply with 

a high degree of accuracy of the Einstein's equation 194, 

B = 0.0025fo (33) 

and by having an accurate value of the partial molar volume of the ion, V0 , it is 

possible to calculate the value of 0.359 for BEt
4

N+ in water at 298.15 K. Recently, 

Sacco et al. proposed the "reference electrolytic" method for the division of B -

values. 

Thus, for tetraphimyl phosphonium tetraphenyl borate in water, we have: 

(34) 

BaPh.PPh• (scarcely soluble in water) has been obtained by the following 

method: 

(35) 

The values obtained are in good agreement with those obtained by other 

methods. The criteria adopted for the separation of B - coefficients in 

nonaqueous solvents differ from those generally used in water. However, the 

methods are based on the equality of equivalent conductances of counter ions at 

infinite dilutions. 

(a) Criss and Mastroianni assumed BK+ = Bc1- in ethanol based on equal 

mobilities of ions 195, They also adopted B~504N+ = 0.25 as the initial value for 

acetonitrile solutions. 

(b) For acetonitrile solutions, Tuan and Fuoss 196 proposed the equality, as 

they thought that these ions have similar mobilities. However, according to 

Springer et al.197, ilg5 (Bu4 N+) = 61.4 and ilg5 (Ph4 B- )= 58.3 in acetonitrile. 

(36) 

(c) Gopal and Rastogi 147 resolved the B -coefficient in N-methyl propionamide 

solutions assuming that BEtoN+ = B1- at all temperatures. 
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(d) In dimethyl sulphoxide, the division of B -coefficients were carried out by Yao 

and Beunion 146 assuming: 

B[(i-pe)3 BuN+] = BPh4 B- = 1/2B[(i-pe)3 BuNPh4 B] (37) 

at all temperatures. 

Wide use of this method has been made by other authors for dimethyl 

sulphoxide, sulpholane, hexamethyl phosphotriamide and ethylene carbonate 198 

solutions. The methods, however, have been strongly criticized by Krumgalz 199, 

According to him, any method of resolution based on the equality of equivalent 

conductances for certain ions suffers from the drawback that it is impossible to 

select any two ions for which il6 = il; in all solvents at all temperatures. Thus, 

though ilk = il(;1 at 298.15 Kin methanol, but is not so in ethanol or in any other 

solvents. In addition, if the mobilities of some ions are even equal at infinite 

dilution, but it is not necessarily true at moderate concentrations for which the B 

- coefficient values are calculated. Further, according to him, equality of 

dimensions of (i-pe)3BuN• or (i-Am)3BuN+ and Ph4B- does not necessarily imply 

the equality of B - coefficients of these ions and they are likely to be solvent and 

ion-structure dependent. Krumgalz 199, 2oo has recently proposed a method for 

the resolution of B -coefficients. The method is based on the fact that the large 

tetraalkylammonium cations are not solvated 201. 2o2 in organic solvents (in the 

normal sense involving significant electrostatic interaction). Thus, the ionic B -

values for large tetraalkylammonium ions, R.N+ (where R > Bu) in organic 

solvents are proportional to their ionic dimensions. So, we have: 

BR4Nx = a+ br3R4 N+ (38) 

a=Bx- Band b is a constant dependent on temperature and solvent nature. 

The extrapolation of the plot of BR
4
Nx (R > Pr or Bu) against ,-3 toR.N to 

zero cation dimension gives directly Bx- in the proper solvent and thus B - ion 

values can be calculated. 

The B -ion values can also be calculated from the equations: 

BR·N·-BR;N·=BR.NX- BR .. NX (39) 
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BR4N+ = T
3
R4N+ 

B~·N+ r3~'N+ 
(40) 

The radii of the tetraalkylammonium ions have been calculated from the 

conductometric data 203. Gill and Sharma 181 used Bu4NBPh4 as a reference 

electrolyte. The method of resolution is based on the assumption, like Krumgalz, 

that Bu4N+ and Ph4B- ions with large R- groups are rtot solvated in non-aqueous 

solvents and their dimensions in such solvents are constant. The ionic radii of 

Bu4N+ (S.OOA) and Ph4B (5.35 A) were, in fact, found to remain constant in 

different non-aqueous and mixed non-aqueous solvents by Gill and co-workers. 

They proposed the equations: 

Bph4 a- r
3

ph4 a- (5.35)
3 

Bau.N+ = r3au.N+ = 5.00 
(41) 

(42) 

The method requires only the B -values of Bu4NBPh4 and is equally applicable to 

mixed non-aqueous solvents. The B -ion values obtained by this method agree 

well with those reported by Sacco et a/. in different organic solvents using the 

assumption as given below: 

B[(i-Am),Bu4 N+] = Bph4 B- = 1/2Bau4NBPh4 ( 43) 

Recently, Lawrence and Sacco 184 used tetrabutylammonium tetrabutylborate 

(Bu4NBBu4) as reference electrolyte because the cation and anion in each case 

are symmetrical in shape and have almost equal Vander Waals volume. Thus, we 

have: 

Bau4N+ _ Vw(au4 N+) 

Bau4 a- - Vwcau4 a-) 

B 
Bau4 NBPh4 

BuN+= 4 [1 + Vwcau4 a-)/Vwcau4 N+J] 

A similar division can be made for Ph4PBPh4 system. 
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Recently, Lawrence et al. made the viscosity measurements of tetraalkyl (from 

Propyl to Heptyl) ammonium bromides in DMSO and HMPT. 

The B-coefficients BR NBr = Bar- + a[fxR4 N+] were plotted as functions 
4 

of the Vander Waals volumes. The B8r- values thus obtained were compared 

with the accurately determined B8 r- value using Bu4NBBu4 and Ph4PBPh4 as 

reference salts. They concluded that the 'reference salt' method is the best 

available method for division into ionic contributions. 

Jenkins and Pritcheit 204 suggested a least square analytical technique to 

examine additivity relationship for combined ion thermodynamics data, to effect 

apportioning into single-ion components for alkali metal halide salts by 

employing Fajan's competition principle 2os and 'volcano plots' of Morris 206, The 

principle was extended to derive absolute single ion B coefficients for alkali 

metals and halides in water. They also observed that Bc5+~B1- suggested by 

Krumgalz 201 to be more reliable than BK+~Bc1- in aqueous solutions. However, 

we require more data to test the validity of this method. 

It is apparent that almost all these methods are based on certain 

approximations and anomalous results may arise unless proper mathematical 

theory is developed to calculate B -values. 

2.4.11. Temperature Dependence ofB- ion Values 

A regularity in the behaviour of B± and dB.jdT has been observed both in 

aqueous and non-aqueous solvents and useful generalizations have been made 

by Kaminsky. He observed that (i) within a group of the periodic table the B -ion 

values decrease as the crystal ionic radii increase, (ii) within a group of periodic 

system, the temperature co-efficientof B1on values increase as the ionic radius. 

The results can be summarized as follows: 

(i) A and dAfdT> 0 

(ii) B1on < 0 and dB10n/dT> 0 

characteristic of the structure breaking ions. 

(iii) BJon > 0 and dBionfdT < 0 

characteristic of the structure making ions. 

(46) 

(47) 

(48) 

An ion when surrounded by a solvent sheath, the properties of the solvent in the 

solvational layer may be different from those present in the bulk structure. This 
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is well reflected in the 'Co-sphere' model of Gurney 207, A, B, C Zones of Frank and 

Wen 2os and hydrated radius of Nightingle 193, 

Stokes and Mills gave an analysis of the viscosity data incorporating the 

basic ideas presented before. The viscosity of a dilute electrolyte solution has 

been equated to the viscosity of the solvent (1) 0 ) plus the viscosity changes 

resulting from the competition between various effects occurring in the ionic 

neighborhood. Thus, the Jones-Dole equation: 

(49) 

where 1]*, the positive increment in viscosity is caused by coulombic interaction. 

Thus, 

1JE + 1JA + 1JD = 1Jo8C 

B -coefficient can thus be interpreted in terms of the competitive viscosity 

effects. 

Following Stokes, Mills and Krumgalz 199 we can write for B10nas: 

B - BEinst + BOrient + sstr + BReinf 
Jon - Jon Ion Ion Ion 

where as according to Lawrence and Sacco: 

(50) 

(51) 

Blon = Bw + Bsotv + Bshape +Bard+ Bvisord (52) 

Bfj::St is the positive increment arising from the obstruction to the viscous flow 

of the solvent caused by the shape and size of the ions (the term corresponds to 

l)E or Bshape ). Bfci~ent is tlie positive increment arising from the alignment or 

structure making action of the electric field of the ion on the dipoles cif the 

solvent molecules (the term corresponds to 1JA or Bard ). Bf0t;, is the negative 

increment related to the destruction of the solvent structure in the region of the 

ionic co-sphere arising from the opposing tendencies of the ion to orientate the 

molecules round itself centrosymetrically and solvent to keep its own structure 

. (this corresponds to 7]0 or BDfsord ). B1~~nt is the positive increment conditioned 

by the effect of 'reinforcement of the water structure' by large 

tetraalkylammonium ions due to hydrophobic hydration. The phenomenon is 

inherent in the intrinsic water structure and absent in organic solvents. Bw and 
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Bsolv account for viscosity increases and attributed to the Vander Waals volume 

and the volume of the solvation of ions. Thus, small and highly charged cations 

like Li+ and Mg2+ form a firmly attached primary solvation sheath around these 

ions csp;~ent or 'liE positive). At ordinary temperature, alignment of the solvent 

molecules around the inner layer also cause increase in sp;~ent ('IIA), sp;,:ent ('liD) 

is small for these ions. Thus, B1on will be large and positive as Bfj::St + sp;~ent > 
Bf0t;;. However, BfjJ:StandBP;~ent would be small for ions of greatest crystal radii 

(within a group) like Cs• or I- due to small surface charge densities resulting in 

weak orienting and structure forming effect. Bf~~ would be large due to 

structural disorder in the immediate neighbourhood of the ion due to 

competition between the ionic field and the bulk structure. Thus, Bfj::St + 
sp;~ent < Bfc,t;; and B1on is negative. Ions of intermediate size (e.g., K+ and Cl·) have 

a close balance of ViSCOUS forces i~ their Vicini'ty 1' e BEinst + BOrient = BStr SO ' • ., Jon Ion Ion 

that B is close to zero. 

Large molecular ions like tetraalkylammonium ions have large Bfj::St 

because of large size but sp;~ent and Bf~~ would be small, i.e., BfjJ:st + sp;~ent » 
Bf0t;; would be positive and large. The value would be further reinforced in water 

arising from B1~~nt due to hydrophobic hydrations. 

The increase in temperature will have no effect on B{j;:st. But the 

orientation of solvent molecules in the secondary layer will be decreased due to 

increase in thermal motion leading to decrease in Bf,fr.. sp;~entwill decrease 

slowly with temperature as there will be less competition between the ionic field 

and reduced solvent structure. The positive or negative temperature co-efficient 

will thus depend on the change of the relative magnitudes of sp;~entand Bfc,t;;, 

In case of structure-making ions, the ions are firmly surrounded by a 

primary solvation sheath and the secondary solvation zone will be considerably 

ordered leading to an increase in B1on and concomitant decrease in entropy of 

solvation and the mobility of ions. Structure breaking ions, on the other hand, are 

not solvated to a great extent and the secondary solvation zone will be 

disordered leading to a decrease in B1on values and increases in entropy of 

solvation and the mobility of ions. Moreover, the temperature induced change in 

viscosity of ions (or entropy of solvation or mobility of ions) would be more 
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pronounced in case of smaller ions than in case of the larger ions. So, there is a 

correlation between the viscosity, entropy of solvation and temperature 

dependent mobility of ions. Thus, the ionic 8 -coefficient and the entropy of 

solvation of ions have rightly been used as probes of ion-solvent interactions and 

as a direct indication of structure making and structure breaking character of 

ions. The linear plot of ionic 8-coefficients against the ratios of mobility viscosity 

products at two temperatures (a more sensitive variable than ionic mobility) by 

Gurney 207 clearly demonstrates a close relation between ionic 8-coefficients and 

ionic mobilities. Gurney also demonstrated a clear correlation between the molar 

entropy of solution values with 8 -coefficient of salts. The ionic 8 - values show a 

linear relationship with the partial molar ionic entropies or partial molar 

entropies of hydration (Sg) as: 

(53) 

Where, Sgq = S~ef + !J.S0
, S~ is the calculated sum of the translational and 

rotational entropies of the gaseous ions. Gurney obtained a single linear plot 

between ionic entropies and ionic 8-coefficients for all mono atomic ions by 

equating the entropy of the hydrogen ion (S~+) to -5.5 cal. mol-1 deg-1. Asmus 209 

used the entropy of hydration to correlate ionic 8 values and Nightingale 193 

showed that a single linear relationship could be obtained with it for both 

monoatomic and polyatomic ions. The correlation was utilized by Abraham eta/. 

210 to assign single ion 8 -coefficients so that a plot of !Y,.Se 0 211. 212 the 

electrostatic entropy of solvation or !Y,.S1,u 0 the en tropic contributions of the first 

and second solvation layers of ions against 8 points (taken from the works of 

Nightingale) for both cations and anions lie on the same curve. There are 

excellent linear correlations between !Y,.Se 0 and !Y,.S/and the single ion 8 -

coefficients. Both entropy criteria (IY,.Se 0 and !Y,.S1,u 0 ) and 8 - ion values indicate 

that in water the ions Li+, Na +, Ag+ and F- are not structure makers, and-the ions 

Rb+, cs+, Cs•, Cl- ,Br-, 1- and Cl04- are structure breakers and K+ is a border 

line case. 
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2.4.12. Thermodynamics of Viscous Flow 

Assuming viscous flow as a rate process, the viscosity (r/) can be 

represented from Eyring's 213 approaches as: 

~ (hNA) flG" (hNA) (flH' fls) 
TJ = Ae RT = V eliT = V e "liT""lf (54) 

where Evis = the experimental entropy of activation determined from a plot of 

lnTJ against 1/T . I:J.G', !:J.H' and I:J.S' are the free energy, enthalpy and entropy of 

activation, respectively. 

Nightingale and Benck 214 dealt in the problem in a different way and calculated 

the thermodynamics of viscous flow of salts in aqueous solution with the help of 

the Jones-Dole equation (neglecting the A c term). 

Thus, we have: 

[ 
dlnT} ] [ dlnT} 0 ] R d(1 +Be) 

R r/.(1/T) = r d(1/T) + (1 +Be). d(1/T) (55) 

(56) 

t:J.E; can be interpreted as the increase or decrease of the activation energies for 

viscous flow of the pure solvents due to the presence of ions, i.e., the effective 

influence of the ions upon the viscous flow of the solvent molecules. Feakins eta/. 

21s have suggested an alternative formulation based on the transition state 

treatment of the relative viscosity of electrolytic solution. They suggested the 

following expression: 

( ,~o ,~o ) (t:J. •• t;u••) B = l"'v,z -l"'v,l + ,~o f.lz - .-1 

1000 ~"''· 2 !OOORT 
(57) 

where ¢~ 1 and ¢~2 are the partial molar volumes of the solvent and solute 

respectively and llp~"' is the contribution per mole of solute to the free energy of 

activation for viscous flow of solution. !:J.pf"' is the free energy of activation for 

viscous flow per mole of the solvent which is given by: 

IlK'= I::.G1°' = RTln(1J0 ¢~ 1jhNA) 

63 

(58) 



Generallntroduction 

Further, if B is known at various temperatures, we can calculate the entropy and 

enthalpy of activation of viscous flow respectively from the following equations 

as given below: 

d(llJ.tg*) = -llso* 
dT 2 (59) 

(60) 

2.4.13. Effects of Shape and Size 

Stokes and Mills have dealt in the aspect of shape and size extensively. 

The ions in solution can be regarded to be rigid spheres suspended in continuum. 

The hydrodynamic treatment presented by Einstein 194leads to the equation: 

!L=1+2.5¢ 
T/o 

( 61) 

where ¢ is the volume fraction occupied by the particles. Modifications of the 

equation have been proposed by (i) Sinha 216 on the basis of departures from 

spherical shape and (ii) Vand on the basis of dependence of the flow patterns 

around the neighboring particles at higher concentrations. However, considering 

the different aspects of the problem, spherical shapes have been assumed for 

electrolytes having hydrated ions of large effective size (particularly polyvalent 

monatomic cations). Thus, we have from equation (61): 

2.5¢ = A./c +Be (62) 

Since A,[C term can be neglected in comparison with Be and ¢ = c ¢~1 where ¢~1 
is the partial molar volume of the ion, we get: 

( 63) 

In the ideal case, the B ·coefficient is a linear function of partial molar volume of 

the solute, ¢~1 with slope to 2.5. Thus, B± can be equated to: 
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(64) 

assuming that the ions behave like rigid spheres with a effective radii, R. moving 

in a continuum. R:, calculated using the equation (64) should be close to 

crystallographic radii or corrected Stoke's radii if the ions are scarcely solvated 

and behave as spherical entities. But, in general, R± values of the ions are higher 

than the crystallographic radii indicating appreciable solvation. 

The number nb of solvent molecules bound to the ion in the primary 

solvation shell can be easily calculated by comparing the Jones-Dole equation 

with the Einstein's equation : 

(65) 

where ~ is the molar volume of the base ion and ¢, , the molar volume of the 

solvent. The equation (65) has been used by a number of workers to study the 

nature of solvation and solvation number. 

2.4.14. Viscosity of Non-electrolytic Solutions 

The equations of Vand 217, Thomas 21a and Moulik proposed mainly to 

account for the viscosity of the concentrated solutions of bigger spherical 

particles have been also found to correlate the mixture viscosities of the usual 

nonelectrolytes 219·221, These equations are: 

Vand equation: 

Thomas equation: 

Tlr = 1 + 2.5Vh + 10.05cV~c 
Moulik equation: 
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7J2=J+Mc2 (68) 

where 1Jr is the relative viscosity, a is constant depending on axial ratios of the 

particles, Q is the interaction constant, Vh is the molar volume of the solute 

including rigidly held solvent molecules due to hydration, c is the molar 

concentration of the solutes; I and M are constants. The viscosity equation 

proposed by Eyring and coworkers for pure liquids on the basis of pure 

significant liquid structures theory, can be extended to predict the viscosity of 

mixed liquids also. The final expression for the liquid mixtures takes the 

following form : 

(69) 

where n is 2 for binary and 3 for ternary liquid mixtures. The mixture 

parameters, rtw Estw Vm, Vsm and am were calculated from the corresponding 

pure component parameters by using the following relations : 

n 

Tm = L x[r; + L 2x;xjrij 
i '*f 

n 

Esm = L x[ Es; + L 2x;xjEs;j 
i i:l:. j 

n n 

Vm = LXtVL 
i 

Vsm = LXtVst 
i 

1 

Ttj = (r;ry )2 and 
1 

Esu = (Es;Esf )2 
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(74) 

N a 2 N a3 1 N a3 3 
[ 

4 2] 2 

b = 2Ze 22.106 ( ~s ) - 10.559 ( ~s ) ,f2a2 ( ~s ) (75) 

where a and e are Lennard-Jones potential parameters and the other symbols 

have their usual significance. 

For interpolation and limited extrapolation purposes, the viscosities of 

ternary mixture can be correlated to a high degree of accuracy in terms of binary 

contribution by the following equations 222·228. 

3 

7Jm = 2 X;T}; + X1X2 [A12 + B12 (xl - X~) + C12 (xl - X2)2] + X2X3 [A23 
i 

+ B23Cx2- x3) + C23Cx2- x3)2] 

+ x3x1[A31 + B31Cx1- x2) 

+ C31 (Xl - X2) 2] 

The correlation of ternary is modified to the following form: 
3 

7Jm = 2 X;T}t + X1Xz[A12 + B12(X1- Xz) + C12(X1- X2)2] + XzX3 [Az3 
i 

+ Bz3Cxz- x3) + C23Cxz- x3) 2] 

+ X3X1[A31 + B31(x1- Xz) + C31(x1- x2) 2
] 

+ Aiz3 X1X2X3 

However, a better result may be obtained using the following relation: 
3 

7Jm = 2 X;T}; + X1Xz[A12 + B1z(X1- Xz) + C12(X1- Xz) 2
] + XzX3 [A23 

i 

+ B23CXz- X3) + C23Cx2- x3)2] 

+ X3X1[A31 + B31(X1- Xz) + C31(x1- X2)2] 

+ X1XzX3[A123 + B1z3Xf(Xz- x3)2 

+ Cmxfexz - x3)3] 

(76a) 

(76b) 

(76c) 

Where A12, B12, B23, A23, B23, C23, A3 v B31 and C31 are constants for binary 

mixtures; Ai23, A123, B123 and C123 are constants for the ternaries; and the other 

symbols have their usual significance. 
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2.4.15. Viscosity Deviation 

Viscosity of liquid mixtures can also provide information for the elucidation of 

the fundamental behaviour of liquid mixtures, aid in the correlation of mixture 

viscosities with those of pure components, and may provide a basis for the 

selection of physico-chemical methods of analysis. Quantitatively, as per the 

absolute reaction rates theory 229, the deviations in viscosities (llry) from the 

ideal mixture values can be calculated as: 

j 

Llf} = fJ - L (x1ry£) (77) 
i=1 

where fJ is the dynamic viscosities of the mixture and x1, ry1are the mole fraction 

and viscosity of i'h component in the mixture, respectively. 

2.4.16. Gibbs Excess Energy of Activation for Viscous Flow 

Quantitatively, the Gibbs excess energy of activation for viscous flow, llG* can be 

calculated as 230: 

LlGE = RT [lnryV-t x1lnry1V1] (78) 

where TJ and V are the viscosity and molar volume of the mixture; 1Ji and V1 are 

the viscosity and molar volume of i'h pure component, respectively. 

2.4.17. Viscous Synergy and Antagonism 

Rheology is the branch of science that studies 231 material deformation and flow, 

and is increasingly applied to analyze the viscous behavior of many 

pharmaceutical products, 232-241 and to establish their stability and even 

bioavailability, since it has been firmly established that viscosity influences the 

drug absorption rate in the body 242, 243. The study of the viscous behavior of 

pharmaceutical, foodstuffs, cosmetics or industrial products, etc., is essential for 

conforming that their viscosity is appropriate for the contemplated use of the 

products. 
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Viscous synergy is the term used in the application to the interaction 

between the components of a system that causes the total viscosity of the system 

to be greater than the sum of the viscosities of each component considered 

separately. In contraposition to viscous synergy, viscous antagonism is defined 

as the interaction between the components of a system causing the net viscosity 

of the latter to be less than the sum of the viscosities of each component 

considered separately. If the total viscosity of the system is equal to the sum of 

the viscosities of each component considered separately, the system is said to 

lack interaction 244,245, 

The method most widely used to analyze the synergic and antagonic 

behavior of the ternary liquid mixtures used here is that developed by Kaletunc

Gencer and Peleg 246 allowing quantification of the synergic and antagonic 

interactions taking place in the mixtures involving variable proportions of the 

constituent components. The method compares the viscosity of the system, 

determined experimentally, T/exp• with the viscosity expected in the absence of 

interaction, Tical• as defined by the simple mixing rule as: 

j 

Tical = I W;TJ; 
i=l 

(79) 

where w1and T/i are the fraction by weight and the viscosity of the jth component, 

measured experimentally and i is an integer. 

Accordingly, when TJexp > Tical• viscous synergy exists, while, when 

Tical > T/exp• the system is said to exhibit viscous antagonism. The procedure is 

used when Newtonian fluids are involved, since in non-synergy indices are 

defined in consequence 247. 

In order to secure more comparable viscous synergy results, the so-called 

synergic interaction index (Is) as introduced by Howell 248 is taken into account: 

IS = 71 exp - T/mix = _ll_TJ_ 

T/mix T/mix 
(80) 

When the values of Is are negative, it is concerned as antagonic interaction index 
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The method used to analyze volume contraction and expansion is similar 

to that applied to viscosity, i.e., the density of the mixture is determined 

experimentally, Pexp• and a calculation is made for Pea! based on the expression: 

1 

Pea!= I W;p; 
i.:::::l 

(81) 

where p1 is the experimentally measured densitY of the i'h component. Other 

symbols have their usual significance. 

Accordingly, when Pexp > Peal• volume contraction occurs, but when Peal > Pexp 

, there is volume expansion in the system. 

2.5. Ultrasonic Speed 

In recent years, there has been considerably progress in the 

determination of thermodynamic, acoustic and transport properties of working 

liquids from ultrasonic speeds, density and viscosity measurement. The study of 

ultrasonic speeds and isentropic compressibilities of liquids, solutions and liquid 

mixtures provide useful information about molecular interactions, association 

and dissociation. Various parameters like molar isentropic and isothermal 

compressibilities, apparent molal compressibility, isentropic compressibility, 

deviation in isentropic compressibility from ideality, etc. can very well be 

evaluated and studied from the measurement of ultrasonic speeds and densities 

in solutions. Isentropic compressibilities play a vital role in characterization of 

binary and ternary liquid mixtures particularly in cases where partial molar 

volume data alone fail to provide an unequivocal interpretation of the 

interactions. 

2.5.1. Apparent Molal Isentropic Compressibility 

Although for a long time attention has been paid to the apparent molal 

isentropic compressibility for electrolytes and other compounds in aqueous 

solutions 249-253 measurements in non-aqueous solvents are still scarce. It has 

been emphasized by many authors that the apparent molal isentropic 

compressibility data can be used as a useful parameter in elucidating the solute-
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solvent and solute-solute interactions. The most convenient way to measure the 

compressibility of a solvent/solution is from the speed of sound in it. 

The isentropic compressibility (/3) of a solvent/solution can be 

calculated from the Laplace's equation 254: 

/3=-1 
u2p (82) 

where p is the solution density and u is the ultrasonic speed in the 

solvent/solution. The isentropic compressibility (/3) determined by equation 

(82) is adiabatic, not an isothermal one, because the local compressions 

occurring when the ultrasound passes through the solvent/solution are too rapid 

to allow an escape of the heat produced. 

The apparent molal isentropic compressibility ( ¢..,) of the solutions was 

calculated using the relation: 

(83) 

{3o is the isentropic compressibility of the solvent mixture, M is the molar mass of 

the solute and m is the molality ofthe solution. 

The limiting apparent isentropic compressibility rpo K may be obtained by 

extrapolating the plots of ¢...versus the square root of the molal concentration of 

the solutes by the computerized least- square method according to the equation. 

(84) 

The limiting apparent molal isentropic compressibility ( ¢° K) and the 

experimental slope s; can be interpreted in terms of solute-solvent and solute

solute interactions respectively. It is well established that the solutes causing 

electrostriction leads to the decrease in the compressibility of the solution 255,256, 

This is reflected by the negative values of ¢° K of electrolytic solutions. 

Hydrophobic solutes often show negative compressibilities due to the ordering 

induced by them in the water structure. The compressibility of hydrogen-bonded 

structure, however, varies depending on the nature of the hydrogen bonding 

involved. However, the poor fit of the solute molecules 257, 258 as well as the 
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possibility of flexible hydrogen bond formation appear to be responsible for 

causing a more compressible environment and hence positive ¢° K values have 

been reported in aqueous non-electrolyte 259 and non-aqueous non-electrolyte 

26o solutions. 

2.5.2. Deviation in Isentropic Compressibility 

The deviation in isentropic compressibility (ilKs) can be calculated using 

the following equation 261-263: 

j 

ilKs = Ks - L X;Ks,i 
i=l 

(85) 

where x; , Ks,i are the mole fraction and isentropic compressibility of i'h 

component in the mixture, respectively. The observed values of ilKs can be 

qualitatively explained by considering the factors, namely (i) the mutual 

disruption of associated species present in the pure liquids, (ii) the formation of 

weak bonds by dipole-induced dipole interaction between unlike molecules, and 

(iii) geometrical fitting of component molecules into each other structure. The 

first factor contributes to positive IlKs values, whereas the remaining two factors 

lead to negative ilKs values 264. The resultant values of ilKs for the present 

mixtures are due to the net effect of the combination of (i) to (iii) 265. 

Moreover, the excess or deviation properties (VJ:, ilrJ, ilGE and ilKs) have been 

fitted to Redlich-Kister 266 polynomial equation using the method of least squares 

involving the Marquardt algorithm 267 and the binary coefficients, a; were 

determined as follows : 

j 

Y;_] = X1X2 L a;(x1 - x2 )i 
i=l 

(86) 

where Y;J refers to an excess or deviation property and x1 and x2 are the mole 

fraction of the solvent 1 and solvent 2, respectively. In each case, the optimal 

number of coefficients was ascertained from an approximation of the variation in 

the standard deviation (a). The standard deviation (a) was calculated using, 
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1 

a = Yexp - Ycal [( 
E E )2]2 
(n-m) 

(87) 

where n is the number of data points and m is the number of coefficients. 

2.6. Conductance 

One of the most precise and direct technique available to determine the 

extent of the dissociation constants of electrolytes in aqueous, mixed and non

aqueous solvents is the "conductometric method." Conductance data in 

conjunction with viscosity measurements, gives much information regarding ion

ion and ion-solvent interaction . 

• N., • 

... 
N:t r --

Dissolved Ions Conduct Electricity 

The studies of conductance measurements were pursued vigorously 

during the last five decades, both theoretically and experimentally and a number 

of important theoretical equations have been derived. We shall dwell briefly on 

some of these aspects in relation to the studies in aqueous, non-aqueous, pure 

and mixed solvents. The successful application of the Debye-Hi.ickel theory of 

interionic attraction was made by Onsager 268 to derive the Kohlrausch's 

equation representi!lg the molar conductance of an electrolyte. For solutions of a 

single symmetrical electrolyte the equation is given by: 

(88) 
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where, 

S = a/1.0 + f3 (89) 

(z2)K 82.406 x 104z3 

a= = 
3(2 + V'i)ErkT,fC 

(90a) 

z2 eFK 82.487z3 

f3- --==--
- 3mJ,fC - rr[i(f (90b) 

The equation took no account for the short-range interactions and also of shape 

or size of the ions in solution. The ions were regarded as rigid charged spheres in 

an electrostatic and hydrodynamic continuum, i.e., the solvent 269, In the 

subsequent years, Pitts (1953) 270 and Fuoss and Onsager (1957) 271 

independently worked out the solution of the problem of electrolytic 

conductance accounting for both long-range and short-range interactions. 

However, the A0 values obtained for the conductance at infinite dilution using 

Fuoss-Onsager theory differed considerably from that obtained using Pitt's 

theory and the derivation of the Fuoss-Onsager equation was questioned 272,273, 

The original Fuoss-Onsager equation was further modified by Fuoss and Hsia 274 

who recalculated the relaxation field, retaining the terms which had previously 

been neglected. 

The results of conductance theories can be expressed in a general form: 

11.0 - all.0 ,fc (1 + Ka) p,JC 
II.= - + G(Ka) 

(1 + Ka) .fl. (1 + Ka) 
(91) 

where G(Ka) is a complicated function of the variable. The simplified form: 

II.= ll.o- s,fc + Ec lnc + flc- JzVC (92) 

However, it has been found that these equations have certain limitations, in some 

cases it fails to fit experimental data. Some of these results have been discussed 

elaborately by Fernandez-Prini 275,276, Further correction of the equation (92) 

was made by Fuoss and Accascin. They took into consideration the change in the 

viscosity of the solutions and assumed the validity of Walden's rule. The new 

equation becomes: 

(93) 

where 
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(94) 

In most cases, however, h is made zero but this leads to a systematic deviation of 

the experimental data from the theoretical equations. It has been observed that 

Pitt's equation gives better fit to the experimental data in aqueous solutions 277. 

2.6.1. Ionic Association 

The equation (93) successfully represents the behaviour of completely 

dissociated electrolytes. The plot of A against Vc (limiting Onsager equation) is 

used to assign the dissociation or association of electrolytes. Thus, if A~xp is 

greater than A~heo• i.e., if positive deviation occurs (ascribed to short range hard 

core repulsive interaction between ions), the electrolyte may be regarded as 

completely dissociated but if negative deviation (A~xp < A~heo) or positive 

deviation from the Onsager limiting tangent (aA0 + {3) occurs, the electrolyte 

may be regarded to be associated. Here the electrostatic interactions are large so 

as to cause association between cations and anions. The difference in A~xp and 

A~heo would be considerable with increasing association 278, 

Conductance measurements help us to determine the values of the ion-pair 

association constant, KA for the process: 

(95) 

K _ (1- a) 
A - ..:.a-;2:-c--,y f,;- (96) 

(97) 

where y± is the mean activity coefficient of the free ions at concentration ac. 

For strongly associated electrolytes, the constant, KA and A0 has been determined 

using Fuoss-Kraus equation 279 or Shedlovsky's equation2so. 

T(z) 1 KA CYfA --=-+---
A A0 A/' T(z) 

where T(z) = F(z) (Fuoss-Kraus method) and 1/T(z}=S(z) (Shedlovsky's 

method): 
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1 1 
F(z) = 1- z(1- z(1-... )2)2 (99a) 

and 

(99b) 

A plot of T(z)/ A against cy'f:A/T(z) should be a straight line having 1/ A0 

for its intercept and KA/ A0 
2 for its slope. Where KA is large, there will be 

considerable uncertainty in the determined values of A0 and KA from equation 

(98). 

The Fuoss-Hsia 274 conductance equation for associated electrolytes 

is given by: 
3 

A= A0 - S.../aC + E(ac) ln(ac) + lt(ac)- fz(ac)2- KAAy'f:(ac) (100) 

The equation was modified by Justice 281, The conductance of symmetrical 

electrolytes in dilute solutions can be represented by the equations: 
3 

A= a(A0 - S.../aC) + E(ac) ln(ac) + lt(R)ac- fz(R)(ac)2 

-kfo 
In y - ..,...----'--':= 

±- (1 + kR.../aC) 

(101) 

(102) 

(103) 

The conductance parameters are obtained from a least square treatment after 
2 

setting, R = q = -•- (Bjerrum's critical distance). 
2EkT 

According to Justice the method of fixing the] -coefficient by setting, R = q 

clearly permits a better value of KA to be obtained. Since the equation (101) is a 
3 

series expansion truncated at the c2 term, it would be preferable that the 

resulting errors be absorbed as must as possible by ]z rather than by KA, whose 

theoretical interest is greater as it contains the information concerning short

range cation-anion interaction. From the experimental values of the association 

constant KA, one can use two methods in order to determine the distance of 

closest approach, a, of two free ions to forin an ion-pair. The following equation 

has been proposed by Fuoss 282: 
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(104) 

In some cases, the magnitude of KA was too small to permit a calculation of a. The 

distance parameter was finally determined from the more general equation due 

to Bjerrum 283, 

(105) 

The equations neglect specific short-range interactions except for solvation in 

which the solvated ion can be approximated by a hard sphere model. The 

method has been successfully utilized by Douheret 284, 

2.6.2. Ion size Parameter and Ionic Association 

For plotting, equation (93) can be rearranged to the 'II.' function as: 

At= A+ s..JC- Eclnc = Aa +ftC+ fz VC=Aa +ftc 

with f 2 term omitted. 

(106) 

Thus, a plot of A0 vs. c gives a straight line with A0 as intercept and ]1 as slope 

and 'a' values can be calculated from ]1 values. The 'a' values obtained by this 

method for DMSO were much smaller than would be expected from sums of 

crystallographic radii. One of the reasons attributed to it is that ion-solvent 

interactions are not included in the continuum theory on which the conductance 

equations are based. The inclusion of dielectric saturation results in an increase 

in 'a' values (much in conformity with the crystallographic radii) of alkali metal 

salts (having ions of high surface charge density) in sulpholane. The viscosity 

correction leads to a larger value of 'a' 285 but the agreement is still poor. 

However, little of real physical significance may be attached to the distance of 

closest approach derived from f 286, Fuoss 287 in 1975 proposed a new 

conductance equation. Latter he subsequently put forward another conductance 

equation in 1978 replacing the old one as suggested by Fuoss and co-workers. He 

classified the ions of electrolytic solutions in one of the three categories.(i) Ions 

finding an ion of opposite charge in the first shell of nearest neighbours (contact 

pairs) with rlj =a . The nearest neighbours to a contact pair are the solvent 
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molecules forming a cage around the pairs. (ii) Ions with overlapping Gurney's 

co-spheres (solvent separated pairs). For them rq = a+ns, where n is generally 1 

but may be 2, 3 etc.; 's' is the diameter of sphere corresponding to the average 

volume (actual plus free) per solvent molecule. (iii) Ions finding no other 

unpaired ion in a surrounding sphere of radius R, the diameter of the co-sphere 

(unpaired ions). Thermal motions and interionic forces establish a steady state, 

represented by the following equilibria: 

A++ B+ = (A+ ............ B+) = A+B+ = AB (107) 

Solvent separated ion pair Contact ion pair Neutral molecule 

Contact pairs of ionogens may rearrange to neutral molecules A+B+ == AB, 

e.g.,H3 o+ and CH3 Coo-. Let y be the fraction of solute present as unpaired (r>R) 

ions. If cy is the concentration of unpaired ion and a is the fraction of paired ions 

(r ::;; R), then the concentration of unpaired ion and c(1- a)(1- y) and that of 

contact pair is ac(1 - y). 

The equation constants for (115) are: 

K _ (1- a)(1 ~ y) 
R- cy2J2 (108) 

a (-Es) Ks = -- = exp -- = e-• 
1-a kT 

(109) 

Where KR describes the formation and separation of solvent separated pairs by 

diffusion in and out of spheres of diameter R around cations and can be 

calculated by continuum theory; Ks is the constant describing the specific short

range ion-solvent and ion-ion interactions by which contact pairs form and 

dissociate. Es is the difference in energy between a pair in the states (r = R) and (r 

=a); E is Es measured in units of kT. 

1 
(1 - a) = (1 + K

5
) 

and the conductometric pairing constant is given by: 

(1- a) KR 
KA = cy2[2 (1 - a)= KR(1 + K5 ) 

Now, 

(110) 

(111) 

The equation determines the concentration, cy of active ions that produce long

range interionic effects. The contact pairs react as dipoles to an external field, X 
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and contribute only to changing current. Both contact pairs and solvent 

separated pairs are left as virtual dipoles by unpaired ions, their interaction with 

unpaired ions is, therefore, neglected in calculating long-range effects (activity 

coefficients, relaxation field llX and electrophoresis ll.Ae ). The various patterns 

can be reproduced by theoretical fractions in the form: 

(112) 

which is a three parameter equation A= A(c,A0,R,E5 ) llX/X (the relaxation 

field) and ll.Ae (the electrophoretic counter current) are long range effects due to 

electrostatic interionic forces and p is the fraction of Gurney co-sphere. 

The parameters KR (orEs) is a catch-all for all short range effects: 

p = 1- a(1- y,) (113) 

In case of ionogens or for ionophores in solvents of low dielectric constant, a is 

very near to unity (-Es/kTJ » 1 and the equation becomes: 

(114) 

The equilibrium constant for the effective reaction, A++ B+ = AB, is then 

(1-y) 
K11 = 2f 2 "" KRKs (115) cy 

as Ks » 1. The parameters and the variables are related by the set of 

equations: 

-E = ln[-a-] 
1-a 
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The details of the calculations are presented in the 1978 paper 287, The 

shortcomings of the previous equations have been rectified in the present 

equation that is also more general than the previous equations and can be used 

for higher concentrations (0.1 N in aqueous solutions). 

2.6.3. Lee-Wheaton Conductance Equation 

As Fuoss 1978 conductance equation contained a boundary condition 

error, 288, 289 Fuoss introduced a slight modification to his model 29o, 291, 

According to him, the ion pairs (ion approaching with their Gurney co-sphere) 

are divided into two categories- contact pairs (with no contribution to 

conductance) and solvent separated ion pairs (which can only contribute to the 

net transfer of charge). To rectify the boundary errors contained in Fuoss 1978 

conductance equation, Lee-Wheaton 292C•J in the same year described in the 

derivation of a new conductance equation, based on the Gurney co-sphere model 

and henceforth the new equation is referred to as the Lee-Wheaton equation 

292Cbl. The conductance data were analyzed by means of the Lee-Wheaton 

conductance equation 293 in the form: 

A = a; {Ao [1 + C1P" + C2 (p~<.) 2 + C3 (p~<.) 3 ] - ...f!!:..._ [1 + C4PK + C5 (pK)Z + 
1+1<R 

The mass action law association 294 is 

K - (1- a;)YA 
A,c- a[c;yf 

and the equation for the mean ionic activity coefficient: 

Y± = exp [ -1 !"KR] 

(121) 

(122) 

(123) 

where C1 to C5 are least square fitting coefficients as described by Pethybridge 

and Taba 295, /1.0 is the limiting molar conductivity, KA,co is the association 

constant, a; is the dissociation degree, q is the Bjerrum parameter and y the 

activity coefficient and P = 2q . The distance parameter R is the least distance 

that two free ions can approach before they merge into ion pair. The Debye 

parameter", the Bjerrum parameter q and p are defined by the expressions 295: 

(124) 
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e2 
q=---

8EaErkT 

Fe 
p = 299.79 X 3IDJ 

where the symbols have their usual significance 296, 

(125) 

(126) 

The equation (118) was resolved by an iterative procedure. For a definite R value 

the initial value of A0 and KA,co were obtained by the Kraus-Bray method 297, The 

parameter A0 and KA,c , were made to approach gradually their best values by a 

sequence of alternating linearization and least squares optimizations by the 

Gauss - Siedel method 298 until satisfying the criterion for convergence. The best 

value of a parameter is the one when .. equation (118) is best fitted to the 

experimental data corresponding to minimum standard deviation (aA) for a 

sequence of predetermined R value and standard deviation (aA) was calculated 

by the following equation: 

(127) 

where n is the number of experimental points and m is the number of fitting 

parameters. The conductance data were analyzed by fixing the distance of closest 

approach R with two parameter fit (m=2). For the electrolytes with no significant 

minima observed in the a A versus R curves, the R values were arbitrarily preset 

at the centre to centre distance of solvent-separated pair: 

R=a+d (128) 

where a = rc+ + rc- ,i.e., the sum of the crystallographic radii of the cation and 

anion and d is the average distance corresponding to the side of a cell occupied 

by a solvent molecule. The definitions of d and related terms are described in the 

literature 299, R was generally varied by a step 0.1 A and the iterative process was 

continued with equation (118). 

2.6.4. Limiting Equivalent Conductance 

The limiting equivalent conductance of an electrolyte can be easily 

determined from the theoretical equations and experimental observations. At 
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infinite dilutions, the motion of an ion is limited solely by the interactions with 

the surroundings solvent molecules as the ions are infinitely apart. Under these 

conditions, the validity of Kohlrausch's law of independent migration of ions is 

almost axiomatic. Thus: 

(129a) 

At present, limiting equivalent conductance is the only function which can 

be divided into ionic components using experimentally determined transport 

number of ions, i.e., 

(129b) 

Thus, from accurate value of AP of ions it is possible to separate the 

contributions due to cations and anions in the solute-solvent interactions. 

However, accurate transference number determinations are limited to few 

solvents only. 

In the absence of experimentally measured transference numbers it 

would be useful to develop indirect methods to obtain the ionic limiting 

equivalent conductances in solvents for which experimental transference 

numbers are not yet available. Various attempts were made to develop indirect 

methods to obtain the limiting ionic equivalent conductance, in ionic solvents for 

which experimental transference numbers are not yet available. 

The method has been summarized by Krumgalz 3oo and some important 

points are mentioned as follows: 

(i) Walden equation 301 

( '0)25 - (A-0)25 A± water ·1'/o,water - ± acetone ·17o,acetone (130) 

(ii) Ap0 !c•1Jo = 0.267 , A.~t.N+·1Jo = 0.269301,302 based on A 
0 = 

Et4Np1c 

0.563 (131) 

Walden considered the products to be independent of temperature and solvent. 

However, the 
0 

A 
8 

N values used by Walden were found to differ 
t4 pic 
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considerably from the data of subsequent more precise studies and the values of 

(ii) are considerably different for different solvents. 

(iii) A 
0 

25 
(Bu4N+) = A 

0 

25 
(Ph4B-) (132) 

The equality holds good in nitrobenzene and in mixture with CCI4 but not 

realized in methanol, acetonitrile and nitromethane. 

(133) 

The method appears to be sound as the negative charge on boron in the 

Bu4B- ion is completely shielded by four inert butyl groups as in the Bu4N+ ion 

while this phenomenon was not observed in case of Ph4B-. 

(iv) The equation suggested by Gill 304 is: 

o + _ zF2 

A 25 (R4N ) - ( ] 6nNA77o r; - (0.0103e0 +.ry) 
(134) 

where Z and r; are the charge and crystallographic radius of proper ion, 

respectively: 77o and e0 are solvent viscosity and dielectric constant of the 

medium, respectively; ry= adjustable parameter taken equal to 0.85A0 and 1.13 

A0 for dipolar non-associated solvents and for hydrogen bonded and other 

associated solvents respectively. 

However, large discrepancies were observed between the experimental and 

calculated values 300(aJ. In a paper, 300(bJ Krumgalz examined the Gill's approach 

more critically using conductance data in many solvents and found the method 

reliable in three solvents e.g. butan-1-ol, acetonitrile and nitromethane. 

(135) 

It has been found from transference number measurements that the , 
0 

[(i
/1. 25 

Am) 3BuN+] and / 
25

(Ph4B-) values differ from one another by 1%. 

(vi) ~5 ( Ph4B-) = 1.01~5 (i- Am4B- )
306 

(136) 

The value is found to be true for various organic solvents. 
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Krumgalz suggested a method for determining the limiting ion conductance in 

organic solvents. The method is based on the fact that large tetraalkyl (aryl) 

onium ions are not solvated in organic solvents due to the extremely weak 

electrostatic interactions between solvent molecules and the large ions with low 

surface charge density and this phenomenon can be utilized as a suitable model 

for apportioning A0 values into ionic components for non-aqueous electrolytic 

solutions. 

Considering the motion of solvated ion in an electrostatic field as a whole, 

it is possible to calculate the radius of the moving particle by the Stokes 

equation: 

r. = lziF2 
s A,., A-" ···to ~ 

(137) 

where A is a coefficient varying from 6 (in the case of perfect sticking) to 4 (in 

case of perfect slipping). Since the r5 values, the real dimension of the non

solvated tetraalkyl (aryl) onium ions must be constant, we have: 

A-217o =constant (138) 

This relation has been verified using A~ values determined with precise 

transference numbers. The product becomes constant and independent of the 

chemical nature of the organic solvents for the i- Am4 B-, Ph4As+, Ph4 B- ions 

and for tetraalkylammonium cation starting with Et4 N+. The relationship can be 

well utilized to determine A~ of ions in other organic solvents from the 

determined A0 values. 
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2.6.5. Solvation 

• • • • • 
• 
• • • • • • 

Solvation phenomena 

Various types of interactions exist between the ions in solutions. These 

interactions result in the orientation of the solvent molecules towards the ion. 

The number of solvent molecules that are involved in the solvation of the ion is 

called solvation number. If the solvent is water, this is called hydration number. 

Solvation region can be classified as primary and secondary solvation regions. 

Here we are concerned with the primary solvation region. The primary solva tion 

number is defined as the number of solvent molecules which surrender their 

own translational freedom and remain with the ion, tightly bound, as it moves 

around, or the number of solvent molecules w hich are aligned in the force field of 

the ion. 

If the limiting conductance of the ion i of charge Zi is known, the effective 

radius of the solvated ion can be determined from Stokes' law. The volume of the 

solvation shell is given by the equation. 

(1 39) 

where rc is the crystallographic radius of the ion. The solvation number ns would 

then be obtained from 

(140) 
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Assuming Stokes' relation to hold well, the ionic solvated volume can be 

obtained, because of the packing effects 307, from 

( 141) 

where V/ is expressed in moljlit. and rs in angstroms. However, this 

method is not applicable to ions of medium size though a number of empirical 

and theoretical corrections 308-311 have been suggested in order to apply it to 

most of the ions. 

2.6.6. Stokes' Law and Walden's Rule 

The starting point for most evaluations of ionic conductances is Stokes' 

law that states that the limiting Walden product (the limiting ionic conductance

solvent viscosity product) for any singly charged, spherical ion is as function only 

of the ionic radius and thus, under normal conditions, is constant. The limiting 

conductances A.f of a spherical ion of radius Ri moving in a solvent of dielectric 

continuum can be written, according to Stokes' hydrodynamics, as 

A.o = lzlieF = 0.819lz11 
1 

61!TJoRI TloRI 
{142) 

where TJ0 = macroscopic viscosity by the solvent in poise, Ri is in angstroms. If 

the radius Ri is assumed to be the same in every organic solvent, as would be the 

case, in case of bulky organic ions, we get: 

A.0TJ0 = 0.819 ~- = constant 
I 

(I 43) 

This is known as the Walden rule 312. The effective radii obtained using this 

equation can be used to estimate the solvation numbers. However, Stokes' radii 

failed to give the effective size of the solvated ions for small ions. 

Robinson and Stokes 313, Nightingale 193 and others 314-316 have suggested 

a method of correcting the radii. The tetraalkylammonium ions were assumed to 

be not solvated and by plotting the Stokes' radii against the crystal radii of those 

large ions, a calibration curve was obtained for each solvent. However, the 

experimental results indicate that the method is incorrect as the method is based 
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on the wrong assumption of the invariance of Walden's product with 

temperature. The idea of microscopic viscosity 317 was invoked without much 

success 318,319 but it has been found that: 

(144) 

where p is usually 0. 7 for alkali metal or halide ions and p = 1 for the large ions 

320, 321, Gill 322 has pointed out the inapplicability of the Zwanzig theory 323 of 

dielectric friction for some ions in non-aqueous and mixed solvents and has 

proposed an empirical modification of Stokes' Law accounting for the dielectric 

friction effect quantitatively and predicts actual solvated radii of ions in solution. 

This equation can be written as: 

jzjF2 

T; = 
6 

N ;.o + 0.0103D + Ty 
rr AT'Jo i 

(145) 

where T; is the actual solvated radius of the ion in solution and Ty is an empirical 

constant dependent on the nature of the solvent 322,323, 

The dependence of Walden product on the dielectric constant led Fuoss 

to consider the effect of the electrostatic forces on the hydrodynamics of the 

system. Considering the excess frictional resistance caused by the dielectric 

relaxation in the solvent caused by ionic motion, Fuoss proposed the relation: 

;.o = Felzd (1 +A) 
i,o 6nRoo ER~ (146) 

R 
Ri = Roo +;;;; 

or, 

(147) 

where Roo is the hydrodynamic radius of the ion in a hypothetical medium of 

dielectric constant where all electrostatic forces vanish and A is an empirical 

constant. 

Boyd 2so gave the expression: 

;.q = . Felzd 

' 61rTJoTi [ ( 1 + z27rrTJo) · (~:4eE:T)] 
(148) 

by considering the effect of dielectric relaxation in ionic motion; T is the Debye 

relaxation time for the solvent dipoles. Zwanzig 310 treated the ion as a rigid 
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sphere of radius rr moving with a steady state viscosity, V1 through a viscous 

incompressible dielectric continuum. The conductance equation suggested by 

Zwanzig is: 

0 
zfeF 

Ar=,{-------7[z~fe~2~(e~~---e~~)~T]~} 
AvrrrJori + Ao e~(2e~ + 1)rr3 

(149) 

where e~ and e;' are the static and limiting high frequency (optical) dielectric 

constants. Av = 6 and A0 =3/8 for perfect sticking and Av = 4 and A0 = 3/4 foe 

perfect slipping. It has been found that Born's and Zwanzig's equations are very 

similar and both may be written in the form: 

Ao- Ar? 
1 - (rl +B) 

(150) 

1 1 

The theory predicts 324 that Af passes through a maximum of 274Af 4B4 at 
1 

r; = (3B)4. The phenomenon of maximum conductance is well known. The 

relationship holds good to a reasonable extent for cations in aprotic solvents but 

fails in case of anions. The conductance, however, falls off rather more rapidly 

than predicted with increasing radius. For comparison with results in different 

solvents, the equation (149) can be rearranged as 325: 

or, 
A0z~ 

L* = Avrrn + --' ' r:-3 p• 
' 

(151) 

(152) 

In order to test Zwanzig's theory, the equation (152) was applied for Me4 N+ and 

Et4 N+ in pure aprotic solvents like methanol, ethanol, acetonitrile, butanol and 

pentanol 324-329, Plots of L* against the solvent function P* were found to be 

straight line. But, the radii calculated from the intercepts and slopes are far apart 

from equal except in some cases where moderate success is noted. It is noted 

that relaxation effect is not the predominant factor affecting ionic mobility and 

these mobility differences could be explained quantitatively if the microscopic 

properties of the solvent, dipole moment and free electron pairs were considered 

the predominant factors in the deviation from the Stokes' Jaw. 
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It is found that the Zwanzig's theory is successful for large organic cations 

in aprotic media where solvation is likely to be minimum and where viscous 

friction predominates over that caused by dielectric relaxation. The theory 

breaks down whenever the dielectric relaxation term becomes large, i.e., for 

solvents of high P* and for ions of small r1 . Like any continuum theory Zwanzig 

has the inherent weakness of its inability to account for the structural features, 

325 e.g., 

(i) It does not allow for any correlation in the orientation of the solvent 

molecules as the ion passes by and this may be the reason why the equation is 

not applicable to the hydrogen-bonded solvents 326. 

(ii) The theory does not distinguish between positively and negatively 

charged ions and therefore, cannot explain why certain anions in dipolar aprotic 

media possess considerably higher molar concentrations than the fastest cations. 

The Walden product in case of mixed solvents does not show any 

constancy but it shows a maximum in case of DMF + water and DMA + water 324· 

334 mixtures and other aqueous binary mixtures 335·338. To derive expressions for 

the variation of the Walden product with the composition of mixed polar 

solvents, various attempts 339 have been made with different models for ion

solvent interactions but no satisfactory expression has been derived taking into 

account all types of ion-solvent interactions because 

(i) it is difficult to include all types of interactions between ions as well as 

solvents in a single mathematical expression, and 

(ii) it is not possible to account for some specific properties of different 

kinds of ions and solvent molecules. 

Ions moving in a dielectric medium experience a frictional force due to 

dielectric loss arising from ion-solvent interactions with the hydrodynamic force. 

Though Zwanzig's expression accounts for a change in Walden product with 

solvent composition but does not account for the maxima. According to Hemmes 

340 the major deviations in the Walden products are due to the variation in the 

electrochemical equilibrium between ions and solvent molecules of mixed polar 

solvent composition. In cases where more than one types of solvated complexes 

are formed, there should be a maximum and/or a minimum in the Walden 

product. This is supported from experimental observations. Hubbard and 
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Onsager 341 have developed the kinetic theory of ion-solvent interaction within 

the framework of continuum mechanics where the concept of kinetic 

polarization deficiency has been introduced. However, quantitative expression is 

still awaited. Further, improvements 342, 343 naturally must be in terms of (i) 

sophisticated treatment of dielectric saturation, (ii) specific structural effects 

involving ion-solvent interactions. From the discussion, it is apparent that the 

problem of molecular interactions is intriguing as well as interesting. It is 

desirable to explore this problem using different experimental techniques. We 

have, therefore, utilized four important methods, viz., volumetric, viscometric, 

interferometric and conductometric for the physico-chemical studies in different 

solvent media. 

2.6.7. Thermodynamics oflon-pair Formation 

The standard Gibbs energy changes (t.G 0 
) for the ion- association process can be 

calculated from the equation 

t.G 0 = -RTlnKA (153) 

The values of the standard enthalpy change, t.H0 and the standard entropy 

change, t.S0
, can be evaluated from the temperature dependence of t.G 0 values 

as follows, 

t.Ho = - T2 [d(I1Go /T)] 
dT p 

t.so = -rz [d(t.Go)] 
dT p 

The values can be fitted with the help of a polynomial of the type 

(154) 

(155) 

(156) 

And the coefficients of the fits can be compiled together with thecra o/o values of 

the fits. The standard values at 298.15 K are then: 
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aso 298.15 = c1 

LlH0 
298.15 = C0 + 298.15 C1 

(157) 

(158) 
(159) 

The main factors which govern the standard entropy of ion-association of 

electrolytes are: (i) the size and shape ofthe ions, (ii) charge density on the ions, 

(iii) electrostriction of the solvent molecules around the ions, and (iv) 

penetration of the solvent molecules inside the space of the ions, and the 

influence of these factors are discussed later. 

The non-columbic part of the Gibbs energy, ilG 0 can also be calculated 

using the following equation: 

(160) 

R 

KA = (~~~~) J r 2 exp Crq - ~;) dr (161) 
a 

where the symbols have their usual significance. The quantity 2q/r is Columbic 

part of the interionic mean force potential and W± is its non-columbic part. 

2.6.8. Solvation Models- Some Recent Trends 

The interactions between particles in chemistry have been based upon 

empirical Jaws- principally on Coulomb's law. This is also the basis of the 

attractive part of the potential energy used in the SchOdinger equation. Quantum 

mechanical approach for ion-water interactions was begun by Clementi in 1970. 

A quantum mechanical approach to salvation can provide information on the 

energy of the individual ion-water interactions provided it is relevant to solution 

chemistry, because it concerns potential energy rather than the entropic aspect 

of salvation. Another problem in quantum approach is the mobility of ions in 

solution affecting salvation number and coordination number. However, the 

Clementi calculations concerned stationary models and cannot have much to do 

with the dynamic salvation numbers. Covalent bond formation enters little into 

the aqueous calculations; however, with organic solvents the quantum 

mechanical approaches to bonding may be essential. The trend pointing to the 
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future is thus the molecular dynamics technique. In molecular dynamic 

approach, a limited number of ions and molecules and Newtonian mechanics of 

movement of all particles in solution is concerned. The foundation of such a 

approach is the knowledge of the intermolecular energy of interactions between 

a pair of particles. Computer simulation approaches may be useful in this regard 

and the last decade (1990-2000) witnessed some interesting trends in the 

development of solvation models and computer software. Based on a collection 

of experimental free energy of solvation data, C.J. Cramer, D.G. Truhlar and co

workers from the University of Minnesota, U.S.A. constructed a series of 

solvation models (SM1-SM5 series) to predict and calculate the free energy of 

solvation of a chemical compound 344·348. These models are applicable to virtually 

any substance composed of H, C, N, 0, F, P, S, Cl, Brand/or I. The only input data 

required are, molecular formula, geometry, refractive index, surface tension, 

Abraham's a (acidity parameter) and b (basicity parameter) values, and, in the 

latest models, the dielectric constants. The advantage of models like SMS series 

is that they can be used to predict the free energy of self-solvation to better than 

1 KC!jmole. These are especially useful when other methods are not available. 

One can also analyze factors like electrostatics, dispersion, hydrogen bonding, 

etc. using these tools. They are also relatively inexpensive and available in easy 

to use computer codes. 

A. Galindo eta/. 349,350 have developed Statistical Associating Fluid Theory 

for Variable Range (SAFT-VR) to model the thermodynamics and phase 

equilibrium of electrolytic aqueous solutions. The water molecules are modeled 

as hard spheres with four short-range attractive sites to account for the 

hydrogen-bond interactions. The electrolyte is modeled as two hard spheres of 

different diameter to describe the anion and cation. The Debye-Hiickel and mean 

spherical approximations are used to describe the interactions. Good agreement 

with experimental data is found for a number of aqueous electrolyte solutions. 

The relative permittivity becomes very close to unity, especially when the mean 

spherical approximation is used, indicating a good description of the solvent. E. 

Bosch et a/. 351 of the University of Barcelona, Spain, have compared several 

"Preferential Solvation Models" specially for describing the polarity of dipolar 

hydrogen bond acceptor-cosolvent mixture. 
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2.6.9. Conductance- Some Recent Trends 

Recently Blum, Turq and coworkers 352,353 have developed a mean 

spherical approximation (MSA) version of conductivity equations. Their theory 

starts from the same continuity and hydrodynamic equations used in the more 

classical treatment; however, an important difference exists in the use of MSA 

expressions for the equilibrium and structural properties of the electrolytic 

solutions. Although the differences in the derivation of the classical and MSA 

conductivity theories seem to be relatively small, it has been claimed that the 

performance of MSA equation is better with a much wider concentration range 

than that covered by the classical equations. However, no through study of the 

performance of the new equation at the experimental uncertainty level of 

conductivity measurement is yet available in the literature, except the study by 

Bianchi et al. 354, They compared the results obtained using the old and new 

equations in order to evaluate their capacity to describe the conductivity of 

different electrolytic solutions. In 2000, Chandra and Bagchi 355 developed a new 

microscopic approach to ionic conductance and viscosity based on the mode 

coupling theory. Their study gives microscopic expressions of conductance and 

viscosity in terms of static and dynamic structural factors of charge and number 

density of the electrolytic solutions. They claim that their new equation is 

applicable at low as well as at high concentrations and it describes the cross over 

from low to high concentration smoothly. Debye-Huckel, Onsager and 

Falkenhagen expressions can be derived from this self-consistent theory at very 

low concentrations. For conductance, the agreement seems to be satisfactory up 

to 1 (M). 

2.7. Refractive Index 

Optical data (refractive index) of electrolyte mixtures provide interesting 

information related to molecular interactions and structure of the solutions, as 

well as complementary data on practical procedures, such as concentration 

measurement or estimation of other properties 356. 

The ratio of the speed of light in a vacuum to the speed of light in another 

substance is defined as the index of refraction (n0 ) for the substance. 
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Speed of light in vacumn 
Refractive index (n0 ) of substance = 

Speed of light in substance 

Whenever light changes speed as it crosses a boundary from one 

medium into another, its direction of travel also changes, i.e., it is refracted. The 

relationship between light's speed in the two mediums (VA and V8 ), the angles of 

incidence( sin 8A) and refraction (sin 88 ) and the refractive indexes of the two 

mediums ( nA and n8 ) is shown below: 

VA = sin OA = n11 

Vn sin o,J nA 
(162) 

Thus, it is not necessary to measure the speed of light in a sample in order to 

determine its index of refraction. Instead, by measuring the angle of refraction, 

and knowing the index of refraction of the layer that is in contact with the 

sample, it is possible to determine the refractive index of the sample quite 

accurately. 

The refractive index of mixing can be correlated by the application of a 

composition-dependent polynomial equation. Molar refractivity, was obtained 

from the Lorentz- Lorenz relation 357 by using, no experimental data according to 

the following expression 

R=[(n; -t)ln; +2](M I p ) (163) 

where M is the mean molecular weight of the mixture and p is the mixture 

density. no can be expressed as the following: 

n0 = [(2A + 1) I (1- A)]0
·
5 (164) 

where A is given by: 

A=[{Cn?-1) (1/p )}-{ Cn? -1) (vv. /p )}+{ (1~ -1) (w lp )}p] 
(~2 + 2) I (~2 + 2) 2 I (!~ + 2) 2 2 

(165) 

where n1 and m are the pure component refractive indices, w1 the weight 

fraction, p the mixture density, and Pl and p2 the pure component densities. 

The molar refractivity deviation is calculated by the following expression: 

(166) 
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where 9\ and 1A are volume fractions and R, R1, and Rz the molar refractivity of 

the mixture and of the pure components, respectively. 

The deviations of refractive index were used for the correlation of the 

binary solvent mixtures: 

(167) 

where llno is the deviation of the refractive index for this binary system and no, 

no1, and noz are the refractive index of the binary mixture, refractive index of 

component-1, and refractive index of component-2, respectively. x is the mole 

fraction. 

The computed deviations of refractive indices of the binary mixtures are 

fitted using the following Redlich-Kister expression3ss. 

s 
Lln0 ,., = w,w.,LB.(w,ww)P 

P•O 

(168) 

where Bp are the adjustable parameters obtained by a least squares fitting 

method, w is the mass fraction, and Sis the number of terms in the polynomial. 

In case of salt-solvent solution the binary systems were fitted to 

polynomials of the form: 

N 

nDs,sol = nDsof + L A;mj 
1=1 

(169) 

where nos,sol is the refractive index of the salt + solvent system and nosol is the 

refractive index of the solvent respectively, m is the molality of the salt in the 

solution, Ai are the fitting parameters, and N is the number of terms in the 

polynomial. 

For the ternary systems of the salt + solvent-1 + solvent-2 solutions a 

polynomial expansion 359,Similar to that obtained for the salt+ solvent solutions 

was used to represent ternary refractive indices: 
p 

n0 = n0 ., + LC1m
1 

1=1 
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no is the refractive index of the ternary solution, C; are the parameters, and P is 

the number of terms in the polynomial. 

There is no general rule that states how to calculate a refractivity 

deviation function. However, the molar refractivity is isomorphic to a volume for 

which the ideal behavior may be expressed in terms of mole fraction: in this case 

smaller deviations occur but data are more scattered because of the higher 

sensitivity of the expression to rounding errors in the mole fraction. For the sake 

of completeness, both calculations of refractivity deviation function, molar 

refractivity deviation was fitted to a Redlich and Kister-type expression and the 

adjustable parameters and the relevant standard deviation 6 are calculated for 

the expression in terms of volume fractions and in terms of mole fractions, 

respectively. 

From the discussion, it is apparent that the problem of molecular 

interactions is intriguing as well as interesting. It is desirable to attack this 

problem using different experimental techniques. We have, therefore, utilized 

five important methods, viz., volumetric, viscometric, interferometric, 

conductometric and refractometric for the physico-chemical studies in different 

solvent systems. 
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CHAPTER III 

Experimental Section 

3.1. Name, Structure, Physical Properties, Purification and Application of 

the used Solvents and Solutes 

3.1.1. Solvents 

Water: 

Water is an ubiquitous chemical substance that is composed of hydrogen and oxygen 

and is essential for all known fo rms of life. In typical usage, water refers only to its liquid 

form or state, but the substance a lso has a solid state, ice, and a gaseous state, water 

vapour or steam. Water is a good solvent and is often referred to as the universal 

solvent. 

Source: Distilled water. 

Purification: Water was first deionised and 

then distilled in an all glass distilling set along 

with alkaline KMn04 solution to remove any 

organic matter therein. The doubly distilled 

water was finally distilled using an all glass 

distilling set. Precautions were taken to 

prevent contamination from COz and other 

impurities. The triply distilled water had 

specific conductance less than 1 x 10-6 S.cm·ll. 
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WATER 

0 
H/"'-.H 

Appearance: Liquid 

Molecular Formula: HzO 

Molecular Weight: 18.02g/mol 

Boiling Point: 100 °C 

Melting Point: 0 °C 

Dielectric Constant: 78.35at zsoc 



Experimental Section 

2-Methoxyethanol: 

2-Methoxyethanol, or methyl cellosolve, is an organic compound that is used mainly as a 

solvent. It is a clear, colourless liquid with an ether-like odour. It is in a class of solvents 

known as glycol ethers which are notable for 

their ability to dissolve a variety of different 

types of chemical compounds and for their 

2-Methoxyethanol 

HO~O~ 

miscibility with water and other solvents. Appearance: Liquid 

Source: S.D. Fine Chemicals Ltd., Mumbai, 1 c
3
u

8
o

2 Molecular Formula: 
India. 

Purification: Peroxides were removed by 

refluxing with s tannous chloride. It was then 

dried with silica gel crystals, with a final 

distillation with sodiumz. 

2-Ethoxy ethanol: 

2-Ethoxyethanol, also known by the trademark 

cellosolve or ethyl cellosolve, is a clear, 

colourless, nearly odourless liquid that is 

miscible with water, ethanol, diethyl ether, 

acetone, and ethyl acetate. 

Source: S.D. Fine Chemicals Ltd., Mumbai, 

Molecular Weight: 76.1gfmol 

Boiling Point: 1124oc -----i 

Melting Point: -ssoc 

Dielectric Constant: 117.65 at250C 

2-Ethoxy ethanol 

HO~o'--./ 

Appearance: Liquid 

I Molecular Formula: J C.~HtoOz 
Molecular Weight: 90.121gfmol 

[ 
Boiling Point: -- -rl_1_3_5_o_c__ -

Purification: It was dried with CaS04, filtered 
Melting Point: -7ooc 

India. 

and fractionally distilled. Peroxides were 

removed by refluxing with anhydrous SnClz3. 
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2-Butoxyethanol: 

It is a colorless liquid with a sweet, ether-like 

odour. It is butyl ether of ethylene glycol, but 

should not be confused with the simple glycol 

2-Butoxy ethanol 

as it is glycol ether. Appearance: Liquid 

Source: S.D. Fine Chemicals Ltd., Mumbai, f Molecular Formula: I C6H1402 

India. Molecular Weight: 118.17gjmol 
Purification: It was dried with anhydrous 

1 

I 
Boiling Point: 171 °C 

K2C03 and CaS04, filtered and distilled. .___ __ -----~----=-=--::--------1 

Peroxides were removed by refluxing with 

anhydrous SnClz3. 

Carbon tetrachloride: 

Carbon tetrachloride, also known by many 

other names (notably, carbon tet in the 

cleaning industry, and as a Halon or Freon in 

HVAC) is the organic compound with the 

formula CCk In the carbon tetrachloride 

molecule, four chlorine atoms are positioned 

symmetrically as corners in a tetrahedral 

configuration joined to a central carbon atom 

by single covalent bonds. Because of this 

symmetrical geometry, CCl4 is non-polar. 

Source: Merck, India. 

I 
I 

Melting Point: -77°C 

1 Dielectric Constant: 19.87 at25°C 

Carbon tetrachloride 

Cl 

CI+CI 

Cl 

-
Appearance: I Liquid 

Molecular Formula: CCl4 

Molecular Weight: 153.83gjmol 

Boiling Point: 77°C 

Melting Point : -23°C 

Dielectric Constant: 2.2 at 2ooc 
---

Purification: It was dried with CaC)z and distilled over Pz0 s2. 
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Nitrobenzene: 

Nitrobenzene is a colorless to pale yellow oily liquid with an odour resembling that of 

bitter almonds or "shoe polish." It represents a fire hazard, with a flash point (closed cup 

method) of 88 oc and an explosive limi t (lower) of 1.8% by volume in air. Nitrobenzene 

can undergo degradation by both photolysis 

and microbial biodegradation. 

Source: Merck, India 

Purification: It was purified by fraction 

distillation. Impure nitrobenzene was taken 

in a round bottomed flask fitted with a 

Nitrobenzene 

Appearance: Liquid 

I Molecular Formula: 
condenser and heated in a water bath L __ ...._ ____ _ 
mainta ined at 207-2100C. Nitrobenzene was 

obtained as yellow vapours which was cooled 

by condenser and collected back2. 

Methyl Salicylate: 

Molecular Weigh~: 123.06 gjmol 

Boiling Point: 210.90C 
__j_ 

fl>ielectric Constant: 134.8 at 2 soc 

Methyl ~alicylate ~ 

~ 
Appearance: Colourless Oily 

Liquid 

Methyl salicylate (oil of wintergreen or 

wintergreen oil) is a natural product of 

many species of plants. Some of the plants 

which produce it are called wintergreens, 

hence the common name. It is easily 

soluble in alcohol, acetic acid, soluble in 

ether, chloroform, slightly soluble in water. 

Source: Merck, India 

Purification: It was diluted with diethyl 

ether and then washed with saturated 

1 

Molecular Formul_a_: ---'--C-aH_a_o_3 __ _ 

olecular Weight: 152.15 gjmol 

Boiling Point: I 222oc 

sodium bicarbonate to remove any free I Dielectric Constant: 
====-=~ 

6.8 at 25°C 
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acid that may be present. Finally it was washed with brine, dried with magnesium 

sulphate, filtered, evaporated and then distilled. 

1,3-Dioxolane: 

Dioxolane or 1,3-dioxolane is an heterocyclic acetal. It is an analogue of tetrahydrofuran 

with an additional ring oxygen atom and an analogue of the 6 membered ring 1,3· 

dioxane. No unusual toxic effects have been associated with the use of 1,3-dioxolane. 

The product is not explosive, not spontaneously flammable and has no disagreeable 

odor. Dioxolanes are a group of organic compounds sharing the dioxolane ring 

structure. 

Source: Sigma Aldrich, India. 

Purification: It was heated under reflux with 

PbOz for 2 hrs, then cooled and filtered. After 

adding xylene to the filtrate, the mixture was 

1,3· Dioxolane 

Appearance: 
fractionally distilled1.2. The solvent obtained ~ Molecular Formula: 
after purification had a boiling point of 348 K 

Molecular Weight: 74.08 gjmol 
I 760 mm, a density of 1057.1kg.m·3 and a 

I Boiling Point: 75oc 
coefficient of viscosity of 0.531mPa.s at . ---~ 

Melting Point: -9 s oc 
298.15 K. 

Dielectric Constant: 7.34 at 25°C 

Dichloromethane: 

-

It is a colorless organic compound with a moderately sweet aroma. Although it is not 

miscible with water, it is miscible with many organic solvents 

11 5 
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Source: Sisco Research Laboratories Pvt. Ltd., 

Mumbai, India. 

Purification: It was shaken with cone. HzS04 

or Aq. KMn04, then washed with water, Satd. 

Aq. NaHC03, again with water, dried with 

KzC03 and distilled from CaHz or CaS043. 

2-Butanol: 

Dichloromethane 

CI~CI 
Appearance: Liquid 

I Molecular Formula: I CHzClz 

Molecular Weight: 84.93 gjmol 

Boiling Point: 

Melting Point: 

39.8°C 

-97.3°( 

Dielectric Constant: 8.93 at 25°C 

2-Butanol, or sec-butanol, is a colorless liquid that is completely miscible with polar 

organic solvent such as ethers and other alcohols. It is produced on a large scale, 

primarily as a precursor to the industrial solvent methyl ethyl ketone. 2-Butanol is 

chiral and thus can be obtained as either of 

two stereoisomers designated as (R)-(-)-2-

butanol and (S)-( + )-2-butanol. It is normally 

found as an equal mixture of the two 

stereo isomers - a racemic mixture. Appearance: 

2-Butanol 

Liquid 

Source: Merck, India. r;;: I 
1 Molecular Formula: C4H1oO 

Purification: It was dried with KzC03 or ----Molecular Weight: 74.122 gjmol 
CaS04, followed by filtration and fractional I Boiling Point: j 99oc 
distillation refluxing with CaO, distillation, ---'

1
'--_-

1
-
1
-
5
-oc------1 

Melting Point: 
then refluxing with Mg and redistillation; and """ I Dielectric Constant: 

1

1 15.8 at 2soc 
refluxing with, then distillation with CaHz2• 
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n-Amyl alcohol: 

n-Amyl alcohol 

HO~ 

It is an alcohol with five carbon atoms. It is a 

colorless liquid with an unpleasant aroma. 

Commercial amyl alcohols are colourless 1 

~--------------------------------------------------~ liquids, slightly soluble in water, and having a 

characteristic penetrating odour. 

Source: Merck, India. 

1 Appearance: Liquid 

! Molecular Formula: j CsH120 
----l 

Molecular Weight: 88.15 gfmol 

Purification: It was dried with anhydrous I T Boiling Point: 194.120C 
K2C03 and distilled. The middle fractions for -------------------+--_7-8

-.-
8

-
5

-oc- -----Melting Point: 
both the liquids were collected and kept free [ .. 

Dielectric Constant: 113.9at 25°C_ 
from humidity with 3 A molecular sieves4. - . 

lso amyl alcohol: 

Isoamyl Alcohol is a colorless liquid with 

pungent taste and disagreeable aroma. It is 

soluble in alcohol and ether but slightly 

soluble in water. 

Source: Merck, India. 

Purification: It was dried with anhydrous 

KzC03 and distilled. The middle fractions for 

both the liquids were collected a nd kept free 

from humidity with 3 A molecular sieves4. 
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lso amyl alcohol 

I 
.. 

Appearance: Liquid 

Molecular Formula: I CsH120 

Molecular Weight: 1 88.15 gfmol 

Boiling Point: 1132°C 

Melting Point: -117°C 

I Dielectric Constant: 115.1 at 25oc 
= 
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2-Propanol: 

2-Propa nol 

HO-< 

2-Propanol: Isopropyl alcohol (2-propanol or 

the abbreviation IP A) is a common name for a 

chemical compound with the molecular formula 

C3H80 . It is a colorless, fl ammable chemical 

compound with a strong odour. 

L_ ________________________________ ~ 

Appea rance: Liquid 
Source: Merck, India. 

1 Molecular For mula: C3HaO 

Purification: It was dried with anhydrous Molecular Weight: 60.1 gjmol 

CaS04 and distilled. After disti llation were 

stored over activated 4 A molecular sieves to 

reduce their water content before use2
. 

Diethyl ether : 

Diethyl ether , also known simply as ether, is the 

organic compound with the formula (C2Hsh O. It 

Boiling Point: 82.5°C 

Melting Point: 
- === 

Dielectric Constant: 19.92 at 2s oc 

Diethyl ether 

is a colorless and highly flammable liquid with a l 
~------------------Appearance: Liquid low boiling point and a characteristic odor. 

Source: Merck, India. 

Purification: Diethyl ether (AR) was distilled 

and stored over odium5
. 

~olecular Formula: I (CzHs)_zo ___ _, 

Molecular Weight: 74.12 gjmol 
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Boiling Point: I 34.60C 
I 

Melting Point: 1 -116.3°C 

Dielectric Constant: I 4.34 a t 2s oc 
_j 
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Ethylene glycol: 

Ethylene glycol is a colorless, practically odorless, low-volatility, low-viscosity, 

hygroscopic liquid. It is completely miscible 

with water and many organic liquids. The 

hydroxyl groups on glycols undergo the usual 

alcohol chemistry, giving a wide variety of 

possible derivatives. 

Source: Merck, India. 

Purification: It was dried with anhydrous 

CaS04 and distilled under vacuum. The 

distillate was passed through Iinde type 4 A 
molecular sieves2. 

Acetophenone: 

Acetophenone, the simplest aromatic ketone, 

is a clear liquid or crystals; very slightly 

soluble in water. 

Source: Merck, India. 

Purification: Dried by standing with 

anhydrous CaS04 for several days, followed 

by fractional distillation under reduced 

pressure2. 
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Ethylene glycol 

HO~ 
O H j 

Appearance: Liquid 

Molecular Formula: j CzH60z 

Molecular Weight: 62.07 gjmol 

Boiling Point: j 197.JOC 

Melting Point: I -12.9°c 

Dielectric Constant: T 40.97 at 2soc -

Acetophenone 

)--0 ~ ;) 

Appearance: r Liquid 

Molecular Formula: T C6HsC(O)CH3 

Molecular Weight: 120.1 gjmol 

Boiling Point: j 202°C 
-

Melting Point: -20°C 

Dielectric Constant: 117.3 at 2soc 
-

-



Experimental Section 

3.1.2. Solutes 

Menthol: 

Menthol 

Menthol is an organic compound made 

synthetically or obtained from 

peppermint or other mint oils. It is a 

waxy, crystalline substance, clear or Appearance: White or colourless 

white in color, which is solid at room crystalline solid 

temperature and melts slightly above. I Molecular Formula: C1oHzoO 

Molecular Weight: 156.27 gjmol 

Melting Point: 45oc 

Catechol: 

Catechol, fo rmerly known as pyrocatechol, is 1, 

2-dihydroxybenzene, an organic compound 

with the feathery white crystals which are very 

rapidly soluble in water. It is the ortho isomer 

of one of the three isomeric benzenediols. 

Source: S.D. Fine Chemicals Ltd., Mumbai, India. 

Purification: Commercial sample of catechol 

Catechol 

Appearance: White solid 

Molecular Formula: I C6H60 z 

was purified by repeated crystallization from Molecular Weight: 110.11gjmol 

mixture of chloroform-methanol. The sample r Melting Point:-===c_105°C ] 
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was dissolved in chloroform in hot condition, filtered and to the filtrate dried & distill ed 

methanol was added drop wise. Fine plate like crysta l separated and recovered by rapid 

filtration & ready for use. 

Oxalic acid: 

Oxalic Acid (also called Ethanedioic Acid) is a toxic organic compound belonging to the 

family of dicarboxylic acids. It occurs in the form of its metal salts (usually calcium or 

potassium) in many plants. It is commercially manufactured by heating sodium formate 

in the presence of an alkali catalyst to form sodium oxalate, which should be converted 

to free oxalic acid when treated with 

sulfuric acid . Oxalic acid is the only 

possible compound in which two 

carboxyl groups are joined directly; for 

this reason oxalic acid is one of the 

strongest acids in organic compounds. 

Source: Analytical Reagent Grade 

Purification: Oxalic acid (of Analytical 

Reagent Grade) was used after drying 

over PzOs in a desiccator for more than 

24 hours. 

Sodium Molybdate: 

Oxalic acid 

,0-{-~ 
0 

Appearance: White Crystalline 

Solid 
-

Molecular Formula: 1 (COOH)z,2Hz0 

Molecular Weight: 126.07 gfmol 

Melting Point: l (101-102)0C 

Sodium molybdate is useful as a source of tnolybdenum6 . It is often found as the 

dehydrate NazMo04·ZHzO. The molybdate (VI) anion is tetrahedral. Two sodium cations 

coordinate with every one anion7. 

Source: E. Me rck, India 
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uification: Sodium molybdate was 

trifled by re-crystallizing twice from 

mductivity water and then dried in a 

tcuum desiccator over P20 s for 24 hours 

!fore use. 

tdium Tungstate: 

Sodium Molybdate 

Na• 
o· 
I 

o=Mo-o· 

U Na• 

Appearance: white crystalline 
solid 

Molecular Formula: I Na2Mo04,2H20 
Molecular Weight: 241.95 gfmol 
Meltin Point: I 6870C 

tdium tungstate, Na2W04, a tungstate of sodium, is useful as a source of tungsten. It is 

·epared from tungsten ores used to 

anufacture tungsten by reducing it. It Sodium Tungstate 

often found as the dihydrate, 

:t2W04•2H20. This salt is soluble in 

ater and is a moderately strong 

:idizing agent, 

mrce: E. Merck, India 

uification: Sodium tungstate was 

Appearance: 

Na' 
o· 
I o=w- o 
II 
0 

Colorless 

1rified by re-crystallizing twice from 1 Molecular Formula: I Na2W04.2H20 

mductivity water and then dried in a Molecular Weight: 329.86 

tcuum desiccator over P20 s for 24 Melting Point: 

>Urs before use. 
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Phosphomolybdic acid: 

I Phosphomolybdic acid 

-OH 

HO I 
'Mo=0 

~\~0 
0 P. 
Ho/\ 

I OH 

Phosphomolybdic acid, also known as 

dodeca molybdophosphoric acid or PMA is 

a component of Masson's trichrome stain. 

It is a yellow-green compound, freely 

soluble in water and polar organic solvents 

such as ethanol Appearance: Solid yellow crystals 

Source: Thomas Baker, India Molecular Formula: j H3Mo1204oP 

Molecular Weight: 1825.25 gfmol 

Melting Point: l (78-90)0( 

Sodium Acetate: 

Sodium Acetate is a salt of a strong base and a weak acid providing the application to be 

used as buffers. 

Source: Thomas Baker, India 

Purification: It was crystallized from 

aqueous ethanol, as trihydrate. This 

material was converted to anhydrous salt 

Sodium Acetate 

-
Na• j 

·o~ 
0 

by heating s lowly in a porcelain dish, so Appearance: White Crystalline 

that the salt melts again. After several 

minutes, the salt was allowed to solidify 

and cooled to a convenient temperature 

before being powdered and bottled. 

Solid 

Molecular Formula: [ CH3COONa 

Molecular Weight: 82.03 g/mol 

Melting Point: 324°C 
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Potassium acetate: 

Potassium acetate, is the potassium salt 

of acetic acid. 

Source: Thomas Baker, India 

Purification: It was crystallized three 

times from water- ethanol (1:1) dried to 

constant weight in a oven and pumped 

dry under vacuum fo r 30hr at 100°C. 

Lithium acetate: 

Lithium acetate: It is a salt of lithium and 

acetic acid 

Source: Thomas Baker, India 

Purification: It was crystallized from 

ethanol (Smlfg) by partial evaporation. 

Potassium Acetate 

~------ ---------------- ---
Appearance: white crystalline 

solid 

1 Molecular Formula: I CHJCOz_K __ -----1 

Molecular Weight: 98.15 gjmol 

~elting Point: I 292 oc 

Lithium Acetate 

Appearance: 

-

white crystalline 

solid 

Molecular Formula: I CH3COOLi 

l
Moletular Weight: 102.02 gjmol = 

Melting Point: 1 54-56 oc 
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Quaternary ammonium iodide: 

Quaternary ammonium compounds (R4N+) are any of a group of ammonium salts in 

which organic radicals have been substituted for all four hydrogens of the original 

ammonium cation. They have a central 

nitrogen atom which is joined to four 

organic radicals (for e.g. butyl group) and 

one acid radical (for e.g. iodide ion). The 

organic radicals (R) may be alkyl, aryl, or 

aralkyl, and the nitrogen can be part of a 

ring system. They are prepared by 

treatment of an amine with an alkylating 

agent. They show a variety of physical, 

Quaternary ammonium iodide 

Appearance: White crystalline 

solid 

Molecular Formula: R4NI 

chemical, and biological properties and most compounds are soluble in water and 

strong electrolytes. In addition to their tendency of locating at the interface of two 

phases (liquid- liquid or solid- liquid) to introduce continuity between the two different 

phase, they have properties of disrupting micro-organisms' cell processes. 

Source: Sigma Aldrich, Germany 

125 



Experimental Section 

3.2. Experimental Methods and Instruments Used 

Measurement of Density 

Densities (p) were measured 
with an Ostwald-Sprengel 
type pycnometer having a 
bulb volume of 25 cm3 and 
an internal diameter of the 
capillary of about 1 mm. The 
pycnometer was calibrated 
at 298.15 K vvith doubly 
distilled water and TH F. The 
total uncertainty in density 
was estimated to be ±0.0001 
gcm·3. 

The measurements were carried out in a thermostatic water bath (Science India, 

Kolkata) maintained with an accuracy of± 0.01 K of the desired temperature. A 60W 

heating element and a toluene-mercury thermo-regulator were used to maintain the 

temperature of the experimental thermostat which was placed in a hot-cum-cold 

thermostat. The temperature of the hot-cum-cold thermostat was preset at the desired 

temperature using a contact thermometer and relay system. The absolute temperature 

was determined by a calibrated platinum resistance thermometer and Muller bridge. s-1o 

Density meter(Anton Paar(DMA 4500 M) GmbH, Austria-Europe 

In the digital density meter, the 
mechanic oscillation of the U
tube is e.g. electromagnetically 
transformed into an alternating 
voltage of the same frequency. 
The period T can be measured 
with high resolution and stands 
in simple relation to the density 
p of the sample in the oscillator 
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In the digital density meter, the mechanic oscillation of the U-tube is e.g. 

e lectromagnetically transformed into an alternating voltage of the same frequency. The 

period -r can be measured with high resolution and stands in simple relation to the 

density p of the sample in the oscillator. 

( 1) 

A and 8 are the respective instrument constants of each oscillator. Their values are 

determined by calibrating with two substances of the precisely known densities Pt and 

pz. Modern instruments calculate and store the constants A and 8 after the two 

calibration measurements, which are mostly performed with air and water. They 

employ suitable measures to compensate various parasitic influences on the measuring 

result, e.g. the influence of the sample's viscosity and the non-linearity caused by the 

measuring instrument's finite mass. 

Measurement of Viscosity 

The kinematic viscosities 
were measured by means of 
a suspended-level Ubbelohde 
viscometer. The time of flow 
was measured with a stop 
watch. The viscometer was 
always kept in a vertical 
position in the water- bath. 
The viscometer needed no 
correction for kinetic energy 

The kinematic viscosity (y) and the absolute viscosity (TJ) are given by the following 

equations: 

r= kt-11 r 

77 = y.p 
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where, tis the time of flow, p is the density a nd k and I are the characte ristic constants of 

the particular viscome ter. The precision of the viscosity measurement was± 0.004 %. In 

all cases, the experiments were performed in at least three replicates and the results 

were averaged. 

Relative viscosities (ll r ) were obtained using the equation: 

(4) 

where 11, 11 o, p, po and t, to are the absolute viscosities, dens ities and fl ow times for the 

solution and solvent respective ly. 

The measurements were ca rried out in a thermostatic water bath mainta ined with an 

accuracy of± 0.01 K of the desired temperatu re. 

Water Distiller 

Water distillation units 
produce highly treated and 
disinfected water for 
laboratory usage. The 
distillation process removes 
minerals and microbiological 
contaminants and can reduce 
levels of chemical 
contaminants. A water 
distiller works by boiling 
water into water vapour, 
condensing it and then 
returning it to its liquid state. 
It is collected in a storage 
container. 

Municipal or well water is manually or automatically fed into the distiller unit's boiling 

chamber. A heating element in the boiling chamber heats the water until it boils. The 

steam rises from the boiling chamber. Volatile contaminants (gases) are discharged 
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through a built-in vent. Minerals and salts are retained in the boiling chamber as hard 

deposits or scale. The steam enters a coiled tube (condenser) , which is cooled by cool 

water. Water droplets form as condensation occurs. The distilled water is collected in a 

storage tank If the unit is an automatic model, it is set to operate to fill the storage tank 

The distillation apparatus consists of flask with heating elements embedded in glass and 

fused in spiral type coil internally of the bottom and tapered round glass, joints at the 

top double walled condenser with B-40/B-50 ground glass joints, suitable to work on 

220 volts, SO cycles AC supply. 

Fractional Distillation Apparatus 

Thennometer 

Conden cr 

' 
Adapter 

Water t 
Fractionating column Water 

Receiving Oask 

-
Di tilling Oavk 

Heater 
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Rotary Vacuum Flash Evaporator 

A rotary evaporator (or 
rotavap) is a device used in 
chemical laboratories for the 
efficient and gentle removal 
of solvents from samples by 
evaporation. When 
referenced in the chemistry 
research literature, 
description of the use of this 
technique and equipment 
may include the phrase 
"rotary evaporator", though 
use is often rather signaled by 
other language (e.g., "the 
sample was evaporated under 
reduced pr~ssure·). 

Rotary evapora tion is most often and conveniently applied to separate "low boiling" 

so lvents s uch a n-hexane o r ethyl aceta te from compounds which are solid a t room 

tempe rature a nd pressure 11. However, careful application als o a llows removal of a 

solvent from a sample conta ining a liquid compound if there is minimal co-eva poration 

(azeotropic behavior), and a sufficient diffe re nce in boiling points a t the chosen 

tempe ra ture and reduced pressure. 

Thermostat Water Bath (Science India, Kolka ta) : 

The measureme nts were carried out in thermostatic wa ter ba th maintained with a n 

accuracy of ± 0.01 K of the desired temperature. 
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Laboratory water bath is a system in which a vessel containing the material to be heated 

is placed in to or over the one containing water and to quickly heat it. These laboratory 

equipment supplies are ava ilable in different volumes and construction with both digital 

and analogue controls and greater temperature uniformity, durability, heat retention 

and recovery. The chambers of water bath lab products are manufactured using rugged, 

leak proof and highly resistant stainless steel and other lab supplies. 

Digital Electronic Analytical Balance 

The mass measurements 
accurate to ±0.01 mg were 
made on a digital electronic 
analytical balance (Mettler 
Toledo, AG 285, Switzerland). 
An analytical balance is used to 
measure mass to a very high 
degree of prectsiOn and 
accuracy. The weighing pan(s) 
of a high precision (.01 mg or 
better) analytical balance are 

inside a transparent enclosure 
with doors so that dust does 
not collect and so any air 
currents in the room do not 
affect the balance's operation. 

The use of a vented balance safety enclosure, which has uniquely designed acrylic 

airfoils, allows a smooth turbulence-free airfl ow that prevents balance fluctuation and 

the weighing of mass down to 1 11g without fluctuations or loss of product. Also, the 

sample must be at room temperature to prevent natural convection from forming air 

currents inside the enclosure, affecting the weighing. 
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Ultrasonic Interferometer 

Ultrasonic speeds were 
measured, with an accuracy of 0.2 
%, using a single-crystal varialie
path ultrasonic interferometer 
(Model M-81, Mittal Enterprise, 
New Delhi) operating at 4 MHz, 
which was calibrated with water, 
methanol and benzene at 
required temperature. The 
temperature stability was 
maintained within = 0.01 K by 
circulating thermostatic water 
around the cell by a circulating 
pump. 

Experimental Section 

Experimental set-up of Ultrasonic Interferometer 

The principle used in the measurement of the ultrasonic speed (u) is based on the 

accurate determination of the wavelength (A.) in the medium. Ultrasonic waves of 

known frequency (f) are produced by a quartz crystal fixed at the bottom of the cell. 

These waves are reflected by a movable metallic plate kept parallel to the quartz crystal. 

If the separation between these two plates is exactly a whole multiple of the sound 

wavelength, s tanding waves are formed in the medium. This acoustic resonance gives 

ri se to an e lectrical reaction on the generator driving the quartz crystal and the anode 

current of the generator becomes a maximum. 

If the distance is now increased or decreased and the variation is exactly one ha lf of 

wave length (A. /2) or integral multiples of it, anode current becomes maximum. From 

the knowledge of the wave le ngth (A.), the speed (u) can be obtained by the relation. 

Ultrasonic speed ( u) =Wave Length (A) x Frequency (f) (5) 

Experimental set-up 

a. One high frequency generator. 

b. Measuring cell, 1, 2, 3 and 4 MHz. 

c. Shielded cable 
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The measuring cell is connected to the output terminal of the high frequency generator 

through a shielded cable. The cell is filled with the experimental liquid before switching 

on the generator. The ultrasonic waves move normal from the quartz crystal till they are 

reflected back from the movable plate and the standing waves are formed in the liquid 

in between the reflector plate and the quartz crystal. The micrometer is slowly moved 

till the anode current on the meter on the high frequency generator shows a maximum. 

A number of maxima readings of anode current are passed and their number (n) is 

counted. The total distance (d) thus moved by the micrometer gives the value of the 

wavelength (A.) with the following relation: 

d=nxA./2 ( 6) 

Further, the velocity is determined from which the isentropic compressibility (Ks) 

is calculated by the following formula : 

where p is the density of the experimental liquid. 

Fig.l(a): Cross-Section of 
the Measuring Cell 

Flg.l (b): Position of Reflector 
versus Crystal Current 

Figure 1 shows the Multifrequency Ultrasonic Interferometer i.e. 

(7) 

(a) Cross-section of the measuring cell, (b) Position of reflector vs. crystal current 

(Note: The extra peaks in between minima and maxima occurs due to a number of 

reasons, but these do not effect the value of J../2 ). 
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Conductivity Bridge 

Systronics Conductivity-TDS meter 

308 is a microprocessor based 

instrument used for measuring 

specific conductivity of solutions. It 

can provide both automatic and 

manual temperature compensation. 

The instrument shows the 

conductivity of the solution under 

test at the existing temperature or 

with temperature compensation. 

Provision for storing the cell 

constant and the calibrating solution 

type. is provided with the help of 

battery back-up. This data can be 

further used for measuring the 

conductivity of an unknown 

solution, without recalibratlng the 

instrument even after switching it 

off. 

Experimental Section 

The conductance measurements were carried out on this conductivity bridge using a 

dip-type immersion conductivity cell of cell constant 1.11cm-1. The entire conductance 

data were reported at 1 KHz and was found to be ±0.3 % precise. The instrument was 

standardized using 0.1(M) KCl solution. The cell was calibrated by the method of Lind 

and co-workers12. The conductivity cell was sealed to the side of a 500 cm3 conical flask 

closed by a ground glass fitted with a side a rm through which dry and pure nitrogen gas 

was passed to prevent admission of air into the cell when solvent or solution was added. 

The measurements were made in a thermostatic water bath maintained at the required 

temperature with an accuracy of ± 0.01 K by means of mercury in glass 

thermoregula tor13. 

Solutions were prepared by weight precise to ± 0.02 %. The weights were taken on a 

Mettler electronic analytical balance (AG 285, Switzerland). The molarities being 

converted to molalities as required. Several independent solutions were prepared and 
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runs were performed to ensure the reproducibility of the results. Due correction was 

made for the specific conductance of the solvents at desired temperatures. 

The following figure shows the Block diagram of the Systronics Conductivity-TDS 

meter308. 

1~1~¥ 
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Block Diagram of the Instrument 
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Abbe Refractometer (Cyberlab, MA01527,USA) 

The refractive indices of pure liquids 

and their binary mixture \\~re 

measured by using a thermostated 

Abbe refractometer. The values of 
refractive index were obtained using 

sodium D light. The uncertainty of 
refractive index measurements was 
\\i.thin 0.0001. The thermostat 

temperature was constant to =0.01 K. 
\Vater was circulated into the prism 
of the refractometer by a circulation 

pump cormected to. an external 
thermostated water bath. 

Calibration was performed by measuring the refractive indices of double-distilled water, 

toluene, cyclohexane, and carbon tetrachloride a t defined temperature. The sample 

mixtures were directly injected into the prism assembly of the instrument using an 

airtight hypodermic syringe, and an average of four measurements was taken for each 

mixture. 

The ratio of the speed of light in a vacuum to the speed of light in another substance is 

defined as the index of refraction (aka refractive index or n) for the substance. 

~peed of light 
refractive index (n ) _ m a vacuum 
of substance - speed of light 

in substance 
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Whenever light changes speed 
as it crosses a boundary from 
one medium into another its 
direction of travel also changes, 
i.e., itis refracted (Figure 1). (In 
the special case of the light 
traveling perpendicular to the 
boundary there is no change in 
direction upon entering the new 
medium.) The relationship 
between light's speed in the two 
mediums (VA and vs), the angles 
ofinddence (qA) and refraction 
(qs) and the refractive indexes 
of the two mediums (nA and ns) 
is shown below: 

VA= sinBA = n8 

V8 sin88 nA 

Figure 1. Light 
crossing from any 
transparent medium 
into another in which 
it has a different 
speed, is refracted, i.e., 
bent from its original 
path (except when the 
direction of travel is 
perpendicular to the 
boundary). In the case 
shown, the speed of 
light in medium A is 
greater than the speed 
of light in medium B 

(9) 

Thus, it is not necessary to measure the speed of light in a sample in order to determine 

its index of refraction. Instead, by measuring the angle of refraction, and knowing the 

index of refraction of the layer that is in contact with the sample, it is possible to 

determine the refractive index of the sample quite accurately14, Nearly all 

refractometers utilize this principle, but may differ in their optical design. 
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In the Abbe' refractometer the 
liquid sample is sandwiched into a 
thin layer between an illuminating 
prism and a refracting prism 
(Figure 2). The refracting prism is 
made of a glass with a high 
refractive index (e.g., 1.75) and the 
refractometer is designed to be 
used with samples having a 
refractive index smaller than that of 
the refracting prism. 

Refracting 
Prism 

Figure Z. Cross section of part 
of the optical path of an Abbe 
refractometer. 11le sample 
thickness has been 
exaggerated for clarit;y. 

A light source is projected through the illuminating prism, the bottom surface of which 

is·ground (i.e., roughened like a ground-glass joint), so each point on this surface can be 

thought of as generating light rays traveling in all directions. Inspection of Figure 2 

shows that light traveling from point A to point B will have the largest angle of incidence 

(qt) and hence the largest possible angle of refraction (qr) for that sample. All other rays 

of light entering the refracting prism will have smaller qr and hence lie to the left of 

point C. Thus, a detector placed on the back side of the refracting prism would show a 

light region to the left and a dark region to the right. 
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CHAPTER-IV 

Densities, Viscosities, Sound Speeds, Refractive Indices and 
Excess Properties of Binary Mixturesof Isoamyl Alcohol with 
Some Alkoxyethanols 

4.1. Introduction 

Grouping of solvents into classes is often based on the nature of the 

intermolecular forces because the manner whereby solvent molecules are 

associated with each other brings about a marked effect on the resulting 

properties. The determination of density, viscosity, speed of sound and refractive 

index is a valuable tool to develop new theoretical models and learn about the 

liquid state1 because of the close connection between liquid structure and 

macroscopic properties. Ultrasonic methods and refractive index find extensive 

applications owing to their ability of characterizing the physico-chemical 

behavior of liquid systems. On the other hand, excess thermodynamic functions 

and deviations of non thermodynamic ones of binary liquid mixtures are 

fundamental for understanding the interactions between molecules in these 

types of binary mixtures. 

There has been a recent upsurge of interest2,3 in the study of 

thermodynamic properties of binary liquid mixture which has been used 

extensively to obtain information on intermolecular interactions and stereo 

chemical effects in these solvents. The present work reports density (p ), viscosity 

(IJ) for the binary mixtures of isoamyl alcohol (I.A.A) with 2-methoxethanol (2-

M.E), 2-ethoxy ethanol (2-E.E) and 2-butoxy ethanol (2-B.E) over the entire 

range of composition at 303.15 K, 313.15 K, and 323.15 K. Also, the ultrasonic 

speed (u) and refractive index (no) have been reported for the binary mixtures at 

303.15 K. 

The amyl alcohols are used fundamentally for the perfumes composition 

and the synthesis of fruit essences. They are also used as solvents for surfaces 

and lacquer baths, inks for print and dyes for wool as well as in the chemical 
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production of photographic and pharmaceutical substances. Furthermore, they 

are an intermediate in the production of amyl acetate and other amyl esters. In 

some of these uses, the knowledge of their physical properties is very important. 

It is well known that alkoxyethanols have wide use as monomers in the 

production of polymers and emulsion formulations. They are also of 

considerable interest for studying the heteroproximity effects of the etheric 

oxygen on the -OH bond and, hence their influence on the associated nature of 

the species in these molecules. This work provides a test of various empirical 

equations to correlate viscosity, density, acoustic and refractive index data of 

binary mixtures in terms of pure component properties. 

4.2. Experimental section 

4.2.1. Chemicals 

2-methoxyethanol, 2-ethoxyethanol, 2-butoxyethanol (S.D. Fine Chemicals, AR, 

India) were purified as described in the literature 4. Isoamyl alcohol was 

procured from Merck, India and was used as purchased. The pure chemicals 

were stored over activated 411. molecular sieves to reduce water content before 

use. The chemicals after purification were 99.8% pure and their purity was 

ascertained by GLC and also by comparing experimental values of density, 

viscosity and refractive index with those reported in the literature when 

available, as presented in Table 1. 

4.2.2. Apparatus and procedure 

Densities (p) were measured with an Ostwald-Sprengel type pycnometer having 

a bulb volume of about 25 cm3 and an internal diameter of the capillary of about 

0.1 em. The measurements were done in a thermostat bath controlled to ±0.01 K. 

Viscosity (17) was measured by means of suspended Ubbelohde type viscometer, 

calibrated at 298.15 K with triply distilled water and purified methanol using 

density and viscosity values from literature. The flow times were accurate to 

±0.1s, and the uncertainty in the viscosity measurements was ±2 x 10·4 mPa·s. 

The mixtures were prepared by mixing known volume of pure liquids in airtight

stopper bottles and each solution thus prepared was distributed into three 
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recipients to perform all the measurements in triplicate, with the aim of 

determining possible dispersion of the results obtained. Adequate precautions 

were taken to minimize evaporation loses during the actual measurements. The 

reproducibility in mole fractions was within ±0.0002. The mass measurements 

were done on a Mettler AG-285 electronic balance with a precision of ±0.01 mg. 

The uncertainty of density measurements was less than ±0.0002 g·cm·3• 

Ultrasonic speeds of sound (u) were determined by a multifrequency 

ultrasonic interferometer (Mittal enterprise, New Delhi, M-81) working at 1MHz, 

calibrated with triply distilled and purified water, methanol and benzene at 

303.15 K. The uncertainty of ultrasonic speed measurements was ±0.8 m·s·1. The 

details of the methods and techniques have been described in earlier papers 5·8• 

Refractive index was measured with the help of Abbe-Refractometer (U.S.A), 

which works with the wavelength corresponding to the D line of sodium. The 

accuracy of refractive index measurement was ±0.0002 units. The refractometer 

was calibrated using twice distilled and deionized water, and calibration was 

checked after every few measurements. All experimental works were done under 

atmospheric pressure. 

4.3. Results and Discussion 

4.3.1. Excess molar volumes 

The experimental densities (p), viscosities (IJ), excess molar volumes (VE) and 

viscosity deviations (lllJ) for the binary mixtures studied at 303.15 K, 313.15 K 

and 323.15 K are reported in Table 2. 

The excess molar volumes VE, for the mixtures were calculated using the 

following equation 9, 

vE = ...,?_ x·M· (~- 2:.) 
.Ut-1 t t p Pt (1) 

where p is the density of the mixture and Mt, Xt, p1 are the molar mass, mole 

fraction and density of the i1h component in the mixture respectively. 
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Fig. 1 illustrates that the excess molar volumes, J1E for the binary system of 

l.A.A with 2-M.E, 2-E.E, 2-B.E. are positive over the entire range of composition at 

303.15 K and follows the order 2-M.E> 2-E.E> 2-B.E. Similar trends were found 

for higher temperatures. 

The sign of the excess volume (V E) of a system depends on the relative 

magnitude of expansion/contraction on mixing of two liquids. If the factors 

causing expansion dominate the factors causing contraction, then V E becomes 

positive. On the other hand, if the contractive factors dominate the expansive 

factors, then VE becomes negative. 

Mixing of I.A.A with alkoxyethanols induces a decrease in the molecular 

order in the latter, resulting in an expansion in volume and hence positive J1E 

values. The values of excess molar volumes J1E were found to decrease with the 

increase of carbon chain length of alkoxyethanols. A similar result was found in 

the study of binary mixtures of chloroform with propan-1-ol and butan-1-ol 

10.The J1E values were found to increase with rise in temperature over all 

composition range. Similar dependence of J1E values on temperature was 

reported elsewhere 11,12, 

4.3.2. Viscosity deviations 

The viscosity deviations (Ll.ryJ from linear dependence on mole fraction were 

calculated 13 by, 

(2) 

where, 17 is the viscosity of the mixture and X;, rJ; is the mole fraction and 

viscosity of pure component i respectively. 

Deviations in viscosity (Ll.ryJ for the mixture of l.A.A with alkoxyethanols 

are negative as depicted in Fig. 2, and the magnitude of negative deviation 

increases with increasing chain of alkoxy alkanols. The trend in negative 

deviation of Ll.ry is 2-M.E >2-E.E>2-B.E at 303.15 K and also at other higher 
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temperatures. The fl17 values show a systematic increase with increase in 

temperature for the binary mixture. Similar results have been reported earlier 11. 

Also, the deviations in ll1J values are found to be opposite to the sign of excess 

molar volumes VE for all three binary mixtures, which is in agreement with the 

view proposed by Brocos et al. 14• 15. A correlation between the sign of ll1J and VE 

(Table 2) has been observed for a number of binary solvent systems 16, 17 i.e., fl17 

is positive when VE is negative and vice-versa. 

4.3.3. Deviations in isentropic compressibility. 

Isentropic compressibility, Ks and deviation in isentropic compressibility 

IlKs, were calculated using the following relations: 

1 
Ks = (u2p) 

2 

LIK, = K,- ,L:x,K,,, 
1=1 

(3) 

{4) 

where u and Ks are the speed of sound and isentropic compressibility of the 

mixture and Ks1, the isentropic compressibility of the ith component in the 

mixture respectively. The experimental speed of sound, isentropic 

compressibility and deviation in isentropic compressibility are listed in Table 3 

and are graphically represented in Fig. 3 as a function of mole fraction of !.A.A. 

From Fig. 3, it is evident that the IlKs values are positive and the magnitude of 

positive values decreases with increasing chain length of the alcohols. The order 

of IlKs values is: 2-M.E>2-E.E>2-B.E. 

4.3.4. Excess molar refraction 

The molar refraction, [R] can be evaluated from Lorentz-Lorenz relation 18 and 

gives more information than nn about the mixture phenomenon because takes 

into account the electronic perturbation of molecular orbital during the liquid 

mixture process and [ R] is also directly related to the dispersion forces 

(5) 
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Where [R], no2, and Mare, correspondingly, the molar refraction, the refractive 

index and the molar mass of the mixture respectively. Deviation from molar 

refraction was calculated from the following relation; 

( 6) 

(7) 

The value of flR is positive (Table 3) for all systems indicating that the 

dispersion forces are higher in the mixture than in the pure liquids. The 

deviations in refractive indices are shown in Fig. 4. The flR values for the binary 

mixtures under study follows the order 2-M.E>Z-E.E>Z-B.E with a maximum at 

around X1 - 0.3-0.4. 

4.4. Conclusion 

After a through study of the behavior of alkoxyethanols and isoamyl alcohol, we 

get a clear idea about the molecular interaction between the components and it 

was found that the interactions between the solvent molecules increases with 

the increase in chain length of alkoxyethanols. 
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Table 1 

Density [p ), viscosity (IJ), sound speed (u) and refractive index (no) of the pure 

component liquids at different temperatures. 

T/K p x 10·3fkg·m·3 1J fmPa-s ufm·s·1 no 

This Lit This Lit This work Lit This Lit 

work work work 

Iso-amyl alcohol 

303.15 0.8031 0.803219 3.2622 3.111119 1197.4 1197.019 1.4035 

313.15 0.7964 2.4409 

323.15 0.7898 1.9396 

2-Methoxyethanol 

303.15 0.9568 0.9558 20 1.5496 1.476 20 1324.3 1359.2 21 1.3983 

313.15 0.9463 0.9462 20 1.2883 1.189 20 

323.15 0.9378 1.0824 

2-Ethoxyethanol 

303.15 0.9195 0.9212 20 1.6226 1.643 20 1301.5 1319.9 21 1.4065 

313.15 0.9120 0.9123 20 1.3554 1.293 20 

323.15 0,9038 1.1432 

2-Butoxyethanol 

303.15 0.8920 0.8923 20 2.4864 2.408 20 1288.4 1322.0 21 1.4150 

313.15 0.8842 0.8839 20 1.9788 1.869 20 

323.15 0.8775 1.6525 
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Table 2 

Experimental values of density (p), viscosity (ry), excess molar volume (VE), 

deviations in viscosity (.!lry) for the binary mixture under investigation at 303.15 

K, 313.15 K and 323.15 K. 

Mole fraction of 

l.A.A (x1) p x 10·3 /kg·m· lJ /mPa·s VEx 106 fm3·mol· l!.ry fmPa·s 

3 1 

l.A.A (1) + 2-M.E (2) 303.15 K 
0.0000 0.9568 1.5496 0.0000 0.0000 
0.0875 0.9383 1.5784 0.0510 -0.1211 
0.1775 0.9205 1.6106 0.0930 -0.2430 
0.2701 0.9032 1.6521 0.1600 -0.3600 
0.3653 0.8867 1.7492 0.2100 -0.4260 
0.4633 0.8708 1.8200 0.2580 -0.5230 
0.5643 0.8558 1.9339 0.2720 -0.5820 
0.6683 0.8415 2.1190 0.2740 -0.5750 
0.7754 0.8278 2.3539 0.2460 -0.5237 
0.8860 0.8151 2.7148 0.1460 -0.3520 
1.0000 0.8031 3.2622 0.0000 0.0000 

313.15 K 
0.0000 0.9463 1.2883 0.0000 0.0000 
0.0875 0.9282 1.3120 0.0530 -0.0772 
0.1775 0.9108 1.3412 0.1070 -0.1517. 
0.2701 0.8939 1.3763 0.1790 -0.2232 
0.3653 0.8776 1.4323 0.2560 -0.2771 
0.4633 0.8622 1.4823 0.2940 -0.3400 
0.5643 0.8476 1.5537 0.3100 -0.3850 
0.6683 0.8336 1.6675 0.3060 -0.3910 
0.7754 0.8205 1.8341 0.2550 -0.3480 
0.8860 0.8081 2.0595 0.1520 -0.2500 
1.0000 0.7964 2.4409 0.0000 0.0000 

323.15 K 
0.0000 0.9378 1.0824 0.0000 0.0000 
0.0875 0.9198 1.1114 0.0640 -0.0460 
0.1775 0.9028 1.1526 0.1110 -0.0820 
0.2701 0.8859 1.1689 0.1950 -0.1450 
0.3653 0.8700 1.1921 0.2550 -0.2035 
0.4633 0.8547 1.2236 0.3060 -0.2560 
0.5643 0.8401 1.2801 0.3360 -0.2860 
0.6683 0.8263 1.3552 0.3390 -0.3000 
0.7754 0.8132 1.4811 0.2930 -0.2660 
0.8860 0.8011 1.6708 0.1770 -0.1710 
1.0000 0.7898 1.9396 0.0000 0.0000 
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I.A.A (1) + 2-E.E (2) 303.15 K 
0.0000 0.9195 1.6226 0.0000 0.0000 
0.1020 0.9061 1.6885 0.0313 -0.1013 
0.2036 0.8929 1.7610 0.0750 -0.1953 
0.3047 0.8801 1.8121 0.1288 -0.3101 
0.4053 0.8677 1.8916 0.1644 -0.3956 
0.5055 0.8558 1.9937 0.1920 -0.4578 
0.6053 0.8443 2.1244 0.2020 -0.4906 
0.7046 0.8333 2.3012 0.1973 -0.4767 
0.8035 0.8228 2.4957 0.1560 -0.4443 
0.9020 0.8126 2.8067 0.1040 -0.2947 
1.0000 0.8031 3.2622 0.0000 0.0000 

313.15 K 
0.0000 0.9120 1.3554 0.0000 0.0000 
0.1020 0.8986 1.38.\)1 0.0385 -0.0810 
0.2036 0.8856 1.4245 0.0796 -0.1518 
0.3047 0.8729 1.4688 0.1320 -0.2173 
0.4053 0.8605 1.5295 0.1740 -0.2659 
0.5055 0.8487 1.6041 0.1976 -0.3001 
0.6053 0.8373 1.6804 0.2087 -0.3320 
0.7046 0.8264 1.8119 0.2008 -0.3084 
0.8035 0.8159 1.9451 0.1698 -0.2825 
0.9020 0.8058 2.1431 0.1156 -0.1760 
1.0000 0.7964 2.4409 0.0000 0.0000 

323.15 K 
0.0000 0.9038 1.1432 0.0000 0.0000 
0.1020 0.8905 1.1695 0.0400 -0.0550 
0.2036 0.8777 1.1963 0.0830 -0.1090 
0.3047 0.8651 1.2221 0.1370 -0.1637 
0.4053 0.8530 1.2627 0.1790 -0.2033 
0.5055 0.8413 1.3098 0.2020 -0.2360 
0.6053 0.8300 1.3771 0.2180 -0.2482 
0.7046 0.8192 1.4598 0.2090 -0.2445 
0.8035 0.8088 1.5657 0.1850 -0.2174 
0.9020 0.7990 1.7275 0.1230 -0.1340 
1.0000 0.7898 1.9396 0.0000 0.0000 

I.A.A (1) + 2-B.E (2) 303.15 K 
0.0000 0.8920 2.4864 0.0000 0.0000 
0.1297 0.8822 2.4826 0.0142 -0.1043 
0.2510 0.8725 2.4959 0.0282 -0.1852 
0.3649 0.8631 2.5135 0.0370 -0.2560 
0.4720 0.8539 2.5572 0.0400 -0.2953 
0.5728 0.8450 2.5937 0.0364 -0.3370 
0.6679 0.8386 2.6532 0.0313 -0.3514 
0.7578 0.8277 2.7480 0.0231 -0.3262 
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0.8428 0.8193 2.8774 0.0158 -0.2629 
0.9235 0.8111 3.0576 0.0080 -0.1452 
1.0000 0.8031 3.2622 0.0000 0.0000 

313.15 K 
0.0000 0.8842 1.9788 0.0000 0.0000 
0.1297 0.8745 1.9694 0.0165 -0.0693 
0.2510 0.8654 1.9674 0.0335 -0.1274 
0.3649 0.8561 1.9873 0.0422 -0.1601 
0.4720 0.8472 1.9969 0.0460 -0.2002 
0.5728 0.8379 2.0284 0.0449 -0.2151 
0.6679 0.8295 2.0671 0.0368 -0.2204 
0.7578 0.8210 2.1207 0.0294 -0.2083 
0.8428 0.8125 2.2001 0.0195 -0.1682 
0.9235 0.8046 2.3034 0.0092 -0.1021 
1.0000 0.7964 2.4409 0.0000 0.0000 

323.15 K 
0.0000 0.8775 1.6525 0.0000 0.0000 
0.1297 0.8677 1.6233 0.0190 -0.0664 
0.2510 0.8582 1.6286 0.0356 -0.0960 
0.3649 0.8488 1.6363 0.0495 -0.1209 
0.4720 0.8398 1.6498 0.0540 -0.1382 
0.5728 0.8310 1.6729 0.0514 -0.1440 
0.6679 0.8223 1.7022 0.0473 -0.1420 
0.7578 0.8139 1.7371 0.0383 •0.1329 
0.8428 0.8057 1.7985 0.0280 -0.0960 
0.9235 0.7976 1.8507 0.0190 -0.0669 
1.0000 0.7898 1.9396 0.0000 0.0000 
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Table 3 

Experimental values of ultrasonic speed (u), isentropic compressibility (K,) 
deviation in isentropic compressibility (IlK,), refractive indices (no) excess molar 
refraction (t.R) for the binary mixtures at 303.15 K. 

Mole 

fraction of u jm·s·1 K, X 1012 Ll Ksx 1012 no t.R x10·6 

l.A.A (X!) /Pa·l /Pa·1 fm3·mol·1 

l.A.A (1) + 2-M.E (2) 303.15K 

0.0000 1324.3 595.9 0.0 1.3983 0.0000 
0.0875 1312.1 619.1 21.1 1.3988 0.0076 
0.1775 1299.2 643.6 ', 39.2 1.3993 0.0137 
0.2701 1287.4 668.0 52.6 1.3999 0.0314 
0.3653 1274.8 694.0 62.2 1.4004 0.0412 
0.4633 1261.2 721.9 67.6 1.4009 0.0513 
0.5643 1248.8 749.2 66.8 1.4014 0.0540 
0.6683 1235.7 778.3 60.5 1.4020 0.0600 
0.7754 1223.3 807.3 47.5 1.4025 0.0545 
0.8860 1210.5 837.2 27.5 1.4030 0.0322 
1.0000 1197.4 868.5 0.0 1.4035 0.0000 

l.A.A (1) + 2-E.E (2) 303.15K 

0.0000 1301.5 1301.5 0.0 1.4065 0.0000 
0.1020 1292.4 1292.4 16.8 1.4062 0.0175 
0.2036 1282.4 1282.4 31.0 1.4059 0.0290 
0.3047 1272.7 1272.7 41.3 1.4055 0.0392 
0.4053 1262.9 1262.9 47.9 1.4052 0.0432 
0.5055 1251.2 1251.2 51.6 1.4049 0.0396 
0.6053 1240.6 1240.6 50.3 1.4046 0.0320 
0.7046 1229.3 1229.3 44.9 1.4043 0.0223 
0.8035 1219.2 1219.2 34.5 1.4040 0.0148 
0.9020 1208.7 1208.7 19.6 1.4037 0.0065 
1.0000 1197.4 1197.4 0.0 1.4035 0.0000 

l.A.A (1) + 2-B.E (2) 303.15K 

0.0000 1288.4 675.3 0.0 1.4150 0.0000 
0.1297 1279.8 692.1 14.6 1.4138 0.0136 
0.2510 1270.3 710.2 26.2 1.4127 0.0194 
0.3649 1261.8 727.7 33.3 1.4115 0.0223 
0.4720 1251.8 747.3 38.0 1.4104 0.0221 
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0.5728 1242.3 766.8 39.1 1.4093 0.0208 
0.6679 1233.5 785.9 36.7 1.4080 0.0176 
0.7578 1224.2 806.1 31.7 1.4069 0.0140 

0.8428 1215.3 826.4 23.7 1.4058 0.0116 

0.9235 1206.4 847.1 13.1 1.4047 0.0047 
1.0000 1197.4 868.4 0.0 1.4035 0.0000 
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Figure 1. Plots of excess molar volumes VEx 106 (m3·mol'l) against mole fraction 

(x1) of isoamyl alcohol with 2-methoxyethanol (+), 2-ethoxyethanol (•) and 2-

butoxyethanol (&)at 303.15 K. 
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Figure 2. Plots of viscosity deviations, l).ry (mPa·s) against mole fraction (x1) of 

isoamyl alcohol with 2-methoxyethanol (•), 2-ethoxyethanol (&) and 2-

butoxyethanol (+)at 303.15 K. 
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Figure 3. Plots of deviation in isentropic compressibility 11 Ks x 1012 (Pa·l) against 

mole fraction (x1) of isoamyl alcohol with 2-methoxyethanol ( + ), 2-ethoxyethanol 

(•) and 2-butoxyethanol (.6.) at 303.15 K 
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Figure 4. Plots of molar refraction 11R x 10·6 (m3·moP) against mole fraction (x1) 

of isoamyl alcohol with 2-methoxyethanol (+), 2-ethoxyethanol (•) and 2-

butoxyethanol (.6.) at 303.15 K 
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CHAPTER-V 

Study of the Solution Properties of Ternary Mixtures of 1,3-
Dioxolane (1), Diethyl Ether (2), and n-Amyl Alcohol.(3) and the 
Corresponding Binary Mixtures by Density, Viscosity, 
Refractivity, and Ultrasonic Speed Measurements at 298.15 K 

5.1. Introduction 

Knowledge of densities, excess volumes and viscosities of fluids and fluid 

mixtures is essential to understand the molecular interactions between unlike 

molecules, to develop new theoretical models and also for engineering 

applications in the process industry. Ultrasonic methods find extensive 

applications owing to their ability of characterizing the physico-chemical 

behaviour of liquid systems from absorption and velocity data. It is also possible 

to investigate molecular packing, molecular motion, various types and extent of 

intermolecular interaction influenced by the size, shape and chemical nature of 

component molecules and microscopic structure ofliquids. 

The amyl alcohols are used fundamentally for the perfumes composition 

and the synthesis of fruit essences. They are also used as solvents for surfaces 

and lacquer baths, inks for print and dyes for wool as well as in the chemical 

production of photographic and pharmaceutical substances. Furthermore, they 

are an intermediate in the production of amyl acetate and other amyl esters. 1, 3-

dioxolane is a versatile solvent used in the separation of saturated and 

unsaturated hydrocarbons, in pharmaceutical synthesis, and serve as solvents 

for many polymers 1, z. 

Ethers such as diethyl ether are regarded as ideal potential fuel 

alternatives or additives, which have good combustion characteristics. The 

investigation on the thermophysical properties is very important for the 

increased applications of oxygenated fuels or fuel additives. Considering all of 

these aspects we undertook investigations on the thermodynamic and transport 
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properties of binary and ternary mixtures involving 1, 3 dioxolane (1, 3 D.O), 

diethylether (D.E.E) and n-amyl alcohol (A.L). 

In this paper we have reported excess molar volume (VE), viscosity 

deviations (Ill]), deviations in isentropic compressibility (IlKs) and excess molar 

refraction (M) for three binary mixtures of 1,3 D.O (1) and D.E.E (2), 1,3 D.O (1) 

and A.L (3), D.E.E (2) and A.L (3) and their corresponding ternary mixtures at 

298.15 K over the entire range of composition. The excess or deviation 

properties of binary mixtures were fitted to Redilch-Kister polynomial equation 

to obtain their coefficients and have been interpreted in terms of molecular 

interactions and structural effects. 

5.2. Experimental Section 

5.2.1. Chemicals 

1, 3 dioxolane (CAS: 646-06-0), n-amyl alcohol (CAS: 71-41-0) and diethylether 

(CAS: 60-29-7) with minimum mass fraction purities of 0.99 used in this study 

were purchased from S.d.fine-Chem Limited, Mumbai, India. The pure chemicals 

were stored over activated 4 A molecular sieves to reduce water content before 

use. The purity of each substance was evaluated by comparing experimental 

values of density, viscosity, sound speed and refractive index with those reported 

in the literature whenever available, as presented in Table 1. 

5.2.2. Apparatus and procedure 

Densities (p) were measured with an Ostwald-Sprengel type pycnometer 

having a bulb volume of about 25 cm3 and an internal diameter of the capillary of 

about 0.1 em. The measurements were done in a thermostat bath controlled to 

±0.01 K. Viscosity (17) was measured by means of suspended Ubbelohde type 

viscometer, calibrated at 298.15 K with triply distilled water and purified 

methanol using density and viscosity values from literature. The flow times were 

accurate to ±0.1s, and the uncertainty in the viscosity measurements was ±2 x 

10·4 mPa·s. The mixtures were prepared by mixing known volume of pure liquids 

in airtight-stopper bottles and each solution thus prepared was distributed into 

three recipients to perform all the measurements in triplicate, with the aim of 
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determining possible dispersion of the results obtained. Adequate precautions 

were taken to minimize evaporation loses during the actual measurements. The 

reproducibility in mole fractions was within ±0.0002. The mass measurements 

were done on a Mettler AG-285 electronic balance with a precision of ±0.01 mg. 

The precision of density measurements was ±3x10·4 g·cm·3• 

Ultrasonic speeds of sound (u) were determined by a multifrequency 

ultrasonic interferometer (Mittal enterprise, New Delhi, M-81) working at 1MHz, 

calibrated with triply distilled and purified water, methanol and benzene at 

303.15 K. The precision of ultrasonic speed measurements was ±0.2 ms·1. The 

details of the methods and techniques have been described in earlier papers 3·4,S, 

Refractive index was measured with the help of Abbe-Refractometer (U.S.A). The 

accuracy of refractive index measurement was ±0.0002 units. The refractometer 

was calibrated twice using distilled and deionized water, and calibration was 

checked after every few measurements. 

5.3. Results and Discussion 

We have calculated excess molar volume (VE), viscosity deviations (Ll17), 

and deviations in isentropic compressibility (IlKs), excess molar refraction (LlR) 

at 298.15 K for the binary mixtures of diethylether (1), dichloromethane (2) and 

n-amyl alcohol (3)over the whole composition range. The variations of the excess 

properties over the entire range of composition for the binary mixtures are 

depicted in Figures 1-4. 

5.3.1. Excess molar volume 

The density (p) values have been used to calculate the excess molar 

volumes (VE) for binary (n=2) and ternary (n=3) mixture using the following 

equation6, 

(I) 

where p is the density of the mixture and M;, x;, PI are the molecular weight, mole 

fraction and density of the ith component in the mixture respectively. 
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VE is the resultant of contributions from several opposing effects. 

These may be divided arbitrarily into three types, namely, chemical, physical and 

structural. Physical contributions, which are nonspecific interactions between 

the real species present in the mixture, contribute a positive term to VE. The 

chemical or specific intermolecular interactions result in a volume decrease, 

thereby contributing negative VE values. The structural contributions are mostly 

negative and a rise from several effects, especially from interstitial 

accommodation and changes of free volume7. 

The values of excess molar volume (VE) are found to negative for all the 

binary mixtures as reported in Table 2 and depicted graphically in Figure 1 and 

the order of negative deviation is schematically depicted below. 

+ > + > 

D.E.E +A.L 1, 3 D.O + D.E.E 1, 3 D.O +A.L 

These phenomena are the resul ts of difference in energies of interaction 

between molecules and packing effects. Disruption of the ordered structure of 

pure component during formation of the mixture leads to a positive effect 

observed on excess volume while an order formation in the mixture leads to 

negative contribution. The negative VE values indicate the specific interactions 

such as intermolecular hydrogen bonding and interstitial accommodation of the 

mixing components because of the difference in molar volumes. 

The density (p) values and excess molar volume (VE) for the ternary 

mixture 1, 3 D.O (1), D.E.E (2) and A.L (3) are reported in Table 3 and it shows 

that the VE values are negative in the low mole fraction region of A.L suggesting 

specific intermolecular interaction between the two components 1, 3 D.O (1) and 

D.E.E (2), but as the mole fraction of A.L in the ternary mixture increases the 

magnitude of VE decreases suggesting that dispers ion forces now begins to 

operate. Thus, it can be said that the addition of A.L to binary mixture of 1, 3 D.O 
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(1) and D.E.E (2) causes a decrease in intermolecular interaction between the 

mixing components. 

5.3.2. Viscosity deviation 

The measured TJ values for binary systems are listed in Table 2 and 

depicted graphically in Figure 2. The viscosity deviations (LlTJ) from linear 

dependence for binary (n=2) and ternary (n=3) mixtures can be calculated as 13 

n 

Ll77=77 - L(X,1l;) (2) 
1=1 

where, TJ is the viscosity of the mixture and x,, TJ; is the mole fraction and 

viscosity of pure component i respectively. 

The values· of LlTJ over entire range of mole fraction for the binary mixtures 

follow the trend which is schematically shown below. 

' > + > + + 

1, 3 D.O + A.L 1, 3 D.O + D.E.E D.E.E + A.L 

The trend in deviations of LlTJ values are found to be opposite with excess molar 

volumes VE for all three binary mixtures, which is in agreement with the view 

proposed by Brocos et aJ.S. The values of viscosity deviations (LlTJ) for the ternary 

mixture are listed in Table 3. For the ternary mixture the viscosity deviations are 

negative over the entire range of composition. These can be interpreted 

qualitati~ely by considering the effect of intermolecular interaction and shape of 

components. 
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5.3.3. Deviation in Isentropic Compressibility 

Isentropic compressibility, Ks and deviation in isentropic compressibility 

llKs, for binary (n=2) and ternary (n=3) mixtures were calculated using the 

following relations: 

1 
Ks = (u2p) 

n 

LIK, = K,- L X;Ks,i 
i=I 

(3) 

(4) 

where u and Ks are the speed of sound and isentropic compressibility of the 

mixture and Ksh the isentropic compressibility of the i1h component in the 

mixture. 

It is evident from Table 4 and Figure 3 that, for the binary mixtures, the llKs 

values are negative over all composition range and order of negative deviation is 

as follows, D.E.E (2) and A.L (3) > 1,3 D.O (1) and D.E.E (2) > 1,3 D.O (1) and A.L 

(3). 

These results can be explained in terms of molecular interactions 9, 1o between 

unlike molecules. It appears from the sign and magnitude of ll Ks that specific 

interaction exist between mixing components. These results are in excellent 

agreement with those of VE discussed earlier. 

The values of t;, Ks for the ternary mixture are negative over all 

composition range and are given in Table 5 which suggests that specific 

interactions exist between mixing components 11, 

5.3.4. Deviation in Molar Refraction 

The molar refraction, [R] can be evaluated from Lorentz-Lorenz 

relation12 and gives more information than no about the mixture phenomenon 

because takes into account the electronic perturbation of molecular orbital 

during the liquid mixture process and [R] is also directly related to the 

dispersion forces 

[R] = (n5-1). (M) n5+2 p 
(5) 
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Where [R], no2, and Mare the molar refraction, the refractive index and the molar 

mass of the mixture respectively. Deviation in molar refraction was calculated 

from the following relation; 

n 

LIR=[R]- _2:X1[R); ( 6) 
1"1 

The values of refractive indices and deviation in molar refraction (LiR) for the 

binary mixtures are presented in Table 4 and depicted graphically in Figure 4. 

The data for ternary mixture are reported in Table 5. 

The excess properties (JIE, Lil'}, LiKs, LiR) for the binary mixtures were fitted to the 

Redlich-Kister polynomial equation 13, 

k 

yE =xlx22:atC-xt-;s)" (7) 
n=O 

where }'E refer to excess property. 

The coefficients (at) were obtained by fitting Eq. (8) to experimental 

results using a least-squares regression method. In each case, the optimal 

number of coefficients was ascertained from an approximation of the variation in 

the standard deviation. The estimated values of along with the standard 

deviations are summarized for all mixtures in Table 6. The standard deviation 

was calculated using the equation 

0' = [E(YE '-'P- yE cakd )'I (n- m)]l/2 (8) 

where n is the number of data points and m is the number of coefficients. 

5.4. Conclusion 

In the binary mixtures intermolecular interaction occurs and the 

interaction follows the order D.E.E + A.L > D.O + D.E.E > D.O + A.L. In case of 

ternary mixtures the extent of intermolecular interaction decreases as 

concentration of amyl alcohol increases. 
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Tablet 

Density (p), viscosity (17), sound speed (u) and refractive index (no) of pure 
liquids at T= 298.15 K. 

Pure solvent p x 10·3 fkg·m·3 lJ/m·Pas ujm·s·1 no 

exptl lit exptl lit exptl lit exptl lit 

1,3 dioxolane 1.0587 1.058614 0.589 0.588614 1339.4 1338.815 1.3985 1.39816 

n-amyl alcohol 0.8112 0.811017 3.504 3.51018 1271.6 1274.119 1.4100 1.4092o 

diethylether 0.7083 0.7083 21 0.247 982.3 98321 1.3515 
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Table2 
Densities fp), viscosities (IJ), excess molar volumes (VB), viscosity deviations 
(LliJ) for binary mixtures of 1, 3 dioxolane (1), diethylether (2) and n-amyl 
alcohol (3) at T=298.15 K 

p x 10·3 /kg·m·3 

(xt) 1,3 dioxolane + (x2) diethylether 
0.0000 0.7083 
0.1000 0.7364 
0.2000 0.7656 
0.3001 0.7963 
0,4001 0.8290 
0.5001 0.8634 
0.6001 0.8997 
0.7001 0.9382 
0.8000 0.9770 
0.9000 1.0184 
1.0000 1.0587 

1)/m·Pas 

0.247 
0.266 
0.284 
0.306 
0.331 
0.360 
0.394 
0.435 
0.478 
0.531 
0.589 

(xt) 1,3 dioxolane + (x3) n-amyl alcohol 

0.0000 
0.1168 
0.2293 
0.3377 
0.4424 
0.5434 
0.6409 
0.7352 
0.8264 
0.9146 
1.0000 

0.8112 
0.8329 
0.8545 
0.8766 
0.8992 
0.9225 
0.9468 
0.9725 
0.9993 
1.0282 
1.0587 

(x2) diethylether + (X3) n-amyl alcohol 

0.0000 
0.1167 
0.2292 
0.3377 
0.4423 
0.5433 
0.6409 
0.7352 
0.8263 
0.9146 
1.0000 

0.8112 
0.8052 
0.7975 
0.7889 
0.7797 
0.7704 
0.7595 
0.7479 
0.7361 
0.7230 
0.7083 

3.504 
2.505 
1.885 
1.440 
1.063 
0.906 
0.756 
0.647 
0.570 
0.541 
0.589 

3.504 
2.651 
1.966 
1.491 
1.123 
0.829 
0.620 
0.481 
0.382 
0.314 
0.247 
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0.000 
-0.533 
-0.905 
:1.176 
-1.381 
-1.480 
-1.480 
-1.400 
-1.072 
-0.694 
0.000 

0.000 
-0.287 
-0.414 
-0.460 
-0.440 
-0.377 
-0.290 
-0.213 
-0.117 
-0.058 
0.000 

0.000 
-0.750 
-1.250 
-1.575 
-1.788 
-1.950 
-1.860 
-1.638 
-1.345 
-0.820 
0.000 

0.000 
-0.016 
-0.031 
-0.044 
-0.053 
-0.058 
-0.058 
-0.052 
-0.043 
-0.025 
0.002 

0.000 
-0.6.59 
-0.951 
-1.080 
-1.152 
-1.014 
-0.880 
-0.714 
-0.525 
-0.297 
0.000 

0.000 
-0.384 
-0.714 
-0.847 
-0.884 
-0.859 
-0.761 
-0.602 
-0.413 
-0.203 
0.000 
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Table3 
Densities (p), viscosities (IJ), excess molar volumes (VE), viscosity deviations 
(Ill)) for ternary mixtures of 1, 3 dioxolane (1), diethylether (2) and n-amyl 
alcohol (3) at T=298.15 K. 

X1 X2 px10·3 jkg·m·3 1)/m·Pas VEx106 Lll)/m·Pas 

jm3·mo!"l 

(x1)1,3 dioxolane + (x2) diethylether + (x3) n-amyl alcohol 

0.5001 0.4999 0.8634 0.360 -1.480 -0.058 

0.4574 0.4572 0.8602 0.431 -1.595 -0.121 

0.4132 0.4131 0.8567 0.480 -1.668 -0.222 

0.3676 0.3675 0.8525 0.552 -1.680 -0.322 

0.3205 0.3204 0.8477 0.651 -1.608 -0.421 

0.2717 0.2716 0.8424 0.759 -1.476 -0.543 

0.2212 0.2211 0.8367 0.966 -1.293 -0.607 

0.1689 0.1688 0.8307 1.243 -1.046 -0.654 

0.1146 0.1146 0.8246 1.682 -0.770 -0.609 

0.0584 0.0584 0.8181 2.304 -0.424 -0.476 

0.0000 0.0000 0.8112 3.404 0.000 0.000 
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Table4 
Ultrasonic speed (u), isentropic compressibility (Ks), deviation in isentropic 
compressibility (~Ks), refractive indices (no) and excess molar refraction (~R) 
for binary mixtures of 1, 3 dioxolane (1) , diethylether (2) and n-amyl alcohol 
(3) at T=298.15 K. 

X1 ufm·s-1 K, x 1012/Pa-1 A K,x 1012/Pa-1 no ARx10·6f 
m3 ·mol-1 

(x1) 1,3 dioxolane + (x2) diethylether 

0.0000 982.3 1463.2 0.00 1.3515 0.0000 
0.1000 1003.9 1347.5 -22.0 1.3568 -0.0390 
0.2000 1033.4 1223.1 -52.7 1.3604 -0.0781 
0.3001 1067.4 1102.1 -80.0 1.3649 -0.1054 
0.4001 1108.5 981.7 -106.7 1.3696 -0.1268 
0.5001 1152.8 871.6 -123.2 1.3743 -0.1460 
0.6001 1191.4 783.1 -118.0 1.3791 -0.1520 
0.7001 1230.9 703.5 -104.0 1.3842 -0.1320 
0.8000 1265.3 639.3 -74.5 1.3893 -0.1000 

0.9000 1302.4 578.9 -41.3 1.3956 -0.0530 
1.0000 1339.4 526.5 0.0 1.3985 0.0000 

(x1) 1,3 dioxolane + (x3) n-amyl alcohol 

0.0000 1271.6 762.4 0.0 1.4100 0.0000 
0.1168 1278.8 734.2 -0.7 1.4085 -0.1038 
0.2293 1287.5 705.9 -2.4 1.4072 -0.1510 
0.3377 1296.8 678.3 -4.4 1.4060 -0.1715 
0.4424 1305.0 653.0 -5.0 1.4050 -0.1616 
0.5434 1313.4 628.4 -5.8 1.4040 -0.1365 
0.6409 1321.5 604.8 -6.4 1.4030 -0.1054 
0.7352 1327.1 583.9 -5.1 1.4022 -0.0730 
0.8264 1332.7 563.4 -4.1 1.4010 -0.0415 
0.9146 1337.0 544.1 -2.5 1.4000 -0.0121 
1.0000 1339.5 526.5 -0.0 1.3985 0.0000 

(x2) diethylether + (X3) n-amyl alcohol 

0.0000 1271.6 762.4 0.0 1.4100 0.0000 
0.1167 1241.8 803.5 -40.7 1.4043 -0.1830 
0.2292 1216.7 846.3 -76.7 1.3977 -0.2680 
0.3377 1193.9 889.3 -109.7 1.3922 -0.2740 
0.4423 1172.2 933.3 -139.0 1.3874 -0.2480 
0.5433 1141.6 996.6 -146.5 1.3825 -0.2054 
0.6409 1110.7 1068.2 -143.3 1.3774 -0.1430 
0.7352 1077.3 1152.1 -125.5 1.3724 -0.0720 
0.8263 1046.3 1240.8 -100.7 1.3664 -0.0350 
0.9146 1011.2 1350.8 -52.5 1.3601 -0.0070 
1.0000 982.3 1463.2 0.0 1.3515 0.0000 

·168 



·"' 

Study of the Solution Properties ................ at 298.15 K 

TableS 
Ultrasonic speed (u), isentropic compressibility (Ks), deviation in isentropic 
compressibility (ilKs), refractive indices (no) and excess molar refraction (LlR) 
for ternary mixtures of 1, 3 dioxolane (1) , diethylether (2) and n-amyl alcohol 
(3) at T=298.15 K. 

X1 X2 ufm·s-1 K, x 1012/Pa-1 !J. K,x 1012/Pa-1 no !J.Rx1 o-6 I 

m3 •mol-1 

(x1)1,3 dioxolane + (x2) diethylether + (x,) n-amyl alcohol 

0.5001 0.4999 1149.2 877.0 -83.7 1.3750 -0.1081 

0.4574 0.4572 1165.9 858.4 -88.7 1.3775 0.0710 

0.4132 0.4131 1183.4 843.3 -92.7 1.3805 0.1540 

0.3676 0.3675 1196.6 828.9 -89.0 1.3850 0.2608 

0.3205 0.3204 1207.6 815.9 -80.5 1.3875 0.3340 

0.2717 0.2716 1213.9 805.6 -64.5 1.3925 0.3829 

0.2212 0.2211 1224.6 796.9 -53.2 1.3945 0.3600 

0.1689 0.1688 1235.8 788.3 -41.1 1.3980 0.3049 

0.1146 0.1146 1246.7 780.3 -27.6 1.4005 0.1720 

0.0584 0.0584 1258.2 772.2 -13.4 1.4035 0.0140 

0.0000 0.0000 1271.6 762.4 0.00 1.4100 0.0000 
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Table6 
Redlich-Kister coefficients and standard deviations (cr) for the binary 
mixtures at T=298.15 K 

Excess property ao Ul U2 U3 

(xt) 1,3 dioxolane + (x2) diethylether 

VB x 10• fm3·mol·' -5.915 -1.079 -1.113 

A7J /m·Pas -0.230 -0.056 

A K,x 10'2/Pa·t -480.02 -127.24 222.66 

AR x10·• fm3·moJ·t -0.5842 -0.2040 0.0988 0.1994 

(xt) 1,3 dioxolane + (x3) n-amyl alcohol 

VB x 10• fm3·mol·' -1.623 1.286 -0.196 

A7J /m·Pa s -3.717 2.154 -0.732 0.356 

A K,x 10'2/Pa·t -22.97 -13.39 6.97 

AR x10·• fm3·moJ·1 -0.5995 0.4953 

(x2) diethylether + ( X3) n-amyl alcohol 

VB x 10• /m3·moJ·1 -7.480 -1.698 -1.748 

A7J /m·Pas -3.548 0.820 0.352 

A K,x 1012/Pa-1 -574.02 -204.92 69.38 

AR xto·• fm3·moJ·1 -0.8943 1.0672 -0.0883 
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Figure 1. Excess molar volumes VEx 1Q6(m3·moJ-l) versus mole fraction (x1) for 

the three binary subsystems at T= 298.15 K. I'll, 1, 3 dioxolane (1) and n-amyl 

alcohol (3); 0, 1, 3 dioxolane (1) and diethylether (2); !J., diethylether (2) and n

amyl alcohol (3). 
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Figure Z. Viscosity deviations, IJ.I) ( m ·Pas) versus mole fraction (x1) for the three 

binary subsystems at T=298.15 K. I'll, 1, 3 dioxolane (1) and n-amyl alcohol (3); 0, 

1, 3 dioxolane (1) and diethylether (2); !J., diethylether (2) and n-amyl alcohol 

(3). 

171 



Study of the Solution Properties ................ at 298.15 K 

0.00 

-20.00 

-40.00 
-;-.. -60.00 "-.;-
0 -80.00 
~ 

: -100.00 

" <I -120.00 

-140.00 

-160.00 

0.00 0.20 0.40 0.60 0.80 1.00 

x, 

Figure 3. Deviation in isentropic compressibility tJ. Ks x 1012 (Pa-l) versus mole 

fraction (x1) for the three binary subsystems at T=298.15 K. Ill, 1, 3 dioxolane (1) 

and n-amyl alcohol(3); 0, 1, 3 dioxolane (1) and diethylether (2); t:J., diethylether 

(2) and n-amyl alcohol (3). 
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Figure 4. Excess molar refraction t:J.R x 10-6(m3·moJ-1) versus mole fraction (x1) 

for the three binary subsystems at T= 298.15 K. Ill, 1, 3 dioxolane (1) and n-amyl 

alcohol (3); 0, 1, 3 dioxolane (1) and diethylether (2); I:J., diethylether (2) and n

amyl alcohol (3). 
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CHAPTER-VI 

Ion Association and Solvation Behavior of Some Alkali Metal 
Acetates in Aqueous 2-butanol Solutions at T = 298.15, 303.15 
and308.15 K 

6.1 Introduction 

The solvation behavior of ions in solutions can be well understood in 

terms of ion-solvent, ion-ion and solvent-solvent interactions. Ion solvation is 

one of the most important factors determining the rate and mechanism of 

various physico-chemical processes occurring in solutions with ionic species as 

intermediates. Also conductance study of electrolytes over a range of 

temperature in pure and mixed solvent media provides valuable information 

about their thermodynamic behavior. Usually a mixture is repeatedly tested by 

electrolytes with a common ion (anion or cation) to confirm the trend of changes 

and to reveal the influences of the co-ion on the quantities derived. In such a 

direction, aqueous binary mixtures of organic solvents with a varying range of 

composition are most frequently investigated solvent medial-5, Also a number of 

conductometric 6 and related studies of different electrolytes in non-aqueous 

solvents, specially mixed organic solvents, have been made for their optimal use 

in high energy batteries 7 and for understanding organic reaction mechanisms 8• 

Ionic association of electrolytes in solution depends upon the mode of solvation 

of its ions 9·17, which in its turn depends on the nature of the solvent or solvent 

mixtures. Such solvent properties as viscosity and the relative permittivity were 

taken into consideration as these properties help in determining the extent of ion 

association and the solvent-solvent interactions. 

2-Butanol- is a colorless flammable secondary alcohol with limited mutual 

solubility in water but completely miscible with polar organic solvent such as 

ethers and other alcohols. It is primarily used as a precursor to the industrial 

solvent, methyl ethyl ketone. Aqueous 2-butanol mixture is a poorly studied 

media due to limited mutual solubility of the constituent liquids and conductance 

study of alkali metal acetates in aqueous 2-butanol mixture is still rare, though 

the conductance studies on alkali metal halides in aqueous 2-butanol mixtures 
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have been described frequently in the literature 13·17. Therefore, in the present 

work an attempt has been undertaken to discuss the molar conductances (A) 

and association constants ( K A,c) of three alkali metal acetates viz., lithium 

acetate (LiAc), sodium acetate (NaAc) and potassium acetate (KAc) in aqueous 2-

butanol mixtures at 298.15, 303.15 and 308.15 K. The alkali metal acetates were 

selected, because unlike halides acetate anion is unsymmetrical in structure with 

both a hydrophilic and hydrophobic end and it may suffer extensive solvation via 

hydrogen bond interactions 18 in aqueous alcoholic media. Experimental results 

were treated by Fuoss conductance-concentation equation 19-20 to obtain limiting 

molar conductance (A0 ) and association constant (KA,c) which served further to 

calculate the Walden product (A0170 ) and other thermodynamic quantities of the 

ion-association reaction ( ilG0
, ilH 0 and ilS 0 

). The calculation was further 

extended to derive the activation energy of the ionic transport (ilH•) and 

described accordingly. 

6.2. Experimental Section 

6.2.1. Chemicals 

The alkali metal acetates selected for the present work, i.e., lithium acetate 

(LiAc), sodium acetate (NaAc) and potassium acetate (KAc) each of A. R. grade 

(purity > 99.5%) were procured from Merck, India and purified as described in 

the literature 21_ 2-butanol (A. R. grade, Merck, India, purity> 99.5%) was shaken 

well with anhydrous KzC03 and left over night, next it was distilled at 372 K 21_ 

The purity of the chemicals, checked by gas-liquid chromatography, were better 

than 99.8%. 

6.2.3. Apparatus and procedure 

Doubly distilled de-ionized water with a specific conductance of 1x 10·6 S cm·1 at 

298.15 K was used for preparing the mixed solvents by mass. Concentrated 

stock solutions of each electrolyte in the mixed solvents were prepared by mass. 
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For conductance runs the working solutions were obtained by mass dilution of 

the stock solutions and densities of the solutions were measured with a 

vibrating-tube density meter (Anton Paar, DMA 4500M), maintained at± 0.01 K 

of the desired temperatures and calibrated at the experimental temperatures 

with doubly distilled water and dry air. The uncertainty in density was estimated 

to be ± 0.0001 g cm-3 and that of the temperature was ± 0.01 K The density 

coefficient D (kg2 dm• moJ-1) was obtained assuming a linear change of solvent 

density 22 on its molality m following the relation p = p0 + Dm, where p, p0 are 

the densities of the solutions and solvent mixtures, respectively. The density 

coefficient was assumed to be temperature invariant but dependent on the 

nature of the electrolyte and its values were (0.0642, 0.1325, 0.0875) in the 

solvent mixture with an alcohol mass fraction w2 =0.70, (0.3429, 0.1789, 0.3621) 

in the solvent mixture with w2 =0.80and (0.3356, 0.3576, 0.6496) in the solvent 

mixture with w2 =0.90, respectively for LiAc, NaAc and KAc. These values were 

used to convert the test solution molality (m) into molarity (c) by means of the 

relation: 

c = _lO_O_Om_p'--
!OOO+mM 

where M is the molecular weight of alkali metal acetates. 

(1) 

In order to neglect the influence of triple ions or higher ionic aggregations on 

conductivity, the highest molarity of the working solutions were kept around 

cmax = 3.2x10-7 e; at 298.15 K 1s. The uncertainty of molarity of different salt 

solutions is evaluated to ± 0.0001 mol ·dm·3. Actually several independent 

solutions were prepared and the runs were performed to ensure reproducibility 

of the results. Appropriate corrections were also made for the specific 

conductance of the solvents at all temperatures. The viscosity was measured by 

means of a suspended Ubbelohde type viscometer, calibrated at 298.15 ± 0.01 K 

with doubly distilled water and purified methanol using density and viscosity 

values from the literature 2,23,24 and the efflux times of flow were recorded with a 

digital stopwatch correct to ± 0.01s. The uncertainty of the viscosity 

measurements was± 0.003 mPa·s. 
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The details of the methods and measurement techniques had been described 

elsewhere 25,26. 

The conductance measurements were carried out in a Systronic 308 

conductivity bridge (accuracy± 0.01 %) using a dip-type immersion conductivity 

cell, CD-10. The cell was calibrated by the method of Lind et a!. 2' using aqueous 

potassium chloride solutions. Measurements were made in a water bath 

maintained within± 0.01 K of desired temperature. During the conductance runs 

cell constant was within the range 1.10-1.12 cm·1. The conductance data were 

reported at a frequency of 1 kHz and the accuracy was± 0.3%. 

6.3. Result and Discussion 

The solvent properties of aqueous 2-butanol solutions are reported in 

Table 1, where e, is relative permittivity, p0 the density, T/o the viscosity and Au 

conductance of the solvent mixtures, respectively. Molar conductivities of the 

studied alkali metal acetates at different molalities are given in Table 2 and 

depicted in Fig. 1. The conductance data were analyzed in terms of limiting molar 

conductance A and ion-association constant KA,, of the electrolytes using Fuoss 

conductance-concentration equation 19·20, resolved by an iterative procedure 

programmed in a computer as suggested by Fuoss 19. For such an analysis initial 

A0 values for the iterative procedure were obtained from Shedlovsky 

extrapolation 2B of the experimental data using least square treatment. 

Shedlovsky method involves a linear extrapolation of conductance data given by 

the relation, 

(2) 

where A0 is limiting molar conductivity and other symbols have their usual 

meaning described earlier 1,29. 
So with a given set of conductivity values (c,,A., i =1,2, ... ,n), three 

adjustable parameters, i.e., A" K A,, and the distance parameter R were derived 

from the Fuoss conductance equation. Here R is the association distance or co

sphere diameter, i.e. the maximum center-to-center distance between the ions in 
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the solvent separated ion-pairs (SIP). Since there is no precise method 30 for 

determining the R -value and for the electrolytes studied no significant minima 

were obtained in the 0' A versus R -curve and thus in order to treat the data in our 

system, R-values were preset at the center-to-center distance of solvent 

separated ion-pairs 1,19,20, i.e, R =a+ d; where a= rc+ + rc- and d is the average 

distance corresponding to the side of a cell occupied by a solvent molecule. The 

definitions of d and related terms have been described in the literature 1,19,20 • 

The values of the crystallographic radii for the alkali metal cations were obtained 

form literature 31 and that of acetate anion was calculated to be 2.28A according 

to a scheme suggested by Marcus 32, 

The Fuoss conductance-concentration equation 19, 2o may be represented 

by a set of relations as follows: 

A= p[A 0(1 +Rx) + EL] 

p=1-a(1-y) 

r=1-KA.ccrf} 

-In f = jJK/2(1 + K.) 

j3 = e2/e,K8T 

KA,c = K./(1-a) =· KR(l+ Ks) 

(3) 

(4) 
(5) 

(6) 

(7) 
(8) 

where Rx is the relaxation field effect, EL is the electrophoretic counter current, 

K-1 is the radius of the ionic atmosphere, e, is the relative permittivity of the 

solvent, r is the fraction of solute present as unpaired ion and other symbols 

have usual significance as described earlier 1,19,20 • 

We input for our program the number of data, n; followed by relative 

permittivity of the solvent mixture, e,; initial A 0 values, T, p, molecular weight 

of the solvents along with c,, A, values with i = 1, 2, ... , n and an instruction to 

cover pre-selected range of R -values increased by a step O.lA for the iterative 

process. Actual calculations involved determination ofA 0 and KA,c values with 

minimum standard deviation ( 0' A) defined as, 

0'~ = t [A1(calc)- A,(obs)]
2 

•=I n- P 
(9) 
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Thus, conductance data were analyzed by fixing the distance of closest 

approach R with two parameters fit ( p = 2 ). Table 3 shows that for all the 

electrolytes studied, the limiting molar conductances (A0 ) increase as the 

temperature increases but decrease as the mass fraction of 2-butanol in the 

solvent mixtures increase. This trend in limiting molar conductance ( A0 ) can be 

well described by the viscosity behaviour of the solvent media. A perusal of 

Tables 1 and 2 show that the conductance of the alkali metal acetates decreases 

along with a parallel decrease in viscosity and density of the solvent mixtures 

(due to addition of more alcohol) at particular experimental temperature, 

suggesting that the effective ionic size of the cations necessarily increases 33 i.e., 

preferential solvation of the alkali metal acetates occurs in aqueous 2-butanol 

mixtures. But the limiting molar conductances (A0 ) follow the order: LiAc > 

NaAc > KAc suggesting that solvation increases the ionic sizes of cations in such a 

way that the sizes of the solvated cations follows the crystallographic radii order 

for the alkali metal ions in aqueous 2-butanol solutions. The values of KA.c 

follows the order: LiAc < NaAc < KAc for all the solvent composition and 

experimental temperature, i.e., with increasing alcohol content the association 

equilibrium shifts to the right of the above order as a result of decrease in 

mixture permittivity. 

Walden products (A07J0 ) for the alkali metal acetates are given in Table 4. 

The variation of Walden products (A07J0 ) with solvent composition and 

temperature may be attributed to changes in ion-solvation and ion- solvent 

interactions. Walden product (A07J0 ) either varies slightly with temperature or is 

almost independent of temperature for the electrolytes studied within the 

experimental errors but decreases with increasing mass fraction of the alcohol. 

This is inost probably due to pre-solvation of ions (by alcohol molecules) that 

lead to an increase of the hydrodynamic radii of ions and decrease of their 

mobility. The values of Walden products (Ao7J0 ) follow the order: LiAc > NaAc > 

KAc for a particular solvent mixture at an experimental temperature. This 

difference in association behavior can be attributed to the differences in the 

acetate ion· cation interactions and may not be due to specific solvent effects 
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alone. However, the order in Walden products indicates a hydrodynamic radius 

enlargement for the cations (from Li+ to Na•). Though smaller ions are expected 

to be will be strongly solvated, the position of the curves in Fig. 2 (A0q0 versus w2 

) suggests a relationship Li+ < Na+ < K+ for this radius. We have earlier found just 

the opposite result for the studied alkali metal acetates in aqueous glycerol 

solutions 34 suggesting that smaller ions are strongly solvated, though such 

differences gradually diminished at higher concentrations of glycerol. But in the 

present work the reversed trend in hydrodynamic radii is very interesting. No 

doubt aqueous 2-butanol solutions are comparatively Jess characterized by 

intermolecular hydrogen bond interaction, so more extensive ion-solvent 

interaction is thus expected. But the degree of ion-solvent interaction or 

preferential interaction (solvation) is such that the effective size of the solvated 

cations follows the order Li• < Na• < K•. This indicates that the alkali metal 

cations prefer water molecules to 2-butanol molecules in their solvation or 

coordination sphere. Such a reversed order for solvated cations has also been 

reported earlier in literature 35,36 and Kay 37 has suggested that the difference is 

attributable to the differences in the acetate ion- cation interactions rather than 

solvent effects. 

The distance parameter R, shown in Table 3, is the least distance that 

two free ions can approach before they merge into ion pair. R values were found 

to increase with increase in both the temperature and mass fraction of alcohol ( 

w2 ) in the solvent mixture. These effects can be attributed to the thermal 

activation of the solvent sheath due to the activation of the solvent molecules at 

enhanced temperature and more molecular volume of 2-butanol molecules than 

water. 

In order to minimize the contribution of the thermal expansion of the 

solvent to the reaction enthalpy, K A,, was converted to molality scale using the 

equation 15: 

(10) 
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The enthalpy ofthe ion-association (AH 0
) and the activation enthalpy of charge 

transfer (AH"), assuming both the parameters as temperature independent, 

were evaluated by the least squares analysis of the relations: 

LJ.H" 
lnKAm =---+/ 

· RT g 

2 LJ.H• 
InA;, +-lnp0 =---+!' 

3 R,T 

(11) 

(12) 

The second term on the left hand side of eq. (12) originated 38 from 

(1/3)(ainvjaT)p, V stands for the volume of the cube containing a unit mass of 

solvent and Rg is the universal gas constant. The standard deviations (a) of 

linear fit for eq. (11) and (12) were within 0.000-0.002. Gibbs energy ( .!lG0
) of 

the ion-association reaction was calculated by the relation 39: 

iJ.G0 = -R,T InK A,m (13) 

and the standard enthalpy of ion-pair formation was calculated by the relation 39 

(14) 

Values of these thermodynamic properties at 298.15 K are presented in Table 5. 

The negative values of AH 0 and AG 0 can be explained by participation of specific 

covalent interaction in the ion-association process. But the binding entropy ( AS 0 

) between the ions was found to be negative to unfavor the ion-association 

process and thus favoring ion solvation process. The uniformly descending 

nature of the curves ( AG 0
) in Fig. 3 indicates a greater degree of association at 

comparatively lower solvent permittivity. However, comparatively higher values 

of KA,c than the limiting molar conductances (A0 ) indicate that the studied 

electrolytes are sufficiently associated in aqueous 2-butanol mixtures and this 

fact is in line with the low to moderate relative permittivity of the solvent media. 

The activation enthalpy of ionic movement or charge transfer ( AH") as depicted 

in Fig. 4 exhibits close similarity to the dependence of the fluidity (reciprocal 

viscosity) temperature gradient ( d(ln¢)/d(l/T)) on the solvent composition 

presented by a dashed line. According to Brummer and Hills 38, 39 the activation 
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enthalpy of charge transfer ( LlH') at constant pressure is a temperature 

dependent complex quantity, 

(15) 

where Ll v• is the volume of activation for unit displacement of a mole of ions, 

LlU'is the internal energy change for the same displacement at constant volume, 

Jris the internal pressure of the solvent, (aU jaV)T. .:lV'increases and 

corresponding LlU • decreases with increasing ionic size and molar volume of the 

solvent 38, 39. Thus similarity in shapes of the curves 15,34 in Fig. 4 indicates 

closeness between the mechanisms of the two transport processes. 

6.4. Conclusion 

The present work revealed that the· effective size of the cations increases 

in aqueous 2-butanol mixtures due to preferential solvation in such a way that 

the sizes of the solvated cations follow their crystallographic radii. The degree of 

ion-solvent interaction also indicated that the alkali metal cations prefer water 

molecules to 2-butanol molecules in their solvation or coordination sphere. 

However, this association behavior can be attributed to the differences in the 

acetate ion- cation interactions and may not be due to specific solvent effects 

alone. 
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Table 1 
Density (p0 ), viscosity (7]0 ), relative permittivity ( e,) and conductivity (A,) of 

aqueous 2-butanol solutions. 

Mass Po xl0-3 /kg ·m·3 1]0 /mPa ·s 

fraction of 
A, x 106 /S·cm·1 e, 

This work Lit This work Lit 
2-butanol 

(wz) 
298.15 K 

0.70 0.8638 0.863516 3.342 3.34316 14.416 25.016 

0.80 0.8436 0.842616 3.098 3.09916 4.116 20.016 

0.90 0.8228 0.821616 2.812 2.81116 2.316 16.616 

303.15 K 

0.70 0.8596 0.859016 2.795 2.79616 16.7 16 24.3 16 

0.80 0.8392 0.838216 2.608 2.60716 4.5 16 19.416 

0.90 0.8188 0.817416 2.375 2.37316 2.616 16.0 16 

308.15 K 

0.70 0.8551 0.854516 2.377 2.37616 19.3 16 23.5 16 

0.80 0.8348 0.833716 2.216 2.21416 5.216 18.8 16 

0.90 0.8135 0.813116 2.029 2.02716 2.916 15.416 
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Table2 

Molar conductivities (A) of the alkali metal acetates at various molalities ( m) in 
aqueous 2-butanol solutions with different 2-butanol mass fraction ( w2 ) at 
different temperatures. 

A /S·cm2·mol·l 
mx104 /mol·kg·l 298.15 K 303.15 K 308.15 K 

LiAc (w2 =0.70) 

6.9 16.63 20.67 24.29 
11.6 15.60 19.39 23.32 
17.4 14.87 18.50 22.64 
23.2 13.90 18.20 22.06 
29.0 13.42 17.40 21.38 
40.5 12.29 16.09 20.51 
46.3 11.75 15.60 20.00 
52.1 11.33 15.50 19.54 
57.9 10.95 15.00 19.05 
63.7 10.45 14.60 18.57 

NaAc(w2 =0.70) 

6.9 15.83 19.6 22.60 
11.6 14.88 18.60 21.80 
17.4 14.00 17.70 21.00 
23.2 13.27 17.00 20.40 
29.0 12.70 16.40 19.80 
40.5 11.60 15.39 18.80 
46.3 11.09 14.95 18.20 
52.1 10.61 14.30 17.70 
57.9 10.13 14.20 17.20 
63.7 9.64 13.50 16.70 

KAc (w2 =0.70) 

6.9 14.57 18.22 21.10 
11.6 13.60 17.33 20.23 
17.4 12.80 16.36 19.50 
23.2 12.06 15.82 18.80 
29.0 11.43 14.93 18.29 
40.5 10.46 13.96 17.20 
46.3 9.93 13.42 16.70 
52.1 9.50 12.98 16.20 
57.9 9.07 12.53 15.80 
63.7 8.71 12.36 15.50 
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LiAc (w2 =0.80) 

3.6 15.91 20.20 22.70 
5.9 15.43 19.30 22.00 
8.3 14.63 18.80 21.40 

11.9 14.00 18.10 20.70 
14.2 13.50 17.50 20.20 
17.8 13.02 16.90 19.50 
20.2 12.70 16.50 19.00 
23.7 12.00 16.00 18.40 
26.1 11.65 15.60 17.38 
29.6 11.25 15.00 17.20 

NaAc (w2 =0.80) 

3.6 15.11 18.90 21.80 
5.9 14.64 18.13 20.80 
8.3 14.00 17.60 20.10 

11.9 13.36 17.00 19.32 
14.2 12.86 16.40 18.90 
17.8 12.29 15.81 18.00 
20.2 11.89 15.45 17.60 
23.7 11.33 14.80 16.96 
26.1 11.01 14.38 16.52 
29.6 10.57 13.74 16.03 

KAc (w2 = 0.80) 

3.6 14.71 17.50 19.50 
5.9 14.07 16.61 18.60 
8.3 13.36 15.89 18.00 

11.9 12.71 15.09 17.30 
14.2 12.40 14.55 16.60 
17.8 11.79 14.00 16.00 
20.2 11.43 13.60 15.54 
23.7 11.00 12.95 14.73 
26.1 10.64 12.70 14.29 
29.6 10.00 12.40 13.80 

LiAc (w2 =0.90) 

1.2 14.40 19.00 21.50 
3.6 13.29 17.54 20.16 
6.1 12.36 16.60 19.09 
7.3 12.07 16.42 18.80 
8.5 11.71 16.02 18.20 

10.9 11.20 15.11 17.40 
12.2 10.85 14.89 17.20 
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13.4 10.64 14.65 16.90 
14.6 10.36 14.25 16.40 
17.0 10.00 13.93 15.60 

NaAc (w2 =0.90) 

1.2 12.69 17.36 19.60 
3.6 11.60 16.20 18.00 
6.1 10.88 15.07 17.00 
7.3 10.56 14.64 16.62 
8.5 10.25 14.14 16.13 

10.9 9.69 13.69 15.50 
12.2 9.38 13.40 15.10 
13.4 9.13 12.88 14.69 
14.6 8.94 12.64 14.50 
17.0 8.50 12.00 13.88 

KAc (w2 =0.90) 

1.2 11.69 16.60 17.32 
3.6 10.56 15.21 16.07 
6.1 9.88 14.20 15.14 
7.3 9.50 13.88 14.79 
8.5 9.20 13.56 14.36 

10.9 8.75 12.94 13.66 
12.2 8.56 12.60 13.30 
13.4 8.31 12.29 13.00 
14.6 8.00 11.93 12.64 
17.0 7.56 11.40 12.14 
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Table3 
Limiting molar conductivities ( A0 ), ion-association constants ( K A,c ), distance 

parameter ( R ) and standard deviations (a A ) of experimental A from the Fuoss 
conductance-concentration equation in aqueous 2-butanol solutions. 

Temp (K) A0 (Scm2 mor') KA,c(dm3 mor1
) 

R(A) aA (Scm2 mol 1 

) 

LiAc (w2 =0.70) 
298.15 20.43 ± 0.12 441.23 ± 0.24 6.32 0.23 
303.15 23.54 ± 0.11 246.13 ± 0.22 6.33 0.20 
308.15 26.87 ±0.10 147.98 ± 0.20 6.34 0.18 

NaAc (w2 =0.70) 

298.15 19.82 ± 0.13 494.73 ± 0.26 6.67 0.28 
303.15 22.66 ± 0.14 271.57 ± 0.24 6.68 0.18 
308.15 25.53 ± 0.15 187.77 ± 0.21 6.69 0.25 

KAc (w2 =0.70) 
298.15 18.58 ± 0.20 566.12 ± 0.31 7.05 0.24 
303.15 21.62 ±0.10 335.72 ± 0.21 7.06 0.18 
308.15 23.93 ±0.14 207.19±0.21 7.07 0.17 

LiAc (w2 =0.80) 
298.15 18.66 ± 0.15 549.81 ± 0.27 6.57 0.21 
303.15 22.82 ± 0.12 388.51 ± 0.26 6.58 0.18 
308.15 25.76 +0.11 360.96 + 0.22 6.59 0.37 

NaAc(w2 =0.80) 
298.15 17.89 ± 0.11 588.63 ± 0.20 6.92 0.23 
303.15 21.63 ± 0.12 433.00 ± 0.23 6.93 0.26 
308.15 24.81 ± 0.10 430.67 ± 0.22 6.94 0.21 

KAc (w2 =0.80) 

298.15 17.36 ± 0.14 619.29 ± 0.24 7.29 0.20 
303.15 20.39 ± 0.11 581.85 ± 0.23 7.30 0.11 
308.15 22.76 ± 0.18 542.13 ± 0.28 7.31 0.28 

LiAc ( w2 = 0.90) 

298.15 15.96±0.11 856.24 ± 0.20 6.88 0.13 
303.15 20.68 ±0.18 644.12 ± 0.29 6.89 0.16 
308.15 23.55 + 0.17 622.63 ± 0.25 6.90 0.27 

NaAc (w2 =0.90) 
298.15 14.23 ± 0.09 988.22 ± 0.02 7.23 0.17 
303.15 19.32 ± 0.10 841.43 ± 0.14 7.24 0.23 
308.15 21.54± 0.12 761.38 ± 0.09 7.25 0.17 

KAc (w2 =0.90) 
298.15 13.81 ±0.18 1117.20 ± 0.26 7.60 0.16 
303.15 18.38 ± 0.20 865.99 ± 0.29 7.61 0.18 
308.15 19.24±0.18 813.07 ±0.30 7.62 0.23 
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Table4 

· Walden products (A0770 ) of the electrolytes studied in aqueous 2-butanol 

solutions. 

Mass fraction A0770 / S·cm2 ·moJ-1. mPa·s 

of 

2-butanol ( wa) 
298.15 K 303.15 K 308.15 K 

LiAc 
'~U 

0.70 68.28 65.79 63.87 

0.80 57.81 59.51 57.08 

0.90 44.88 49.11 47.78 

NaAc 

0.70 66.24 63.35 60.68 

0.80 55.42 56.41 54.98 

0.90 40.01 45.88 43.70 

KAc 

0.70 62.09 6D.43 56.88 

0.80 53.78 53.18 50.44 

0.90 37.06 43.65 39.04 
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Table 5 

Activation enthalpy of ionic transport ( Mf#) and thermodynamic parameters of 
the ion-association reaction ( !J.H0

, !J.G0 and !J.S0
) for the electrolytes under 

study in aqueous 2-butanol solutions at 298.15 K. 

Mass fraction of 

2-butanol ( w2 ) 
Mf# IKJ·moJ-1 !J.H' IKJ·moJ-1 !J.G0 I KJ·mol·1 I tJ.S' J·K-1·moP 

LiAc 

0.70 20.4 -84.2 -14.7 -232.9 

0.80 24.1 -33.1 -15.2 -59.9 

0.90 29.2 -25.4 -16.3 -30.5 

NaAc 

0.70 18.8 -74.8 -15.0 -200.7 

0.80 24.5 -24.9 -15.4 -31.7 

0.90 31.2 -20.8 -16.6 -14.1 

KAc 

0.70 18.8 -77.5 -15.4 -208.4 

0.80 20.2 -10.9 -15.5 15.3 

0.90 28.5 -25.2 -16.9 -27.9 
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Figure 1. Plots of molar conductances (I\) of alkali metal acetates versus 
molality (m) in aqueous 2-butanol solutions: a) with different mass fraction of 2-
butanol (w2 ) at 298.15 K and b) at different temperatures with w2 = 0.70 at 
different temperatures. Symbols: 1)., LiAc; o, NaAc; o, KAc. Symbols represent 
experimental values and solid lines represent calculated ones. 
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Figure 2. Plots of Walden products (J\170 ) versus mass fraction (w2 ) of 2-

butanol in aqueous 2-butanol solutions for alkali metal acetates at different 
temperature. Symbol: !1, LiAc; o, NaAc; o, KAc. 
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aqueous 2-butanol solutions for alkali metal acetates at 298.15 K. Symbol: 1'1, LiAc; 
o, NaAc; o, KAc. 
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the temperature gradient of fluidity ( •, dashed line) for the aqueous 2-butanol mass 
fraction ( w2 ) at 298.15 K. Symbols: 11, Li+; o, Na+; o, K+. 

194 



CHAPTER-VII 

Solute-Solvent and Solvent-Solvent Interactions of Menthol in 

Isopropyl Alcohol and its Binary Mixtures with Methyl Salicylate 

by Volumetric, Viscometric, Interferometric and Refractive 

Index Techniques 

7.1. Introduction 

The volumetric, viscometric and interferrometric behavior of solutes has 

been proved to be very useful in elucidating the various interactions occurring in 

pure and mixed solvents. Studies on the effect of concentration and temperature 

on the apparent molar volumes of solutes have been extensively used to obtain 

information on ion-ion, ion-solvent• and solvent-solvent interactions 1·3. It has 

been found by a number of workers 4-6 that the addition of a solute could either 

make or break the structure of a liquid. 

In this paper we have attempted to study the behaviour of menthol in 

isopropyl alcohol (I.P.A) and in its mixture with methyl salicylate (5, 10 and 15 

mass %) at various temperatures because of their extensive use in 

pharmaceutical and cosmetic industries. Methyl salicylate has a long history of 

use in consumer products as a counterirritant and as an analgesic in the 

treatment and temporary management of aching and painful muscles and joints. 

Methyl salicylate is also used as an UV absorber and in perfumery as a modifier 

of blossom fragrances 7. I.P.A is widely used as a cleaning agent, a cost-effective 

preservative for biological specimens and is a major ingredient in "dry-gas" fuel 

additive. Menthol, an old remedy in Chinese medicine extracted from plants of 

the genus Mentha, is widely used as both a cooling agent and a counterirritant for 

relieving pain especially in the muscles, viscera or remote areas s, as well as for 

the treatment of pruritus. 
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Menthol Isopropyl alcohol Methyl salicylate 

7.2. Experimental Section 

7.2.1. Chemicals 

Menthol (Thomas Baker, > 99%) was used as such without further 

purification. Isopropyl alcohol (Merck, > 99.5%) and Methyl salicylate (Sigma 

Aldrich > 99 %) were used with no further purification other than being dried 

with molecular sieves. Experimental values of viscosity ( T/ ), density ( p ), sound 

speed (u) and refractive indices (no) of the pure solvents were compared with 

the literature values and are listed in Table 1. 

7.2.2. Apparatus and procedure 

Densities ( p) were measured with an Ostwald-Sprengel type pycnometer 

having a bulb volume of about 25cm3 and an internal diameter of about 0.1 em. 

The measurements were done in a thermostat bath controlled to ±0.01 K. 

Viscosity ( T/) was measured by means of suspended Ubbelohde type viscometer, 

calibrated at 298.15 K with triply distilled water and purified methanol using 

density and viscosity values from lite rature. The flow times were accurate to 

±0.1s, and the uncertainty in the viscosity measurements was ±2 x 10·4 mPa·s. 

The mixtures were prepared by mixing known volume of pure liquids in airtight

stopper bottles and each solution thus prepared was distributed into three 

recipients to perform all the measurements in triplicate, with the aim of 

determining possible dispersion of the results obtained. Adequate precautions 

were taken to minimize evaporation loses during the actual measurements. Mass 

measurements were done on a Mettler AG-285 electronic balance with a 

precision of ±0.01 mg. The precision of density measurements was ±3x10·4 g 

·cm·J. Refractive index was measured with the help of Abbe-Refractometer (U.S.A). The 
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accuracy of refractive index measurement was ±0:0002 units. The refractometer 

was calibrated twice using distilled and deionized water, and calibration was 

checked after every few measurements. 

Viscosity of the solution, 17, is given by the following equation: 

T/=(Kt-Lit)p (1) 

where K and L are the viscometer constants and t and p are the efflux 

time of flow in seconds and the density of the experimental liquid, respectively. 

Details of the methods and techniques of density and viscosity measurements 

have been described elsewhere 9·12.The solutions studied here were prepared by 

mass and · the conversion of molality in molarity was accomplished 3 using 

experimental density values. The experimental values of concentrations(c), 

densities (p ), viscosities (17 ), and derived parameters at various temperatures 

are reported in Table 2. 

7.3. Results and Discussion 

Apparent molar volumes ( ¢v ) were determined from the solution 

densities using the following equation: 

(2) 

Where M is the molar mass of the solute, cis the molarity of the solution; 

Po and p are the densities of the solvent and the solution respectively. The 

limiting apparent molar volumes ¢~ was calculated using a least -square 

treatment to the plots of ¢v versus .Jc using the Masson equation 13• 

(3) 

where¢~ is the partial molar volume at infinite dilution and s; the 

experimental slope. The plots of ¢v against square root of molar concentration 

(.Jc) were found to be linear with negative slopes. Values of ¢~and s; are 

reported in Table 3. 
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The solute-solvent and solute-solute interactions can be interpreted in terms of 

structural changes which arise due to hydrogen bonding between various 

components of the solvent and solution systems. ¢~values can be used to 

interpret solu te -solvent interactions. Table 3 reveals that ¢~ values are positive 

and increases with rise in temperature and decreases with increase in the mass 

percent of methyl salicylate in the solvent mixture as depicted in Fig. 1 and 2 

respectively. This indicates the presence of strong solute-solvent interactions 

and these interactions are strengthened with rise in temperature and weakened 

with an increase in the mass percent of methyl salicylate suggesting larger 

electrostriction at higher temperature. Similar results were obtained for some 

1:1 electrolytes in aqueous DMF 14 and aqueous THFIS. 

The observed result can also be explained in view of the molar volume of 

solute as. well as solvents studied here. The partial molar volume (182.55) of 

menthol in pure I.P.A is far greater than molar volume of l.P.A (77.24) but a 

little extent greater than the molar volume of methyl salicylate. Further, the 

partial molar volume of menthol decreases gradually with decreasing 

composition of I.P.A to the mixture. Hence I.P.A easily fits in menthol in the 

mixture resulting in more solute-solvent interaction between them w hich is an 

excellent agreement with the conclusion drawn from values of ¢~ as well as 

viscosity B- coefficient. 

A schematic diagram is shown below. 

Partial Molar Volume (182.55) Molar Volume (77.24) 
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Partial Molar Volume (182.55) Molar Volume (129.49) 

S~ values are negative at all temperatures and the values decreases with 

increase of temperature and increases with increase in mass percent of methyl 

salicylate which may be attributed to more violent thermal agitation at higher 

temperatures, resulting in diminishing the force of ion-ion interactions (ionic-

dissociation) 16. The magnitude of f/J~ values are much greater than those of S~ 

for all the solutions which suggests that solute -solvent interactions dominate 

over solute - solute interactions in all the solutions and at all experimenta l 

temperatures. 

The polynomial below represents the variation of f/J~ with temperature 

(4) 

over the temperature range under study where T is the temperature in K. Values 

of coefficients of the above equation a re reported in Table 4. 

The apparent molar expansibilities ( f/J~ ) can be obtained by the following 

equation : 

(5) 

The values of f/J~ for different solutions at 303.15, 313.15 and 323.15 K 

are reported in Table 5. Table 5 reveals that f/J~ value decreases with increasing 
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temperature and mass percent of methyl salicylate. This fact may be attributed to 

gradual disappearance of caging or packing effect 16, 17 in the ternary solutions. 

According to Helper lB the sign of (o¢~ /o T )P is a better criterion in 

characterizing the long-range structure-making and breaking ability of the 

solutes in solution. The general thermodynamic expression used is as follows 

(6) 

If the sign of(o¢~/o T)P is positive 19 the solute is a structure maker and 

if negative it is a structure breaker. As is evident from the values of(o¢~/o T )P, 
menthol predominately acts as a structure breaker. 

The viscosity data has been analyzed using Jones-Dole 2o equation: 

(7) 

Where 7]o and 17 are the viscosities of the solvent/solvent mixtures and 

solution respectively. A and B are the constants estimated by a least-squares 

method and are reported in Table 6. The values of the A coefficient are found to 

decrease with temperature and increases with increase in mass percent of 

methyl salicylate. These results indicate the presence of very weak ion-ion 

interactions and these interactions further decrease with the rise of 

experimental temperatures and increase with an increase in mass percent of 

methyl salicylate. These results are in excellent agreement with those obtained 

from s~ values. 

The effects of ion-solvent interactions on the solution viscosity can be 

inferred from the B-coefficient 21• 22. The viscosity B-coefficient is a valuable tool 

to provide information concerning the solvation of the solutes and their effects 

on the structure of the solvent. From Table 6 it is evident that the values of the B

coefficient are positive, thereby suggesting the presence of strong solute -

solvent interactions, and these types of interactions are strengthened with a rise 
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in temperature and weakened with an increase of mass percent of methyl 

salicylate. Similar results are obtained from t/JS values discussed earlier. 

The adiabatic compressibility (fJ) was evaluated from the following equation: 

(8) 

where p is the solution density and u is the sound speed in the solution. The 

apparent molal adiabatic compressibility ( ¢...) of the solutions was determined 

from the relation, 

1A = M /31 p + lOOO(fJPo -floP) I mPPo (9) 

Where {Jo, {3 are the adiabatic compressibility of the solvent and solution 

respectively and m is the molality of the solution. Limiting partial molal adiabatic 

compressibilities ( ¢\) and experimental slopes ( s;) were obtained by fitting 

¢... against the square root of molality of the electrolyte ( ..[m) using the method 

ofleast squares. 

(10) 

Values of m, u, {3, ¢... , ¢° K and are presented in Table 7. Since the values of ¢o K 

and s; are measures of ion-solvent and ion-ion interactions respectively, a 

perusal of Table 7 shows that the values are in agreement with those drawn from 

the values of t/JS and s; discussed earlier. 

The viscosity data has also been analyzed on the basis of transition state theory 

of relative viscosity of solutes as suggested by Feakings .et al23 using the 

following equation 

201 



Solute-Solvent and Solvent-Solvent Interactions ......................... Techniques 

Where¢~1 and¢~2 are the partial molar volumes of the solvent and the 

solute respectively. The contribution per mole of the solute to the. free energy of 

activation of viscous flow (.6t~Oz•) of the solutions was determined from the above 

relation and is listed in Table 8. The free energy of activation of viscous flow of 

the pure solvent (.6!101•) is given by the relation: 

.6f.4°' = ilG~' = RT!n(TJ0¢~JhNA) (12) 

where the symbols have their usual significance. The values of .6t~0z• and 

.6t~01• are reported in Table 8. From Table 8 it is evident that .6t~o1• is almost 

constant over all solvent composition and temperature, implying that .6t~Oz• is 

mainly dependent on the viscosity 8-coefficients and(~.2 -~. 1 ) terms. 

According to Feakings.et.al, .6t~Oz• > .6t~01• for electrolytes having positive B

coefficients and indicates a stronger solute -solvent interactions, thereby 

suggesting that the formation of transition state is accompanied by the rupture 

and distortion of the intermolecular forces in solvent structure 24• The smaller 

values of .6t~Oz• supports the increased structure breaking tendency of the solute 

as discussed earlier. The entropy of activation for solution has been calculated 

using the following relation 23. 

(13) 

Where .6SOz•has been determined from the negative slope of the plots of 

.6t~0z• against T by using a least square treatment. 

The activation enthalpy (.6HOz•) has been calculated using the relation 23: 

AH0
'- L111°' + TASo. 2 - f""2 2 (14) 

The value of .6S0z• and .6H0z• are listed in Table 8 and are found to be 

negative for all the solutions at all experimental temperatures which suggest that 

the transition state is associated with bond-breaking and increase in order which 

supports our earlier discussions. 
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7.4. Conclusion 

The values of apparent molar volume ( ¢~ ), viscosity B- coefficients and 

isoentropic compressibility ( ¢\ ) indicate the presence of strong solute-solvent 

interactions and these interactions are strengthened at higher temperature and 

weakened with increasing mass percent of methyl salicylate in the binary 

solution. 
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Table 1 

Density (p ), viscosity (1} ), sound speed (u) and refractive indices (no) of binary 
mixture of methyl salicylate (1) and I.P.A (2) at different temperatures. 

Temperature p ·10-3 1}/mPa ·s ufm. sec·l no 

/K /kg·m-3 

Exp Lit Exp Lit Exp Lit Exp Lit 

Wl=O.OO 

303.15 

313.15 

323.15 

0.7771 0.776825 1.7470 1.743026 1130.6 112727 1.37361.373728 

0.7684 0.768025 1.3296 1.326025 -

W1=0.05 

303.15 

313.15 

323.15 

W1=0.10 

303.15 

313.15 

323.15 

W1=0.15 

303.15 

313.15 

323.15 

0.7560 0.755726 1.0029 1.002026 -

0.7909 -

0.7828 -

0.7703 -

0.8053 -

0.7943 -

0.7851 

0.8224 -

0.8120 -

0.7993 

1.7981-

1.3786-

1.0485 -

1.8464-

1.4369 -

1.1164-

1.9614-

1.5600 -

1.2274-
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Table Z 

Molarity (c), density (p ), viscosity (77 ), apparent molar volume ( ¢v) and (7] /TJo 
-1)/ c112 of menthol in binary mixture of different mass% (w1) of methyl 
salicylate (1) and I.P.A (2) at 303.15, 313.15 and 323.15 K. 

c p ·10-3 171 lA; ·106 (7], -1) 
(mol dm·3) /kg. m-3 mPa·s /m3 ·mor1 .JC 
Wl=O.OO 

303.15 K 

0.0250 0.7776 1.7572 176.31 0.0370 
0.0350 0.7778 1.7613 175.36 0.0436 
0.0450 0.7780 1.7659 174.55 0.0510 
0.0550 0.7783 1.7713 173.92 0.0593 
0.0750 0.7788 1.7812 172.25 0.0716 
0.0850 0.7791 1.7851 171.03 0.0748 

313.15 K 

0.0247 0.7688 1.3401 182.60 0.0501 
0.0346 0.7690 1.3443 180.77 0.0592 
0.0445 0.7692 1.3493 178.95 0.0699 
0.0544 0.7695 1.3545 177.14 0.0800 
0.0742 0.7700 1.3638 175.43 0.0942 
0.0840 0.7703 1.3684 173.20 0.1007 

323.15 K 

0.0243 0.7564 1.0121 187.30 0.0590 
0.0340 0.7566 1.0170 184.80 0.0760 
0.0438 0.7568 1.0215 181.50 0.0886 
0.0535 0.7571 1.0258 179.20 0.0989 
0.0730 0.7577 1.0342 175.65 0.1157 
0.0827 0.7580 1.0388 174.40 0.1246 

Wl=0.05 
303.15 K 

0.0250 0.7914 1.8073 171.15 0.0322 
0.0350 0.7917 1.8110 170.20 0.0384 
0.0450 0.7919 1.8145 169.06 0.0431 
0.0550 0.7922 1.8200 168.34 0.0519 
0.0750 0.7927 1.8282 167.30 0.0612 
0.0850 0.7930 1.8329 166.55 0.0664 
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313.15 K 

0.0247 0.7832 1.3879 176.43 0.0430 
0.0346 0.7835 1.3922 174.00 0.0530 
0.0445 0.7837 1.3966 172.70 0.0620 
0.0544 0.7840 1.4014 171.45 0.0709 
0.0741 0.7846 1.4097 169.32 0.0829 
0.0840 0.7849 1.4138 168.40 0.0881 

323.15 K 

0.0243 0.7707 1.0567 182.04 0.0500 
0.0340 0.7709 1.0603 180.44 0.0610 
0.0438 0.7711 1.0642 178.83 0.0715 
0.0535 0.7714 1.0682 177.33 0.0811 
0.0729 0.7719 1.0754 175.24 0.0950 
0.0827 0.7721 1.0795 174.24 0.1030 

W1=0.10 
303.15 K 

0.0250 0.8058 1.8631 168.90 0.0571 
0.0350 0.8060 1.8675 168.40 0.0610 
0.0450 0.8062 1.8728 167.96 0.0673 
0.0550 0.8065 1.8794 167.76 0.0760 
0.0750 0.8069 1.8878 166.94 0.0818 
0.0850 0.8072 1.8937 166.57 0.0879 

313.15 K 

0.0247 0.7948 1.4511 172.80 0.0630 
0.0345 0.7950 1.4572 171.06 0.0760 
0.0444 0.7952 1.4605 170.24 0.0780 
0.0543 0.7955 1.4673 168.94 0.0910 
0.0740 0.7960 1.4767 167.40 0.1020 
0.0839 0.7963 1.4821 166.88 0.1086 

323.15 K 

0.0244 0.7855 1.1281 175.71 0.0670 
0.0341 0.7858 1.1328 173.71 0.0800 
0.0439 0.7860 1.1362 172.20 0.0850 
0.0536 0.7862 1.1414 171.80 0.0970 
0.0731 0.7868 1.1501 169.65 0.1120 
0.0829 0.7871 1.1535 167.87 0.1160 

W1=0.15 
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303.15 K 

0.0250 0.8228 1.9763 168.21 0.0480 
0.0350 0.8230 1.9818 167.94 0.0554 
0.0450 0.8232 1.9859 167.71 0.0588 
0.0550 0.8235 1.9905 167.44 0.0632 
0.0750 0.8238 1.9991 166.98 0.0702 
0.0850 0.8240 2.0034 166.83 0.0734 

313.15 K 

0.0247 0.8125 1.5752 169.49 0.0620 
0.0346 0.8127 1.5806 168.51 0.0710 
0.0444 0.8129 1.5846 167.48 0.0750 
0.0543 0.8132 1.5909 166.69 0.0850 
0.0741 0.8137 1.6003 ''"" 165.80 0.0949 
0.0840 0.8140 1.6047 165.00 0.0990 

323.15 K 

0.0243 0.7997 1.2408 175.44 0.0700 
0.0340 0.7999 1.2451 174.28 0.0781 
0.0437 0.8001 1.2500 173.37 0.0880 
0.0535 0.8003 1.2538 172.68 0.0931 
0.0729 0.8007 1.2634 171.20 0.1087 
0.0826 0.8010 1.2683 17Q.48 0.1160 
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Table 3 

Limiting apparent molar volumes ( ¢~) and experimental slopes ( S~) of menthol 

in binary mixture of different mass% ( w1) of methyl salicylate (1) and I.P .A (2) at 
303.15, 313.15 and 323.15 K. 

Mass% 

of 

methyl 

salicylate 

s: x 106 fm3 moJ·3/2 dm3/2 

303.15K 313.15K 323.15K 303.15K 313.15K 323.15K 

182.55 193.33 202.89 -38.25 -68.07 -100.44 

176.45 185.26 191.37 -33.97 -58.74 -59.83 

171.63 179.53 184.13 -17.15 -44.36 -55.16 

169.92 174.58 181.18 -10.60 -33.01 -37.10 
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Table4 

Values of the coefficients of equation ( 4) of menthol in binary mixture of 
different mass% (w1) of methyl salicylate (1) and l.P.A (2) at 303.15, 313.15 and 
323.15 K. 

Mass % of methyl 

salicylate ao fm3 ·mol-1 

-723.33 

-1381.70 

-1624.40 

-1734.70 

a2 fm3 ·mol-1 K-2 

4.84 -0.0061 

9.26 -0.0136 

10.90 -0.0164 

11.65 -0.0177 
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Table 5 

Limiting partial molar expansibilities ( ¢;) of menthol in binary mixture of 

different mass% (w1) of methyl salicylate (1) and I.P.A (2) at 303.15, 313.15 and 
323.15 K 

Mass % of 
methyl 
salicylate 

W!=O.OO 

W1=0.05 

W1=0.10 

W1=0.15 

303.15K 
1.1390 

1.0170 

0.9527 

0.9175 

313.15K 
1.0170 

0.7450 

0.6247 

0.5635 

212 

(~~);ro•; 
m3 ·mol-' · K'2 

323.15K 
0.8950 -0.0122 

0.4730 -0.0272 

0.2967 -0.0328 

0.2095 -0.0354 
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Table6 

Values of A and B coefficients of menthol in binary mixture of different mass% 
(w1) of methyl salicylate (1) and l.P.A (2) at 303.15,313.15 and 323.15 K. 

Mass % of 

methyl 

salicylate 

A /dm3/2 mol·l/2 B fdm3 mol-l 

303.15K 313.15K 323.15K 303.15K 313.15K 323.15K 

-0.0108 -0.0118 -0.0149 0.2965 0.3888 0.4871 

-0.0101 -0.0105 -0.0126 0.2606 0.3428 0.4015 

0.0187 0.0106 0.0086 0.2349 0.3376 0.3795 

0.0196 0.0177 0.0144 0.1821 0.2823 0.3495 
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Table 7 

Molality (m), sound speed (u), adiabatic compressibility (p), partial molal 
adiabatic compressibility ($K), limiting partial adiabatic compressibility (kf°K), 
experimental slope (S'K) and refractive indices of menthol in binary mixture of 
different mass% (w1) of methyl salicylate (1) and l.P.A (2) at 303.15 K. 

mf ufm·s·1 fJ X 1010 fiJKX 1010 fiJQKX 1010 S'KX 1010 no 
mol·kg-1 /Pa-1 fma·mol-1-Pa-1 fm3·moJ·1- Pa-1 fm3·mol· 

3/2-Pa-1 ·kg1/2 
W1=0.00 

0.0323 1135.7 9.9707 -2.0794 1.3741 
0.0453 1138.2 9.9242 -2.3166 1.3744 
0.0584 1141.2 9.8692 -2.6390 -0.5097 -8.7395 1.3747 
0.0715 1144.4 9.8106 -2.9100 1.3750 
0.0978 1151.1 9.6908 -3.2796 1.3755 
0.1110 1154.2 9.6350 -3.3568 1.3757 

W1=0.05 

0.0317 1152.0 9.5213 -2.0600 1.3796 
0.0445 1154.7 9.4744 -2.3500 1.3799 
0.0573 1157.3 9.4282 -2.5000 -0.7934 -7.2134 1.3801 
0.0702 1160.4 9.3756 -2.7132 1.3803 
0.0960 1166.8 9.2658 -3.0300 1.3807 
0.1090 1170.3 9.2080 -3.1700 1.3809 

W1=0.10 

0.0312 1176.4 8.9674 -2.0200 1.3852 
0.0437 1178.8 8.9278 -2.1500 1.3858 
0.0563 1181.7 8.8825 -2.3300 -0.8666 -6.2585 1.3861 
0.0689 1184.6 8.8368 -2.4700 1.3865 
0.0943 1191.2 8.7328 -2.8000 1.3870 
0.1071 1194.9 8.6776 -2.9416 1.3872 

W1=0.15 

0.0305 1203.4 8.3926 -1.6900 1.3920 
0.0428 1205.6 8.3602 -1.7300 1.3924 
0.0551 1208.2 8.3219 -1.8900 -0.9136 -4.1905 1.3928 
0.0675 1210.8 8.2833 -2.0000 1.3932 
0.0924 1216.7 8.2000 -2.1935 1.3937 
0.1048 1219.7 8.1572 -2.2800 1.3940 
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Table 8 
Values of LJJ.4°', LJI4.', TdS~'and dH~ of menthol in binary mixture of different 
mass% (w1) of methyl salicylate (1) and I.P.A (2) at 303.15, 313.15 and 323.15 K. 

Parameter 

dJ.4°' lkJ. mor1 

dJ4' lkJ · mor' 

TAS~' I kJ · mor' 

M 0
' lkJ. mor1 

2 

dJ.4°' I kJ · mor' 

dl4.' lkJ. mor' 

nsg• lkJ ·mor1 

dJ.4°' lkJ 0 mor' 

dl4.' lkJ omor' 

nsg• lkJ 0 mor1 

M 0
' lkJ 0 mor1 

2 

dJ.4°' I kJ o mol"1 

dl4' lkJ 0 mor' 

nsg• lkJ omor' 

mg· lkJ 0 mor' 

303.15K 

66.92 

13.16 

-114.35 

-101.19 

67.03 

11.60 

-84.55 

-72.94 

67o13 

10o45 

-89o70 

-79026 

67o31 

8o68 

-90o13 

-a1o45 

215 

313.15K 

68.45 

16.84 

-118.12 

-101.28 

68.58 

14.83 

-87.34 

-72.51 

68o73 

14.18 

-92o66 

-78o48 

68o97 

12o08 

-93o10 

-81o02 

323.15K 

69.92 

20.70 

-121.89 

-101.19 

70.07 

17.18 

-90.13 

-72.95 

70o31 

15o17 

-76o26 

-61010 

70o58 

14o63 

-96o07 

-81o45 
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CHAPTER-VIII 

Ion- Pair and Triple- Ion Formation by Some 

Tetraalkylammonium Iodides in Binary Mixtures of Carbon 

Tetrachloride+ Nitrobenzene 

8.1. Introduction 

Mixed solvents enable the variation of properties such as dielectric constant or 

viscosity and therefore the ion-ion and ion-solvent Interactions can be better 

studied. Furthermore different quantities strongly influenced by solvent 

properties can be derived from concentration-dependence of the electrolyte 

conductivity. Consequently a number of conductometric1 and related studies of 

different electrolytes in non-aqueous solvents, specially mixed organic solvents, 

have been made for their optimal use in high energy batteries2 and for 

understanding organic reaction mechanisms3. Ionic association of electrolytes in 

solution depends upon the mode of solvation of its ions,4·8 which in its tum 

depends on the nature of the solvent or solvent mixtures. Such solvent 

properties as viscosity and the relative permittivity have been taken into 

consideration as these properties help in determining the extent of ion 

association and the solvent-solvent interactions. Thus extensive studies on 

electrical conductances in various mixed organic solvents have been performed 

in recent years9-13 to examine the nature and magnitude of ion-ion and ion

solvent interactions. Also tetraalkylammonium salts are characterized by their 

low surface charge density and they show little or no solvation in solutionl4,l5 as 

such they are frequently selected as desired electrolytes in conductance studies. 

In continuation of our investigation on electrical conductances8•10·11 the present 

work deals with the conductance measurements of some tetraalkylammonium 

iodides, R4NI (R=butyl to heptyl) in binary mixtures of CCl4- a nonpolar aprotic 

liquid and PhNOz -polar aprotic liquid at 298.15 K. 
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8.2. Experimental Section 

8.2.1. Chemicals 

CCI4 (Carbon tetrachloride, C.A.S: 56-23-5) and PhN02 (nitrobenzene, C.A.S: 98-

95-3) were purchased from Merck, India and purified as reported earlier16. The 

mole percent purities for the liquids used as checked by GC (HP6890) using FID 

detector were better than 99. The salts Bu4NI (N, N, N- tributyl-1-butanaminium 

iodide, C.A.S: 311-28-4), Pen4Nl (N, N, N- tripentyl-1-pentanaminium iodide, 

C.A.S: 2498-20-6), Hex4NI (N, N, N- trihexyl-1-hexanaminium iodide, C.A.S: 2138-

24-1) and Hep4Nl (N, N, N- triheptyl-1-heptanaminium iodide, C.A.S: 3535-83-9) 

of Puriss grade were purchased from Aldrich, Germany and purified by 

dissolving in mixed alcohol medium and recrystallised from solvent ether 

medium17. After filtration, the salts were dried in a oven for few hours. 

8.2.2. Apparatus and Procedure 

Binary solvent mixtures were prepared by mixing required volume of CC14 and 

PhN02 with earlier conversion of required mass of each liquid into volume at 

298.15 K using experimental densities. A stock solution for each salt was 

prepared by mass and the working solutions were obtained by mass dilution. 

The uncertainty of molarity of different salt solutions is evaluated to ± 0.0001 

mol·dm-3. 

The values of relative permittivity e, of the solvent mixtures were obtained by 

interpolation of the solvent permittivity data from the literaturelB by cubic spline 

fitting. The physical properties of the binary solvent mixtures at 298.15 K are 

listed in Table 1. Densities were measured with an Ostwald -Sprengel type 

pycnometer having a bulb volume of about 25 cm3 and an internal diameter of 

the capillary of about 0.1 em. The pycnometer was calibrated at 298.15 K with 

doubly distilled water and benzene19. The pycnometer with experimental liquid 

was equilibrated in a glass-walled thermostated water bath maintained at± 0.01 

K of the desired temperature. The pycnometer was then removed from the 

thermostat, properly dried and weighed in an electronic baiance with a precision 

of± 0.01 mg. Adequate precautions were taken to avoid evaporation loses during 

the time of measurements. An average of triplicate measurement was taken into 

account The uncertainty of density values is± 3 x 10·4 g.cm-3. Solvent viscosities 
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were measured by means of a suspended Ubbelohde type viscometer, calibrated 

at 298.15 K with doubly distilled water and purified methanol using density and 

viscosity values from the literaturezo.zz. A thoroughly cleaned and perfectly dried 

viscometer filled with experimental liquid was placed vertically in the glass

walled thermostat maintained to ± 0.01 K. After attainment of thermal 

equilibrium, efflux times of flow were recorded with a stopwatch correct to ± 

0.1s. At least three repetitions of each data reproducible to ± 0.1s were taken to 

average the flow times. The uncertainty of viscosity values is ± 0.003 mPa.s. The 

details of the methods and measurement techniques had been described 

elsewherell,Z3. The conductance measurements were carried out in a systronic 

308 conductivity bridge (accuracy ± 0.01 %) using a dip-type immersion 

conductivity cell, CD-10 having cen'"constant of approximately 0.1 ± 10 %. 

Measurements were made in a water bath maintained within T = (298.15 ± 0.01) 

K and the cell was calibrated by the method proposed by Lind et. a1.24 The 

conductance data were reported at a frequency of 1 KHz and were uncertain to ± 
0.3 %. 

8.3. Results and Discussion 

The concentrations and molar conductance A of ~NI (R=butyl to heptyl) in 

different binary solvent mixtures of CCl4 and PhNOz are given in Table 2. 

For the solvent mixtures in the range of moderate relative permittivity ( e, 

=29.66-17.45), the conductance curves (Aversus.fc') were linear and 

extrapolation of .fc' = 0 evaluated the starting limiting molar conductance for 

the electrolytes, but as the relative permittivity e, dropped to 10.22 for the 

solvent mixture containing 80 mass% of CCl4 in PhNOz non-linearity (Figure 1) 

was observed in conductance curves. Thus the conductance data, in the solvent 

mixtures ( w1 = 0.20- 0.60) wherein higher clusters other than ion-pair 

formation was not expected, were analyzed by the Lee-Wheaton conductance 

equationzs in the form, 
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The mass action Jaw association26 is 

and the equation for the mean ionic activity coefficient 

Y±=exp[-~] 
1+~ 

(2) 

(3) 

where C1 to C5 are least square fitting coefficients as described by Pethybridge 

and Taba,zs A 0 is the limiting molar conductivity, KA is the association constant, 

a; is the dissociation degree, q is the Bjerrum parameter and y the activity 

coefficient and fJ = 2q . The distance parameter R is the least distance that two 

free ions can approach before they merge into ion pair. The De bye parameter K, 

the Bjerrum parameter q and p zs are defined by the expressions 

Fe 
p=----

299.79X31rf/ 

where the symbols have their usual significance27. 

(4) 

(5) 

(6) 

The Eq.l was resolved by an iterative procedure. For a definite R value 

the initial value of A 0 and KA were obtained by the Kraus-Bray method2B. The 

parameter A 0 and KA were made to approach gradually their best values by a 

sequence of alternating linearization and least squares optimizations by the 

Gauss-Siedel method29 until satisfying the criterion for convergence. The best 

value of a parameter is the one when Eq.l is best fitted to the experimental data 

corresponding to minimum standard deviationO'A for a sequence of 

predetermined R value and standard deviation O'A was calculated by the 

following equation, 
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2 _ ~ [A1(calc)- A1(obs)]' 
O'A - L., 

i=I n-m 
(7) 

where n is the number of experimental points and m is the number of fitting 

parameters. The conductance data were analyzed by fixing the distance of 

closest approach R with two parameter fit (m = 2 ). As for the electrolytes 

studied in the solvent mixtures ( w1 = 0.20- 0.60) no significant minima observed 

in the a-A versus R curves and the R values were arbitrarily preset at the centre 

to centre distance of solvent-separated pair:e 

R=a+d (8) 

where a is the sum of the crystallographkradii of the cation and anion and d is 

the average distance corresponding to the side ·of a cell occupied by a solvent 

molecule. The definitions of d and related terms have already been described in 

the literatures. R was generally varied by a step 0.1A and the iterative process 

was continued with Eq.l. 

Table 3 reveals that the limiting molar conductance A0 for the electrolytes 

decreases with the increase of CCl4 content in the solvent mixtures. This fact is in 

line with the decrease of the relative permittivity e, of the solvent mixtures14•30. 

Although, the decreasing trend of viscosity for the solvent mixtures with 

increasing content of CCl4 suggests concomitant increase in limiting molar 

conductances14,30 for the electrolytes, but we observed an opposite trend. This 

trend suggests predominance of relative permittivity e, over the solvent 

viscosity T/o in effecting the electrolytic conductances of the electrolytes under 

study in these media. In a particular solvent mixture the limiting molar 

conductances A0 of the electrolytes under investigation decreases as the size of 

the alkyl group increases, in con trap osition to the conductance behaviour of the 

alkali metal cations, as tetraalkylammonium salts are characterized by their low 

surface charge density 14,ts. 

The decreasing trend of Walden products A0770 in Table 3 is mainly in 

accordance with the concomitant decrease of both the solvent viscosity and 
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limiting molar conductance of the electrolytes. The ionic conductances ~ for the 

various R
4
N+ cations (R=butyl to hexyl) in different solvent mixtures ( 

w
1 
= 0.20- 0.60) were calculated using tetrabutylammonium tetra phenyl borate 

(Bu
4
NBPh

4
) as a reference electrolyte following the scheme as suggested by B. 

Das et. aJ.31 We calculated its limiting molar conductances ~ in our solvent 

compositions by interpolation of conductance data from literature18 using cubic 

spline fitting. The ~values were in turn utilizing for the calculation of Stoke's 

radii r, according to the classical expression,32 

(9) 

Ionic Walden products ~770 , Stoke's radii r, and crystallographic radii r, are 

presented in Table 4. The trends in ionic Walden products ~770 and Walden 

products l\.0770 for all the electrolytes in the solvent mixtures ( w1 = 0.20- 0.60) 

are depicted in Figure 2; it shows that Walden products l\.0770 for all electrolytes 

decrease almost linearly as the CCl4 content increases in the solvent mixtures but 

the trend in ionic Walden products ~770 for R4N+ ions is rather irregular. 

However, r ion shows similar trend with the electrolytes in this regard. Thus, it 

seems that r ion plays a predominating role in characterizing the conductance 

behaviour of the electrolytes under study in these media. The position of the 

curves in Figure 2 l\.0770 or ~770 versus w1 suggest a relationship Bu4N+ < Pen4N+ < 

HeX4N+ < Hep4N+ for Stoke's radius just similar to their ionic radii order. For 

tetraalkylammonium ions, the Stokes' radii are either lower or comparable to 

their crystallographic radii r,, particularly for smaller ions. This suggests that 

these ions are comparatively less solvated than alkali metal ions due to their 

intrinsic low surface charge density. 

The conductance data for all the electrolytes in 80 mass% of CCl4 in PhNOz ( e, 

=10.22) were analyzed by the classical Fuoss-Kraus theory of triple ion formation 

in the form;33,34 
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Ag(c)-vc =-0-+ 0 
T 1-- c 1: A ATK ( A J 

jK; jK; A 0 

(10) 

where g (c) is a factor that lumps together all the intrinsic interaction terms and 

is defined by: 

c _ exp{-(2.303/ A~2 ),8(cAV2 )} 
g( )- {1-(S/A3b2)(cA)V2}(1-A/A0)V2 

,8 = 1.8247 X 106 j(e/')3/2 

S=aA +a=0.8204xl0
6 
A+ 82.501 

o f' (£!{)3/2 o 1J(El')V2 

(11) 

(12) 

(13) 

In the above equations, A0 is the sum of the molar conductance of the simple ions 

at infinite dilution and A~ is the sum of the conductances of the two triple ions 

R4N(I2 f and (R 4 N); I for R4NI salts, K P = K A and Kr are the ion-pair and triple

ion formation constants. To make eq 10 applicable, the symmetrical 

approximation of the two possible constant of triple ions equal to each other has 

been adopted and A0 values for the studied electrolytes in 80 mass% of CCl4 in 

PhN02 have been calculated using respectiveA0 and 7]0 values in 60 mass% of 

CCl4 in PhN02 according to the Walden rule14.3o. A~ is calculated by setting the 

triple-ion conductance equal to 2/3A0
3s. The ratio A~/A 0 was thus set equal to 

0.667 during linear regression analysis of eq 10. 

Linear regression analysis of eq 10 for the electrolytes with an average 

regression constant, R 2 = 0.9653 gives intercepts and slopes; these permit the 

calculation of other derived parameters such as K P and Kr listed in Table 5. A 

perusal of Table 5 shows that the major portion of the electrolytes exists as ion

pairs with a minor portion as triple ions. Using the Kp values, the inter-ionic 

distance parameter a1p has been calculated with the aid of the Bjerrum's theory 

of ionic association36 in the form: 
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K - 41TNA e b 
[ 

2 ]' 
P - 1000 B,kT Q( ) 

(14) 

b 

Q(b) = Jy_. exp(y)dy (15) 
2 

(16) 

Thea1p values obtained are given in Table 6. The Q(b) and b values have been 

calculated by the literature procedure36. Table 6 reveals that a1P values are 

almost similar for all the electrolytes though the actual ionic sizes varied by 0.28-

0.35 A. This may be due to easy penetration by r ion to some extent into the 

. void spaces between the alkyl chains, as suggested by Abbott and Schiffrin37. 

Thus increase in chain length for tetraalkylammonium ions do not affect the 

distance of closest approach between the two ions. Thea1P are much less in 

comparison with the crystallographic radii ( rJ suggesting probable contact ion

pairs for the iodides in solution14, This will cause a decrease in the degree of 

freedom for the cations in the ion-pair resulting in their loss of configurational 

entropy of the contact pair. Generally Kp values do not change significantly for 

quaternary ammonium ions with alkyl chain consisting of carbon atoms more 

than 3. The small changes in the Kp may thus be related to entropic 

contributions. The inter-ionic distance aT1 for triple ion can be calculated using 

the expressions: 33 

(17) 

(18) 

I(b3 ) is a double integral tabulated in the literature33 for a range of values of b3 • 

Since/(b3 )is a function of aTI' aT1 values have been calculated by an iterative 

computer program. The ar1 values (Table 6) for the electrolytes are greater than 

the corresponding a1p values but are much less than the expected theoretical 

224 



Jon- Pair and Triple-lon ............. Carbon Tetrachloride+ Nitrobenzene 

valuel.5a1p. This is probably due to repulsive forces between tbe two anions or 

cations in the triple ions R4N(I2)- and (R 4N);I as suggested by Hazra et alas. 

A perusal of Table 5 shows that the major portion of the electrolytes exists as 

ion-pairs with a minor portion as triple ions. The tendency of triple ion formation 

can be judged from the Kr/KP ratios, which is highest for Hep4NI. These ratios 

suggest that strong association between the ions is due to the coulombic 

interactions as well as to covalent forces in the solution. At very low permittivity 

of the solvent ( e, < 15 ),3D electrostatic interactions are very strong permitting 

the ion-pair to attract free anions/cations from solution bulk and form triple 

ions33,3B which acquire tbe charge of the combining ion, i.e.: 

M++A- HM• .... A- HMA 

MA+A- HAMA-

MA+M+ HMAM+ 

(19) 

The effect of ternary association39 thus removes some non-conducting species 

MA from solution and replace them by triple-ions which increase the 

conductance manifested by non-linearity observed in conductance curves for the 

electrolytes in 80 mass% of CCl4 in PhNOz. 

The ion-pair and triple-ion concentrations (cp andcr, respectively) of the 

electrolytes at the highest electrolyte concentration have been derived using 

eqsaa 20 to 23 and are listed in Table 5. 

a=(Kpc)-v2 

a = Kr cV2 
r Ko.s 

p 

cP =c(1-a-3ar) 

c = Kr c3/2 
T Kl/2 

p 

(20) 

(21) 

(22) 

(23) 

While highest cp value was found for Bu4NI, highest cr value was found for 

Hept.~N!. 

225 



Ion- Pair and Triple-Ion ............. Carbon Tetrachloride+ Nitrobenzene 

8.4. Conclusion 

From the experimental work it is evident that the tetraalkyl ammonium salts 

exists as ion-pairs upto 60 mass% of solvent mixture but as the dielectric 

constant of the solvent mixture decreases in 80 mass% , there is a tendency for 

triple ion pair formation. 
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Table 1 

Density (p), viscosity (77), and dielectric constant (e), for ofCCl4 (1) + PhNOz (2) 

at T= 298.15 K 

p-10·3 
77/mPa·s 

/kg·m-3 e, 
Solvent Mixture 

Exp. Lit. Exp. Lit. 

1.1985 40 

W1 =0.00 1.1982 1.686 1.686 41 34.69 18 

1.1983 41 

W1 =0.20 1.2614 1.613 29.66a 

W1 = 0.40 1.3314 1.411 23.90a 

W1 =0.60 1.4067 1.224 17.45 a 

W1 =0.80 1.4910 1.099 10.22 a 

W 1 =1.00 1.5843 1.5844 41 0.902 0.9017 41 2.25 41 

a Obtained by interpolation of literature data from Ref. No 18. 
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Table2 

The concentrations (c) and molar conductances (A) of R!NI (R=Butyl to heptyl) in different binary solvent mixtures of CCl4 

(1) + PhNOz (2) at T= 298.15 K 

Bu4Nl Pen4NI HeX4Nl Hep4Nl 

c·l04 A to• c·l04 A.Io• c·l04 A. to• c·l04 A.Io• 
mol·dm-3 S·m2 ·mot' mol·dm-3 S·m2 ·mol-' mol·dm-3 S·m2 ·mol' mol·dm-3 S·m2 ·mol-' 

w, =0.20 

8.3 39.50 8.3 38.60 8.4 36.38 8.3 35.20 
tv 

15.3 37.00 15.3 36.00 15.3 34.66 15.3 33.20 w 
0 

21.2 35.80 21.2 34.90 21.2 33.14 21.2 32.33 

26.2 34.68 26.2 34.20 26.3 32.14 26.2 31.22 

30.6 34.00 30.6 33.00 30.64 31.66 30.6 30.72 

34.4 33.50 34.4 33.00 34.5 30.50 34.4 30.20 

37.8 32.80 37.8 31.70 37.8 30.30 37.8 29.89 

40.8 32.10 40.8 31.30 40.8 29.80 40.8 29.30 

45.9 31.70 43.5 30.60 43.5 29.40 45.9 29.00 

50.1 30.50 48.1 29.70 46.0 29.37 50.1 28.40 



53.6 30.00 51.9 29.27 50.1 28.92 53.6 28.19 

57.8 29.40 55.1 28.66 51.9 28.49 56.5 27.70 

61.2 29.20 57.8 28.52 55.1 28.29 59.0 27.62 

64.0 28.59 61.2 28.08 57.9 27.82 61.2 27.28 

66.3 28.34 64.0 27.80 60.2 27.23 63.1 27.25 

68.3 28.26 66.3 27.58 63.2 27.22 65.6 27.00 

69.9 28.D1 68.3 27.37 65.7 27.11 67.6 26.76 

71.4 28.00 70.5 27.23 67.1 26.98 69.4 26.51 

72.3 27.80 72.3 26.96 69.5 26.62 70.9 26.36 

73.8 27.76 74.2 26.95 71.5 26.44 72.7 26.28 

N w, =0.40 
"' - 4.4 38.80 4.4 36.89 4.4 35.50 4.6 34.61 

8.1 37.00 6.3 36.00 6.3 35.25 6.6 33.82 

11.3 35.80 8.1 35.20 8.0 34.18 8.4 32.71 

13.9 34.56 9.7 34.56 9.7 33.86 10.1 32.31 

16.3 33.37 11.2 34.00 11.1 33.39 11.6 31.84 

18.3 32.83 13.9 32.90 12.8 32.47 13.1 31.35 

20.1 32.30 16.2 32.34 13.8 32.10 14.4 30.91 

23.1 31.50 18.2 31.43 14.9 32.04 15.7 30.54 



25.6 3D.43 20.0 30.70 17.1 31.23 17.9 29.82 

27.6 30.19 21.6 30.50 19.0 30.86 19.9 29.66 

29.3 29.81 23.0 30.14 20.7 30.30 21.6 29.16 

31.4 29.32 24.3 29.38 22.2 29.75 23.2 28.61 

33.1 28.97 26.5 29.30 23.5 29.21 24.6 28.60 

34.4 28.44 28.4 29.06 24.7 29.16 25.9 28.24 

35.6 28.36 29.9 28.68 25.8 28.77 27.0 27.99 

36.9 27.91 31.2 28.22 27.7 28.41 29.0 27.54 

37.9 27.66 32.9 27.94 29.3 27.64 30.7 27.37 

39.0 27.40 34.3 27.69 30.7 27.73 32.1 26.95 

39.9 27.29 35.5 27.35 31.9 27.48 33.4 26.81 
N 

"' N 40.7 27.29 36.7 26.94 33.4 26.93 34.5 26.40 

w, =0.60 

1.7 36.41 1.7 34.60 1.7 33.30 1.7 32.30 

2.5 34.82 2.4 33.05 2.4 32.51 2.4 31.60 

3.2 34.12 3.1 32.50 3.1 31.40 3.1 30.80 

3.8 32.94 3.8 31.40 3.7 30.48 3.8 30.05 

4.4 32.12 4.3 30.70 4.3 30.20 4.3 29.73 

4.9 31.31 4.9 30.00 4.8 29.70 4.9 28.93 



5.4 30.94 5.4 29.50 5.3 29.00 5.4 28.67 

5.9 30.44 5.8 29.10 5.8 28.60 5.8 28.11 

6.3 29.80 6.3 28.90 6.2 28.40 6.3 28.00 

7.1 29.21 6.7 28.50 6.6 28.00 6.7 27.70 

7.8 28.20 7.0 27.96 7.4 27.56 7.0 27.20 

8.4 27.66 7.7 27.70 7.7 27.14 7.7 26.87 

8.9 27.18 8.3 26.94 8.3 26.71 8.4 26.33 

9.5 26.81 8.9 26.63 8.9 26.30 8.9 25.94 

9.9 26.50 9.4 26.08 9.3 25.88 9.4 25.74 

10.7 25.86 9.8 25.71 9.8 25.80 10.2 24.96 

11.4 25.42 10.6 25.40 10.6 25.26 11.3 24.02 

N 11.9 25.31 11.3 24.60 11.2 24.87 11.8 23.82 
w 
w 

12.6 24.62 11.8 24.51 11.8 24.46 12.3 23.54 

13.2 24.54 12.3 24.29 12.2 24.24 12.9 23.29 

w, =0.80 

1.7 4.07 1.7 3.72 1.7 3.72 1.7 3.64 

2.4 3.57 2.4 3.27 2.4 3.20 2.4 3.38 

3.1 3.26 3.1 2.96 3.1 2.95 3.1 3.Q9 

3.8 3.03 3.8 2.71 3.8 2.75 3.8 2.90 



4.3 2.93 4.3 2.49 4.3 2.61 4.3 2.72 

4.9 2.81 4.9 2.36 4.9 2.50 4.9 2.63 

5.4 2.72 5.4 2.25 5.4 2.40 5.4 2.51 

5.8 2.59 5.8 2.16 5.8 2.31 5.8 2.43 

6.3 2.55 6.3 2.10 6.3 2.28 6.3 2.36 

7.0 2.45 7.0 2.00 7.0 2.21 6.7 2.29 

7.7 2.33 7.7 1.87 7.7 2.13 7.0 2.23 

8.4 2.26 8.3 1.82 8.4 2.05 7.7 2.17 

8.9 2.19 8.9 1.74 8.9 1.98 8.4 2.08 

"' 
9.4 2.15 9.4 1.72 9.4 1.95 8.9 2.02 

w 
.j>. 

10.2 2.05 9.8 1.68 10.2 1.87 9.4 1.97 

10.9 2.01 10.6 1.66 10.9 1.81 9.8 1.94 

11.6 1.94 11.6 1.77 10.6 1.87 

12.1 1.90 12.1 1.75 11.3 1.82 

12.7 1.86 12.5 1.70 11.8 1.78 

13.3 1.82 13.1 1.66 12.3 1.75 
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Table 3 

Limiting molar conductance (A0). association constant (KA), co-sphere 

diameter (R) and standard deviations (0') of experimental (A) from Eq.1 and 

Walden products for the electrolytes in different binary solvent mixtures of CCI• 
(1) + PhNOz (2) at T= 298.15 K 

0.20 

0.40 

0.60 

0.20 

0.40 

0.60 

0.20 

0.40 

0.60 

0.20 

0.40 

0.60 

Aa.to• 
S·m2 ·mor-1 

46.23 

45.71 

44.94 

42.53 

42.35 

41.51 

41.74 

41.31 

39.01 

39.59 

39.30 

38.51 

159.9 

301.1 

330.5 

90.9 

246.1 

1075.3 

126.5 

231.9 

816.2 

99.6 

195.8 

851.9 

RIA 

12.0 

12.4 

12.7 

11.9 

13.4 

12.6 

11.9 

12.3 

12.6 

Hept.Nl 

11.9 

12.3 

12.6 

235 

S·m2 ·mor-1 ·mPa·s 

74.57 

64.49 

54.99 

69.77 

59.75 

50.79 

67.33 

58.28 

47.74 

63.86 

55.44 

47.13 

0' 

0.24 

0.22 

0.25 

0.21 

0.26 

0.26 

0.23 

0.25 

0.24 

0.12 

0.14 

0.16 
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Table4 

Limiting ionic conductance (Ag'), ionic Walden product (Ag'770 ), Stokes' radii (r,) 

and crystallographic radii (r,) at T= 298.15 K 

A,;' Ai11o r,/A r; /A Ion S·m2 ·mol' S·m2 ·mar' ·mPa ·s 

w, =0.20 

Bu4N+ 13.38 21.58 3.79 4.94 

Pen4N+ 9.68 15.61 5.25 5.29 

Hex4N+ 8.89 14.34 5.71 5.60 

Hep4N+ 8.74 10.87 7.53 5.88 

I· 32.85 52.99 1.76 2.16 

w, =0.40 

Bu4N+ 14.97 21.12 3.93 4.94 

Pen4N+ 11.61 16.38 5.09 5.29 

Hex4N+ 10.57 14.91 5.60 5.60 

Hep4N+ 8.56 12.08 6.95 5.88 

I- 30.74 43.37 1.87 2.16 

w, =0.60 

Bu4N+ 15.83 18.82 4.15 4.94 

Pen4N+ 12.40 15.18 5.26 5.29 

HeX4N+ 9.90 12.16 6.56 5.60 

Hep4N+ 9.40 11.50 6.89 5.88 

I- 29.11 35.62 2.32 2.16 

b r, values are taken from Ref. No 14 
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Table 5 

The calculated limiting molar conductance (A0), slope and intercepts of Eq 10, 

maximum concentration (c), ion-pair formation constant(K.). triple-ion 

formation constant(KT), ion-pair concentration(cp), and triple-ion 

concentration (cT) for R4NI (R=butyl to heptyl) in 80 mass% of CCl4 (1) + PhNOz 

(2) at T= 298.15 K 

50.04 

46.22 

43.44 

42.88 

Intercept c' . 1 04 

Slope .102 mol· dm-3 

9.069 6.164 

(±0.003) (±0.002) 

5.824 5.265 

(±0.002) (±0.003) 

7.121 5.408 

(±0.004) (±0.001) 

15.422 5.235 

(±0.001) (±0.001) 

13.3 

10.6 

13.1 

Hep4Nl 

12.3 

K ·105 
p 

6.6 

7.7 

6.4 

6.7 

c ·103 c ·106 
p . T 

220.6 1.24 13.1 

165.8 1.01 6.5 

194.4 1.23 u.s 

441.7 1.12 23.3 

'Maximum concentrations used in calculations. 
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Table6 

Inter-ionic distance parameter (a1p) and inter-ionic distance for triple ion (an) 

in 80 mass% ofCCl4 in PhNOz at T= 298.15 K 

Electrolyte a IP I A 

Bu4Nl 3.01 

Pen4NI 2.99 

Hex4NI 3.02. 

Hep4Nl 3.01 
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3.95 

4.32 

3.92 

3.62 

4.51 

4.48 

4.53 

4.51 
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5.0 

4.5 

4.0 

"- 3.5 0 
E .. 
E 3.0 
~ 

!11 
< 2.5 

2.0 

1.5 
0.010 0,015 0.020 0.025 

c 112/mol 111.dm ' 311 

Figure 1. Plots of molar conductance, (A) versus square root of salt 

concentration, (eX) in Wt = 0.80 of CCl4 (1) + PhNOz (2) at T = 298.15 K Bu4Nl, 

• ; Pen4NI, D; Hex4Nl, £; Hept4N, Ll. 
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Figure 2. Plots of Walden products, (A0TI 0 ) for electrolytes and ionic Walden 

products, (A.~TI0 ) versus W1 of CCl4 (1) + PhNOz (2) mixtures at T = 298.15 K. 

Bu4NI or Bu4N+, •; Pen4Nl or Pen4N+, D; Hex4Nl or Hex4N+,"-; Hep4N or 

Hep4N+,!:J.. 
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CHAPTER- IX 

Volumetric, Viscometric, lnterferrometric 
Properties of 2-Methoxyethanol 
Dichloromethane Ternary System and 
Binaries at 298.15 K 

9.1. Introduction 

and Refractometric 
+ Diethylether + 
its Corresponding 

The thermodynamics of ternary liquid mixtures has not received much 

attention as the thermodynamics of binary mixtures as it becomes more difficult 

and time consuming with the addition of each component beyond a binary 

mixture. It is also possible to investigate molecular packing, molecular motion, 

various types and extent of intermolecular interaction influenced by the size, 

shape and chemical nature of component molecules and microscopic structure of 

liquids. 

The study of alkoxy alkanols is of interest not only because of their wide 

use as industrial solvents but also from the more theoretical point of 

investigating the effect of the simultaneous presence of etheric and hydroxyl 

groups on the interaction of such molecules. Since, ethers are used as 

oxygenating agents in gasoline technology, the thermodynamics involving ethers 

and other liquid mixtures have been intensively studied H. Dichloromethane is a 

very interesting solvent with appreciable industrial use in pharmaceutical 

industry, as paint stripping agent, aerosols and as adhesives etc. and also as it is 

a solvent exhibiting high density and low viscosity. 

Considering all of these aspects we undertook investigations on the 

thermodynamic and transport properties of binary and ternary mixtures 

involving 2-methoxy ethanol (2-M.E), diethyl ether (D.E.E) and dichloromethane 

(D.C.M). In this paper are reported excess molar volume (VE), viscosity deviations 

(t.l)), deviations in isentropic compressibility (t.Ks), excess molar refraction (t.R) 

and Gibbs excess free energy of activation for viscous flow (t.G*) for three binary 

mixtures 2-M.E+D.E.E, 2-M.E+D.C.M, D.E.E+D.C.M and their corresponding 

ternary mixtures at 298.15K over the entire range of composition. The excess or 

deviation properties of binary mixtures were fitted to Redilch-Kister polynomial 
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equation to obtain their coefficients and have been interpreted in terms of 

molecular interactions and structural effects. 

9. 2. Experimental Section 

9.2.1. Chemicals 

2-Methoxyethanol (S.D. Fine Chemicals, AR, India) were purified as 

described in the literatures. Dichloromethane (Sigma-Aldrich, 99.9%, HPLC 

Grade), was dried over calcium hydride and distilled. Diethylether (S.D. Fine 

Chemicals, AR grade, India) was used as purchased .The purity of each substance 

was evaluated by comparing experimental values of density, viscosity and 

refractive index with those reported in the literature when available, as 

presented in Table 1. 

9.2.2. Apparatus and procedure 

Densities (p) were measured with an Ostwald-Sprengel type pycnometer 

having a bulb volume of about 25 cm3 and an internal diameter of the capillary of 

about 0.1 em. The measurements were done in a thermostat bath controlled to 

±0.01 K. Viscosity (17) was measured by means of suspended Ubbelohde type 

viscometer, calibrated at 298.15 K with triply distilled water and purified 

methanol using density and viscosity values from literature. The flow times were 

accurate to ±0.1s, and the uncertainty in the viscosity measurements was ±2 x 

10·4 mPa·s. The mixtures were prepared by mixing known volume of pure liquids 

in airtight-stopper bottles and each solution thus prepared was distributed into 

three recipients to perform all the measurements in triplicate, with the aim of 

determining possible dispersion of the results obtained. Adequate precautions 

were taken to minimize evaporation loses during the actual measurements. The 

reproducibility in mole fractions was within ±0.0002. The mass measurements 

were done on a Mettler AG-285 electronic balance with a precision of ±0.01 mg. 

The precision of density measurements was ±3x10·4 g·cm·3. 

Ultrasonic speeds of sound (u) were determined by a multifrequency 

ultrasonic interferometer (Mittal enterprise, New Delhi, M-81) working at 1MHz, 
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calibrated with triply distilled and purified water, methanol and benzene at 

303.15K. The precision of ultrasonic speed measurements was ±0.2 m·s·l, The 

details of the methods and techniques have been described in earlier papers 6·9. 

Refractive index was measured with the help of Abbe-Refractometer (U.S.A). The 

accuracy of refractive index measurement was ±0.0002 units. The refractometer 

was calibrated twice using distilled and deionized water, and calibration was 

checked after every few measurements. 

9.3. Results and Discussion 

The experimental values of densities and excess molar volumes of binary 

mixtures 2-M.E + D.E.E, 2-M.E + D.C.M, D.E.E + D.C.M at 298.15K are listed in 

Table 2. 

9.3.1. Excess molar volume 

The p values have been used to calculate the excess molar volumes (J1E) 

for binary (n=2) and ternary (n=3) mixture using the following equationlo, 

(1) 

where p is the density of the mixture and M~, x~, p1 are the molecular weight, 

mole fraction and viscosity of the ith component in the mixture respectively. 

Fig. 1 summarizes details of the experimental binary excess molar volume data 

over the entire range of composition. 

VE is the resultant of contributions from several opposing effects. These 

may be divided arbitrarily into three types, namely, chemical, physical and 

structural. Physical contributions, which are nonspecific interactions between 

the real species present in the mixture, contribute a positive term to VE. The 

negative values to VE are contributed by the chemical or specific intermolecular 

interactions which results in a volume decrease. The structural contributions are 

mostly negative and arise from several effects, especially from interstitial 

accommodation and changes of free volume 11• 

From Table 2 and Fig. 1 it is evident that VE values are negative for binary 

mixtures of 2-M.E + D.E.E, 2-M.E + D.C.M and D.E.E + D.C.M. These phenomena 
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are the results of difference in energies of interaction between molecules being 

in solutions and packing effects. 

The negative values of VE indicate that the packing degree is enhanced in 

these mixed liquids with respect to the pure species and to their ideal mixtures 

suggesting that specific intermolecular interactions such as hydrogen bonding 

and dipolar interactions of any kind between the component molecules are more 

effective and operative. Therefore, the attractive interactions (which are 

generally responsible for structure-making effects) seems to be the prevailing 

forces in the liquid structure 12 of these solutions with respect to repulsive 

phenomena due to sterical hindrances and unfavorable interactions between 

polar and apolar groups (structure breaking effects). Another negative 

contribution to VE comes from the geometrical fitting of unlike molecules in to 

each other's structure due to differences in shape and size of the component 

molecules. 

Table 5 lists experimental values of densities (p] and viscosities (IJ) of 

ternary mixture of 2-M.E+D.E.E+D.C.M at 298.15K. The excess molar volume 

depend on the balance between two opposing contribution (a) a positive term 

from the rupture of hydrogen bond and physical dipole-dipole interaction 

between components in solution (b) a negative term from formation of hydrogen 

bonded complex and packing effect between solvents. The experimental data in 

the present investigation suggests that factors (b) which are responsible for 

negative excess volume dominate over the entire range of composition. From 

Table 5 it is evident that the magnitude of negative deviation of VE values of 

ternary mixture is more than that of their corresponding binary mixtures 

suggesting that specific intermolecular interactions between the component 

molecules are more prominent and operative. 

9.3.2. Viscosity deviation 

The measured 1J values for binary systems at 298.15K are listed in Table2. The 

viscosity deviations (ill]) 13 from linear dependence for binary (n=Z) and ternary 

( n=3) mixtures can be calculated as 

n 

dTJ=TJ- :L(x,TJ,) (2) 
i=l 
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Where, 11 is the viscosity of the mixture and x;, ry; is the mole fraction and 

viscosity of Pure component i respectively. The values of !!..17 are negative over 

entire range of mole fraction for 2-M.E + D.E.E, 2-M.E + D.C.M and D.E.E + D.C.M 

systems. It is observed in many systems that there is no simple correlation 

between the strength of the interactions and the observed properties. Rastogi et 

a!. 14 therefore, suggested that the observed excess property is a combination of 

an interaction and a non-interaction part. The non-interaction part in the form of 

size effect can be comparable to the interaction part and may be sufficient to 

reverse the trend set by the latter. 

The values of viscosity deviations (!!..17) for the ternary mixture are listed 

in Table 5. For the ternary mixture the viscosity deviations are negative over 

the entire range of composition. These can be interpreted qualitatively by 

considering the effect of intermolecular interaction and shape of components. 

9.3.3. Deviation in isentropic compressibility 

Isentropic compressibility, Ks and deviation in isentropic compressibility 

l!.Ks, for binary (n=2) and ternary (n=3) mixtures were calculated using the 

following relations: 

1 
Ks = (u2p) 

n 

LIK, = K,- L x,K,,, 
1•1 

(3) 

(4) 

where u and Ks are the speed of sound and isentropic compressibility of the 

mixture and Ksi, the isentropic compressibility of the i'h component in the 

mixture respectively. It is evident from Table 3 and Fig. 3 that, for the binary 

mixtures, the !!.. Ks values are negative over all composition range. These results 

can be explained in terms of molecular interactions 15, 16 between unlike 

molecules. It appears from the sign and magnitude of !!.. Ks that specific 

interaction exist between mixing components. These results are in excellent 

agreement with those of VE discussed earlier. 

The values of l!.Ks for the ternary mixture are negative over all 

composition range and are given in Table 6 which suggests that specific 

interactions exist between mixing components 17. 
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9.3.4. Deviation in molar refraction 

The molar refraction, [R] can be evaluated from Lorentz-Lorenz relation 

18 and gives more information than no about the mixture phenomenon because 

it takes into account the electronic perturbation of molecular orbital during the 

liquid mixture process and [R] is also directly related to the dispersion forces 

[RJ =(:~~~)-G) (5) 

Where [R], no2, and M are, correspondingly, the molar refraction, the refractive 

index and the molar mass of the mixture respectively. Deviation from molar 

refraction for binary ( n=2) and ternary ( n=3) was calculated from the following 

relation; 

n 

LIR=[R]-LX;[R]; ( 6) 
i=1 

where Xi and [R]1 are mole fraction and molar refraction for the pure components 

respectively. The values of l!.R for binary mixtures (Table 3 and Fig.4) and 

ternary mixture (Table 5) were found to negative over the entire range of 

composition. 

9.3.5. Excess Gibb's free energy of activation 

On the basis of the theories of absolute reaction rates 19, the excess Gibbs 

energy of activation for viscous flow was calculated from the equation 2o for 

binary (n=2) and ternary (n=3) systems. 

LIGE =RT[ln1]V-~x1 ln1],V, J (7) 

where R, T, V1 and V are the universal gas constant, experimental 

temperature in absolute scale, and the molar volumes of the pure component 

and the mixtures, respectively. The calculated values of IJ.Gm for binary and 

ternary mixtures are reported in Table 2 and 5 respectively. 

The excess properties (VE, l!.ry, l!.Ks, l!.R, l!.G*) for the binary mixtures were 

fitted to the Redlich-Kister polynomial equation 21, 
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2 

YS = x1x2 L a1(x1 - x2)' 
i=l 

(8) 

where YE refer to an excess property, X1 is the mole fraction of l.A.A and x2 is that 

of the other component. 

The coefficients (a1) were obtained by fitting Eq. (8) to experimental results 

using a least-squares regression method. In each case, the optimal number of 

coefficients was ascertained from an approximation of the variation in the 

standard deviation. The estimated values of along with the standard deviations 

are summarized for all mixtures in Table 4. The standard deviation was 

calculated using the equation 

1 

()" = Yexp- Ycal [( 
E E )2]2 
(n-m) 

(9) 

where n is the number of data points and m is the number of coefficients. 

9.4. Conclusion 

It can be concluded that the specific intermolecular interactions are more 

prominent in binary liquid mixtures than in the pure species and that of ternary 

mixtures are more operative as compared to the binary mixtures. 
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Table 1 

Density (p), viscosity (1]), sound speed (u) and refractive index (no) of pure 
liquids at 298.15K. 

Pure Components p x 10·3f kg·m·3 ry/mPa·s ufm·s·1 no 

This Lit This Lit This Lit This Lit 

work work work work 

2-methoxyethanol 0.9608 0.960122 1.5470 1.57325 1339.40 134122 1.4005 1.399625 

Dichloromethane 1.3162 1.316323 0.4652 0.406" 1071.30 103523 1.4210 1.422823 

Diethylether 0.7091 0.708324 0.2337 98~00 98324 13515 
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Table 2 

Densities (p), viscosities (17), excess molar volumes (JIE), viscosity deviations (Ll17) 
and excess Gibbs energy of activation (LlG*) for binary mixtures of 2-
methoxyethanol, dichloromethane and diethylether at 298.15K 

X1 p X 10·3jkg 11/mPa·s VE X 106 Ll17/ mPa· s LlGmx10· 
·m·3 fm3 ·mol-l 3/J·moJ-1 

(x1) Z·methoxyethanol+{1-xl)diethylether 

0.0000 0.7091 0.2337 0.0000 0.0000 0.00 
0.0976 0.7321 0.2661 -0.5400 -0.0958 -167.00 
0.1958 0.7562 0.3070 -1.0400 -0.1838 -280.00 
0.2944 0.7824 0.3630 -1.5900 -0.2574 -309.82 
0.3936 0.8083 0.4399 ·1.9000 -0.3107 -276.00 
0.4933 0.8360 0.5713 -2.2000 -0.3103 -175.00 
0.5936 0.8650 0.6782 -2.4500 -0.3351 -96.00 
0.6944 0.8927 0.8546 -2.3700 -0.2910 31.00 
0.7957 0.9201 1.0645 -2.1100 -0.2142 80.00 
0.8976 0.9445 1.3300 -1.4400 -0.0825 70.60 
1.0000 0.9608 1.5470 0.0000 0.0000 ' 0.00 

(x1)2-methoxyethanol+(1-xl)dichloromethane 

0.0000 1.3162 0.4652 0.0000 0.0000 0.00 
0.1103 1.2779 0.5177 -0.4500 -0.0668 -75.08 
0.2181 1.2419 0.5832 -0.8942 -0.1180 -113.11 
0.3235 1.2056 0.6707 -1.2004 -0.1445 -88.49 
0.4266 1.1702 0.7669 -1.4324 -0.1598 -53.00 
0.5274 1.1359 0.8908 -1.5990 -0.1450 -3.13 
0.6260 1.1013 1.0294 -1.6165 -0.1130 48.00 
0.7225 1.0671 1.1678 -1.5248 -0.0790 77.00 
0.8170 1.0331 1.2950 -1.2940 -0.0540 80.00 
0.9095 0.9977 1.4276 -0.8000 -0.0214 49.05 
1.0000 0.9608 1.5470 0.0000 0.0000 0.00 

(x1)diethylether+(1-x1) dichloromethane 

0.0000 1.3162 0.4652 0.0000 0.0000 0.00 
0.1130 1.2193 0.4351 -0.3915 -0.0039 50.00 
0.2227 1.1347 0.4106 -0.7090 -0.0031 91.00 
0.3294 1.0592 0.3839 -0.8800 -0.0050 124.40 
0.4331 0.9934 0.3585 -1.0670 -0.0064 134.44 
0.5341 0.9343 0.3342 ·1.1633 -0.0074 127.97 
0.6322 0.8806 0.3106 -1.1290 -0.0083 113.09 
0.7278 0.8313 0.2890 -0.9383 -0.0077 89.81 
0.8209 0.7842 0.2687 -0.6520 -0.0065 63.00 
0.9116 0.7471 0.2496 -0.5070 -0.0046 20.24 
1.0000 0.7091 0.2337 0.0000 0.0000 0.00 
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Table 3 
Ultrasonic speed (u), isentropic compressibility (Ks) deviation in isentropic 
compressibility (ilKs), refractive indices (nn) excess molar refraction (ilR) for 
binary mixtures of 2-methoxyethanol, dichloromethane and diethylether at 
298.15K 

X1 ujm·s·l Ks x 1012 /Pa·l ilKs x 1012 /Pa-l nn LlRx10-6 (m3 

·mol-1 

(xt) 2-methoxyethanol+(l-Xl)diethylether 

0.0000 982.30 1461.52 0.00 1.3515 0.0000 
0.0976 1017.70 1318.92 -56.55 1.3562 -0.0570 
0.1958 1053.40 1191.72 -97.26 1.3616 -0.0890 
0.2944 1089.10 1077.55 -124.47 1.3674 -0.1280 
0.3936 1124.80 977.80 -136.79 1.3727 -0.1640 
0.4933 1160.50 888.22 -138.49 1.3786 -0.1840 
0.5936 1196.20 807.91 -130.44 1.3846 -0.2070 
0.6944 1231.90 738.17 -111.35 1.3897 -0.2140 
0.7957 1267.60 676.38 -83.84 1.3948 -0.1920 
0.8976 1303.30 623.32 -47.11 1.3990 -0.1284 
1.0000 1339.40 580.16 0.00 1.4005 0.0000 

(x1)2-methoxyethanol+(1-xl)dichloromethane 

0.0000 1071.30 662.00 0.00 1.4210 0.0000 
0.1103 1104.91 640.97 -12.00 1.4190 -0.0883 
0.2181 1137.46 622.34 -21.80 1.4157 -0.2260 
0.3235 1166.54 609.52 -26.00 1.4130 -0.3134 
0.4266 1196.12 597.28 -29.80 1.4105 -0.3808 
0.5274 1222.20 589.35 -29.48 1.4080 -0.4373 
0.6260 1247.93 583.06 -27.70 1.4062 -0.4360 
0.7225 1270.90 580.17 -22.70 1.4050 -0.3881 
0.8170 1292.52 579.39 -15.74 1.4033 -0.3310 
0.9095 1315.96 578.77 -8.79 1.4020 -0.1960 
1.0000 1339.40 580.16 0.00 1.4005 0.0000 

(xl)diethylether+(1-xt) dichloromethane 

0.0000 1.4210 662.00 0.00 1.4210 0.0000 
0.1130 1.4106 575.31 -177.00 1.4106 -0.0320 
0.2227 1.4015 575.07 -265.00 1.4015 -0.0586 
0.3294 1.3930 621.73 -303.63 1.3930 -0.0758 
0.4331 1.3859 686.30 -322.00 1.3859 -0.0827 
0.5341 1.3794 775.98 -313.00 1.3794 -0.0840 
0.6322 1.3732 897.03 -270.46 1.3732 -0.0782 
0.7278 1.3671 1013.53 -230.39 1.3671 -0.0647 
0.8209 1.3603 1148.43 -169.92 1.3603 -0.0452 
0.9116 1018.01 1291.50 -99.36 1.3568 -0.0272 
1.0000 982.30 1461.52 0.00 1.3515 0.0000 
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Table4 

Redlich-Kister coefficients and standard deviations (cr) for the binary mixtures at 
298.15K 

Excess property Ao At As 

(x,) 2 -methoxyethano/+(1-x,)diethylether 

VEx 10' fm3 ·mol·' -8.9561 -4.5284 -2.8712 -2.1783 0.0361 

!J.~ /mPa·s -1.4062 -0.2284 0.5879 -0.1309 -1.4100 0.9561 0.0039 

!J.G*x10·3 /1· mol1 -726.6322 2050.1837 260.3553 529.6563 8.1111 

!J. K, x 10" /Pa·' -554.1238 90.0715 -35.7869 -13.8799 0.3714 

!J.R x10·6 fm3 ·mol·' -0.7534 -0.4545 -0.4509 -0.1894 0.2568 0.0019 

(x1)Z-methoxyethanol+(1-x1)dichloromethane 

VEx 106 fm3 ·moJ-1 -6.2185 -2.3247 -1.4405 -1.2546 0.0124 

!J.~ /mPa· s -0.5735 0.4051 0.1382 -0.2725 0.0025 

!J.G*x10·3 JJ· mol' -58.5601 1071.7461 -56.7858 -292.8441 3.6397 

!J.K,x10"/Pa·' -118.1758 3.3582 -20.3350 0.4595 

!J.R x10·'fm3 ·mol·' -1.6550 -0.9392 O.Q108 

(xt)diethylether+(1-x,) dichloromethane 

VEx 106 fm3 ·mol·' -4.51045 -1.01182 0.0364 

!J.~ fmPa· s -0.03317 -0.00694 -0.00822 0.0002 

!J.G*x10·3fj· mol' 417.5670 88.7335 -12.3521 -92.0735 82.5724 1.3980 

!J. K, x 10''/Pa·l -1249.4508 340.0011 -336.8316 4.6221 

!J.R x1 O·' fm3 ·mol-' -0.33878 0.01127 0.02961 0.0012 
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Table 5 

Densities (p), viscosities (17), excess molar volumes (JIE), viscosity deviations (Ll17) 
and excess Gibbs energy of activation (LlG*) for ternary mixtures of 2-
methoxyethanol, diethylether and dichloromethane at 298.15K. 

(1-Xl..X2) p X 10·3 1]/mPa·s VE X 106 Lll]/ 

/kg·m·3 mPa·s 

LlGrnx10· 

3jJ·mol-1 

(x1)2-methoxyethanol+(xz)diethylether +(1-xl..xz)dichloromethane 

0.0000 0.8338 0.5713 -1.9657 -0.3103 -35.00 

0.0468 0.8723 0.5616 -4.0630 -0.3005 -62.34 

0.0995 0.9084 0.5541 -5.4352 -0.2861 -97.18 

0.1593 0.9434 0.5476 -6.2341 -0.2677 -146.79 

0.2276 0.9832 0.5306 -6.9236 -0.2562 -193.65 

0.3065 1.0266 0.5158 -7.3003 -0.2382 -260.69 

0.3987 1.0741 0.5026 -7.2811 -0.2130 -298.59 

0.5077 1.1256 0.4926 -6.7043 -0.1776 -316.29 

0.6388 1.1842 0.4857 -5.5657 -0.1299 -285.48 

0.7991 1.2493 0.4799 -3.5475 -0.0689 -158.19 

1.0000 1.3241 0.4652 -0.4003 0.0000 -0.12 
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Table 6 

Ultrasonic speed (u), isentropic compressibility (Ks) deviation in isentropic 
compressibility (IlKs), refractive indices (nn) excess molar refraction (LlR) for 
ternary mixtures of 2-methoxyethanol, diethylether and dichloromethane at 
298.15K. 

(1-Xl·X2) ufm·s·l K, X Ll Ks X no LlRx10·6 

1012/Pa·l 1012fPa·l fm3·mol·l 

(x1)2-methoxyethanol+(xz)diethylether +(l-x1.xz)dichloromethane 

0.0000 1260.90 890.5 -136.17 1.4668 0.0000 

0.0468 1293.77 834.9 -150.00 1.4475 -0.4136 

0.0995 1296.88 806.5 -152.00 1.4294 -0.7550 

0.1593 1249.41 826.0 -147.00 1.4139 -0.9582 

0.2276 1208.62 830.3 -134.00 1.3986 -1.1149 

0.3065 1171.32 827.0 -117.00 1.3835 -1.2055 

0.3987 1148.04 806.4 -100.00 1.3668 -1.2957 

0.5077 1125.02 785.9 -84.00 1.3525 -1.1946 

0.6388 1109.57 746.9 -61.00 1.3377 -0.9935 

0.7991 1090.98 706.5 -34.00 1.3244 -0.5604 

1.0000 1071.30 658.0 0.00 1.3090 0.0000 
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Figure 1: Plot of excess molar volumes v• x 106(m3• moJ-1) against mole fraction 
(xt) for the three binary subsystems at 298.15K. 0 (xt) 2-M.E + (1- Xt) D.E.E; t:.. 
(xt)2-M.E + (1- Xt) D.C.M; o (x1) D.E.E + (1- x1) D.C.M. 
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Figure 2. Plot of viscosity deviations, f:..TJ (mPa·s) against mole fraction (x1) for 
the three binary subsystems at 298.15K. 0 (x1) 2-M.E + (1- Xt) D.E.E; t:.. (xt)Z-M.E 
+ (1-xt) D.C.M; o(Xt) D.E.E + (1-Xt) D.C.M. 
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Figure 3. Plot of deviation in isentropic compressibility fl Ks x 1012 (Pa·l) against 
mole fraction (x1) for the three binary subsystems at 298.15K. O(xt) 2-M.E + (1-
Xl) D.E.E; /l(xt)2-M.E + (1-Xl) D.C.M; o (x1) D.E.E + (1-Xt) D.C.M. 
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Figure 4. Plot of molar refraction flR x 10·6 (m3·mol"l) against mole fraction (xt) 
for the three binary subsystems at 298.15K. O(xt) 2-M.E + (1- Xt) D.E.E; /l(xl)2-
M.E + (1-xl) D.C.M; o (x1) D.E.E + (1- x1) D.C.M. 
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Figure 5. Plot of deviation of excess Gibbs energy of activation t.G*xl0·3Q ·mol·l) 

against mole fraction (x1) for the three binary subsystems at 298.15K. O(x1) 2-
M.E + (1- Xl) D.E.E; t. (X1)2-M.E + (1- Xl) D.C.M; 0 (Xl) D.E.E + (1- Xl) D.C.M. 
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CHAPTER-X 

Ion-Solvent and Ion-Ion Interactions of Sodium molybdate and 

Sodium tungstate in mixtures of Ethane- 1, 2 diol and Water at 

298.15, 308.15 and 318.15K 

10.1. Introduction 

Studies on densities (p) and viscosities ('I}) of electrolyte solutions are of great 

importance in characterizing the properties and structural aspects of solutions. 

The addition of an electrolyte to an aqueous organic solution alters the pattern of 

ion solvation and causes phenomenal changes in the behavior of the dissolved 

electrolyte. Hence, studies on the limiting apparent molar volume and viscosity-B 

coefficients of electrolyte provide us valuable information regarding ion-ion, ion

solvent and solvent-solvent interactions 1•3. It has been found by a number of 

workers 4·6 that the addition of an electrolyte could either make or break the 

structure of a liquid. As the viscosity of a liquid depends on the intermolecular 

forces, the structural aspects of the liquid can be inferred from the viscosity of 

solutions at various electrolyte concentrations and temperature. 

In this paper we have attempted to report the limiting apparent molar 

volume(¢~), experimental slopes (s:) and viscosity B- coefficients for sodium 

molybdate and sodium tungstate in aqueous binary mixture of ethane-1, 2-diol at 

298.15, 308.15 and 318.15K. The mixture of ethane-1, 2-diol with water was 

chosen because of its diverse application in pharmaceutical and cosmetic 

industries7,a, However, the experiment was not performed in pure ethane-1, 2-

diol due to the insolubility of the electrolytes. Since both molybdate and 

tungstate ions have similar structure 9 and sodium ion being a common cation for 

both the electrolyte under investigation, the present work enables us to have a 

qualitative comparison of the role of anion in aqueous binary mixture of ethane-

1, 2-diol in terms of various derived parameters obtained from viscosity (17) and 

density (p) measurement. 
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10.2. Experimental Section 

10.2.1. Chemicals 

Ethane-1, 2-diol (E.Merck,India) was purified by standard methods 10. The purity 

of the solvent was checked by measuring the viscosity (17) and density (p) at 

298.15K which was in good agreement with the literature values. Doubly 

distilled, degassed and deionised water with a specific conductance of 1x 10-6 .n-
1 cm-1 was used. Sodium tungstate and sodium molybdate (E.Merck, India) were 

purified by re-crystallizing twice from conductivity water and then dried in a 

vacuum dessicator over P20s for 24 hours before use. The purity of the solvents 

was ascertained by GLC and also by comparing experimental values of viscosity 

(17) and density (p) whenever available with those reported in the literature and 

are listed in Table 1. 

10.2.2. Apparatus and procedure 

Densities (p) were measured with an Ostwald-Sprengel type pycnometer having 

a bulb volume of about 25 cm3 and an internal diameter of about 0.1 em. The 

measurements were done in a thermostat bath controlled to ±0.01 K. Viscosity 

(17) was measured by means of suspended Ubbelohde type viscometer, calibrated 

at 298.15 K with triply distilled water and purified methanol using density and 

viscosity values from literature. The flow times were accurate to ±0.1s, and the 

uncertainty in the viscosity measurements was ±2 x 10-4mPa·s. The mixtures 

were prepared by mixing known volume of pure liquids in airtight-stopper 

bottles and each solution thus prepared was distributed into three recipients to 

perform all the measurements in triplicate, with the aim of determining possible 

dispersion of the results obtained. Adequate precautions were taken to minimize 

evaporation loses during the actual measurements. The reproducibility in mole 

fractions was within ±0.0002. The mass measurements were done on a Mettler 

AG-285 electronic balance with a precision of ±0.01 mg. The precision of density 

measurements was ±3x10-4g·cm·3. Viscosity of the solution,1J, is given by the 

following equation: 
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(1) 

where K and L are the viscometer constants and t and p are the efflux time of 

flow in seconds and the density of the experimental liquid, respectively. 

Details of the methods and techniques of density and viscosity measurements 

have been described elsewhere 11·14. The electrolyte solutions studied here were 

prepared by mass and the conversion of molality into molarity was accomplished 

3 using experimental density values. The experimental values of concentrations 

(c), densities (p), viscosities (17), and derived parameters at various temperatures 

are reported in Table 2. 

10.3. Results and Discussion 

The apparent molar volumes ( ¢v ) were determined from the solution densities 

using the following equation : 

(2) 

Where M is the molar mass of the solute, c is the molarity of the solution; Po 

and p are the densities of the solvent and the solution respectively. The limiting 

apparent molar volume ( ¢:) was calculated using a least -squares treatment to 

the plots of ¢v versus -Vc using the following Masson equation 15: 

0 • ,-
¢v = ¢v + Svvc (3) 

where ¢:is the apparent molar volume at infinite dilution and s; the 

experimental slope. The plots of ¢v against square root of molar concentration 

(.,fC) were found to be linear as depicted graphically in Figure (1-6) with negative 

slopes. Values of ¢: and s; are reported in Table 3. 

As the systems under study are characterized by hydrogen bonding, the 

ion-solvent and ion-ion interactions can be interpreted in terms of structural 

changes, which arise due to hydrogen bonding between various components of 

the solvent and solution systems. ¢~ can be used to interpret ion-solvent 
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interactions. A perusal of Table 3 reveals that the ¢~values are positive and 

increases with rise in temperature and decreases with increase in the amount of 

ethane-1, 2-diol in the solvent mixture. This indicates the presence of strong ion

solvent interactions and these interactions are strengthened with rise in 

temperature and weakened with an increase in the amount of ethane-1, 2-diol in 

the solvent mixture under study, suggesting larger electrostriction at higher 

temperature and in lower amount of ethane-1, 2-diol in the mixture. Similar 

results were obtained for some 1:1 electrolytes in aqueous dimethylformamide 

16 and aqueous tetrahydrofuran 17. 

It is evident from Table 3 that the s; values are negative for all 

temperatures for aqueous mixtures of ethane-1, 2-diol. Furthermore s; values 

decreases with the increase of experimental temperature which may be 

attributed to more violent thermal agitation at higher temperatures, resulting in 

diminishing the force of ion-ion interactions (ionic-dissociation) 1s. The s; 
values increases with an increase in the amount of ethane-1,2-diol in the 

aqueous mixture which results in a decrease in solvation of ions, i.e., more and 

more solute is accommodated in the void space left in the packing of large 

associated solvent molecules with the addition of ethane-1, 2-diol to the mixture. 

A quantitative comparison of the magnitude of values shows that ¢~ values are 

much greater in magnitude than those of s; for all the solutions. This suggests 

that ion-solvent interactions dominate over ion-ion interactions in all the 

solutions and at all experimental temperatures. 

The variation of ¢~ with temperature of sodium molybdate and sodium 

tungstate in solvent mixture follows the polyqomial, 

(4) 

over the temperature range under study where Tis the temperature in K. 

Values of coefficients of the above equation for sodium molybdate and sodium 

tungstate for aqueous ethane-1, 2-diol mixtures are reported in Table 4. 

The apparent molar expansibilities ( ¢~) can be obtained by the following 

equation: 
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(5) 

The values¢~ of for different solutions of the studied electrolytes at 298.15, 

308.15 and 318.15 K are reported in Table 5. From Table it is evident that the 

values of ¢~ for sodium molybdate increases with a rise in temperature and 

decreases with the increase in the amount of ethane-1, 2-diol in the mixture 

which can be ascribed to the absence of caging or packing effects19. However for 

sodium tungstate the ¢~values were found to be rather complicated to explain. 

During the past few years it has been emphasized by a number of workers 

that Sv is not the sole criterion for determining the structure-making or breaking 

tendency of any solute. Helper20 developed a technique of examining the sign of 

(i}fiJ 0E/aTjpfor the solute in terms of long-range structure-making and breaking 

capacity of the electrolytes in the mixed solvent systems. The general 

thermodynamic expression used is as follows 

(B¢~/BT)P = (B 2 ~/BT2 )p =2a2 (6) 

If the sign of(B¢~/8 T)P is positive or small negative 21 the electrolyte is a 

structure maker and when the sign of(8¢~/8 T )P is negative, it is a structure 

breaker. As is evident from Table 5, the electrolyte under investigation generally 

acts as a structure breaker. Thus it may be concluded that the electrolytes are 

characterized by the absence of caging effect 18, 22. 

The viscosity data of solutions for the electrolytes in 0.0312, 0.0677, 

0.1106 mole fraction (xt) of ethane-1, 2-diol + water mixtures have been 

analyzed using Jones-Dole 23 equation: 

(;. - 1) j-/C = A + B-/C (7) 

Where 7J0 and lJ are the viscosities of the solvent/solvent mixtures and 

solution respectively. A and B are the constants estimated by a least-squares 

method and are reported in Table 6. From the Table it is evident that the values 

of the A coefficient are negative for all the solutions under investigation at all 

experimental temperatures. These results indicate the presence of weak ion-ion 
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interactions, and these interactions further decrease with the rise of 

experimental temperatures suggesting an increase in ion-solvation while these 

interactions increase with an increase of ethane-1, 2-diol in the mixture. 

Interestingly, values are found to be more negative for sodium molybdate and 

hence it may be concluded that sodium molybdate is more soluble in aqueous 

ethane-1, 2-diol solutions than sodium tungstate. 

The effects of ion-solvent interactions on the solution viscosity can be inferred 

from the B-coefficient 24, 2s. The viscosity B-coefficient is a valuable tool to 

provide information concerning the solvation of the solutes and their effects on 

the structure of the solvent. From Table 6 it is evident that the values of the B

coefficient of sodium molybdate and sodium tungstate in the studied solvent 

systems are positive, thereby suggesting the presence of strong ion - solvent 

interactions, and these type of interactions are strengthened with a rise in 

temperature and weakened with an increase of ethane-1,2-diol in the mixture. 

These conclusions are in excellent agreement with those drawn from ¢~ values 

discussed earlier. 

It has been reported in a number of studies 26• 27 that dBjdT is a better criterion 

for determining the structure-making/breaking nature of any solute rather than 

simply the value of the B-coefficient. It is found from Table 6 that the values of 

the B-coefficient increase with a rise in temperature (positive dB/dTJ suggesting 

the structure-breaking tendency of sodium molybdate and sodium tungstate in 

the solvent systems. A similar result was reported in a study 28 of viscosity of 

some salts in propionic acid and ethanol mixtures. 

The viscosity data have also been analyzed on the basis of transition state 

theory of relative viscosity of the electrolytes, suggested by Feakins. et. a! 29 using 

the following equation 

..1"0
" =.d"0"+RT(IOOOB+'"0 

-'"
0 

)/'"
0 (8) ~ rt 'f'v,2 'f'v,l 'l'v,l 

Where ¢~1 and¢~2 are the partial molar volumes of the solvent and the solute 

respectively. The contribution per mole of the solute to the free energy of 

activation of viscous flow (Lltt~") of the solutions was determined from the above 
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relation and are listed in Table 7. The free energy of activation of viscous flow of 

the pure solvent (LlJlf"') is given by the relation: 

Llf.4°' = l'.G~• = RTln(rt0 ¢~JhNA) (9) 

Where N is the Avogadro's number and the other symbols have their usual 

significance. The values of LlJl~"' and L'.Jlf"'are reported in Table 7. From Table 7 it 

is evident that LlJlf"' is practically constant at all the solvent composition and at 

all temperatures, implying that LlJlq"'is mainly dependent on the viscosity B

coefficients and (1/JS 2 - ¢S 1) terms. Also LlJlq"'values were found to positive at all 

the experimental temperatures and hence the formation of the transition state is 

less favorable in presence of these anions. A similar result was reported for 

sodium molybdate and sodium tungstate in aqueous acetonitrile solutions 21. 

According to Feakins.et.al 29 llJlq"' > llJlf"'for electrolytes having positive B

coefficients and indicates a stronger ion-solvent interactions, thereby suggesting 

that the formation of transition state is accompanied by the rupture and 

distortion of the intermolecular forces in solvent structure 30, The smaller values 

of llJl~"' indicates the increased structure breaking tendency of the electrolyte. 

Thus from the values of llJlq"'it can be inferred that both tungstate and 

molybdate ions have similar structure breaking tendencies. The entropy of 

activation for electrolytic solutions has been calculated using the following 

relation 29, 

(10) 

Where !J.Sf"' has been determined from the negative slope of the plots of 

llJlq"'against T by using a least square treatment. 

The activation enthalpy (!J.H02•) has been calculated using the relation 29: 

!J.Hf"' = LlJl~"' + T !J.Sf"' (11) 

the value of !J.Sf"'and !J.Hf"' are listed in Table 7 and they are found to be negative 

for all the electrolytic solutions and at all experimental temperatures suggesting 

that the transition state is associated with bond formation and increase in order. 
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Although a detailed mechanism for this cannot be easily advanced, it may be 

suggested that the slip-plane is in the disordered state 29, 31, 

10.4. Conclusion 

In summary it can be concluded that both sodium molybdate and sodium 

tungstate shows similar trend of ion-solvent and ion-ion interactions, which can 

be ascribed to the similar structure of tungstate and molybdate ion 7. From the 

values of apparent molar volume ( ¢n and viscosity B- coefficients it may be 

concluded that ion-solvent interaction increases with increasing temperature 

and decreases with increasing amount of ethane-1,2-diol in the aqueous mixture. 

Also the structure breaking tendencies of the two electrolytes were found to be 

similar. 
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Table 1 

Density (p) and viscosity (17) of aqueous binary mixtures of ethane-1, 2-diol in 
0.0312, 0.0677, 0.1106 mole fractions (x1 ) of ethane-1, 2-diol at different 
temperatures 

Temperature 
(K) p x 1 o-3 1 kg·m-3 11/mPa·s 

This work Lit This work Lit 

x1 =0.0312 

298.15 1.0110 1.0116 32 1.1284 
308.15 1.0071 1.0080 32 0.8922 
318.15 1.0036 1.0038 32 0.7564 

x1 =0.0677 

298.15 1.0238 1.0279 32 1.4244 
308.15 1.0207 1.0239 32 1.1371 
318.15 1.0167 1.0195 32 0.9440 

x1=0.1106 

298.15 1.0372 1.0432 32 1.8286 
308.15 1.0352 1.0390 32 1.4302 
318.15 1.0290 1.0343 32 1.1472 
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Table 2 

Concentration (c), density (p ), viscosity (11), apparent molar volume ( ¢v ), and a= 

(11/ T]o -1)/ cl/2 of sodium molybdate and sodium tungstate in different aqueous 
binary mixtures of ethane-1, 2-diol in 0.0312, 0.0677, 0.1106 mole fractions (x1) 
of ethane-1,2-diol at different temperatures 

C p X 10·3 11 f/Jv X 106 a 
/ mol·dm-3 jkg·m·3 jmPa·s 

c p X 10·3 11 ¢v x106 a 
/ mol ·dm·3 j kg·m·3 jmPa·s 

0.0250 
0.0350 
0.0450 
0.0550 
0.0750 
0.0850 

jm3·mol·l 
Sodium molybdate 

Xt=0.0312 

298.15 K 

1.0143 1.1429 109.228 0.0650 
1.0159 1.1493 101.895 0.0900 
1.0174 1.1549 97.665 0.1050 
1.0191 1.1619 93.236 0.1267 
1.0223 1.1748 90.621 0.1502 
1.0239 1.1820 89.663 0.1630 

308.15 K 

0.0250 
0.0350 
0.0450 
0.0550 
0.0750 
0.0850 

/ m3·mol·1 

Sodium tungstate 
Xt=0.0312 

298.15 K 

1.0163 1.1471 116.278 0.1050 
1.0186 1.1582 110.767 0.1410 
1.0210 1.1669 106.845 0.1610 
1.0233 1.1750 104.213 0.1760 
1.02811.1902 100.921 0.2000 
1.0305 1.1998 99.7900 0.2170 

308.15 K 

0.0249 1.0099 0.9044 127.605 0.0870 0.0249 1.0120 0.9094 133.908 0.1220 
0.0348 1.0115 0.9102 114.742 0.1080 0.0349 1.0143 0.9173 121.999 0.1507 
0.0448 1.0131 0.9183 107.597 0.1380 0.0448 1.0167 0.9245 115.189 0.1711 
0.0548 1.0147 0.9256 103.106 0.1598 0.0548 1.0191 0.9325 110.818 0.1929 
0.0747 1.0178 0.9383 98.545 0.1889 0.0747 1.0238 0.9472 105.575 0.2255 
0.0846 1.0195 0.9442 94.498 0.2003 0.0846 1.0262 0.9543 103.732 0.2391 

318.15K 

0.02481.0060 0.7672 144.585 0.0910 0.0248 
0.0347 1.0076 0.7743 125.053 0.1273 0.0347 
0.04471.0093 0.7801114.206 0.1485 0.0446 
0.05471.0110 0.7867 105.545 0.1712 0.0546 
0.0747 1.0144 0.7991 96.4701 0.2065 0.0744 
0.08471.0161 0.8047 92.9767 0.2195 0.0844 

Sodium molybdate 
Xt=0.0677 

298.15K 

318.15K 

1.0081 0.7724 149.569 0.1346 
1.0105 0.7799 130.293 0.1667 
1.0130 0.7868 119.589 0.1903 
1.0154 0.7937 112.722 0.2110 
1.0204 0.8076 104.345 0.2484 
1.0228 0.8146 101.635 0.2649 

Sodium tungstate 
Xt=0.0677 

298.15K 

0.0250 1.0274 1.4451 94.8690 0.0100 0.0250 1.0306 1.4460 101.479 0.0960 
0.0350 1.0290 1.4527 91.4636 0.1130 0.0350 1.0331 1.4553 97.1661 0.1158 
0.0450 1.0307 1.4633 86.8985 0.1350 0.0450 1.0355 1.4646 96.866 0.1330 
0.0550 1.0324 1.4720 82.8316 0.1480 0.0550 1.0380 1.4738 94.961 0.1479 
0.0750 1.0357 1.4906 81.3094 0.1746 0.0750 1.0428 1.4934 95.189 0.1770 
0.0850 1.0374 1.4997 79.8219 0.1860 0.0850 1.0453 1.5016 94.153 0.1860 
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308.15K 308.15K 

0.0249 1.0236 1.1540 115.626 0.0960 0.0249 1.0267 1.1563 131.329 0.1070 
0.0349 1.0252 1.1630 106.010 0.1236 0.0349 1.0292 1.1653 118.732 0.1330 
0.0448 1.0268 1.1710 100.402 0.1419 0.0448 1.0317 1.1732 111.443 0.1500 
0.0548 1.0283 1.1788 96.9554 0.1578 0.0548 1.03411.1797 107.973 0.1600 
0.0747 1.0315 1.1940 93.3839 0.1841 0.0747 1.0390 1.1992 103.259 0.1998 
0.0846 1.0330 1.2033 91.9710 0.2010 0.0847 1.0415 1.2065 101.803 0.2097 

318.15K 318.15K 

0.0248 1.0193 0.0248 1.0193 0.0248 1.0193 0.0248 1.0193 0.0248 1.0193 
0.0347 1.0208 0.0347 1.0208 0.0347 1.0208 0.0347 1.0208 0.0347 1.0208 
0.0446 1.0223 0.0446 1.0223 0.0446 1.0223 0.0446 1.0223 0.0446 1.0223 
0.0546 1.0240 0.0546 1.0240 0.0546 1.0240 0.0546 1.0240 0.0546 1.0240 
0.0744 1.0271 0.0744 1.0271 0.0744 1.0271 0.0744 1.0271 0.0744 1.0271 
0.0843 1.0287 0.0843 1.0287 0.0843 1.0287 0.0843 1.0287 0.0843 1.0287 

Sodium molybdate 
x,=0.1106 Sodium tungstate 

x,=0.1106 

298.15K 298.15K 

0.0250 1.0410 0.0250 1.0410 0.0250 1.0410 0.0250 1.0410 0.0250 1.0410 
0.0350 1.0428 0.0350 1.0428 0.0350 1.0428 0.0350 1.0428 0.0350 1.0428 
0.0450 1.0443 0.0450 1.0443 0.0450 1.0443 0.0450 1.0443 0.0450 1.0443 
0.0550 1.0462 0.0550 1.0462 0.0550 1.0462 0.0550 1.0462 0.0550 1.0462 
0.0750 1.0495 0.0750 1.0495 0.0750 1.0495 0.0750 1.0495 0.0750 1.0495 
0.0850 1.0513 0.0850 1.0513 0.0850 1.0513 0.0850 1.0513 0.0850 1.0513 

308.15K 308.15K 

0.0249 1.0385 0.0249 1.0385 0.0249 1.0385 0.0249 1.0385 0.0249 1.0385 
0.0349 1.0401 0.0349 1.0401 0.0349 1.0401 0.0349 1.0401 0.0349 1.0401 
0.0449 1.0416 0.0449 1.0416 0.0449 1.0416 0.0449 1.0416 0.0449 1.0416 
0.0548 1.0431 0.0548 1.0431 0.0548 1.0431 0.0548 1.0431 0.0548 1.0431 
0.0748 1.0460 0.0748 1.0460 0.0748 1.0460 0.0748 1.0460 0.0748 1.0460 
0.0848 1.0483 0.0848 1.0483 0.0848 1.0483 0.0848 1.0483 0.0848 1.0483 

318.15K 318.15K 

0.0248 1.03211.1679 114.771 0.1148 0.0248 1.0356 1.1660 114.771 0.1040 
0.0347 1.0336 1.1756 105.395 0.1330 0.0347 1.0380 1.1746 105.395 0.1282 
0.0446 1.0353 1.1840 98.2377 0.1520 0.0446 1.0405 1.1831 98.238 0.1483 
0.0545 1.0369 1.1924 93.4467 0.1686 0.0545 1.0430 1.1914 93.447 0.1651 
0.0743 1.04011.2106 90.0550 0.2029 0.0743 1.04 79 1.2075 90.055 0.1928 
0.0842 1.0418 1.2193 87.2167 0.2166 0.0842 1.0505 1.2157 87.217 0.2059 
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Table3 

Limiting apparent molar volumes (¢nand experimental slopes (St) of sodium 

molybdate and sodium tungstate in different aqueous binary mixtures of ethane-

1, 2-diol in 0.0312, 0.0677, 0.1106 mole fractions of ethane-1,2-diol at different 

temperatures 

Mole fraction 
of ethane-1,2-

diol 

0.0312 
0 .. 0677 
0.1106 

0.0312 
0.0677 
0.1106 

298.15K 308.15K 318.15K 298.15K 308.15K 318.15K 

129.27 
112.07 
98.401 

133.53 
107.08 
95.53 

159.40 
138.58 
123.80 

163.74 
159.28 
134.31 

Sodium molybdate 

196.73 
174.46 
142.76 

-142.44 
-114.37 
-87.05 

Sodium tungstate 

196.65 
176.10 
146.72 
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-119.91 
-46.15 
-31.66 

-229.13 -370.98 
-167.67 -275.93 
-124.49 -197.92 

-215.01 -341.53 
-207.53 -254.70 
-141.55 -180.09 
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Table4 

Values of the coefficients of equation (4) for sodium molybdate and sodium 
tungstate in different aqueous binary mixtures of ethane-1, 2-diol in 0.0312, 
0.0677,0.1106 mole fractions of ethane-1, 2-diol. 

Mole fraction of ao /m3 ·mol'l a1 jm3 ·moP K·l az fm3 ·mol-l K·Z 
ethane-1,2-diol 

Sodium molybdate 

0.0312 2538.441 -18.8138 0.0360 
0.0677 3630.617 -25.7845 0.0469 
0.1106 -3617.255 22.0628 -0.0322 

Sodium tungstate 

0.0312 473.1154 -5.164 0.0135 
0.0677 17701.946 112.475 -0.1769 
0.1106 -13169.706 83.788 -0.1318 
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Table 5 

Limiting partial molar expansibilities for sodium molybdate and sodium 

tungstate in different aqueous binary mixtures of ethane-1, 2-diol in 0.0312, 

0.0677, 0.1106 mole fractions of ethane-1, 2•diol at different temperatures 

Mole fraction of 
ethane-1,2-diol 

0.0312 
0.0677 
0.1106 

0.0312 
0.0677 
0.1106 

298.15K 

2.6530 
2.1820 
-2.8619 

2.8861 
6.9890 
5.1957 

308.15K 

Sodium molybdate 

3.3730 
3.1200 
-2.2179 

Sodium tungstate 

3.1561 
3.4510 
2.5597 
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318.15K 

4.0930 
4.0580 
-1.5739 

3.4261 
0.0870 
-0.0763 

(~~J;lo6 
1 

m3 
• mor' · K-2 

0.0720 
0.0938 
-0.0644 

0.0270 
-0.3538 
-0.2636 
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Table 6 
Values of A and B coefficients for sodium molybdate and sodium tungstate in 
different aqueous binary mixtures of ethane-1, 2-diol in 0.0312, 0.0677, 0.1106 
mole fractions of ethane-1, 2-diol at different temperatures. 

A fdm3/2 moJ-1/2 B /dm3mol-1 
Mole fraction ----------------------------------------------of ethane 1,2-

diol 298.15 K 308.15K 318.15K 298.15K 308.15K 318.15K 

Sodium molybdate 

0.0312 -0.0478 -0.0504 -0.0535 0.7272 0.8746 0.9493 

0.0677 -0.0067 -0.0211 -0.0329 0.6606 0.7610 0.8445 

0.1106 -0.0056 -0.0083 -0.0108 0.6226 0.6977 0. 7792 

Sodium tungstate 

0.0312 -0.0118 -0.0145 -0.0165 0.7891 0.8733 0.9720 

0.0677 -0.0122 -0.0135 -0.0176 0.6842 0.7678 0.8494 

0.1106 -0.0102 -0.0126 -0.0139 0.6311 0.6834 0.7608 
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Figure 1. The apparent molar volume ( ¢~) of sodium molybdate in the mixture 

of aqueous ethane-1, 2-diol (x1= 0.0312) as a function of square root of 
concentration (vc) at 298.15(_.), 308.15(+) and 318.15 K(•). The lines 
represent the linear fits. 
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R2 0.9194 
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50.00 +-------,-------.,....-.-----,, 
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..Jc (moi1Q dm .. Q) 

Figure 2. The apparent molar volume ( ¢~) of sodium molybdate in the mixture 

of aqueous ethane-1,2-diol (x1= 0.0677) as a function of square root of 
concentration (Vc) at 298.15(_.), 308.15(+) and 318.15 K(•).The lines 
represent the linear fits. 
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Figure 3. The apparent molar volume(¢~) of sodium molybdate in the mixture 

of aqueous ethane-1,2-diol (x1= 0.1106) as a function of square root of 
concentration (.,fC) at 298.15(,6.), 308.15(+) and 318.15 K(•).The lines 
represent the linear fits. 

..- 150.00 
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Figure 4. The apparent molar volume ( ¢~) of sodium tungstate in the mixture of 

aqueous ethane-1,2-diol (xl=0.0312) as a function of square root of 
concentration (.,fC) at 298.15(,6.), 308.15(+) and 318.15 K(•).The lines 
rep resent the linear fits. 
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Figure 5. The apparent molar volume ( ¢~) of sodium tungstate in the mixture of 

aqueous ethane-1,2-diol (x1= 0.0677) as a function of square root of 

concentration (vc) at 298.15(-A), 308.15(+) and 318.15 K(•).The lines 
represent the linear fits. 
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Figure 6. The apparent molar volume ( ¢~) of sodium tungstate in the mixture of 

aqueous ethane-1, 2-diol (x1 = 0.1106) as a function of square root of 
concentration (Vc) at 298.15(-A), 308.15(+) and 318.15 K(•).The lines 
represent the linear fits. 
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CHAPTER-XI 

Ion-Solvent and Ion-Ion Interactions of Phosphomolybdic Acid 

in Aqueous Solution of Catechol at 298.15, 308.15 and 318.15K 

11.1. Introduction 

Studies on densities (p) and viscosities (17) of solutions are of great 

importance in characterizing the properties and structural aspects of solutions .. 

Hence studies on the limiting apparent molar volume and viscosity-B coefficients 

of electrolyte provide us valuable information regarding ion-ion, ion-solvent and 

solvent-solvent interactions 1-3_ It has been found by a number of workers 4-6that 

the addition of a solute could either make or break the structure of a liquid. As 

the viscosity of a liquid depends on the intermolecular forces, the structural 

aspects of the liquid can be inferred from the viscosity of solutions at various 

solute concentration and temperature. 

In this paper we have attempted to report the limiting apparent molar 

volume (¢~), experimental slopes (S;) and viscosity B- coefficients for 

phosphomolybdic acid in aqueous catechol solution at 298.15, 308.15 and 

318.15K. Phosphomolybdic acid is widely used to stain connective tissues by 

dyes. It has been found that phosphomolybdic acid forms salts with connective 

tissues containing basic groups and hence the polyvalent phosphomolybdic acid 

appears to form a bridge between the basic group of the substrate and the basic 

group of the dye. In other words, addition of phosphomolybdic acid to connective 

tissues changes its acidophilia to basophilia. Phosphomolybdic acid not only 

yields an intense staining of connective tissue fibers by dyes with basic groups 

but also reduces the staining of cytoplasm, thus producing a specific staining of 

connective tissue fiber 7. 
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11.2. Experimental Section 

11.2.1. Chemicals 

Commercial sample of catechol was purified by repeated crystallization 

from mixture of chloroform-methanol. The sample was dissolved in chloroform 

in hot condition, filtered and to the filtrate dried and distilled methanol was 

added drop wise. Fine plate like crystal separated and was recovered by rapid 

filtration and ready for use. Phosphomolybdic acid of analytical grade was 

purchased from Thomas Baker and was used without further purification. 

Doubly distilled, degassed and deionised water with a specific conductance of 1x 

10-6 n-1 cm·l was used for all measurements. Experimental values of viscosity ( 17 

), density (p )and pH are listed in Table 1. 

11.2.2. Apparatus and procedure 

Densities ( p) were measured with an Ostwald-Sprengel type pycnometer 

having a bulb volume of about 25cm3 and an internal diameter of about 0.1 em. 

the measurements were done in a thermostat bath controlled to ±0.01 K. the 

viscosity (17) was measured by means of suspended Ubbelohde type viscometer, 

calibrated at 298.15 K with triply distilled water and purified methanol using 

density and viscosity values from literature. The flow times were accurate to 

±0.1s, and the uncertainty in the viscosity measurements was ±2 x 10·4 m·Pas. 

The mixtures were prepared by mixing known volume of pure liquids in airtight

stopper bottles and each solution thus prepared was distributed into three 

recipients to perform all the measurements in triplicate, with the aim of 

determining possible dispersion of the results obtained. Adequate precautions 

were taken to minimize evaporation loses during the actual measurements. The 

reproducibility in mole fractions was within ±0.0002 units. The mass 

measurements were done on a Mettler AG-285 electronic balance with a 

precision of ±0.01 mg. The precision of density measurements was ±3x10·4 g cm-

3, Viscosity of the solution, 11· is given by the following equation: 

17=(Kt-Lit)p (1) 
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where K and· L are the viscometer constants and t and p are the efflux time of 

flow in seconds and the density of the experimental liquid, respectively. Details 

of the methods and techniques of density and viscosity measurements have been 

described elsewhere 8·11 .The electrolyte solutions studied here were prepared 

by mass and the conversion of molality in molarity was accomplished3 using 

experimental density values. The experimental values of concentrations(c), 

densities (p ), viscosities (77), and derived parameters at various temperatures 

are reported in Table 2. 

11.3. Results and Discussion 

The apparent molar volumes ¢v were determined from the solution 

densities using the following equation: 

(2) 

where M is the molar mass of the solute, cis the molarity of the solution; Po and 

p are the densities of the solvent and the solution respectively. The limiting 

apparent molar volumes 

t/JS was calculated using a least -square treatment to the plots of ¢v versus ..k 
using the following Masson equation 12. 

o • r ¢v = ¢v + Svvc (3) 

where t/JS is the partial molar volume at infinite dilution and S~ the 

experimental slope. The plots of ¢v against square root of molar concentration 

..k were found to be linear with negative slopes. Values of t/JS and s; are 

reported in Table 3. 

As the systems under study are characterized by hydrogen bonding. the ion

solvent and ion-ion interactions can be interpreted in terms of structural changes 

which arise due to hydrogen bonding between various components of the solvent 
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and solution systems. ~ can be used to interpret ion-solvent inter~ctions. Table 3 

reveals that ¢~ values are positive and increases with rise in temperature and 

decreases with increase in the amount of catechol in the solvent mixture. This 

indicates the presence of strong ion-solvent interactions and these interactions are 

strengthened with rise in temperature and weakened with an increase in the 

amount of catechol in the solvent mixture under study, suggesting larger 

electrostriction at higher temperature and in lower amount of catechol in the 

mixture. Similar results were obtained for some 1:1 electrolytes in aqueous DMF 13 

and aqueous THF 14. 

It is evident from Table 3 that the s: values are negative at all temperatures for 

aqueous mixtures of catechol. Furthermore s: values decreases with the increase 

of experimental temperature which may be attributed to more violent thermal 

agitation at higher temperatures, resulting in diminishing the force of ion-ion 

interactions (ionic-dissociation) 15. A quantitative comparison of the magnitude of 

values shows that ¢~values are much greater in magnitude than those of s: for all 

the solutions. This suggests that ion-solvent interactions dominate over ion-ion 

interactions in all the solutions and at all experimental temperatures. 

The variation of ¢~ with temperature of phosphomolybdic acid in solvent 

mixture follows the polynomial, 

(4) 

over the temperature range under study where Tis the temperature in K. 

Values of coefficients of the above equation for phosphomolybdic acid in aqueous 

catechol mixtures are reported in Table 4. 

The apparent molar expansibilities ¢~ can be obtained by the following 

equation: 

(5) 
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The values ¢~ of for different solutions of the studied electrolytes at 298.15, 

308.15 and 318.15 K are reported in Table 5. Table 5 reveals that ¢~value 

increases as temperature increases up to 0.05 mol·dm·3 of catechol mixtures but 

thereafter ¢~ value decreases slightly with increasing temperature. This fact may 

be attributed to gradual disappearance of caging or packing effect 15,16 in the 

ternary solutions. During the past few years it has been emphasized by a number 

of workers that s; is not the sole criterion for determining the structure-making 

or breaking tendency of any solute. According to Helper 17 the sign of (o¢~/o T )P 

is a better criterion in characterizing the long-range structure-making and 

breaking ability of the solutes in solution. The general thermodynamic expression 

used is as follows 

(6) 

If the sign of (o¢Uo T )P is positive or small negative 18 the solute is a structure 

maker otherwise it is a structure breaker. As is evident from Table 5, 

phosphomolybdic acid predominately acts as a structure maker and its structure 

making ability decreases to some extent as the molarity of catechol increases in the 

solvent mixture. A similar result was observed in the study of nicotinamide in 

aqueous tetrabutylammonium bromide solution 19, The small negative values of 

(o¢Uo T )Pat 0.1and 0.15 mol·dm·3 aqueous catechol solution are probably due to 

higher structure promoting ability of catechol than phosphomolybdic acid with 

comparatively higher ¢~ value in aqueous solution 20 originating from 

hydrophobic hydration with greater degree of hydrogen bonding than the bulk 

water 21. 

Partial molar volume 11¢~ of transfer from water to different aqueous catechol 

solution has been determined using the following relation 22, 23 

L1¢S = ¢S[Aqueous Catechol solution]- ¢S[Water] (7) 
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The ¢~ value is independent from solute-solute interaction and provides 

information regarding solute and co-solute interaction 22• Table 3 shows that the 

values of ¢~ is positive at all experimental temperatures and increases with the 

concentration of catechol in the ternary mixture. The concentration dependence of 

the thermodynamic properties of the solute in aqueous solution can be explained 

in terms of overlap of hydration co-sphere. According to the co-sphere model as 

developed by Friedman and Krishnan 24, the effect of the overlap of hydration co

sphere is destructive. The overlap of hydration co-spheres of two ionic species 

results in an increase in volume but that of hydration co-sphere of hydrophobic

hydrophobic group and ion- hydrophobic group results in a net volume decrease. 

The positive value of ~¢~indicate that hydrophobic- hydrophobic and ion

hydrophobic group interaction are predominant and the overall effect of the 

hydration co-sphere of phosphomolybdic acid and catechol reduce the effect of 

electrostriction of water by phosphomolybdic acid molecule and these effect 

increases with the molarity of catechol in the ternary mixture as shown in the Fig. 

1( ~¢~ vs. molarity of catechol in solution). In addition, standard partial molar 

volume of the solute has been explained by a simple model 25, 26, 

~ = 9\.w + r/Jvoid - ¢s (8) 

Where ¢vw is the vander wall volume, ¢void is the volume associated with void 

or empty space and r/Js the shrinkage volume due to electrostriction. Considering 

the ¢vw and ¢void have the same magnitude in water and in aqueous catechol 

solution for the same solute 27• The increase in ¢~ values and the concomitant 

positive ~¢~ can be attributed to the decrease in shrinkage volume of water by 

phosphomolybdic acid in presence of catechol. This fact suggests that catechol has 

a dehydrating effect on the hydrated phosphomolybdic acid. 

The viscosity data of aqueous and aqueous catechol solution have been analyzed 

using Jones-Dole 2s equation: 

284 



Ion-Solvent and Ion-Ion Interactions ......... at 298.15, 308.15 and 318.15K 

(9) 

Where TJo and TJ are the viscosities of the solvent/solvent mixtures and solution 

respectively. A and B are the constants estimated by a least-squares method and 

are reported in Table 6. From the Table it is evident that the values of the A 

coefficient are either negative or very small positive for all the solutions under 

investigation at all experimental temperatures. These results indicate the presence 

of very weak ion-ion interactions and these interactions further decrease with the 

rise of experimental temperatures and increase with an increase of catechol in the 

mixture. 

The effects of ion-solvent interactions on the solution viscosity can be 

inferred from the B-coefficient 29• 30• The viscosity B-coefficient is a valuable tool to 

provide information concerning the solvation of the solutes and their effects on the 

structure of the solvent. From Table 6 it is evident that the values of the B

coefficient of phosphomolybdic acid in the studied solvent systems are positive, 

thereby suggesting the presence of strong ion - solvent interactions, and these 

types of interactions are strengthened with a rise in temperature and weakened 

with an increase of catechol in the mixture. These conclusions are in excellent 

agreement with those drawn from ~ values discussed earlier. 

Viscosity B-coefficient of transfer ( t.B) from water to different aqueous catechol 

solutions have been determined using the relation 22.23 

LlB = B [Aqueous Catechol solution]- B [Water] (10) 

The JB values as shown in Table 7 and depicted graphically in Fig. 2 (JB vs. 

molarity of catechol in solution) as a function of molarity of catechol in solution at 

the experimental temperature supports the result obtained from !!lftS as discussed 

above. 

The viscosity data have also been analyzed on the basis of transition state theory 

of relative viscosity of solutes as suggested by Feakings. et. a! 31 using the 

following equation 
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where ~~~ and~~2 are the partial molar volumes of the solvent and the solute 

respectively. The contribution per mole of the solute to the free energy of 

activation of viscous flow ll.uf* of the solutions was determined from the above 

relation and are listed in Table 8. The free energy of activation of viscous flow of 

the pure solvent llf.4°* is given by the relation: 

(12) 

Where N is the Avogadro's number and the other symbols have their 

usual significance. The values of ll.uf* and llf.4°* are reported in Table 8. From 

Table 8 it is evident that 8f.4°* is practically constant at all the solvent 

composition and temperature, implying that JJ..uf* is mainly dependent on the 

viscosity B-coefficients and C¢f. 2 -¢f.,) terms. Also JJ..uf* values were found to be 

positive at all experimental temperatures and this suggests that the process of 

viscous flow becomes difficult as the temperature and molarity of catechol in 

solution increases. Hence the formation of transition becomes less favorable 31, 

According to Feakings.et.al, JJ..uf* > lJ.f.4°* for electrolytes having positive B

coefficients and indicates a stronger ion-solvent interactions, thereby suggesting 

that the formation of transition state is accompanied by the rupture and 

distortion of the intermolecular forces in solvent structure 32• The greater values 

of ll.uf* supports the increased structure making tendency of the solute as 

discussed earlier. The entropy of activation for solutions has been calculated 

using the following relation 31, 

(13) 

Where !J.S~* has been determined from the negative slope of the plots of JJ..uf* 

against T by using a least square treatment. 
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The activation enthalpy D.H~· has been calculated using the relation 31: 

(14) 

The value of D.s~· and D.Ht are listed in Table 8 and they are found to be 

negative for all the solutions and at all experimental temperatures suggesting 

that the transition state is associated with bond formation and increase in order. 

Although a detailed mechanism for this cannot be easily advanced, it may be 

suggested that the slip-plane is in the disordered state 31, 33, 

11.4. Conclusion 

The values of apparent molar volume ¢Sand viscosity B· coefficients for 

phosphomolybdic acid indicate the presence of strong solute-solvent 

interactions and these interactions are further strengthened at higher 

temperature and higher molarity of catechol in the ternary solutions. Also 

phosphomolybdic acid acts as a water-structure promoter due to hydrophobic 

hydration in the presence of catechol and catechol has a dehydration effect on 

the hydrated phosphomolybdic acid. 
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Table 1 

Density (p) and viscosity ('fl) of aqueous catechol mixtures at different 

temperatures. 

Temperature p ·10"3 'fll~a·s pH 

(K) /kg. m-' 

Exp Lit Exp Lit Exp Lit 

0.05(M) 

298.15 0.99650 0.9003 6.16 
308.15 0.99371 0.7350 5.31 
318.15 0.99222 0.6135 

0.1(M) 

298.15 0.99797 0.9132 4.20 
308.15 0.99509 0.7475 4.16 
318.15 0.99303 0.6375 4.13 

0.15(M) 

298.15 0.99910 0.9227 3.97 
308.15 0.99621 0.7602 3.89 
318.15 0.99429 0.6528 3.82 
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Table2 
Concentration (c), density (p), viscosity (77), apparent molar volume (¢.), 

(1J'.ji I) and pH of phosphomolybdic acid in different aqueous catechol mixtures 
c . 

at different temperatures. 

c p ·10·3 1]1 ¢v ·106 (1], -1) pH 

/mo1·dm-3 !kg. m-3 mPa·s /m3 
• mor-' ../c 

O.OO(M) 

298.15 K 

0.0025 1.0003 0.8970 963.47 0.0754 2.56 
0.0050 1.0042 0.9013 807.35 0.1213 2.29 
0.0074 1.0085 0.9059 709.80 0.1585 2.13 
0.0099 1.0125 0.9099 693.59 0.1829 1.99 
0.0124 1.0169 0.9146 649.65 0.2107 1.91 
0.0154 1.0223 0.9205 593.04 0.2432 1.83 

308.15 K 

0.0025 0.9972 0.7234 980,42 0.0260 2.50 
0.0049 1.0008 0.7275 880.58 0.0980 2.20 
0.0074 1.0048 0.7318 803.29 0.1500 2.02 
0.0098 1.0091 0.7365 725.12 0.1961 1.89 
0.0123 1.0135 0.7404 677.66 0.2239 1.80 
0.0151 1.0189 0.7454 617.43 0.2571 1.72 

318.15K 

0.0024 0.9949 0.6042 1117.80 0.2110 2.40 
0.0049 0.9989 0.6170 874.40 0.4530 2.08 
0.0073 1.0032 0.6280 745.77 0.5860 1.90 
0.0098 1.0072 0.6378 717.08 0.6720 1.79 
0.0122 1.0114 0.6469 678.22 0.7400 1.69 
0.0151 1.0169 0.6583 614.98 0.8200 1.59 

0.05(M) 

298.15 K 

0.0024 1.0007 0.9071 504.87 0.0860 2.73 
0.0048 1.0053 0.9116 431.73 0.1330 2.36 
0.0076 1.0107 0.9162 391.32 0.1637 2.14 
0.0101 1.0156 0.9190 365.77 0.1727 2.03 
0.0125 1.0205 0.9229 339.99 0.1940 1.92 
0.0149 1.0252 0.9270 329.77 0.2145 1.83 

308.15 K 
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0.0024 0.9978 0.7396 530.28 0.1280 2.66 
0.0048 1.0023 0.7458 472.46 0.2130 2.29 
0.0076 1.0075 0.7516 434.25 0.2600 2.08 
0.0101 1.0123 0.7569 412.49 0.2970 1.98 
0.0125 1.0170 0.7604 387.12 0.3100 1.85 
0.0148 1.0217 0.7663 373.60 0.3492 1.77 

318.15 K 

0.0024 0.9962 0.6217 569.2613 0.2750 2.58 
0.0048 1.0004 0.6307 518.5812 0.4060 2.22 
0.0076 1.0055 0.6421 484.1216 0.5364 1.99 
0.0102 1.0094 0.6514 458.6212 0.6171 1.91 
0.0126 1.0132 0.6583 424.2826 0.6560 1.83 
0.0150 1.0174 0.6657 411.1519 0.7000 1.73 

0.1(M) 

298.15K 

0.0024 1.0022 0.9199 510.13 0.1490 2.53 
0.0048 1.0065 0.9254 491.94 0.1930 2.26 
0.0076 1.0116 0.9306 471.79 0.2180 2.09 
0.0101 1.0162 0.9343 456.38 0.2300 1.99 
0.0125 1.0207 0.9375 440.59 0.2380 1.91 
0.0149 1.0253 0.9411 423.41 0.2500 1.85 

308.15 K 

0.0024 0.9992 0.7524 562.06 0.1340 2.58 
0.0048 1.0034 0.7577 526.57 0.1970 2.24 
0.0076 1.0084 0.7634 501.16 0.2440 2.04 
0.0101 1.0130 0.7682 487.94 0.2762 1.94 
0.0125 1.0173 0.7716 476.84 0.2881 1.83 
0.0149 1.0219 0.7752 460.99 0.3040 1.75 

318.15 K 

0.0024 0.9970 0.6441 600.01 0.2020 2.42 
0.0048 1.0011 0.6518 572.64 0.3230 2.14 
0.0076 1.0060 0.6604 551.50 0.4120 1.94 
0.0101 1.0104 0.6662 533.72 0.4480 1.85 
0.0125 1.0148 0.6731 S14.62 0.5000 1.75 
0.0150 1.0192 0.6806 498.54 0.5540 1.70 

0.15(M) 

298.15K 

0.0024 1.0034 0.9309 480.50 0.1820 2.52 
0.0050 1.0081 0.9354 462.59 0.1940 2.25 
0.0076 1.0128 0.9400 458.51 0.2150 2.09 
0.0102 1.0174 0.9434 445.89 0.2230 1.97 
0.0125 1.0217 0.9474 439.35 0.2402 1.88 
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0.0151 1.0265 0.9512 428.72 0.2520 1.81 

308.15 K 

0.0024 0.0024 0.0024 0.0024 0.0024 0.0024 
0.0050 0.0050 0.0050 0.0050 0.0050 0.0050 
0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 
0.0102 0.0102 0.0102 0.0102 0.0102 0.0102 
0.0125 0.0125 0.0125 0.0125 0.0125 0.0125 
0.0151 0.0151 0.0151 0.0151 0.0151 0.0151 

318.15 K 

0.0024 0.0024 0.0024 0.0024 0.0024 0.0024 
0.0050 0.0050 0.0050 0.0050 0.0050 0.0050 
0.0076 0.0076 0.0076 0.0076 0.0076 0.0076 
0.0102 0.0102 0.0102 0.0102 0.0102 0.0102 
0.0125 0.0125 0.0125 0.0125 0.0125 0.0125 
0.0151 0.0151 0.0151 0.0151 0.0151 0.0151 
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Table 3 

Limiting apparent molar volumes ( ~) and experimental slopes ( s;) for 

phosphomolybdic acid at different temperatures. 

s; X 106 jm3 mol·3/2 dm3/2 

Aqueous 

catechol 298.15K 308.15K 318.15K 298.15K 308.15K 318.15K 
solution, mol 

dm-3 

0.00 1163.5 1227.3 1368.4 -4757.8 -4980.3 -6440.7 

0.05 607.3 626.2 673.7 -2372.1 -2128.5 -2185.7 

0.10 571.4 622.6 668.4 -1174.5 -1335.1 -1371.7 

0.15 513.4 609.9 639.5 -674.1 -697.1 -1000.7 
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Table4 

Values of the coefficients of equation ( 4) for phosphomolybdic acid in different 

aqueous catechol mixtures. 

Aqueous catechol a0 ·106 I m3 
• mol-1 a1 ·106 I a2 ·106 I 

solution, mol dm-3 m3 ·mol-1 ·K·1 m3 
• mol-1 

• K-2 

0.00 34772.46 -227.96 0.3865 

0.05 13182.24 -84.81 0.1430 

0.10 -3389.25 21.18 -0.0265 

0.15 -33143.04 212.76 -0.3350 
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Table 5 

Limiting partial molar expansibilities ( ¢~) for phosphomolybdic acid in different 

aqueous catechol mixtures at different temperatures. 

Aqueous 

catechol 

solution, 

dm-3 

0.00 

0.05 

0.10 

0.15 

mol 

298.15K 

2.510 

0.459 

5.388 

13.004 

308.15K 

10.240 

3.319 

4.853 

6.304 

296 

318.15K 

17.97 

6.179 

4.323 

0.396 

(~~);1o• 
/ m3 

• mol-1 
• K"2 

0.773 

0.286 

-0.053 

-0.670 
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Table6 

Values of A and B coefficients for phosphomolybdic acid in different aqueous 

catechol mixtures at different temperatures 

Aqueous A lm312 
• mor112 Blm3 ·mor1 

catechol 

solution, mol 298.15K 308.15K 318.15K 298.15K 308.15K 318.15K 

dm-3 

0.00 -0.0363 -0.1251 -0.1438 2.2454 3.1624 8.0839 

0.05 0.011 0.0010 -0.0025 1.663 2.8785 5.9650 

0.10 0.0941 0.0307 0.0010 1.3220 2.3322 4.5261 

0.15 0.1301 0.0355 0.0048 0.9717 1.4666 1.9682 
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Table 7 

Partial molar volumes (¢/;) and viscosity B-coefficients transfer from water to 

different aqueous catechol solutions for phosphomolybdic acid at different 

temperatures. 

Aqueous 

catechol 

solution, mol 

dm·3 

0.00 

0.05 

0.10 

0.15 

0.00 

0.05 

0.10 

0.15 

0.00 

0.05 

0.10 

0.15 

1163.5 

607.33 

571.38 

513.4 

1227.3 

626.22 

622.56 

609.94 

1368.4 

673.7 

668.44 

639.48 

-1¢/; ·106 

/m3 ·mol-1 

298.15K 

0.00 

556.17 

592.12 

650.1 

308.15K 

0.00 

601.08 

604.74 

617.36 

318.15K 

0.00 

694.70 

699.96 

728.92 

298 

2.2454 0.00 

1.663 0.5824 

1.3220 0.9234 

0.9717 1.2737 

3.1624 0.00 

2.8785 0.2839 

2.3322 0.8302 

1.4666 1.6958 

8.0839 0.00 

5.956 2.1279 

4.5261 3.5578 

1.9682 6.1157 
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TableS 

Values of (¢!}.2 -¢!}.1),AJI':•,AJ.4•, nsg•and l'lHg-for phosphomolybdic acid in 

different aqueous catechol mixtures at different temperatures. 

308.15K 

Parameter 298.15K 318.15K 

0.00, mol dm·3 

( ¢!} - ¢!} ) ·106 I m3 
• mor' ,2 ,1 

1145.43 1209.17 1350.24 

l'lf.4°. lkJ. mor' 60.82 62.86 64.90 

l'l;ii• lkJ. mor' 465.134 617.891 1373.86 

nsg• lkJ. mor' -13546.71 -14001.1 -14455.5 

mg• lkJ. mol"' -13081.609 -13383.21 -13081.60 

0.05, mol dm-3 

(¢!} -¢!} ) ·106 lm' ·mor' .2 .1 
589.10 607.89 655.32 

l'lf.4°. lkJ. mor' 60.84 62.89 64.93 

l'l;ii• lkJ. mor' 222.02 317.90 349.47 

Tl'lS 0
• /kJ · mor' 2 

-1899.99 -1963.72 -2027.44 

f'lH
0

• lkJ · moJ"1 
2 

-1677.97 -1645.81 -1677.97 

0.1, mol dm·3 

(¢!} -¢!} )-106 1m3 ·mor' 
.2 ·' 

553.12 604.20 650.00 

l'lf.4°. I kJ. mor' 60.85 62.90 64.94 

l'l;ii• /kJ. mor' 187.13 228.51 257.89 

Tl'lS 0
• lkJ · mol-1 

2 
-1054.85 -1090.23 -1125.61 

l'lH0
• lkJ. mor' 

2 
-867.72 -861.72 -867.72 

0.15, mol dm·3 

(¢!} -¢!} ) ·106 1m3 ·mor' ,2 ,1 
495.10 591.54 621.00 

l'lf.4°' lkJ. mor' 60.86 62.90 64.96 

l'l;ii• lkJ. mor' 88.55 147.27 177.11 

nsg· /kJ. mor' -1320.21 -1364.49 -1408.77 

l'lH0• lkJ. mor' 
2 

-1231.66 -1217.22 -1231.66 
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Figure 1. Plots of partial molar volume ( L'l.~) against molality for the transfer 

from water to different aqueous catechol solution for phosphomolybdic acid at 

differenttemperatures ;T=298.15K (•); T=308.15K (+); T=318.15K (A). 
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Figure 2. Plots of viscosity B-coefficient (llB) against molality for the transfer 

from water to different aqueous catechol solution for phosphomolybdic acid at 

differenttemperatures.T=298.15K (•); T=308.15K (+); T=318.15K (A). 
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CHAPTER-XII 

Concluding remarks and future perspectives 

In my research work described in this thesis, I have tried to investigate 

the solution properties of some solutes in some aqueous and non-aqueous 

industrially important liquid systems in terms of various interactions such as 

solute-solute, solute-solvent and solvent-solvent of some compounds in various 

solvent systems. Molecular interactions have been examined with the help of 

thermodynamic and transport properties of solutions. Systematic study made on 

these properties has great importance in gaining a better knowledge of these 

interactions. Such study will find importance in chemical engineering areas 

especially to understand the mixing behaviour of different components in the 

mixture. 

In chapter IV after a through study of the behaviour of alkoxyethanols and 

isoamyl alcohol, we get a clear idea about the molecular interaction between the 

components and it was found that the interactions between the solvent 

molecules increases with the increase in chain length of alkoxyethanols. 

Chapter V dealt with the study of ternary mixture of diethyl ether, amyl 

alcohol and 1, 3 dioxolane and their corresponding binaries. It was observed that 

the binary mixtures intermolecular interaction occurs and the interaction 

follows the order D.E.E + A.L > D.O + D.E.E > D.O + A.L. In case of ternary 

mixtures the extent of intermolecular interaction decreases as concentration of 

amyl alcohol increases 

The study in chapter VI demonstrates molar conductance of some alkali 

metal acetates, viz., lithium acetate, sodium acetate and potassium acetate in 

aqueous 2-butanol solutions with an alcohol mass fraction of 0.70, 0.80 and 0.90 

at 298.15, 303.15 and 308.15 K. The conductance data were analyzed with the 

Fuoss conductance-concentration equation. It was observed that the electrolytes 

under study behave like weak electrolytes and large values of KA., for them 

indicate strong ionic association in aqueous 2-butanol solutions, i.e., the systems 
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are characterized by strong ion-ion interactions but weak ion-solvent 

interactions. 

In chapter VII the effect of addition of menthol in binary mixture of 

methyl salicylate and isopropyl alcohol at different concentrations and 

temperature was studied. The values of apparent molar volume ( ¢~ ), viscosity 

B- coefficients and isoentropic compressibility ( ¢° K ) indicate the presence of 

strong solute-solvent interactions and these interactions are strengthened at 

higher temperature and weakened with increasing mass percent of methyl 

salicylate in the binary solution. 

Chapter VIII quantifies the precise measurements on electrical 

conductance of tetraalkylammonium iodides. From the experimental data it is 

evident that the tetra alkyl ammonium salts exists as ion-pairs upto 60 mass% of 

solvent mixture but as the dielectric constant of the solvent mixture decreases in 

80 mass% , there is a tendency for triple ion pair formation. 

In chapter IX we examined the solvent-solvent interactions in ternary 

mixtures of 2-methoxy ethanol, diethylether, dichloromethane and their 

corresponding binary mixtures. It was concluded that the specific intermolecular 

interactions are more prominent in binary liquid mixtures than in the pure 

species and that of ternary mixtures are more operative as compared to the 

binary mixtures. 

From chapter X it can be concluded that both sodium molybdate and 

sodium tungstate shows similar trend of ion-solvent and ion-ion interactions, 

which can be ascribed to the similar structure of tungstate and molybdate ion. 

From the values of apparent molar volume ( ¢~) and viscosity B- coefficients it 

may be concluded that ion-solvent interaction increases with increasing 

temperature and decreases with increasing amount of ethane-1,2-diol in the 

aqueous mixture. Also the structure breaking tendencies of the two electrolytes 

were found to be similar. 
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The study made in chapter XI is ion-solvent and ion-ion interactions of 

phosphomolybdic acid in aqueous solution of catechol at different temperature. 

The values of apparent molar volume ( ~) and viscosity B-coefficients for 

phosphomolybdic acid indicates the presence of strong solute-solvent 

interactions and these interactions are further strengthened at higher 

temperature and higher molarity of catechol in the ternary solutions. 

Studies on viscosities, densities, ultrasonic velocities, refractive indices 

and conductance of solutions containing ions assist in characterizing the 

structure and properties of the components. Various types of interactions exist 

between the ions in solutions, and of these, ion-ion and ion-solvent interactions 

are of current interest in all branches of chemistry. These interactions help in 

better understanding the nature of solute and solvent, that is, whether the solute 

modifies or distorts the structure of the solvent. 

The volumetric behaviour of solutes has been proven to be very useful in 

elucidating the various interactions occurring in aqueous and nonaqueous 

solutions. Studies on the apparent and partial molar volumes of electrolytes and 

the dependence of viscosity on concentration of solutes and temperature of 

solutions have been employed as a function of studying ion-ion and ion-solvent 

interactions. It has been found that the addition of electrolyte could either break 

or make the structure of a liquid. Because a liquid's viscosity depends on the 

intermolecular forces, the structural aspects of the liquid can be inferred from 

the viscosity of solutions at different concentrations and temperatures. 

More extensive studies of the different thermodynamic and transport 

properties of the electrolytes will be of sufficient help in understanding the 

nature of the ion-solvent interactions and the role of solvents in different 

chemical processes. 

Excess and bulk properties are fundamentally important in understanding 

the intermolecular interactions between dissimilar molecules and in developing 

the thermodynamic models. Moreover, knowledge of excess properties lets us 

develop an understanding of the interactions that determine the physical 
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properties, making it easier to search for an optimal ionic liquid for a determined 

application. 

Furthermore, thermodynamic properties of solvent mixtures, containing 

components capable of undergoing specific interactions, exhibit significant 

deviation from ideality arising not only from difference in molecular size and 

shape but also due to structural changes. 

Mixed solvents enable the variation of properties such as use dielectric 

constant or viscosity, and therefore the ion-ion and ion-solvent interactions can 

be better studied. Moreover, different quantities strongly influenced by solvent 

properties can be derived from concentration dependence of the electrolyte 

conductivity. Consequently, a number of conductometric and related studies of 

different electrolytes in nonaqueous solvents, especially mixed organic solvents, 

have been made for their optimal use in high-energy batteries and for 

understanding organic reaction mechanisms. Ionic association of electrolytes in 

solution depends upon the mode of solvation of its ions, which in turn depends 

on the nature of the solvent or solvent mixtures. Such solvent properties as 

viscosity and the relative permittivity have been taken into consideration as 

these properties help in determining the extent of ion association and the 

solvent-solvent interactions. Thus, extensive studies on electrical conductance in 

mixed organic solvents have been performed to examine the nature and 

magnitude of ion-ion and ion-solvent interactions. 

Thus excess thermodynamic properties, deviations of properties and 

transport properties for mixtures of liquids have both practical and theoretical 

interest. They have to be known to design industrial processes properly. They 

can be used to develop models that allow us to predict other properties. 

To conclude it may be stated that extensive studies of the different 

physico-chemical, biological or pharmaceutical activity between different 

components of a given mixture will be immense help in understanding the 

nature of different interactions prevailing in mixed systems. The proper 

understanding of the ion-ion and ion-solvent interactions may form the basis of 
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explaining quantitatively the influence of the solvents and ions in solution and 

thus pave the way for real understanding of different phenomena associated 

with solution chemistry. However, it is necessary to remember that molecular 

interactions are very complex in nature. There are strong forces existing in the 

molecule and it is not really possible to separate them all. Nevertheless, if careful 

judgement is used, valid conclusions can be drawn in many cases relating to 

degree of structure and order of the system. 

In the near future we endeavour to extend our research work with ionic 

liquids and bioactive molecules which I hope will certainly compliment our 

present findings. 
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