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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, 
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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. 
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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 

0.07,----------------, 
~ .... 
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~ 0.05 
~ 

E o.o4 
~0.03 
X o.o2 
~O.Q1 

0.00 
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X1 

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 

0.00 

-0.50 .... 
0 

~ · 1.00 "e 
... -
~ -1 50 
)( 

"> ·2.00 

-2.50 
0 00 020 0 40 0.60 080 100 

x, 

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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100 
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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 

• Corre-spond•ng.unhor Tf"l +91 JSJ 2776381. fc~x +911512699001 
£-mad oddressn· ntdhendrdroy2002~dhoo.co 10. ' 
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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 

Please cite this article 1n press as: R5. Sa h. etal .. lon association and solvation behav1orof some alkalt metal acetates in aqueous 2-butanol 
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 
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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 

Please ci te t his article in press as: R.S. Sa h. eta I., Jon association and solvation behavior of some alkali metal acetates in aqueous 2-butanol 
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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 
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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 
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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 
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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 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 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) 

Acknowledgements 

The authors are grateful to the Departmental Special Assistance Scheme under the University 
Grants Conunission, New Delhi (No. 540/6/DRS/2007, SAP-2) for financial support. 

References 

[I] J. Canosa, A. Rodriguez, and J. Tojo, Fluid Phase Equilibr. 156, 57 (1999). 
[2] A. Rodriguez, J. Canosa, and J. Tojo, J. Chern. Thermodyn. 31, 1009 (1999). 
[3] T.M. Letcher and P.U. Govender, Fluid Phase Equilibr. 140, 207 (1997). 
[4] A. Arce, E. Rodil, and A. Soto, J. Chern. Eng. Data 42, 721 (1997). 
[5] N.Y. Sastry and S.R. Patel, Int. J. Thermophys. 21, 1153 (2000). 
[6] M.N. Roy, A. Choudhury, and A. Sinha, J. Teach. Res. Chern. 11, 12 (2004). 
[7] O.K. Hazra, M.N. Roy, and B. Das, Indian J. Chern. Techno!. 1, 93 (1994). 
[8] M.N. Roy, A. Jha, and R. Dey, J. Chern. Eng. Data 46, 1327 (2001). 
[9] M.N. Roy, A. Sinha, and B. Sinha, J. Sol. Chern. 34, 1319 (2005). 

[10] P.S. Nikam, L.N. Shirsat, and M. Hasan, J. Indian Chern. Soc. 77, 244 (2000). 



--0 

" 

I 

144 R.S. Sah and M.N. Roy 

[II] S.J. Kharat and P.S. Nikam, J. Mol. Liq. 131-132, 81 (2007). 
[12] H. Erying and M.S. John, Significa/11 Liquid Structur (Wiley, New York, 1969). 
[13] S. Glasstone, K.J. Laidner, and H. Eyring, The Theory of Rate Processes (McGraw-Hill, 

New York, 1941). 
[14] R.P. Rastogi, J. Nath, and J. Misra, J. Phys. Chern. 71, 1277 (1967). 
[15] M.J.W. Pavey, S.A. Hindle, J.D. Kennedy, Z. Stec, and R.G. Taylor, Phys. Chern. Chern. 

Phys. 5, 73 (2003). 
[16] C. Lafuente, B. Giner, A. Villares, I. Gascon, and P. Cea, Int. J. Thermophys. 25, 1746 

(2004). 
[17] T.M. Aminbhavi, H.T.S. Phyade, M.l. Aralaguppi, and R.S. Khinnavar, J. Chern. Eng. 

Data 38, 540 (1993). 
[18] V.Minkin, 0. Osipov and Y.Zhdanov, editors, Dipole Moments in Organic Chemistry 

(Plenum Press, New York, London, 1970). 
[19] A.W. Quin, D.F. Hoffinann, and P. Munk, J. Chern. Eng. Data 37, 55 (1992). 
[20] S. Glasstone, K.J. Laidler, and H. Eyring, The Theory of Rate Process: The Kinetics of 

Chemical Reactions, Viscosity, Diffusion and Electrochemical Phenomena (McGraw-HiJI, 
New York, 1941). 

[21] D.S. Gill, T.S. Kaur, H. Kaur,I.M. Joshi, and J. Singh, J. Chern. Soc. Faraday Trans. 89, 
1737 (1993). 

[22] !. Mozo,l.G. Fuente, J.A Gonzalez, J.C. Cobos, and N. Riesco, J. Chern. Eng. Data 53, 
1404 (2008). 

[23] T.M. Aminabhavi and K. Banerjee, J. Chern. Eng. Data 43, 1096 (1998). 
[24] G. Savaroglu and E. Aral, Pramana J. Phys. 66,435 (2006). 
[25] S. Aznarez, M. Katz, and E.L. Arancibia, J. Sol. Chem. 31, 639 (2002). 
[26] A. Pal and G. Dass, J. Mol. Liq. 89, 327 (2000). 



journal of MoleculaJ l"'u'd' 144 12009 149 154 

Contents lists ava1lable at Sc•enceD~rect 

journal of Molecular Liquids 

journ al ho me page: ww w.e lsevier.com/loca te/ m olliq 

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 318.15 K 

Prasanna Pradhan. Radhey Shyam Sah. Mahendra Nath Roy * 
Deparrmtlll o{OitmiSrry. Nonh Btngal Umvmuy. Do~ttlmg-714011. India 

A R TIC L E I NFO ABSTRACT 

Amclt- hiStory 
Rece1ved 3 june 2008 
ReceJVed 1n rev1sed form 31 OCtober 2008 
... ccepoed 3 November 2008 
Ava1lable online II I\O'¥'tmber 2008 

Keywords 
Ethane-1,2-dlol 
So<:hum rungsrare 
Sod1um molybdate 
App.utnt moLar volumt 

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 



Author's personal copy 

152 P. Prodhan rr ol/ journal of Molecular liquids J44 (2009) 149-154 

150.00 
140.00 

_130.00 
1120.03 
"e 11Q.OO 
'b 100.00 
~ 90.00 
;: 80.00 

70.00 

y ··-229,13JC +.159.4 
(•)~•0.9876 

y c -370,98x.,. 198.7S 
(•)~oi0.995 

60.00 +----.-------..,~----, 
0.15 0.20 0.25 0.30 

'/c{molm-dm~ 

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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f1g. l. The apparent molar volume of sodium molybdate in the mixture of aqueous 
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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Fig. 4. The apparent molar volume of sodium tungstate In the mixture of aqueous 
ethane-1.2-dlol {x1•0.0312) as a funa:lon of square root of concentration at298.15 (j,). 
308.15 (t) and 318.15 [( (•).The lines represent the linear fits. 

150.00 
140.03 

l:::~ 
e 110.03 
i! 103.00 
M 80.00 
:: ao.oo 

(li) ·Y=·254.70x+ 176.10 
R':..o.9743 

• ~ .(i.)y,ra~207.53x+159.28 

• ~ ...... 0768 

(.t.)y= o48.15X+.107.08 
R'~o.o.n, 70.00 

60.03.+----,---,----.------.---.. 
0.10 0.15 0.20 . 0.25 

o/o (li,olm dlil4"i) 
0.30 0.35 

fig. 5. The apparent molar volume of sodium tungstate In the mixture of aqueous 
el'hane-1,2-diol (x1• 0.0677) as a funa:lon ofsquate root of concentration at 298.15 (j,), 
308,15 (+) tutd 318.15 K (•),ihe l!nes represent the linear fits, 

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 

130.00 

120.00 i 110.00. 
, 103.00 

~ 90.00 

~ 80.00. 
70.00 

(A})' a -31.66x + 95.53 .......... 
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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 
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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. 
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