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Articles 

Ion-Pair and Triple-Ion Formation by Some Tetraalkylammonium Iodides in 
Binary Mixtures of 1,4-Dioxane + Tetrahydrofuran 

Mahendra Nath Roy,*•t Prasanna Pradhan,t Rajesh Kumar Das,t Biswajit Sinha/ and Prabir Kumar Guba* 

Department of Chemisuy, University of North Bengal, Darjecling-734013, India, and Department of Chemistry, 
Siliguri College, Darjeeling-734001, India 

Electrical conductances of tetraalkylammonium iodides, R4NI (R = pentyl to heptyl) have been measured 
at 298.15 Kin low-permittivity mix.tures of 1,4-dioxane (E = 2.21) and tetrahydrofuran (E = 7.58). Minima 
in the conductometric curves (A versus ../c:) were observed for electrolyte concentrations dependent upon 
both the electrolyte and the binary solvent mix.ture. The conductance data have been analyzed by the 
Fuoss-Kraus theory of triple ions. A numerical evaluation of ion-pair and triple-ion formation constants 
(Kp and Kr) was made. and the results have been discussed in tenns of a molecular scale model. 

Introduction 

Progress in banery technology using the lithium electrolytes in 
etheml solution1 ha'i occurred largely in the past decade. Recently. 
there has been a renewed interest2 in the study of association 
or dimerization of electrolytes in a media of low permittivity. 
In a media of low permitttivity, salts are gener.llly so associated 
that the .states of the ionic .species in solutions are difficult to 
elucidate. A number of conductometric? and related studies of 
different electrolytes in nonaqueous solvents. especially mixed 
solvents, ha,·e been made for their optimal use in high-energy 
batteries.J and for understanding organic reaction mechanisms.5 

Ionic association of salts in solution depends upon the mode of 
solvation of its ions,6-10 which in rurn depends on the nature of 
the solvent or solvent mix.tures. I ,4-Dioxane and tetrnhydrofurnn 
are polar aprotic solvents of low permittivity, each with great 
present-day synthetic and industrial importance. They are 
frequently used in electrical conductance studies3

A·
11

•
12 and in 

high-energy batteries . .\·4 •
11

•
12 Tetn~alkylammonium .salts are 

characterized by their low surface charge density. and they show 
little or no solvation in solution. 11

•
12 Hence. in this paper, we 

reported the electrical conductances of some tetraalkylammo
nium iodides. ~NJ (R = pentyl to heptyl), in low-permittivity 
mix.tures where mass fr-o1ctions of 1,4-diox.ane in tetrdhydrofumn 
are 10, 20. and 30, respectively. 

Experimental Section 

Materials. 1.4-Dioxane and tetrahydrofuran were purchased 
from Merck, India, and purified as reported earlier. 13

•
14 The salts 

Peno~Nr. Hex-aNI. and Hept~NI of puriss grade were purchased 
from Aldrich, Gennany, and purified by dissolving in mixed 
alcohol medium and recrystallized from solvent ether medium. 15 

After filtration, the saiL~ were dried in an oven for a few hours. 
Apparatus and Procedure. Binary solvent mix.tures were 

prepared by mix.ing a required volume of I ,4-diox.ane and 

'"Corresponding author. Tel.: +91-353-2699425. Fax: +91-353-2699001. 
E·muil: mahendraroy2002@ynhoo.co.in. 
' University of North Bengal. 
'Siliguri College. 

Table I. Density p, Viscosity q, nnd Dielectric: Constant F-. for 
1,4-Dioxane (1) + Tetrahydrofuran (l) at T = 298.15 K 

p·I0-3/(kg·m-l) JJ/(mPa•s) 

soh·ent mixture exptl lit. exptl lil ' w1 -0.00 0.8807 0.8807 16 0.463 0.4630 16 7.5811 

w1 =0.10 0.8941 0.490 7.04" 
,,., =0.20 0.9071 0.510 6.51" w, =0.30 0.9190 0.530 5.96" 
w1 =1.00 1.0305 1.030516 1.200 L.200016 2.2111 

"Calculated u~ing the scheme gi~~n in ref 17. 

tetrnhydrofuran with earlier conversion of required mass of each 
liquid into volume at 298.15 K using literature densities. 16 A 
stock solution for each salt was prepared by mass, and the 
working solutions were obtained by mass dilution. The conver
sion of molality into molarity was accomplished using density 
values. The uncertainty of molarity of different salt solutions 
is evaluated to± 0.0001 mol•dm-3

• 

>The values of relative permittivity (E) of the solvent 
mixtures were assumed to be an average of those of the pure 
liquids and calculated using the procedure as described by 
Rohdewald and Moldner. 17 

Densities were measured with an Ostwald-Sprengel-type 
pycnometer having a bulb volume of about 25 cmJ. and an 
internal diameter of the capillary of about 0.1 em. The 
pycnometer was calibrnted at 298.15 K with doubly distilled 
water and benzene. 18 The pycnometer with ex.perimentalliquid 
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 electtonic 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 measurements was taken into account. The uncertainty 
of density values is ± 3·10-4 g•cm-3

• The viscosity was 
measured by means of a suspended Ubbclohde-type viscometer, 
calibrated at 298.15 K with doubly distilled water and purified 
methanol using density and viscosity values from the literabJre. 19-

21 

10.1021/je7QO..I787 CCC: $40.75 © 2008 American Chemical Society 
Published on Web 0513012008 
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Table 2. Concentrations c and Molar Conductances A of R4NI (R = Pentyl to Heptyl) in Different Binary Solvent Mixture; of 1,4-Dioxane (1) 
and Tetmhydrofuran (2) at T = 298.15 K 

P.:n~NI Hex.aN1 Hept.aNI 

c·lcf /\ c·Hr' /\ c·Hr' /\ 

mol·dm-l S·cm2•mol 1 mol•dm-~ S·cm2·mol 1 mol·dm-:t S•cm2•mol- 1 

"-'1- 0.10 
0.8046 7.02 0.6367 8.12 0.3419 12.27 
0.8138 6.86 0.6469 ..... 0.3754 11.64 
0.8294 6.60 0.6541 7.98 0.4052 11.13 
0.8385 6.46 0.6631 7.91 0.4319 10.71 
0.8549 6.26 0.6696 1.88 0.4559 10.48 
0.8674 6.46 0.6754 7.89 0.4776 10.52 
0.8702 6.52 0.6806 7.93 0.4973 l0.84 
0.8726 6.59 0.6851 7.98 0.5153 11.33 

lVI = 0.20 
0.4957 4.94 0.5460 3.98 0.6037 6.38 
0.5016 4.83 0.5518 3.94 0.6142 4.94 
0.5077 4.74 0.5598 3.88 0.6288 3.03 
0.5122 4.76 0.5646 3.85 0.6376 1.94 
0.5197 4.90 0.5694 3.83 0.6456 1.00 
0.5229 4.98 0.5736 3.84 0.6541 055 
0.4788 5.21 0.5764 3.86 0.6625 1.63 
0.4839 5.12 0.5808 3.90 0.6672 2.53 

~~-. = 0.30 
0.2156 2.17 0.3125 
0.2564 2.70 0.3247 
0.2906 2.64 0.3420 
0.3481 2.56 03536 
0.3827 2.53 0.3657 
0.3986 2.53 0.3758 
0.4124 2.55 0.3819 
0.4274 2.58 0.3868 
0.4406 2.62 
0.4508 2.65 

12 

11 

10 

·~ 
s 9 

~ 
6 

0.0055 0,0060 0.0065 0.0070 0.0075 0.0080 0.0085 0.0090 
l1l Ill ·Jil 

Figure 1. Plots of molar conduclmlce (A) versus square root of salt 
concentr.uion (c1a.) ai T = 298.15 Kin 11•1 = 0.10 of 1.4-dioxane (I)+ 
relr.thydrofuran (2). 0, Pen~NI; • Hex4NI; A, Hep~NI. 

A thoroughly cleaned and perfectly dried viscometer filled with 
experimental liquid was placed vertically in the glass-walled 
thennostat maintained to ± 0.01 K. After attainment of lhermal 
equilibrium, efflux 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 have been 
described elsewhere.13

"
14 The conductance measurements 

were carried out in a systronic 308 conductivity bridge 
(accnmcy ± 0.01 %) using a dip-type immersion conductivity 
cell, CD-10, having a cell constant of 0.1 ± 10 %. 
Measurements were made in a water bath maintained within 

4.97 0.5589 2.74 
3.71 0.5675 2.30 
2.13 0.5749 1.92 
1.13 0.5813 1.63 
035 0.5869 1.49 
1.23 0.5917 1.62 
2.13 0.5962 1.86 
2.96 0.6001 2.09 

T= (298.15 ± 0.01) K, and the cell was calibrated by Lind·· 
et a!. 22 The conductance data were reported at a frequency 
of 1 KHz and were uncertain to ± 0.3 %. 

Results and Dscussion 

The physical properties of the binary solvent mixtures at 
298.15 K are listed in Table I. The concentrations and molar 
conductances A of ~NI (R = pentyl to heptyl) in different 
binary solvent mixtures of 1.4-dioxane and tetmhydrofuran are 
given in Table 2. 

Figures 1 to 3 represent the plots of molar conductance A 
versus square root of salt concentration ../ c for the salts under 
investigations at 298.15 K in different binmy mixtures of 1,4-
dioxane and letrahydrofuran. A minimum has been found for 
all the electrolytes suggesting the possible formation of triple
ions in these solutions. Fuoss and Krauss as early as 1933 
introduced the concept of triple-ion formation from univalem 
electrolytes to explain the minima in the relation between the 
equivalent conductance and the concentration of tetraisoamy
lammonium nittate in 1,4-dioxane +water mixtures (e < 12). 
A result of the classical Fuoss-Kraus theory23 of triple-ion 
formation can be presented by the eq24•25 

r Ao 1\J;KT( A ) Ag(c)vc=-+-- 1-- c 
[I(; [I(; A, 

(I) 

where g(c) is a factor that lumps together all the intrinsic 
interaction terms and is defined by and {J' = 1.8247 • I06/(e1)lJ2 

is the Debye-Hucke! tenn of the acth·ity coefficient. f = 
exp[ -(2.303/J\A12).8'(cA 112)], and Sis the Onsager conductance 
tennoftheconductanceequation A=~- S(cN./\;)),1 defined 
by 
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Figure 3. Plots of molar conductance (A) versus square rom of salt 
concentration (/c) at T = 298.15 Kin w1 = 0.30 of 1,4-dioxane (I)+ 
tetrahydrofumn (2). 0. Pen~NI; •, Hex4NI; 6., Hept4 NI. 

S=o.A,+f! 0.8204 • 10
6 A,+ 82.501 

(cT)"' q(cT)'" 

where the units of A0 and PJ are S•cm1 •mol- 1 and poise, 
respectively. Also. Ao is the sum of the molar conductance of 
the simple ions at infinite dilution and AJ' is the sum or the 
conductances of the two triple ions ~N(I2)- and <RtN)+2 1 for 
R.lNI salts. Kr and Kr are the ion-pair and triple-ion fonnation 
constants. To make cq I applicable, the symmetricaJ approxima· 
tion of the two possible constants of triple ions equaJ to each 
other has been adoptcd2 and A 0 values for the studied 
electrolytes have been calculated following the scheme as 
suggested by Krumgalz. 12 

1l1e calculated vaJues have been listed in Table 3. Linear 
regression analysis of cq 1 gives the intercept and slope, and 
the values have been listed in Table 3. The Kr and K,., caJculated 
from the slopes and intercepts, are listed in Table 4. A perusal 
of Table 4 shows that the major portion of the electrolytes exists 
as ion pairs with only a negligible portion as triple ions. The 
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Table J. Calc~la1ed Limiting Molar Conduclance A111 Slope, and 
Intercepts of Equation 1 for R4Nl (R = Pentyl to Heptyl) In 
Different Binary Solvent Mixtures of 1,4·Diox.ane (1) and 
Tetrabydroruran (2) at T = 298.15 K 

slope intercept 

11"1 -0.10 Pen4 NI 
199.21 0.0064 (± O.CXl03) -0.011 (± 0.002) 

Hex.NI 
195.57 0.0346 (± 0.0002) -0.029 (± 0.003) 

Hept4NI 
193.34 0.0974 (± 0.0001) -0.050 (± 0.001) 

w, =0.20 P""NI 
192.20 0.1315 (± 0.0002) -0.108 (±0.001) 

Hex_.NI 
188.68 0.2975 (± 0.0002) -0.225 (± 0.002) 

Hept.NI 
186.53 1.4633(±0.0001) -0.837 (± 0.002) 

Pen4NI 
185.92 5.1354 (± 0.()1)03) -1.042 (± 0.002) 

Hex.NI 
182.52 03102 (± 0.0001) -0.173 (± 0.003) 

Hepr4 NI 
180.44 05852 (± OJXXW) -0.585 (± OJX:l6) 

Table 4. J\.laximum Concentration c, lon·Pair Formation Constant 
K,., Tripl~lon Formation Constant Kn lon.Pair Concentration c,., 
and Triple-Ion Concentration c7 for R..Nl (R = Pentyl to Heptyl) in 
Dirferent Binary Soh·ent Mixtures or 1,4-Dioxane (I) and 
Tetrabydroruran (2) at T = 298.15 K 

c''•1(t Kr•llf K, Cp•lfr' cr·IO'o 

salt mol•dm-~ mol 1 ·dm~ mol 1·dm3 mol•dm-~ mol·dm-3 

w1-0.IO 
Pen4 NI 0.8726 3316.37 0.883 8.71 0.40 
Hex4NI 0.6851 450.34 1.783 6.72 1.51 
Hept4 NI 0.5153 132.90 2.753 4.95 2.81 

w, = 0.20 
Pe0qNI 0.4839 31.55 1.823 4.81 3.98 
Hex_.Nl 0.5805 7.03 1.983 4.92 6.16 
Hept4NI 0.6672 0.50 2.622 3.85 13.40 

W1 = 0.30 
Pen4 NI 0.4508 032 7.389 3.50 4.25 
Hex.NI 0.3868 11.12 2.688 3.25 .... 
Hept4 NI 0.6001 1.26 1.728 3.77 23.50 

"Maximum concentrations at which c<~lculations have been perfonned. 

observed difference in Kp and K7 values can be explained by 
the molecular scale model26

•
27 

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

MA+A--MAA- (2) 

MA+W-MAM+ [M=R4NandA=I] 

It is likely possible that association of RtW cations with solvent 
components shifts the above equilibrium toward the left, thus 
decreasing Kp vaJues and increasing Kr vaJues. The ion·pair 
and triple·ion concentmtions (cp and cT> respectively) of the 
electrolytes at the highest electrolyte concentration have been 
derived using eqs 25

-
27 3 to 6 and are listed in Table 4. 

n= (Kpe)-Vl 

KT Vl 
a.r= J(!,.$c 

p 

cp=c(l-a.-3ar) 

(3) 

(4) 

(5) 
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Kr "' cr=--c· 
K~ 

(6) 

It was observed that dielectric constants of the binary solvent 
mixtures decreased as the amount of I ,4~dioxane increased in 
the solvent mixtures. The concomitant increase in Kr and C7 
values suggests that R4 N""*" cations are preferably more solvated 
by I ,4-dioxane than by tetrahydrofuran. On the contrary, the 
steric hindrance caused by the CH2- group adjacent to the 
ethereal group of the cyclic ethers may cause solvation hindrance 
favoring the anion r as a competitor for the first coordination 
shell of R4 N+ cations. This may shift the above equilibrium 
toward right increasing Kr values. 

Table 4 shows that for a particular solvent mixture, i.e., for 
a particular va1ue of dielectric constant of the solvent mixture, 
Kp values are in the order Pen4NJ > Hex4NI > Hept4NI, and 
that of K7 values is Pen.JNI < Hex4NI < Hept4NI. This suggests 
that smaller ~N+ cations tend to remain more as ion-pairs than 
larger ones, which in tum has greater capacity to fonn triple 
ions. This also supports our earlier view of preferential 
solvation 10 of ~W cations by I ,4-dioxane in the electrolyte 
solutions. 
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Electrolytic conductivities of some alkali metal hal ides. MX (M' - Li'. Na' . and K' : X - Cl . Br . and I ). 
NaBPh4 and Bu4 NBr have been investigated 111 (20, 40. and 60) mass% {dimethyl sulfoxide (DMSO) in 
DMSO +acetonitrile) M r - 298.15 K. The conductance results have been analyzed by the Fuoss-conduc
tJnce-concentration equ<1tion in terms of the limiting molar conductance A~ the association constdnt KA 
and the dssociation dio.1meter R. The ionic contributions to rhe limiting molar conductance have been esti
mated using Bu4NBPh4 Js the "reference electrolyte". The association constant KA tends to increase in the 
order mass percent 20 < 40 < 60 DMSO 1n (DMSO +acetonitrile) wh1ch is explained by the thermody
namic pdrJmerer 6G0 .1nd Walden product .-t '1· The results have been interpreted in terms of ion-solvent 
irHerJctions dnd structural changes in the mixed solvents. 

Um1erhyl sulfoxide 
Acetonitri le 

1. Introduction 

Dimethylsulfoxide (DMSO). a typical aprotic solvent having 
both polar and non polar groups. is an important solvent in chem 
ist ry. biotech nology, and medicine for the dissolution of vario us 
substances a nd as an ant ifreeze agent of I iving cells 11.21. 

Dimethyl sulfoxide (DMSO) was chosen in this experiment be
cause of its wide range of applicability as a solvent in chem ica l 
and biological processes. involving bot h pla nts and animals. Fur
thermore, DMSO is also widely used in pharmaceutical applications. 
enzyme-catalyzed reactions. veterinary medicine. dermatology, 
experimental immunology. a nd m icrob io logy 131. The main phar
macological use of DMSO is as a vehicle for drugs such as idoxuri 
dine: it a ids in penetration of the drug into the skin. possibly 
enhancing t he drugs effect. Other reported activities of DMSO 
include mem brane penetrat ion. anti-innammatory effect s. local 
analgesia. weak bacteriostasis. diu resis. vasodilatation. dissolution 
of collagen. and free- radical scavenging 14.61. In the sector of veter
inary medicine. it is used in the t he rapy category. in treatment of 
interstit ial cystitis and scleroderma, a nd t opically to reduce swelling 
due to trauma 15.61. DMSO is also a very important solvent for ma ny 
organic compounds including fats. carbohydrates. dyes. resins. ilnd 
polymers. 

The OMSO exhibits scrong self-association. It is a highly polar 
aprotic solvent because of its 5= 0 grou p. In case of acetoni tri le. 

• Corresponding .Juthor. Tel.: +9 1 0353 2699425; fax: ..-91 0353 2699001. 
E-mail address· mo~hend ra roy2002@lyahoo .co.in (M .N . Roy). 

002 1-96 14/S- see front maner . 2009 PubliShed by Elsev1er Ltd. 
do~: 1 0. 1 0 16/J.JC!.2009.03.005 

l) 2009 Published by Elsev1er ltd. 

on the other hand there is a lack of strong specific intermolecular 
forces. while dipole-dipole forces predominate. 

The conducriviry of the elecrrolyre solution is very m uch influ
enced by the permittivity and the viscosity of the solvent. The per
mittivity is related to d issociation of the salt and the viscosity 
affects the motion of io ns. So. studies of mixed systems consisting 
of two solvents. i.e .. a h igh permittivity solvent and a low viscosity 
solvent have been assumed important because of the ir application 
in modern technology 17.81. 

In view of the complex natu re of (DMSO +aceton itrile). it is of 
interest to investigate the innuence of the solvent composition on 
the ionic association a nd the solvation behaviour of some alkali me
tal halides using cond uctance measurements. Several systematic 
investigations 19-111 on the conductivity of alkali metal halides in 
the mixed solvent systems have been carried out by w orkers to re
veal the nature of ionic association and mobility of ions. In t he pres
ent study. the solub ility of alkali metal halides MX (M - Li, Na. K: 
X- Cl . Br- . n in (20. 40. 60) mass% DMSO in ( DMSO +acetonitrile) 
at T : 298. IS K are reported. Here an attempt has been made to 
ascertain the nature of ion-solvent interactions o f a lkali metal ha
lides in (DMSO +aceto nit rile) using the conducto metric technique. 

2. Experimental 

Acetonitrile (E. Merck. India. mass fraction purity 0.99) was dis
tilled with phosphorous pentoxide and then redisti lled over cal
cium hydride. Dimethylsulfoxide (SRL Extrapure) was kept for 
several days over anhydrous Ca504 and renuxed for 4 h over CaO. 
Finally. it was disti lled according to the p rocedu re described earlier 
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(2]. Purity of the solvents was checked by comparing their viscosity 
and density values with the literature values (2.12). Metal salts 
were obtained from Loba Chemie/S.D.Fine/E.Merck,lndia/Aidrich 
Chern and purified in the manner given in the literature 
(9,11,13,14}. Tetrabutylammonium bromide (Bl4NBr) was purified 
by recrystallization from acetone, and the crystallized salt was 
dried in vacuo for 48 h. Sodium tetraphenylborate (NaBPh.t) was 
re-crystallized three times from acetone and then dried under vac
uum for 72 h. Water was doubly-distilled and then passed through 
a column containing mixed resin (anion-cation exchange). 

The conductance measurements were carried out in a systronic 
308 conductivity bridge (accuracy±O.OI%) using a dip-type 
immersion conductivity cell, having cell constant 1.11 cm-1• Mea
surements were made in a thermostated water bath maintained at 
T• (298.15 ±0.01) K. Solutions were prepared by weight precise to 
±0.02%. The weights were taken on a Mettler electronic analytical 
balance (AG 285). Determination of cell constant was based on 
0.1 M aqueous KCI solution. The cell was calibrated by the method 
ofUnd eca/.(13,15). The entire conductance results are reported at 
1 kHz and found to be ±03% precise. Due correction was made for 
the specific conductance of the solvent and solvent mixtures. The 
relative permittivity of DMSO and acetonitrile are 46.7 and 35.95, 
respectively. 

Densities (p) were measured at T•298.15 K with an Ostwald
Sprengel type pycnometer having bulb volume of about 25 cm3 

and an internal diameter of the capillary of about 1 mm. Viscosities 
{rl) were measured by means of a suspended Ubbelohde type vis
cometer (16-18(. calibration was done at T• 298.15 K with triply 
distilled water and purified methanol using density and viscosity 
values from the literature. The details of the methods and techniques 
for determination of the parameters were described earlier (19.20}. 

3. Results 

The salts UBr, Ul, NaBr, Nal, Kl, Bu4N8r, and NaBPh.t are freely 
soluble in all proportions of the (DMSO+acetonitrile) at r .. 
298.15 K. The salts NaO, KCl, and KBr are insoluble in three propor
tions. whereas the salt UO is soluble in 60 mass% DMSO and insol
uble in (20 and 40) mass% DMSO. Physical properties of different 
solvent mixtures are given in table 1. 

The experimental values of the molar conductance, A against 
the respective concentration, c for different alkali metal halide salts 
in different binary solvent mixtures of (DMSO +acetonitrile) at 
Tc 298.15 K are recorded in table 2. 

The conductance results have been analyzed by the Fuoss 
conductance-concentration equation I21,22). For a given set of 
conductivity values (q. A1,j • 1, ... ,n), three adjustable parameters, 
the limiting molar conductivity (A0

), the association constant (KA) 
and the association diameter (R) are derived from the following set 
of equations: 

A ~ P[A"[1 + Rx) + EL[, 
P~1-o(1-y), 

y ~ 1- K,<"ff', 
-In/~ PK/2(1 + KR), 

p ~ i'jDksT, 
KA = KR/(1 -a:)= KR(1 + Ks), 

TABLE 1 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

where Rx is the relaxation field effect, £lis the electrophoretic coun
ter current, K1 is the radius of the ion atmosphere, D is the dielectric 
constant of the solvent, e is the electronic charge, k8 is the Boltz
mann constant, y is the fraction of solute present as an unpaired 
ion, c is the molarity of the solution, f is the activity coefficient, T 
is the absolute temperature, and {J is twice the Bjerrum distance. 

The computations were performed using the program sug
gested by Fuoss. The initial A values for the iteration procedure 
were obtained from the Shedlovsky extrapolation of the data. Input 
for the program is the set (CJ.A1;) <:f 1, ... ,n), n, D, '1· T, initial values 
of A 0

, and an instruction to cover a preselected range of R values. 
In practice, calculations are performed by finding the values of 

A 0 and a which minimize the standard deviation, 

(7) 

for a sequence of R values and then plotting lJ against R; the best fit 
R corresponds to the minimum of the lJ versus R curve. So, approx
imate runs are made over a fairly wide range of R values using 0.1 
increments to locate the minimum but no significant minima were 
found in the l)-R curves for all the salts studied here; thus, R values 
are assumed to be R • a+ d, where a is the sum of the crystallo
graphic radii of the ions and dis the average distance corresponding 
to the side of a cell occupied by a solvent molecule. The distance d 
as 10 nm is given by 

d ~ 1.183(M/p)'", (8) 

where M is molar mass of the solvent and pis its density. For mixed 
solvents, M is replaced by the mole fraction average molar mass 
(M.v) which is given by 

(9) 

where W1 is the mass fraction of the first component of molar mass 
M1• The values of A, KA and R obtained by this procedure are re
ported in table 2. 

In order to investigate the specific behaviour of the individual 
ions comprising these electrolytes, it is necessary to split the lim
iting molar salt conductance into their ionic components. In the ab
sence of accurate transference data for these systems, we have 
used the "reference electrolyte" method Tetrabutylammonium 
tetraphenylborate (Bu4NBPh.t) was used as the "reference electro
lyte" {13,20). The Ao (Bu4NBP14) was obtained from the Ao values 
oftetrabutylammonium bromide (BtLtNBr),sodium tetraphenylbo
rate (NaBPh.t). and sodium bromide {NaBr) in the appropriate sol
vent mixture using the relation, 

A'(Bu,NBPh,) ~ A'(Bu4NBr) + A"(NaBPh,)- A'(NaBr). (10) 

Ionic divisions were accomplished through the following rela
tionships (23,24): 

A"(Bu,NBPh,) ~ !."(Bu,N') + !."(8Ph4), (11) 

A"(Bu,N') ~ 0.517A"(Bu,NBPh,). (12) 

The limiting ionic conductances calculated from the above 
equation are recorded in table 4. 

The Walden's product, A 0 ll (25} of an ion is also calculated for 
the various solvent compositions and the results have been de
picted in figure 1. 

Physical propenies or different (DMSO + acetonittile) containing (20. 40, 60) mass% DMSO at T-298.15 K. 

Mass percent DMSO 

20 
40 
60 

Density((g · an-l) 

0.8293 
O.S833 
o.9456 

0.4196 
O.S~9 
Q-7147 

Dielectric constant (c) 

38.10 
40.25 
42.41 
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TABLE 2 
Equivalent conductance and corresponding molarities of elearolytes in {DMSO(l) +acetonitrile} conraining (20, 40, 60) mass% DMSO .at r- 298.15 K. 

20%DMSO 40%DMSO 6at DMSO 

10" q(mol· dm-1) A/(5-cml- moJ- 1) lo4 q(mol. dm-l) A/(S·anl·mo1' 1) 1o4 C/(mol dm-l) A/(5 .cml.mol-1) 

UBr 
19.39 122.70 14AO 106.25 19.75 75.56 
20.54 122.00 16.75 105.00 22.21 74.19 
22.23 121,14 18.29 103.88 25.84 73.06 
23.33 120.49 20.S6 102.54 28.22 71.88 
24.97 119.50 2204 101.80 31.72 70.75 
27.61 118.18 2423 10052 34.01 69.75 
30.17 116.76 25.66 99.73 3138 68.56 
32.64 115.80 27.77 9&65 39.59 67.69 
35,03 114.60 29.15 97.88 42.84 66.94 
37.35 113.80-' 31.19 96.91 44.98 65.94 

U/ 
7.16 132.75 13.96 103.68 18.30 67.o6 
&53 131.06 15.70 102.06 20.S9 66.17 

10.54 129A4 18.26 lOO.SO 23.95 6531 
11.85 127.81 19.94 99.29 26.15 64.48 
13,79 127.13 22A1 97.93 29.39 63.21 
15.06 1:i6.63 24.03 9&86 31.52 61.88 
t6.93 124.94 2&42 '95.75 34.64 61.04 
18.15 124.06 27.98 94.n 36.69 60.23 
19.95 122.88 3028 94.06 39.71 59.5 
21.13 121.88> 31.78 92.56 41,68 5&8 

NoS' 
7.08 135.9 49.58 93.04 29A3 7&41 
8.43 1342 52.55 92AD 33,08 76.72 

1DA2 132.7 55.44. 91.67 35.47 75.83 
11.72 131.8 58.24 91.07 38.99 74.85 
13.64 130.5 60.96 90.20 41.29 73.95 
14.89 129.6 63.60 89.54 44.69 7298 
16.73 128.4 66.16 8&74 4a91 7225 
17.94 127.5 8&64 87.97 50.19 71.32 
19.72 126.1 73.41 87,09 5234 70.S2 
20.89 125.5 77~2 saos 55.51 69.54 

Nol 
6,93 152.45 59.59 95.93 60.18 71.54 
8.25 151.50 62.16 94.75 6459 70.58 

10.20 150.17 64.67 94.11 6826 69.n 
11.47 149.40 67.10 93.67 73.00 69.05 
1334 148.26 71.76 ~1 71.01 8&23 
14.57 147.83 76.16 9122 8"90 6752 
1a38 14&80 8034 .... 84.67 66.71 
1156 146.33 8430 89.93 8834 • 66.04 
19.30 145A4 8&06 89.14 91.89 65,40 
2044 144.97 91.64 88.45 95.35 64.75 

KJ 
7,73 168.47 26.62 H3.14 2027 90.52 
920 167.60 2821 11222 23.59 89.08 

11.37 16657 30.24 111.79 25.75 .... 
12.79 165.96 3235 110.76 28.95 87.16 
1429 165.14 33.74 110.27 31.04 8636 
16.25 164.70 35.78' 109.56 34.11 8522 
18.27 163.93 37.12 1oom 36.13 84.72 
19.59 163.45 39.09. 108.48 39,10 83.89 
21.53 162.57 4230 .107.25 41.05 83.43 
2220 162.13 4~40 106.27 43.92 8224 

BU.NBr 
25.10 9958 2S.OS 77.51 25.82 5&98 
26.18 9933 27.54 1an 291!2 5aos 
27.76 9&93 29.16 ,., 31.11 55.61 
28.80 9&64 31.56 75.72 3420 54.76 
30.33 98.24 33.13 75.36 3&22 5433 
32.82 97.77 35.45 74.88 39.20 53.71 
35.23 97.21 36.97 74.51 41.15 53.29 
37.56 96.65 39.20 74.D9 44.03 52.76 
39,81 9821 4067 7169 45.91 5236 
41.74 95.75 42.83 1324 48.69 51.85 

No.,.. 
25.71 86.11 25.18 61.72 26.59 45.71 
26.81 85.80 26.67 61.41 35.23 44.13 
28.43 85.47 28.86 60.87 37.31 43.78 

-- -----~-
(continued on next page) 
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TABLE 2 (continued) 

20% DMSO 

29.49 
31.06 
33.61 
36.07 
38.46 
40.77 
43.01 

8526 .... 
8451 
84.01 
8357 
83.15 
82.77 

40%DMSO 

tO"Q{mol·dm·lj 

3030 
32.41 
33.80 
35.85 
37.19 
39.17 
4S.48 

60.51 
6026 
59.84 
59.49 
s9.n 
58.73-

57.77 

60%DMSO 

10" Q{mol· dm-~) 

4038 
42.39 
45.35 
47.29 
50.16 
5>03 
54.80 

43.27 
42.76 
42.37 
42.05 
41.73 
41.46 
41.02 

LiC/6ll%'DMS!J 

" 
" 
" '{' 

" " 1a " ~: " 
" • .r= 61 

< 

" 
" 
" 0 " 

44.47 
4638 
49.18 
51.02 
53.74 
58.14 
62.41 
6653 
70.53 
78.16 

75.97 
75.23 
74.32 
73.71 
7106 
72.46 
71.47 
70.57 
69.77 
68.48 

~ 

"' " " 50 "' mass per cent DMSO 
70 

FIGURE 1. Plot of Walden product, A"'l• against mass percent DMSO for UBr(t), Lll 
(•1 NaBr{&). Nai(D). and Kl (<>)in different (DMSO + acetonitnle) containing (20, 
40, 60) mass% DMSO at T• 298..15 K. 

Shown in figure 2 is the prediction of the nature of the curves 
for the Gibbs' free energy of ion-pair formation. D. CO, for the binary 
mixtures studied here, which is given by the relationship (26], 

.1.Go = -RTinKA (13) 

and presented in table 3. 
Inspection of the values in table 2 shows that the values of A of 

all salts decrease as the concentration of DMSO in the mixtures in
creases. The trends in A0 can be discussed through another charac
teristic function called the Walden product, A01J. AJthough Ae 
decreases as the concentration of DMSO increases; A 0 T) (table 3) 
increases due to the increase of the viscosity (q).The decrease in 
A o with increase of concentration of DMSO in the mixture can 
probably be interpreted as an expansion of the solvent sheath 
(which envelops an ion and moves by ion-solvent interactions. 
i.e., the expansion of a solvated ion) because of the activation of 
solvent molecules forming the sheath. 

From Table 3, we see that A o values of alkali metal salts of com
mon anions and cations follow the sequence: u• < Na• < K+ and 
MCI > MBr > MI. respectively in DMSO-rich region. The trend of 
variation of A values also indicates the relative actual sizes of these 
ions as they exist in solution. Thus the sizes of these cations as they 
exist In solution. follow the order: Lt > Na+ >~-For anions, this or
der is cJ- < Br- < 1- in the region containing higher concentration 
of DMSO in the mixture. This shows that u• is the most solvated 
and K+ is the least solvated at any mass percent DMSO. 

-7.000 

~.000 

~.000 

] 

~ 
~ -10.000 

i; 
0 -11.000 

-12.000 

-13.000 
0 " 20 " " " "' 70 

mass per cent OMSO 

FIGURE 2.. Plot of standard Gibbs free energy clla.nge, .O.G", against mass percent 
DMSO for UBr(t). Ul <•l. NaBr{&). N.l!(O). .111d Kl (0) in different (DMSO+are
tonltrile) containing (20, 40, 60) mass% DMSO ar T • 298.15 K. 

The above findings show that the solvation behaviour of alkali 
metal halides in (DMSO +acetonitrile) is quite similar to that ob
served in (acetonitrile+ DMF) (27) and (water+ DMSO) (10(, but 
is different from that observed in (DMSO +dioxane) (28( • 

There is a marked characteristic behaviour in the KA values, The 
KA for all salts increases as the concentration of DMSO increases in 
the mixture, which supports significant association. This also ex
plains the increase in cr values as acetonitrile content in the mix
ture decreases. 

The Walden products Aoq of the ions are also included in table 
4, which are usually employed to discuss the interactions of the 
ions with the solvent medium. From this table, we see that the 
Walden product of cations decreases in the order, K'" > Na• > u+ 
> Bt~.tW. For the electrolyte taken as a whole, it follows the same 
sequence. This is justified as the Walden product of an ion or solute 
is inversely proportional to the effective radius (r) of the ion or sol
ute in a particular solvent (29(, 

(14) 

This points out that the electrostatic ion-solvent interaction is 
strong in these cases. The variation of the Walden product reflects 
the change of solvation (29.30). Though the variation of the 
Walden product with solvent composition (figure 1) is difficult to 
interpret quantitatively, still its variation with solvent composition 
can be explained by preferential solvation [31.321 of alkali metal 
ions by DMSO and acetonitrile molecules, respectively. At low 
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TABLE 3 
Derived conductivity parameters and st.lndard Gibbs free energy changes for the ion assodation process of electrolytes in {DMSO (1) +acetonitrile (2)} containing (20, 40, 
GO) mass% DMSO at T•29B.J5 K. 

M."lss perc_ent PMSO A"/(S Cm2 ,·moi-1) K,o.}(dm3 • moJ-1) R(nm) .:10'/(kj • mol-1
) cr 

ua 
20 
40 
60 97.66 94.43 0.705 -11.27 0.19 

l.fBr 
20 14130' 88.20 ~704 -11.10 0.08 
40 121;61 111.07 0.711 -11.68 ~12 
60 "91.65 136.01 0.719 -12.18 0.19 

Lil 
20 141.91 88.69 0.725 -1l.12 034 
40 t'19.77 129.76 0.732 -12.06 022 
60 81.82 147.74 0.741 -1238 033 

No8r 
20 -144.93 83.89 0.739 -10.98 0.19 
4o .121.71; 91.59 0.746 -11.19 0.16 
60: 100.43 134.57 0.755 -12.15 ~14 

Nol 
20" "JS9i4 45.71 0.760 -9.48 0.119 
40 .,12656 83,66 0.767 -10.97 .0.19 
60 ~oi.34·· 115.06 o.n6 -11.76 ~13 

174:Ei1 
Kl 

20 26.70 0.798 -8.14 0.09 
40" '13133 70.58 0.805 -10.55 ~07 

60 103.87 82.85 0.814 -10.95 nl2 

Bu.,NBr 
20 109.72 40.59 1.138 -9.18 0.04 
40 87.91 60.95 1.145 -10.19 o.os 
60 .6837 99.23 1.154 -1139 M3 

NaBPh4 
20 94.83 38.88 
4o 70.89 6821 
60 54S4 95.82 

TABLE4 
Umiting Ionic conductance, ionic Walden products and ionic Stokes radii (rs) in 
different (DMSO (1)+ acetonitrile (2)} containing (20. 40, 60) mass% DMSO at 
T• 298.15 K. 

Iori 4/(S-on' mol-1). l]l~(Sc.cml • IY!_OI_~ 1 
• Pa. s) _r.(nm) 

ll~-. 62.40 
2oinass.t or,DMSO 

26.19 0.313 
N<" 66.03 2'1.71 0.296, 
K" 81.40 34.16 0.240 

•.-: ,'78.91 ,33:11' 0.248 ,- 93.21 39.11 0.210 

' 4Qm~'o]DMSO 
IY' 52.88 27.76 0.296 
Na* ·'· 52.98 ~7.82 0.295 
K" 57.75 3031 0.27_1 .," 68.73 36.08 0.227 ,. 73.58 38.62 0.212 

u• ·35.11 
6o mass; ~{DMSo 

~5.09 0.327 
Na*- '43.89 31.37 0.261 
K" 46.42 li17 0.247 
a- 6255 44.71 0.184 .,- 56.54 40Al 0.203 ,- 57.45 41.06 0.201 

concentration of DMSO, these ions are preferentially solvated by 
acetonitrile rather than by DMSO. The viscosity of the solvent in 
the vicinity of these ions is lower than that of the bulk solvent. 
Since the bulk viscosity value is used in the calculation of A 0 '1o
the calculated values of A 0 '1o are high up to the point correspond
ing to viscosity maximum of the solvent mixtures and then the val
ues decrease gradually causing a maximum in the Walden product. 

1.024 -9.07 0.02 
1.031 -10.46 fi07 
1.039 -11.31 0.06 

The decrease in the Walden product indicates the preferential 
solvation of alkali metal ions by DMSO in (DMSO +acetonitrile). 
However this decre.1se may be due to the Zwanzig (33) solvent 
relaxation effect. 

The starting point for most ev.1luations of ionic conductance is 
Stokes' law which states that the limiting Walden product (the lim
iting ionic conductance-solvent viscosity product) for any singly 
charged, spherical ion is a function only of the ionic radius and 
thus. under normal conditions, is a constant In table 4, we have 
ca!cul.1ted the Stokes' radii Ts of these ions in these different sol
vent mixtures. For lithium, sodium. and potassium ions, the Stokes' 
r.1dii are much higher than their crystallographic radii suggesting 
that these ions .1re signific.1ntfy solvated in these solvent mixtures. 
The Stokes' radii of the halide ions are, however, found to be either 
very close to or smaller than their corresponding crystallographic 
radii. This observation indicates that these halide ions are scarcely 
solvated in different solvent mixtures. 

Figure 2 points out the nature of curve for the Gibbs free energy 
for ion-pair formation, ACO, which dearly predicts that the ten
dency for ion-pair formation decreases significantly with an in
crease in the association factor for the alk.1li metal halides in 
(DMSO +acetonitrile) medium. The ACO curve in figure 2 along 
with the other parameters mentioned above are in accordance with 
the results observed by Barthel et aL (26) and Hazra et al. [30,34). 

It may thus be concluded that these electrolytes remain slightly 
associated in solvent mixtures and are vezy much solvated by DMSO 
rather than by acetonitrile and that solvation of the ions is weak
ened as soon as the ion pair is formed. The cations are found to be 
substantially solvated in solvent mixtures whereas the anions ap
pear to have weak interactions with the solvent molecules. There
sults further indicate that the Coulombic forces play a major role in 
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the ion association processes. These electrolytes solutions, in gen
eral, show an increase in the association constant values with an in
crease in concentration of DMSO in the solvent mixtures. Further, 
the effect of concentration of DMSO on limiting equivalent conduc
tance of alkali metal ions is more pronounced as compared to that of 
the tetraalkylammonium ion in the present mixed solvent media. 
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Density and Viscosity of Acrylonitrile + Cinnamaldehyde, + Anisaldehyde, and + 
Benzaldehyde at (298.15, 308.15, and 318.15) K 

Mahendra Nath Roy,* Rajesh Kumar Das, and Arijit Bbattacharjee 

Department of Chemistry, University of North Bengal, Darjeeling 734430, India 

The excess molar volume VE and viscosity deviations 6.q have been derived from density p and viscosity 
11 measurements of the binary mixtures of acrylonitrile with cinnamaldehyde, anisaldehyde, and benzaldehyde 
measured at (298.15, 308.15, and 318.15) K. The data have been correlated with the Grunberg-Nissan 
equation. Moreover, deviations in isentropic compressibility 6./(5 have been calculated from ultrasonic speed 
measurements of these binary mixtures at 298.15 K. These results were fitted to the Redlich-Kister 
polynomial equation. 

Introduction 
Studies on thermodynamic and transport properties are 

important in understanding the nature of molecular interactions 
in binary liquid mixtures. Properties of mixtures are useful for 
many types of transport and process equipment in the chemical 
industry. 1

-
5 The study of mixtures of acrylonitrile in various 

solvents is of interest because of its wide use as an important 
industrial monomer for polyacrylonitrile as well as for inves
tigating the effect of the simultaneous presence of the C=C 
double bond and the polar nitrile C=N group on the molecular 
interactions. Further, the properties of liquid mixtures are also 
very important for polymer solubility, as some of the polymers 
which are insoluble in a single solvent can be dissolved in a 
solvent mixture. This behavior depends not only on the 
interactions between the polymer and each one of the liquidc; 
but also on the interactions between the liquids themselves. In 
fact, these interactions are decisive in determining the solubi
lization of the polymer and the coiling expansion of the polymer 
chains in solution.6 

In the present paper, we report densities, viscosities, and 
ultrasonic speeds for the binary systems of acrylonitrile + 
cinnamaldehyde, acrylonitrile + anisaldehyde, and acrylonitrile 
+ benzaldehyde at the temperatures of (298. I 5, 308.15, and 
318.5) K and at atmospheric pressure over the entire composition 
range. The experimental data are used to calculate excess molar 
volumes, VE, viscosity deviations, I!J.q, and deviations in isen
tropic compressibility, I!J.K5, of the mixtures. These results are 
useful for the interpretation of the nature of interactions that 
occur between acrylonitrile and the aromatic aldehydes. In 
addition, this work also provides a test of various empirical 
equations to correlate viscosity and ultrasonic sound data of 
binary mixtures containing polar components. 

Experimental Section 

Materials. High purity spectroscopic and analytical grade 
samples of2-propenenitrile (acrylonitrile), 3-phenyl-2-propenal 
(cinnamaldehyde), 4-methoxybenzaldehyde (p-anisaldehyde), 
and benzaldehyde were purchased from S.D. Fine Chemicals 
Lid., Mumbai, India Acrylonitrile was washed with dilute 
H2S04, then with dilute Na2C03 and water, and again dried 

* Corresponding author. E-mail: mahendraroy2002@yahoo.co.in. 

Table 1. Comparison or Density p, Viscosity 'l• and Sound Speeds u 
with Literature Data at the Experimental Temperatures 

pure solvent T/K exptl lit. exptl lit. exptl lit. 

acrylonitrile 298.15 0.7943 o.soozn 0.3439 0.34422 1172.5 
308.15 0.7879 0.789322 0.3075 0.3oo/2 

318.15 0.7828 0.2838 
cinnamuldehyde 298.15 1.0459 3.4778 1540.2 

308.15 1.039 2.6878 
318.15 1.0323 2.2958 

anisaldehyde 298.15 1.1202 3.7055 1523.7 
308.15 1.1117 2.8295 
318.15 1.1049 2.2321 

benzaldehyde 298.15 1.0409 1.3923 1460.5 
308.15 L0335 1.2241 
318.15 1.0266 1.1202 

over anhydrous CaC12 and distilled fractionally. 7 Benzaldehyde 
was washed with 10 % Na2C03 (until no more C02 evolved), 
then with saturdted Na2C03 and water, followed by drying with 
CaCI2•

7 Anisaldehyde was washed with NaHC03, then with 
water, dried with anhydrous MgS04, and distilled under reduced 
pressure under N2? Cinnamaldehyde was crystallized from 
benzene and dried at 60 °C under vacuum.7 1l1e gas-liquid 
chromatography (GLC) analyses of these liquids indicated a 
mole fraction purity of> 99.0 %. The purity of the liquids was 
a1so checked by measuring their densities and viscosities at 
298.15 K and was in reasonable agreement with the literature 
values as shown in Table I. 

Apparah1s aud Procedures. The densities were measured with 
an Ostwald-Sprengel-type pycnometer having a bulb volume 
of25 cm3 and an internal diameter of the capillary of about 0.1 
em, calibrated at (298.15, 308.15, and 318.15) K with doubly 
distilled water. The pycnometer with the test solution was 
equilibrated in a thennosmtic water bath maintained at ± 0.0 I 
K of the desired temperature, removed from the bath, properly 
dried, and weighed in an electronic balance. The evapomtion 
losses remained insignificant during the time of acrual measure
ments. Averages of triplicate measurements were taken. 

The mixtures were prepared by mixing known masses of pure 
liquids in airtight stoppered bottles. The reproducibility in mole 
fraction was within ± 0.0002. The mass measurements. accumte 
to ± 0.0 I mg, were made on a digiral electronic analytical 

l0.1021/je7006742 CCC: $40.75 © 2008 American Chemical Society 
Published on Web 0513012008 
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Table 2. Values of Density p, Viscosity IJ, Excess Molar Volume I' F., Viscosity Deviation dq, and Grunberg and Ni-.san Interaction Parameters 
d 12 for Binary Mixtures 

x, 

0 
0.2168 
0.3837 
0.5163 
0.6241 
0.7135 

0.2168 
0.3837 
0.5163 
0.6241 
0.7135 

0 
0.217 
0.384 
0.516 
0.624 
0.714 

0 
0.222 
0.391 
0.524 
0.631 
0.720 

0 
0.222 
0.391 
0.524 
0.631 
0.720 

0 
0.222 
0.391 
0.524 
0.631 
0.720 

0 
0.182 
0.333 
0.462 
0.571 
0.667 

0 
0.182 
0.333 
0.462 
0.571 
0.667 

0 
0.182 
0.333 
0.462 
0.571 
0.667 

1.046 
1.017 
0.990 
0.964 
0.937 
0.911 

1.039 
1.011 
0.985 
0.958 
0.931 
0.905 

1.032 
1.009 
0.983 
0.957 
0.930 
0.904 

1.120 
1.079 
1.040 
1.003 
0.968 
0.934 

1.112 
1.072 
1.034 
0.997 
0.962 
0.930 

1.105 
1.066 
1.029 
0.992 
0.957 
0.924 

I.O·U 
1.022 
0.995 
0.969 
0.940 
0.914 

1.034 
1.011 
0.985 
0.959 
0.932 
0.906 

1.027 
1.005 
0.980 
0.954 
0.928 
0.902 

-"-mPa•s 

3.478 
2.014 
1.400 
1.020 
0.795 
0.646 

2.688 
1.698 
1.215 
0.906 
0.724 
0.603 

2.296 
1.456 
1.078 
0.830 
0.684 
0.581 

3.706 
2.035 
1.341 
0.865 
0.742 
0.550 

2.830 
1.828 
1.226 
0.852 
0.678 
0.538 

2.232 
1.530 
1.095 
0.798 
0.6<4 
0.515 

1.399 
1.224 
1.079 
0.958 
0.842 
0.740 

1.224 
1.071 
0.941 
0.827 
0.724 
0.630 

1.120 
0.973 
0.851 
0.746 
0.653 
0.571 

0 
-0.329 
-0.644 
-0.831 
-0.816 
-0.752 

0 
-0.504 
-0.837 
-0.947 
-0.923 
-0.850 

0 
-1.026 
-1.338 
-1.449 
-1.423 
-1.304 

0 
-0.327 
-0.478 
-0.549 
-0.510 
-0.434 

0.000 
-0.387 
-0.652 
-0.712 
-0.696 
-0.663 

0 
-0.502 
-0.798 
-0.840 
-0.791 
-0.714 

0 
-0.740 
-1.062 
-1.182 
-1.053 
-0.948 

0 
-0.826 
-1.134 
-1.254 
-1.175 
-1.022 

0 
-0.914 
-1.285 
-1.399 
-1.366 
-1.245 

t'l.IJ p·I0-3 

mP.a•s d12 x 1 kg·m-) 

Acrylonitrile+ Cinnumuldehyde (298.15 K) 
0 0 0.7889 0.886 

-0.786 -0.267 0.8532 0.862 
-0.878 -0.103 0.9088 0.839 
-0.843 -0.142 0.9573 0.817 
-0.731 -0.160 I 0.794 
-0.600 -0.194 

Acrylonitrile+ Cinnurnaldehyde (308.15 K) 
0 0 0.7889 0.881 

-0.481 0.039 0.8532 0.856 
-0.571 0.122 0.9088 0.833 
-o.568 0.062 0.9573 0.810 
-0.497 0.065 I 0.788 
-0.407 0.084 

Acrylonitrile+ Cinnumald<:hyde (318.15 K) 
0 0 0.789 0.878 

-0.413 -0.051 0.853 0.854 
-0.461 0.134 0.9()l) 0.830 
-0.448 0.144 0.957 0.805 
-0.382 0.237 I 0.783 
-0.308 0.326 

Acrylonitrile+ Auisaldehyde (198.15 K) 
0 0 0.794 0.903 

-0.925 -0.418 0.857 0.873 
-1.051 -0.368 0.911 0.845 
-1.080 -0.842 0.958 0.819 
-0.842 -0.465 I 0.794 
-0.737 -0.981 

Acrylonitrlle + Anisaldehyde (308.15 KJ 
0.000 0.000 0.794 0.898 

-0.442 0.322 0.857 0.868 
-o.618 0.130 0.911 0.8-l-0 
-0.657 -0.154 0.958 0.813 
-0.560 -0.121 I 0.788 
-0.477 -0.314 

Acrylonitrile+ Anisuldehyde (318.5 K) 
0 0 0.794 0.893 

-0.270 0.462 0.857 0.864 
-0.376 0.393 0.911 0.835 
-0.414 0.207 0.958 0.808 
-0.359 0.248 0.783 
-0.316 0.081 

Acrylonitrile + Benzaldehyde (298.5 K) 
0 0 0.750 0.887 
0.017 0.817 0.824 0.863 
0.032 0.937 0.889 0.839 
0.046 1.080 0.947 0.816 
0.046 1.201 0.794 
0.044 1.341 

Acrylonitrile+ Benzaldehyde (308.15 K) 
0 0 0.750 0.880 
0.014 0.792 0.824 0.856 
0.022 0.889 0.889 0.833 
0.026 0.986 0.947 0.810 
0.023 1.077 I 0.788 
0.017 1.156 

Acrylonitrile+ Benzaldchyd<: (318.15 K) 
0 0 0.750 0.877 
0.005 0.729 0.824 0.854 
0.009 0.821 0.889 0.830 
0.012 0.915 0.9-l-7 0.806 
0.011 Ul02 I 0.783 
0.009 1.088 

,, 
mPa·s 

0.560 
0.474 
0.423 
0.388 
0.344 

0.519 
0.441 
0.405 
0.359 
0.307 

0.451 
0.430 
0.394 
0.348 
0.284 

0.545 
0.415 
0.435 
0.379 
0.344 

0.469 
0.404 
0.369 
0.333 
0.307 

0.443 
0.390 
0.370 
0.322 
0.284 

0.649 
0.565 
0.484 
0.410 
0.344 

0.550 
0.478 
0.416 
0.358 
0.307 

0.500 
0.436 
0.379 
0.328 
0.284 

-0.654 
-0-526 
-0.408 
-0.260 

0 

-0.749 
-0.614 
-0.439 
-0.226 

0 

-1.075 
-0.897 
-0.640 
-0.275 

0 

-0.322 
-0.244 
-0.156 
-0.059 

0 

-0.511 
-0.415 
-0..309 
-0.140 

0 

-0.631 
-0.525 
-0.357 
-0.132 

0 

-0.729 
-0.605 
-0.400 
-0.198 

0 

-0.772 
-0.624 
-0.451 
-0.286 

0 

-1.048 
-0.977 
-0.740 
-0.317 

0 

-0.-l-51 
-0.336 
-0.213 
-0.097 

0 

-0.314 
-0.241 
-0.147 
-0.079 

0 

-0.284 
-0.184 
-0.111 
-0.061 

0 

-0.492 
-0.410 
-0.207 
-0.104 

0 

-0.359 
-0.264 
-0.162 
-0.080 

0 

-0.243 
-0.173 
-0.087 
-0.043 

0 

0.041 
0.035 
0.022 
0.011 
0 

0.013 
0.009 
0.007 
0.002 
0 

0.007 
0.004 
0.002 
0.000 
0 

-0.069 
-0.253 
-0.239 

0.094 
0 

0.119 
-0.135 
0.09~ 

-0503 
0 

-0.233 
0.183 
0.456 

-0.138 
0 

-0.181 
-1.242 

0.301 
-0.021 

0 

-0.220 
-o.363 
-0.182 
-0.342 

0.000 

0.118 
0.183 
1.000 
0.996 
0 

1.512 
1.714 
1.871 
2.061 
0 

1.256 
1.365 
1.509 
1.571 
0 

1.185 
1.284 
1.382 
1.463 
0 

balance (Mettler, AG 285, Switzerland). The total uncertainty 
of density is± 3·10-4 g•cm-3, and that of temperature is± 
0.01 K. 

The viscosity was measured by means of a suspended 
Ubbelohde-type viscometer, which was calibrated at 298.15 K 

with triple-distilled water and purified methanol using density 
and viscosity values from the literature. The flow times were 
accurate 10 ± 0.1 s, and 1he uncenainty in the viscosity 
measurements, based on our work on several pure liquids, was 
within 0.03 % of the reported value. Details of the methods 
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Figure 1. Excess molar volume (VE) for binary mixtures of acryloni
trile (1) with +, cinnamladehyde; •· anisa\dehyde; &. benzaldehyde at 

298.15 K. 
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Figure 2. Viscosity deviations (61J) for binary mixtures of acryloni
trile (I) with+, cinnamladehyde; •. anisaldehyde; &, benzaldehyde at 
298.15 K. 
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Figure 3. Deviations in iseJJtropic compressibility (AK5) for binary mixtures 
of acrylonitrile (I) with t, cinnamladehyde; •. anisaldehyde; &, benzal
dehyde at 298.15 K. 

and techniques of density and viscosity measurement<; have been 
described earlier.&--10 

Speeds of sound were determined by a multifrequency 
ultrasonic interferometer (Miual Enterprise, New Delhi) working 
at 5 MHz, calibrated with water, methanol, and benzene at 
298.15 K. The details of the methods and techniques have been 
described earlier. 8•

9 The uncertainty of ultrasonic speed mea
surements is± 0.2 m·s- 1• 

Results and Discussion 

The experimental viscosities, densities, excess volumes VE, 
and viscosity deviations ll.'J for the binary mixtures studied at 

all the experimental temperatures are listed in Table 2. 1l1e plots 
of VE and 1:!.11 against x 1 at 298.15 K are represented in Figures 
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Table J. Values or Ultrasonic Speeds u,lsentropic Compressibility 
Ks, and Deviations in Isentropic Compressihility Ms ror llinacy 
Mixtures at 298.15 K 

" Ks·IOI2 I'!K5•1012 

x, m·s-1 Pa-• Pa- 1 

Acrylonitrile + Cinnam<~ldehyde 
0.217 1487.6 444.47 -69.73 
0.384 1433.3 491.8 -108 
0.516 1403 527.27 -140.5 
0.624 1372 567.04 -156 
0.714 1330.3 620.18 -148.7 
0.789 1288.7 679.46 -128.03 
0.853 1251.2 740.98 -99.5 
0.909 1224.1 79528 -73.7 
0.957 1186.8 869.05 -24.8 

Acrylonitrile + Anisaldehyde 
0.222 1446.6 442.77 -59.6 
0.391 1384.8 50129 -90.83 
0.524 1345.8 550.24 -112.5 
0.631 \310 601.97 -117.8 
0.720 1277.6 655.57 -111.2 
0.794 1244.6 715.18 -91.01 
0.857 1217.8 772.21 -67.5 
0.911 1201.6 819.38 -49.2 
0.959 1186.8 867.06 -26.63 

Acrylonitrile + Benzaldehyde 
0.182 1412.7 49D.42 -44.56 
0.333 1394.7 516.49 -89 
0.462 1353.1 563.95 -101.2 
0.571 1322.4 608.09 -108.2 
0.667 1292.8 654.64 -105.98 
0.750 1259.4 710.4 -89 
0.824 1237.6 756.24 -77.37 
0.889 1212 811.21 -52.82 
0.947 1186.8 869.85 -21.4 

I and 2, respectively. Because of similarity in nature, the plots 
at the other two temperatures are not presented here. 

The excess molar volume. VE, was calculated using the 
equation 11

'
12 

j 

v•= I,x1M,{lfp-llp,) {I) 
i=l 

where p is the density of the mixture and M;. X;, and P;· are the 
molecular weight, mole fmction, and density of the ith com
ponent in the mixture, respectively. 

The deviation in viscosities, I!J.1J. was computed using the 
relationship 11 

j 

il•I=H- L(X;II;) 
i=l 

(2) 

where 'I is the dynamic viscosity of the mixture and x1 and q, 
are the mole fr.tclion and viscosity of the ith component in the 
mixture, respectively. 

It is seen that the values of yE and iliJ (see Table 2) for all 
the experimental binary mixtures are negative except benzal
dehyde, over the entire range of compositions and temperutures. 
The negative values of vc decrease for the three systems in the 
following order: acrylonitrile + benzaldehyde > acrylonitrile 
+ cinnamaldehyde > acrylonitrile + anisaldehyde. 

The negative values of VE suggest specific interactions13 

between the mixing components resulting in a volume decrease. 
The negative values of yE may be attributed to the dipole
induced dipole interactions between the component liquids of 
the mixtures resulting in formation of electron donor-acceptor 
complexes. 14 Since the molar volume values of acrylonitrile and 
the other components differ considerably, nonassociated aery-
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Table 4. Redlich-Kisler Coefficients ak and Stand:ml Del-·iations n for 1he Binary Mixtures 

excess properly T/K a, "• "' (/) a, a, "' a 

Acrylonitrile+ Cinnumaldehyde 
Vc·IOt./(m~·mol- 1 ) 298.15 -3.085 -].746 0.003 

308.15 -3.747 -0.722 0.109 -1.854 0.005 
318.15 -5.769 -0.580 -1.710 0.024 

tuj/(mPu·s) 298.15 -3.418 1.181 0.005 O.IW9 -2.74& 1.816 0.005 
308.15 -2.270 0.765 -0.298 0.007 
318.15 -1.776 0.637 -0.667 0.435 0.014 

l!.Ks·I011/(Pu-1) 298.15 -565.107 -341.903 5.438 

Acrylonitrile + Anisaldehyde 
V"·Hf'/(m3 •mol-1

) 298.15 -2.163 -o.713 1.137 4.926 -4.841 -9.772 10514 0.008 
308.15 -2.011 0.851 0.018 
318.15 -3.379 0.141 0.250 -4.753 1.141 4.291 -4.99 0.003 

/!J.rj/(mPa•s) 298.15 -4.237 1.730 O.Q35 
308.15 -2579 -0.276 0.539 0.009 
318.15 -2.579 -0.276 0.539 0.009 

AKs•I012f(Pa- 1) 298.15 -443.057 -202.522 2.753 

Acrylonilrile + BenzaldehyUe 
VF.·IO"'/(m3 ·mol-1) 298.15 -4.524 0.823 

308.15 -4.894 0.001 
318.15 -5.536 0.738 

/!J.Jf/(mPa·s) 298.15 0.177 0.834 
308.15 0.098 -O.l»l 
318.15 0.1»7 0.002 

AKs·1012/(Pa- 1) 298.15 -428.482 -144.086 

lonitrile molecules are interstitially accommodated into the 
cluster of bull-y aldehyde molecules yielding negative l'E \'aloes. 
This implies the negative yE values ror all the three binary 
mixtures. As far as ll.q values are concerned, the experimental 
binary mixture comprised or acrylonitrile and benzaldehyde 
exhibits positive values, while the other two binary systems 
exhibit negative values. The negative values imply the presence 
of dispersion forces 11 between the mixing components in these 
mixtures. while positive values may be attributed to the presence 
of specific imernctions11 between them. 

Isentropic compressibilities, Ks, and deviations in isentropic 
compressibility, IlKs, are calculated from the experimental 
densities, p, and speeds of sound, u, using the following 
equations15

-
18 

j 

llKs=K5 - :L,x;Ks.; 
i""l 

(4) 

(5) 

where Ks is the isentropic compressibility or the mixture and 
x.- and KsJ are the mole fraction and isentropic compressibility 
of the ith component in the mixture, respectively. Experimental 
values or u, Ks, and IlKs are compiled in Table 3, and the plots 
of AKs against.t"1 are shown in Figure 3. 

It is seen from the ilKs vs x1 curve that the deviations in 
isentropic compressibility are negative for the three investigated 
binary mixtures and decrease in the following order. acrylonitrile 
+ cinnamaldehyde > acrylonitrile+ anisaldehyde > acryloni
trile + benzaldehyde. 

These results can be qualitatively explained by considering 
the following factors: (i) the mutual disruption of associates 
present in pure liquids, (ii) dipole-induced interaction between 
the mixing liquids, (iii) interstitial accommodation of one 
component into another. The second two factors contribute to 
negative ll.K5 \'alues. The observed negative value of ll.Ks for 
the mixtures over the entire nmge of compositions implies a 
weak dipole.. 'Th.is induced intero~crion is predominalll between 
the unlike mole<:ules along with interstitial accommodation 
between the components.19

•
1 1 Thus, the beha\'iors of these 

functions support the resuhs obtained earlier. 

0.024 
0.038 

-1.713 -2.524 0.034 
0.002 

-0.053 0.1)49 0.001 
0.041 0.000 

41.169 3.539 

Co"e/ali11g Equations. Grunberg and Nissanzo suggested the 
following logarithmic relation between the viscosity of the 
binary mixture and the pure components 

lntJmi~=x 1 lnrh+x2 lnl72+x 1x2d12 (6) 

where d 12 is a constant proportional to the interchange energy. 
It may be regarded as an approximate measure of the strength 
of the molecular intemctions between the mixing components. 
The values of the interchange parameter d 12 have been calculated 
using eq 6 as a function of the composition of the binary 
mixtures of acrylonitrile with cinnamaldehyde, p-anisaldehyde, 
and benzaldehyde and are listed in Table 2. 

The mixing functions yE and ill] and ll.Ks were fined by a 
Redlich-Kister polynomial equation21 

Y:=x1x2i:,a,t(x1 - x.zt (7) 
k=l 

where yt: refers to excess properties; x 1 and x2 are the mole 
fraction of acrylonitrile and the other component, respe<:tively; 
and a" represents the coefficients. The coefficients ak were 
obtained by fitting eq 7 to experimental results using a least
squares regression method. In each case, the optimal number 
of coefficients was ascertained from an approximation of the 
variarion in rhe standard deviation (d). The calculated values 
of a" along with the tabulated standard deviation (d) are listed 
in Table 4. The standard deviations (d) was calculated using 

d = [(Y".,,,- Y", • .,)2/(10- m)j'n (8) 

where n represents the number of data points and m is the 
number of coefficients. The small values of a for excess 
properties indicate the tits are good for the present study. In 
the present study, VE, Iii], and AK5 are quite systematic and a 
function of the composition or the binary mixtures. 
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Apparent molar volumes, Y ?> viscosities, q, and apparent isentropic compressibilities, K~ of 
glycine, L-alanine, L-valine and L-leucine in 0.05, 0.10, O.ISmoiKg-1 catechol solutions have 
been determined at 298.15K by measuring the densities, viscosities and ultrasonic speed of the 
above solutions respectively. The standard partial molar volumes, J1, standard volumes of 
transfer, A,r~• standard partial isentropic compressibilities, ICJ, transfer compressibilities, 
A,..ICJ, hydration number, N..., of the amino acids have been calculated for investigating the vari
ous interactions in the ternary solutions. The linear correlation ofparliaJ molar volmne and viscosity 
8-coefficients with increasing number of carbon atoms in the alkyl chain have been used to explain 
the contribution of charged end group (NHj, COO-) and the -CH1 group to J-1. The resuJts have 
been interpreted in the light of solute-solvent interactions in the mixed ternary solutions. 

Keywords Amino acids, apparent molar volumes, catechol, hydration number, isentropic 
compressibilities, viscosity B-coefficients 

1. INTRODUCTION 
Many cations and anions of neutral salts affect the 

20 properties of proteins such as their solubility, stability 
and biological activity in widely different mannerP.21 It 
has been well established that various cosolutes, cosolvents 
such as guanidine hydrochloride, sodium thiocyanate, 
magnesium chloride in different ways, act as effective 

aqueous alcohol solutions have been studied by some 
workers,l9•10l in order to understand the solute-solute inter~ 
actions and the effects of various alcohols on proteins. 

Thus, the study of low molecular model compounds 40 

such as amino acids, peptides and their derivatives which 
represents the building block of proteins in a variety of 
media is of immense importance. 

It has been reported[IO.IIJ that polyhydric alcohols 
increase the thermal stability of proteins or reduce the 45 

extent of their denaturation by other reagents. The proper-

25 probes of their conformation in solutions_l3-6J 
As proteins are complex macromolecules, the direct 

study of these important protein-water interactions are 
difficult. The small amino acid molecules incorporate some 
of the structural features found in proteins and have been 

30 used as model compounds for specific aspects of proteins 
in aqueous solutions.l7

•
81 The rigid nature of a helix struc

ture of proteins and peptides are affected by alcohOls via 
dissolution of peptide aggregates. Amino acids exist as 
zwitterions in aqueous solution. These dipolar ions should 

35 reflect structural interactions with water molecules as in 
the case of electrolytes. The properties of amino acids in 

Received 28 November 2008; accepted 29 December 2008. 
The authors are grateful to the Departmental Special 

Assistance Scheme under the University Grants Commission, 
New Delhi (No. 540/6/DRS/2002, SAP-I) for financial support. 
One of the authors is also grateful to UGC Research FelJowship 
in science Ref. UGC letter No. F. 4-1/2006 {XI plan/BSR) for 
sanctioning a Junior Research Fellowship and providing financial 
aid in support of this research work. 

Address correspondence to Mahendra Nath Roy, Department 
of Chemistry, North Bengal University, Darjeeling 734013, India, 
E-mail: mahendraroy2002@yahoo.co.in 

ties of solutions of polyols in aqueous and mixed solutions 
are important in many areas of applied chemistry and are 
essential for understanding the chemistry of biological 
systemsl12l and act as vehicles for phannaceuticals or 50 

cosmetics when introduce into living organisms. 
Ahluwalia et at.1 13•141 reported apparent molar volumes 

of amino acids in aqueous salt and carbohydrate solutions. 
Ogawa, Mizutani, and Yasudal14l have studied the viscos
ities and apparent molar volumes of amino acids in mixed 55 
aqueous solutions. 

In view of the above and in continuation of our studies, 
we have undertaken a systematic study on the volumes, 
viscosities and ultrasonic speeds of some amino acids in 
aqueous catechol solutions at 298.15 K. 60 

2. EXPERIMENTAL 

2.1. Chemicals 
The amino acids glycine (Analar. >99%), L-alanine 

(S.D. fine Chemicals, >98.5%), L-valine (Loba Chemie, 
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65 India, >99%), L-leucine (Loba Chemie, India, >99'%), and 
catechol (S.D. fine Chemicals, >98%), were used for the 
present study. The amino acids were purified by 
re-crystallizing from methanol-water mixture and dried at 
373.15 K for 12 hours in a vacuum desiccator over P20 5 

10 before use. 
Commercial sample of catechol was purified by repeated 

crystallization from mixture of chloform-methanol. The 
sample was dissolved in chloform in hot condition, filtered 
and to the filtrate dryed and distilled methanol was added 

75 dropdise. Fine plat like crystal separated and recovered by 
rapid filtration and ready for use. Deionized, doubly 
distilled, degassed water with a specific conductance of less 
than I0-6ncm-1 was used for all of the measurements. 
The purity of the solvents was ascertained by GLC. 

80 2.2. ~easure~ent 
The mass measurements were done on a digital electronic 

analytical balance (Mettler, AG 285, Switzerland), with a 
precision of ±0.0 I mg. The densities (p) were measured with 
an Ostwald-Sprengel type pycnometer having a bulb 

85 volume of about 25 cm3 and an internal diameter of about 
0.1 em. The pycnometer with the experimental solution 
was equi1ibrated at 298.15K with doubly distilled water 
and benzene. The measurements were done in a thermostat 
bath controlled to ±0.01 K. The pycnometer was then 

90 removed from thermostatic bath, properly dried and 
weighed. Adequate precautions were taken to minimize 
evaporation loses during the actual measurements. The 
precision of density measurements was ±3 x 10-4 gcm-3• 

The viscosity (q) was measured by means of suspended 
95 Ubbelohde type viscometer, calibrated at 298.15K with 

triply distilled water and purified methanol using density 
and viscosity values from literature.l'5•

161 A thoroughly 
cleaned and perfectly dried viscometer filled with experi
mental solution was placed vertically in a glass-walled 

100 thermostat maintained to ±0.01 K. After attainment of 
thermal equilibrium, efflux times of flow were recorded 
with a stop watch correct to ±0.1 seconds. The flow times 
were accurate to ±0.1 s, and the uncertainty in the viscosity 
measurements was ±2 x I0-4 mPas. An average of tripli-

105 cate measurement was taken into account. Viscosity of 
the solution, q, is given by the following equation: 

q = (Kt- Lft)p [IJ 

where K and L are the viscometer constants and 1 and pare 
the efflux time of flow in seconds and the density of the 

110 experimental liquid, respectively. The uncertainty in 
viscosity measurements is within ±0.003 mPas. 

Details of the methods and techniques of density and vis
cosity measurements have been described elsewhere_l1 7-' 91 

Ultrasonic speeds, u, were measured, with an accuracy 
I 15 of 0.2%, using a single-crystal variable-path ultrasonic 

interferometer (Mittal Enterprise, New Delhi, India, 
M-81) operating at 4MHz which is calibrated with water, 
methanol and benzene at 298.15 K. 

The details of the methods have been described earlier.l' 91 

3. RESULTS AND DISCUSSION 

3.1. Standard Partial Molar Volu~e and Compressibility 
The apparent molar volumes (V<J!) were determined from 

the solution densities using the following equation:l201 

v, = M fp,- IOOO(p- p,)fcp, [2] 

120 

where Mis the molar mass of the solute, cis the molarity of 125 
the amino acids in catechol-water mixtures in mol·dm-3, 

Po and p are the densities of the solvent and the solution 
respectively in Kg·m-3. The experimentally measured 
densities (p), viscosities (q) and sound speed (u) at 
298.15 K are given in Table 1. 130 

The apparent molar volwnes and apparent molar 
isentropic compressibilities of the amino acids were shown 
in Table 2 and found to be a linear function of molality 
over the studied entire concentration range. 

The apparent molar volumes at infinite dilution, J1. IJS 

(also known as partial molar volume at infinite dilution) 
were calculated using a least-squares treatment to the plots 
of V<Jl versus .jc using the following Masson equation:l21l 

[3] 

where V3, is the partial molar volume at infinite dilution 140 
and s;. the experimental slope. 

The J1 values are summarized in Table 3. The experi
mental values of ~ for the amino acids in water agreed 
well with those reported in the literature.l22-l41 

The isentropic compressibility (Ks) of the solution was 14S 
calculated from the Laplace's equation: 

Ks = 1/(ri'p) [4[ 

where p is the solution density and u is the ultrasonic speed 
in the solution. 

TABLE I 
Experimental densities (p), viscosities (q), sound speed (u) 

of aqueous catechol solutions at all experimental 
concentrations at 298.15 K 

Molarity of catechol 
inwater(mol·dm-3) px10-3Jkg·m-3 qfmPa·s ufms-1 

c=0.05 
c=O.IO 
c=0.15 

0.9975 
0.9988 
0.9997 

0.8521 
0.8698 
0.8893 

1502.3 
1555.6 
1621.1 
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TABLE 2 
Experimental concentration (c), densities (p), viscosities (q), sound speed (u), apparent molar volumes (Vr/J) and apparent 

isentropic compressibilities (Kef;) along with the concentration (c) of pure aqueous catechol solutions and glycine, 
L-alanine, L-valine, L-leucine in aqueous catechol solution as a function of the molarities of amino acids 

c/mol·dm-3 pxi0-3/Kg·m-3 11/mPa-s u/ms- 1 v.px 106/m'·mol-l Kt/J x 1010Jm3 ·mol-1 • Pa-1 

<=0.05 

Glycine 
0.0160 0.9980 0.8715 1570.1 43.25 -23.47 
0.0281 0.9984 0.8741 1621.1 43.32 -22.34 
0.0402 0.9988 0.8855 1677.2 43.40 -21.86 
0.0563 0.9993 0.8889 1758.4 43.51 -21.32 
0.0764 0.9999 0.8914 1862.3 43.59 -20.32 
0.0962 1.0005 0.9091 1974.4 43.62 -19.46 

L-alanine 
0.0200 0.9981 0.8640 1588.6 60.50 -23.42 
0.0362 0.9985 0.8647 1664.9 60.53 -22.74 
0.0523 0.9990 0.8750 1747.7 60.58 -22.13 
0.0685 0.9995 0.8770 1836.7 60.60 -21.42 
0.0846 0.9999 0.8817 1942.2 60.62 -21.06 
0.1003 1.0004 0.8907 2047.9 60.64 -20.43 

L-valine 
0.0201 0.9980 0.8722 1612.6 90.19 -29.04 
0.0362 0.9985 0.8793 1714.5 90.20 -28.35 
0.0524 0.9989 0.8917 1832.8 90.22 -27.70 
0.0686 0.9994 0.9023 1972.6 90.23 -27.10 
0.0849 0.9998 0.9082 2151.4 90.24 -26.74 
0.1003 1.0000 0.9163 2347.5 90.25 -26.10 

L-leucine 
0.0241 0.9981 0.8675 1658.2 106.26 -32.81 
0.0393 0.9985 0.8745 1779.0 106.23 -32.25 
0.0546 0.9989 0.8859 1921.4 106.17 -31.50 
0.0697 0.9993 0.8930 2101.0 106.15 -31.04 
0.0849 0.9996 0.9010 2338.7 106.13 -30.66 
0.0992 1.0000 0.9052 2643.0 106.11 -30.27 
c=O.IO 

Glycine 
0.0241 0.9996 0.8859 1653.0 43.43 -19.61 
0.0401 1.0001 0.8931 1721.6 43.48 -18.92 
0.0522 1.0005 0.8944 1764.1 43.49 -17.61 
0.0673 1.0009 0.9023 1831.7 43.52 -17.12 
0.0834 1.0014 0.9040 1900.0 43.54 -16.34 
0.0991 1.0019 0.9107 1964.6 43.56 -15.56 

L-alanine 
0.0200 0.9994 0.8870 1644.7 60.60 -21.71 
0.0361 0.9998 0.8956 1719.3 60.65 -20.7 
0.0523 1.0003 0.9006 1793.5 60.68 -19.52 
0.0684 1.00081 0.9005 1879.9 60.70 -19.00 
0.0846 1.0012 0.9229 1958.8 60.72 -18.00 
0.1002 1.0017 0.9199 2082.6 60.74 -18.20 

(Continued) 



4 M. N. ROY ET AL. 

TABLE 2 Continued 

cjmol·dm-3 px 10-3 /Kg· m-3 qfmPa·s ujms- 1 v.px 106/m3 ·mo1-l Kr/Jx 1010jm3 ·mol- 1 ·Pa- 1 

L-valine 
0.0241 0.9995 0.8814 1700.1 89.80 -27.76 
0.0402 0.9999 0.8860 1808.3 89.76 -26.60 
0.0564 1.0004 0.8983 1932.9 89.72 -25.71 
0.0685 1.0007 0.8994 2044.4 89.69 -25.31 
0.0847 1.0012 0.9083 2213.2 89.64 -24.62 
0.1003 1.0016 0.9125 2412.4 89.62 -24.02 

L-leucine 
O.OZ 0.9993 0.8831 1691.5 106.33 -31.65 
0.0354 0.9997 0.8935 1815.8 106.31 -30.89 
0.0409 0.9998 0.8976 1866.8 106.31 -30.72 
0.0666 1.0005 0.9077 2159.9 106.29 -29.76 
0.0822 1.0009 0.9184 2417.0 106.28 -29.38 
0.0991 1.0013 0.9317 2824.7 106.27 -29.02 
c=0.15 

Glycine 
0.0240 1.0004 0.9025 1684.3 43.88 -11.64 
0.0401 1.0009 0.9066 1719.2 43.89 -10.48 
0.0521 1.0013 0.9126 1742.3 43.90 -09.77 
0.0682 1.0019 0.9137 1767.0 43.91 -08.80 
0.0843 1.0023 0.9169 1786.6 43.92 -07.94 
0.1000 1.0028 0.9267 1793.5 43.92 -06.93 

L-alanine 
0.0200 1.0003 0.8871 1714.7 60.73 -20.10 
0.0361 1.0007 0.8910 1789.3 60.76 -18.80 
0.0522 1.0012 0.9026 1872.0 60.79 -18.15 
0.0683 1.0016 0.9044 1949.7 60.82 -17.12 
0.0846 1.0021 0.9122 2029.2 60.84 -16.21 
0.1000 1.0025 0.9250 2123.9 60.86 -15.82 

L-valine 
0.0241 1.0004 0.8775 178Q.4 89.72 -26.81 
0.0402 1.0008 0.8886 1900.1 89.65 -25.60 
0.0523 1.0011 0.8892 2003.5 89.60 -24.98 
0.0684 1.0016 0.8962 2159.3 89.54 -24.16 
0.0847 1.0020 0.9023 2349.6 89.51 -23.44 
0.0970 1.0024 0.9104 2532.3 89.49 -23.07 

L-leucine 
0.0180 1.0001 0.8871 1750.2 106.30 -29.78 
0.0341 1.0005 0.9008 1881.0 106.27 -28.49 
0.0503 1.0009 0.9057 2043.0 106.26 -27.84 
0.0665 1.0013 0.9231 2231.7 106.25 -26.88 
0.0814 1.0017 0.9242 2455.3 106.24 -26.25 
0.1000 1.0022 0.9508 2839.1 106.22 -25.56 

150 The apparent molar isentropic compressibility (K~) of ~ is the isentropic compressibility of the solvent mixture, 
the solutions was detennined from the relation: M is the molar mass of the solute, and c is the molarity of 

the solution. ISS 

K• = MKs/Po + 1000 (KsPo- K'};p)f(cpp,) [5) 
The limiting apparent molar isentropic compressibility 

(~) was obtained by extrapolating the plots of K.p versus 

c93~ 110 

~ 
I J o-- 2d11 c .. 
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TABLE 3 
Standard partial molar volumes of amino acids in aqueous catechol solution at 298.15 K 

Amino acids Parameters Water c=0.05 c=O.IO <=0.15 

Glycine V)! x 106 fm3 ·mol 1 43.14 42.97 43.315 43.842 
s;(m9. mol-3)1/2 0.86 2.1718 0.7811 0.2486 

L-alanine Vl! X 106 /m' . mol-l 60.43 60.39 60.494 60.618 
s;(m9. mol-3)1/2 0.73 0.8122 0.7811 0.7661 

L-valine Vl! X 106 /m' . mol-l 90.39 90.133 89.979 89.954 
s;(m9. mol-3)1/2 0.3478 -1.1295 -1.5293 

L-leucine V)! x 106 fm3 · mor-1 107.72 106.41 106.37 106.35 
s;(m9. mol-J)I/2 -0.9729 -0.3326 -0.3954 

the square root of molal concentration of the solute, ..,jc to 
zero concentration by a least-squares method:[2S] 

[6] 

From Table 4, it is observed that the values of isentropic 180 
compressibilities at infinite dilution (~) increase with the 
increase in concentration of catechol solution and all the 
values are negative. 

where, Sic is the experimental slope. 
vg and~ produce information regarding solute-solvent 

interactions and s; is the experimental slope which is some
times called volumetric pair wise interactions coefficient.124l 

165 It has been observed from the volumetric data as well as 
compressibility data that most of the s; and SK values are 
positive for all amino acids studied. The positive values of 
s; and s;. imply that the interaction is dominated by the 
charged functional group of the zwitterionic amino acids 

110 and -OH group of catechol. The values of s; and SK 
varies with the addition of alkyl group in the side chain 
position of the amino acids. It indicates that the alkyl 
group modulates the interaction of the charged end groups 
in the pair wise interactions. '241 

175 The values of VJ! are positive for all the amino acids in 
catechol solution at all concentrations studied. For glycine 
and L-alanine ~ increases but in the case of L-valine and 
L-leucine reverse is observed with the increase in the 
concentration of catechol solution. 

At neutral pH amino acid exist as zwitterions when 
dissolution in water and there is an overall decrease in 185 
the volume of water. This is due to the contraction of water 
near the end charged groups and termed as electrostriction. 
Hence, the electrostricted water is much less compressible 
than bulk water and accounts for the apparent molar com
pressibilities for the amino acids in mixed ternary solutions 190 
being larger than the corresponding ones in water. It is also 
observed that the negative values of K'J, for the studied 
amino acids follow the order 

-glycine < L-alanine < L-valine < L-leucine 

Since the contribution of alkyl group to the partial com
pressibility is negative, it implies that the ions having the 
larger hydrophobic group may have more negative values 
for the partial molar expansibilities. Hence, L-leucine 

195 

may have largest hydrophobic group resulting higher 200 
negative values of~-

TABLE4 
Standard partial isentropic compressibilities of amino acids in aqueous catechol solution at 298.15 K 

Amino acids Parameters Water c=0.05 c=O.IO c=0.15 

Glycine K'$ x 1010 /m3 • mol-1Pa-1 -27 -26.04 -23.76 -16.04 
Sk(m9 • mol-3Pa-'f12 4.56 20.825 26.154 27.825 

L-alanine ~ x 1010 /m3 ·mol- Pa-1 -25.26 -25.85 -24.52 -23.64 
Sk(m9. mol-lPa-lr/2 4.75 16.636 17.507 24.942 

L-valine Iq. x 1010 /m3 ·mol- Pa-1 -3Q.62 -31.06 -30.83 -30.24 
Sk(m9. moJ-lpa-•r/2 8.43 14.423 21.099 23.203 

L-leucine K3 x 1010 Jm3 ·mol- Pa-1 -31.78 -33.61 -34.26 -35.24 
Sk(m9. moJ-lpa-1)1/2 13.61 6.0627 16.866 23.702 
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3.2. Group Contribution 
The alkyl chain of the studied amino acids are CHr 

(glycine), CH3CH-(L-alanine), CH3CH3CHCH-(L-valine) 
205 and CH3CH3CHCH2CH-(L-leucine). It was observed that 

the values of ~ of the present amino acids in catechol 
solutions vary linearly with the number of carbon atoms 
nco in their hydrophobic part. Similar 1inear correlation 
for the homologous series of a-amino acids has also been 

210 reported in aqueous,IIJ] and glucose, solutions. 
In this way a regression analysis of the J1 values as a 

function of n€' is carried out by the following equation:t22l 

[7[ 

where nc is the number of carbon atoms in the alkyl side 
215 chain of the amino acids. ~(NHt,coo-) and ~(CHz) 

are the zwitterionic end groups and the methylene side 
group contributions, respectively. 

The values of ~(CH2) characterize the mean contri
bution ofCH and CH3 group to the ~of the amino acids. 

220 The other alkyl chains contribution of the amino acids 
calculated by Hakin et at.,1 19l as follows: 

~(CH3) = 1.5 ~(CHz) 

~(CH) = 0.5~(CH,) 

[8] 

\9\ 
225 The values of ~(NHj,Coo-) are larger than 

V3(CH2). It implies that the interactions of the functional 
groups of catechol with the zwitterionic groups of amino 
acids dominate in comparison to those of the hydrophobic 
group-catechol interactions. Side chain contribution 

230 increases with the increase of chain length. 

3.3. Hydration Number 
The number of water molecules hydrated to the amino 

acids N,.., calculated from the value of measured standard 
partial molar volume by the following manner. 

235 The values of J1 of the studied amino acids can be 
expressed as:l23.261 

~ = ~(int) + ~(elect) [10\ 

where ~(int) is the intrinsic partial molar volume of the 
amino acid and J1(elect) is the electrostriction partial 

240 molar volume as a result of hydration of the amino acids. 
The ~(int) consists of two terms: the Van der waal 
volume and the volume due to packing effects. The values 
of ~(int) for the amino acids were calculated from their 
crystal molar volume by Millero et aJ.123l using the follow-

245 ing relationship: 

0.7~(cryst) 

0.634 
[II\ 

where, 0.7 is the packing density in an organic crystal and 
0.634 is the packing density of randomly packed spheres. 
The molar volume of crystals was calculated using the 
crystal densities of the amino acids represented by Berlin 250 

and Pallanschi27J at 298.15 K. The values of ~(elect) were 
obtained from the experimentally determined J'3 values 
using Equation (I 0). 

The number of water molecules hydrated to the amino 
acids due to electrostriction causes decrease in volume 255 

can be related to the hydration numbersP0
•
23

l 

~(elect) 

11-11 [12] 

where J-1. is the molar volume of electrostricted water and 
J1 is the molar volume of bulk water. 

This model implies that for every water molecules taken 260 
from the bulk phase to the surroundings of amino acid, 
the volume is decreased by (J-1- ~). using a value of 
-3.0cm3 -mol-1120l, for (J1- J1) at 298.15K the 
hydration number of the studied amino acids were 
calculated and reported in Table 5. FJi!5 

From Table 6, the observed values of N,. for the amino 
acids in catechol solutions were varied in the following 
order. 

N,,.(L-Ieucine) > N.,.(L-valine) ~ Nw(L-alanine) 

> N,.(Glycine) 

In the case of glycine the Nw values decreases with the 
increase of concentration of catechol solution owing to 
reduction in the electrostriction. But in other amino acid 
cases namely L-alanine, L-valine and L-leucine the value 

270 

of hydration numbers remain unchanged by the increase 215 

of catechol solution. This is due to the fact that with the 
increase of hydrophobic group,I28J the interaction between 
the charge end group and OH group of catechol solution 
reduces. 

TABLES 
Contribution of zwitterionic groups (NHjcoo-) and 

CH2 group, and other alkyl chains to the infinite dilution 
apparent molar volumes in aqueous catechol solution 

at 298.15 K 

Group Water c=0.05 c=O.l c=0.15 

NHjCoo- 27.68 27.989 28.361 28.885 
CH2 15.91 15.662 15.56 15.435 
CH,CH 31.82 31.324 31.12 30.87 
CH 3CH3CHCH 63.64 62.65 62.24 61.74 
CH 3CH3CHCH2CH 79.45 78.31 77.8 77.18 
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TABLE 6 
Hydration number (N11.) of amino acids in aqueous 

catechol at 298.15 K 

Nw 

Amino acids c=0.05 c=O.l c=0.15 

Glycine 3 2.9 2.7 
L-alanine 3.8 3.8 3.7 
L-valine 4 4 4 
L-leucine 6 6 6 

280 The N,,. values are lower than observed by Banerjee 
et at.t28l leads to the fact that the bulky phenyl group in 
the hydrophobic part are lesser solvated compared to the 
small size of the alkyl groups. 

3.4. Partial Molar Volume of Transfer and Partial Molar 
285 Compressibility of Transfer 

The values of partial molar volume of transfer and 
partial molar compressibility of transfer of the amino 
acid[24J from pure water to catechol are obtained from 
the equations. 

TABLE 8 
Transfer compressibilities of amino acids 

(A,,~ x to6jm3 • mol-1) from water to aqueous catechol, 
at 298.15 K 

Amino acids c=0.05 c=O.l c=0.15 

Glycine 0.96 3.24 10.96 
L-alanine -0.59 0.74 1.62 
L-valine -0.44 -0.21 0.38 
L-leucine -1.9 -2.48 -3.46 

in the latter two amino acid cases the transfer value 
decreases. The calculated transfer values are explained by 305 

the cosphere model by Gumeyl291 and Franks and Evans. 
There are several types of interactions occurring in the 

ternary system of amino acid. catechol and water. 

a. Ion-polar group interactions between the NHj and 
coo- groups of the Zwitterionic amino acid with the 310 
OH groups of the catechol. 

b. Ion-non polar group interactions between the NHj and 
coo- groups of the amino acid with the phenyl group 
of the catechol. 

~"~ = ~(catechol)- ~(water) 

~"~=~(catechol)- ~(water) 

[13J c. Nonpolar-nonpolar group of interactions between the 315 

hydrophobic parts of the acids with the hydrophobic 
[14) part of the catechol. 

These results are reported in Tables 7 and 8, graphically 
shown in Figures 1 and 2, respectively. 

295 The uncertainty in the values of volume transfer and 
compressibility of transfer are calculated as the root mean 
square of the uncertainities associated with the apparent 
molar properties at infinite dilution. Both positive and 
negative results were observed from the calculation for 

300 amino acids. 
The values of the A,~ in the case glycine are all posi

tive at three different concentration of catechol solution. 
For alanine tends to increase of catechol solution. However 

TABLE 7 
Transfer volumes of amino acids (A,r~ x 106 Jm3. mol- 1) 

from water to aqueous catechol, at 298.15 K 

Amino acids c=0.05 c=O.l c=0.15 

Glycine 0.061 0.331 0.73 
L-alanine -0.187 -0.019 0.255 
L-valine -0.681 -0.719 -0.695 
L-leucine -0.831 -0.969 -1.065 

Introducing the cosphere overlap model[JOJ the ion-polar 
group interactions would lead to a positive A,r ~ and 
A,X: due to decrease of electrostriction effect and the 320 

overall water structure is enhanced. 
Interaction of the type (b) and (c) would lead to a 

negative A,r~ and A1r~· It signifies the presence of 
hydrophobic-hydrophilic and hydrophobic-hydrophobic 
interactions resulting a reduction in the water structure 325 

due to their co-spheres overlapping. 

·• 
-1.2 

c/mol.dm-3 

PIG. L The lransfcr volumes &, J1 of the experimental amino acids 
from walcr to aqueous catechol solulions plotted against the molarity c 
of the calechol solulions at 298.15K. (+. glycine; •· L-alanine: .... 
L-valinc: x. L-kuclne). 
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FIG. 2. The transfer compressibilities .1,~ of the experimental 
amino acids from water to aqueous catechol solutions plotted against 
the molarity c of the catechol solutions at 298.15 K. ( +. glycine; •· 
L-alanine; .t., L-valine: •· L-leucine). 

The intrinsic volume is expressed by the following two 
types of tenns: 

V;mrinsic = V 1'1>' + Vvoid [15] 

where Vrw is the Vander waaJ volume, occupied by solute and 
V,viJ is the volume of void and empty spaces present there in. 

Shahidi et al. modified the above equation to express the 
contribution of the solute molecules to its partial molar 
volume. 

[16] 

where 65 is the shrinkage in the volume due to the interac
tion of hydrogen bonding groups present in the solute with 
water molecules and n is the number of potential hydrogen 
bonding sites in the molecule. 

Hence, the ~ of the amino acid can be expressed as: 

~ = V .,.. + V roid - Vshrinkag~ [17] 

Assuming the fact that Vm and V,.0M remain unchanged 
345 in water as well as in aqueous catechol solution the positive 

volume transfer of the amino acid can be documented from 
a decrease in the volume of shrinkage in the presence of the 
catechol solute in aqueous solutions. 

The observed positive values of volume transfer and 
350 compressibility of transfer of glycine indicate that the 

ion-hydrophilic and hydrophilic-hydrophilic interactions 
mask the ion-hydrophobic and hydrophobic-hydrophobic 
group interactions. The ion-hydrophilic interaction takes 
place between OH group catechol and charge end groups 
(NHj and coo-) reduces the electrostriction phenom- 355 
enon resulting in an increase in volume . 

However, for L-alanine most of the values are negative 
though very small implies a balance of type (a) to (c) inter
actions and at higher concentration the values are positive 
indicating the ion-hydrophilic interactions predominant. 360 

In the case of L-valine owing to large hydrophobic part 
in the side chain leading to hydrophobic - hydrophobic 
group interaction, with the hydrophobic part of catechol 
resulting in a negative volume and compressibility of 
transfer but with the increase of the concentration of 365 
catechol the negative values are lower i.e., tend to be 
positive indicating (a) type of interactions tends to 
predominant. 

In the case of L-leucine the observed values are more 
and more negative strongly indicate the large hydrophobic 
part reside in the side chain of leucine. Similar observation 
shown by Bannerjee et al_l28] 

3.5. Viscosity B-Coefficient 
The relative viscosities 'lr are expressed by 'lr = 11/I'Jo, 

where '1 and 'lo signifies the viscosities of the solution and 
solvent respectively. The calculated q, by the above method 
are listed in the Table 9. These 'lr values have been utilized 
to calculate the viscosity B coefficient by Jones-Dole 
equation: 

q, =I +Bc+Ay'c 

(q,- l)f,/c =A+ By'c 

[18] 

[19] 

370 

375 

A and B are empirical constants known as A and B 
coefficients. A and B imply the solute-solute and solute
solvent interactions respectively and cis the concentration 385 

of ternary solution in molarities. The values of A and Bare 
obtained from the straight line by plotting (q,-1)/Jc 
against Jc. 

TABLE9 
A- and B-coefficients for the amino acids in aqueous catechol solutions at 298.15 K 

Amino acids c=0.05 c=O.I c=0.15 c=0.05 c=O.I c=0.15 

Glycine 0.1534 0.1666 0.1782 0.1488 0.0943 0.0657 
L-alanine 0.2684 0.2802 0.2901 0.0476 0.0963 0.0959 
L-valine 0.4539 0.4715 0.4842 0.0962 0.0107 -0.0019 
L-leucine 0.5564 0.6056 0.6553 0.031 0.0264 0.0658 
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395 

400 

405 

TABLE 10 
Contributions of (NHf, coo-) and CH2 groups to 

viscosity B-coefficients of the amino acids in aqueous 
catechol solutions at 298.15K 

Group 

NHj,coo 
CH2 

c~0.05 

0.0607 
0.0991 

c~O.I 

0.06 
0.107 

c~O.I5 

0.0576 
0.1148 

The values of B are reported in Table 9. This B coef
ficient reflect the size and shape effect as well as the struc
tural effect caused by the solute-solvent interactionsP1l 
The B coefficient values for amino acids in pure water 
and in catechol solutions follow the order 

glycine< L-alanine < L-valine < L-Leucine. 

From the above trend it is confirmed that the magnitude 
of the B coefficient increases with the increasing of molar 
mass and side chain length of the amino acids. 

Due to the liquid structure caused by catechol solution 
in amino acid supports the increasing values of • B' with 
the increasing concentration of the ternary solution. 
Complexing nature of A are not discussed here. 

The B coefficient values imply the net structural effects 
of the charged end group and the hydrophobic ( -CH,) 
group on the amino acids. By plotting B values with the 
number of carbon atoms of the alkyl chain straight line 
were observed. These effects can be expressed as follows. 

B ~ B(NHJCOO-) +NcB(CH2) [20] 

410 The regression parameters B(NHjCoo-) and B(CH2) 
reflect the charge end group contribution and methylene 
group contribution are listed in Table 10. 

Such linear correlation132.33l has also been observed in 
other solute for those amino acids. It is to be mentioned 

that the contribution of B(CH2) is the mean contribution 415 
of CHand CH3 groups to B coefficients of the amino acids. 

It is interesting to note from table I 0 that the contribution 
of B(CH2) group to the B coefficient is increased while 
B(NHjCOo-) group contribution decreases with the 
increase of concentration of catechol solution indicating 420 
the fact that ion polar interaction between the zwitterionic 
group and OH group of catechol reduced while increasing 
contribution of B(CH2) reflect the hydrophobic -
hydrophobic type interaction predominant in aqueous 
catechol solution. 425 

CONCLUSION 
From the above results of transfer of volume, transfer of 

compressibility, number of hydrated molecul~ and the 
viscosity B coefficient it has been concluded that the partial 
molar quantities increases with the increase of con- 430 
centration of catechol. The contribution of the zwitterions 
NHjcoo- group to the value of the partial molar 
volumes is larger in comparison to the (CH2) group and 
increases with the increasing concentration of catechol 
solution. The standard 'lolume of transfer and transfer 435 
compressibility for the amino acids glycine, L-alanine and 
L-valine increase with increasing concentration of catechol 
clearly rationalize the ion-hydrophilic interaction between 
the hydrophilic part of the said amino acid and the coso\ute 
and predominant over hydrophobic interaction. But for 440 
L-leucine having the large alkyl part in the side chain 
hydrophobic interactions develop. The hydration numbers 
of the amino acids increases from glycine to L-leucine also 
indicate mo~ and more water molecules sol'lated due to 
increasing number of carbon atoms in the side chain by 445 

hydrophobic interaction. 
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PHY(AP)-4 : Study on ion-pair and triple ion forma
tion of some tetraalkylammonium halides in THF + 
benzene mixtures by conductance measurement Arijit 
Bhattachaijeet and Mahendra Nath Roy*, Department of 
Chemistry, North Bengal University, Datjeeling-734 013, 
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E-mail: mahendraroy2002@yahoo.co.in 

interactions in the mixed ternary solutions. 

PHY(AP)-6 : Oxidative regeneration of carbonyl com
pounds from oximes by morpholiniwn cblorochromate : 
A kinetic and mechanistic study Saraswati Agarwal* and 
Sunita Bansalf, Department of Chemistry, Govt. J. D. B. 
Girls College, Kota-324 001, Rajasthan 
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Conductivities of some tetraaleylammonium halides, The oxidative deoximination of several aldo- and keto-
viz. tetrabutylammonium bromide (Bu4NBr), tetrapentylam- oximes by morpholinium chlorochromate (MCC), in 
monium bromide (Pen4NBr), tetrahexylammonium bro- dimethylsulphoxide (DMSO), exhibited a first order de
mide (Hex4NBr) and tetraheptylammonium bromide pendence on both the oxime and MCC. The oxidation of 
(Hep4NBr) were measured at 298.15 K in THF + C6H6 ketoximes is slower than that of aldoximes. The rates of 
mixtures with I 0, 20, 30 and 40 mass percent of C6H6. A oxidation of aldoximes correlated well in terms of Pavelich
minimum in the conductometric curves (molar conduc- Taft dual substituent-parameter equation. The low posi
tance, A vs square root of concentration, .JC) was ob- tive value of polar reaction constant indicated a nucleo
served at a concentrations which dependent both on the philic attack by a chromate-oxygen on the carbon. The 
salt and the solvent. The observed molar conductivities reaction is subject to steric hindrance by the alkyl groups. 
were explained by the formation of ion-pairs (M + + x- The reaction of acetaldoxime has been studied in nineteen 
.:... MX, Kpl and triple-ions (2M+ + x- H M2x+; M+- different organic solvents. The solvent effect has been 
+ 2X- <-+ MX2-, KT). A linear relationship between the analysed by multiparametric equations. Nmechanism· in
triple-ion formation constants [log (KT/Kpll and the' salt vol~ing the formation of a' cyclic interinediate, in the.rate-
concentrations at the minimum conductivity (log cminl was determining step, 'has been proposed. 

given for all salts in THF + C6H6 mixtures. The forma- . PHY(AP)-7 : Mechanistic aspects of uncatalysed and 
lion of triple-ions might be attributed to the ion sizes in . ·. 0s VIII catalysed oxidation of 5-fiuorouracil - An anti
solutions in which ·coulombic interactions and covalent cancer· drug by alkaline diperiodatoargentate(ID) using 
bonding forces act as the main forces between the ions stopped flow technique Nagaraj P. Shetti, P.G. Depart
(R4N+ .... x-). ment of Studies in Chemistry, Karnatak University, 

PHY(AP)-5 : Apparent molar volwnes, viscosity B-co
efficienis and ultrasonic sjJeeds of some amino acids in 
aqueous catechol solutions at 298.15 K Rajesh Kumar 
Dast, Lovely Sarkiir and· Mahendra Nath Roy*, Depart
mem of Otemistry, North Bengal University, Darjee/ing-
734 013, .West Bengal 
E-mail: mahendraroy2002@yahoo.co.in 

Apparent molar volumes, V$, viscosities, l], and appa
rent isentropic compressibilities, K$, of glycine, DL-ala
nine, L-valine and L-leucine in 0.05, 0.10, 0.15 mol kg- 1 

catechol solutions have been determined at 298.15 K by 
measuring the densities, viscosities and ultrasonic speed 
of the above solutions respectively. The standard partial 
molar volumes V~. standard volumes of transfer AtrV~. 
standard panial isentropic compressibilities, K~ , transfer 
compressibilities lJ.trK~. hydration number, Nw, of the 
amino acids have been calculared for investigating the vari
ous interactions in the ternary solutions. The linear corre
lation of partial molar volume and viscosity B-coefficients 
with increasing number of carbon atoms in the alkyl chain 
have been used to explain the contribution of charged end 
group (NH3", coo-) and the CH2- group to V~. The 
results have been interpreted in the light of solute-solvent 

B2 

Dharwad-580 003, Karnataka 
E-mail: npshetti@yahoo.com 

The oxidation of an anticancer drug 5-fluorouracil (5-
FU) by dlperiodatoargentate(III) (DPA) was carried out 
both in the absence and presence of osmium(YIII) catalyst 
in alkaline medium at 27 "C and a constant ionic strength 
of 0.20 mol dm-3 spectrophotometrically attached with 
HI-TECH SFA-12 stopped flow accessory. The oxidation 
products in both the cases were identified as fluoroketene 
and Ag1• The stoichiometry is same in both cases, i.e. [5-
FU] : [DPA] = I : I. The reaction was of first order in 
both catalysed and uncatalysed cases, with respect to [DPA] 
and was less than unit order in [5-FU] and negative trac
tion in [alkali]. The order in.Osvm was unity. In both 
cases [Ag(H3I06)2]" itself is the active species of DPA. 
The uncatalysed reaction in alkaline medium has been 
shown to proceed via a DPA-5-fluorouracil complex, which 
decomposes in a rate determining step to give the prod
ucts. In catalysed reaction, it has been shown to proceed 
via a Os YII1_5-fluorouracil complex, which further reacts 
with one molecule of DPA in a rate determining step to 
give the products. The reaction constants involved in the 
different steps of the mechanisms were calculated for both 
the reactions. The catalytic constant (Kc) was also calcu-
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CHAPTER-A 

A.l: Fundamental of the Research Work 

A.l.l. Object and application ofthe research work: 

The study of physico-chemical techniques of solute-solvent1
-
3 and solvent-solvent4-

6 

systems are very useful because the physico-chemical properties play a pivotal role to 

explore the intermolecular interactions among mixed components especially to understand 

the such properties at microscopic and macroscopic levels. In order to understand the 

strength and nature of the interactions, transport properties of electrolytes, thermodynamic 

and acoustic studies involving binary and ternary systems of solvent and of one or more 

solutes in pure solvent and mixed solvent systems are very useful. The excess thermodynamic 

properties of the mixtures correspond to the difference between the actual property and the 

property if the system behaves ideally. Thus these properties provide important information 

about the nature and strength of intermolecular forces operating among mixed components. 

The study of viscous synergy and antagonism is important, gives the mutual 

enhancement or decrement of the physico-chemical, biological or pharmaceutical activity 

between different components of a given mixture. Thus it helps to yield the desired physical 

structure and properties7
• If the total viscosity of the system is equal to the sum of the 

viscosities of each component considered separately, the system8
•
9 is said to lack interaction. 

The applications and implications of the studies of reaction in non-aqueous and mixed 

solvents have been summarized by Meck10
, Franks11

, Popovych12
, Bates13

, Parker14
, Criss 

and Salomon15
, Marcus16 and others17

-
19 The solute-solute and solute-solvent interactions 

have been subject of wide interest as apparent from Faraday Transactions of the chemical 

society20 

In solution chemistry the molecular interactions forms the basis of explaining 

quantitatively the influence of the solvent and the extent of interactions of ions in solvents. 

Estimates of ion-solvent interactions can be had thermodynamically and also from the 

measurement of partial molar volumes, viscosity B-coefficient and limiting ionic 

conductivity studies. Estimates of single-ion values enable us to refine our model of ion-
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solvent interactions. Acceptable values of ion-solvent interactions would enable the chemists 

to choose solvents that will enhance (i) the rates of chemical reactions, (ii) the solubility of 

minerals in leaching operations or (iii) reverse the direction of equilibrium reactions. 

In spite of wide collections of data on the different electrolytic and non-electrolytic 

solutions in water, the structure of water and the different types of interactions that water 

undergoes with electrolytes are yet to be properly understood. However, the studies on 

properties of aqueous solutions have provided sufficient information on the thermodynamic 

properties of different electrolytes and non-electrolytes, the effects of variation in ionic 

structure, ionic mobility and common ions along with a host of other properties11
.2

1 

In recent years, there has been increasing interest in the behavior of electrolytes or 

solutes in non-aqueous and mixed solvents with a view to investigate solute-solute and 

solute-solvent interactions under varied conditions. However, different sequence of 

solubility, difference in solvating power and possibilities of chemical or electrochemical 

reactions unfamiliar in aqueous chemistry have opened vistas for physical chemists and 

interest in these organic solvents transcends the traditional boundaries of inorganic, physical, 

organic, analytical and electrochemistry22 

Fundamental research on non-aqueous electrolyte solutions has catalyzed their wide 

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

competing with other ionic conductors, especially at ambient and at low temperatures, due to 

their high flexibility based on the choice of numerous solvents, additives and electrolytes 

with widely varying properties. High-energy primary and secondary batteries, wet double

layer capacitors and super capacitors, electro-deposition and electroplating are some devices 

and processes for which the use of non-aqueous electrolyte solutions had brought the biggest 

successes23
"
25 Other fields where non-aqueous electrolyte solutions are 'broadly used include 

electrochromic displays and smart windows, photo-electrochemical cells, electro-machining, 

etching, polishing and electro-synthesis. In spite of wide technical applications, our 

understanding of these systems at a quantitative level is still not clear. The main reason for 

this is the absence of detailed information about the nature and strength of molecular 

interactions and their influence on structural and dynamic properties of non-aqueous 

electrolyte solutions. 
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The influence of these solute-solvent interactions is sufficiently large to cause 

dramatic changes in chemical reactions involving ions. The changes in ionic solvation have 

important applications in diverse areas such as organic and inorganic synthesis, studies of 

reaction mechanisms, non-aqueous battery technology and extraction26
.2

7
.2

8 

As a result of extensive studies in aqueous, non-aqueous and mixed solvents, it has become 

evident that the majority of the solutes are significantly influenced by the solvents. 

Conversely, the nature of strongly structured solvents like water, is substantially modified by 

the presence of solutes29 

The knowledge of ion-solvent, solvent-solvent interactions in non-aqueous solutions18 

from practical and theoretical point of view is very important in many practical problems 

concerning energy transport, heat transport, mass transport and fluid flow. Besides finding 

applications in engineering branch, the study is important in understanding liquid theories. 

The real understanding of the molecular interactions is a difficult task. as the aspect 

embraces a wide range of topics here we have analysed on a series of investigations based on 

the volumetric, viscometric, interferometric and conductometric behavior to study the 

chemical nature of the structure of solutes and solvents and their mutual and specific 

interactions in solution. 

A.1.2. Importance and scope of physico-chemical parameters: 

The study of physico-chemical properties involves the interpretation of the excess 

properties to understand the nature of intermolecular interaction among the mixed solvents. 

The interactions between molecules can be established from a study of characteristic 

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

compressibility etc30
•
31

. 

Density of solvent mixtures and related volumetric properties like excess molar volume are 

essential for theoretical as well as practical aspects. The sign and magnitude of excess molar 

volume imparts estimate of strength of unlike interactions in the binaries. The negative 

values of excess molar volume ( VE) suggest specific interactions32
•
33 between the mixing 

components in the mixtures while its positive values imply the dominance of dispersion 

forces32
•
33 between them. The negative VE values indicate the specific interactions such as 

intermolecular hydrogen bonding between the mixing components and also the interstitial 
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accommodation of the mixing components because of the difference in molar volume. The 

negative VE values may also be due to the difference in the dielectric constants of the liquid 

components of the binary mixture32 

Drug transport across biological cells and membranes is dependent on physico

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

physiological media such as blood, intracellular fluids is difficult to accomplish. One of the 

well-organized approaches is the study of molecular interactions in fluids by thermodynamic 

methods as thermodynamic parameters are convenient for interpreting intermolecular 

interactions in solution phase. Also the study of thermodynamic properties of drug in a 

suitable medium can be correlated to its theraptic effects26
.2

7 These facts therefore prompted 

us to undertake the study of binary or ternary solvent systems with I ,4-dioxane and I ,3-

dioxolane or tetrahydrofuran as primary solvents with some polar, weakly polar and non

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

experimental density, viscosity and speeds of sound data and subsequent interpretation of the 

nature and strength of intermolecular interactions help in testing and development of various 

theories of solution. 

Viscosity data provides valuable information about the nature and strength of forces 

operating within and between the unlike molecules. Recently the employment of computer 

simulation of molecular dynamics has led to significant improvement towards a successful 

molecular theory of transport properties in fluids and a proper understanding of molecular 

motions and interaction patterns in non-electrolytic solvent mixtures involving both hydrogen 

bonding and non-hydrogen bonding solvents34
•
35 The study of physico-chemical behaviors 

like dissociation or association from acoustic measurements and from the calculation of 

isentropic compressibility has gained much importance. Excess isentropic compressibility, 

intermolecular free length etc impart valuable information about the structure and molecular 

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

test of various solvent theories and statistical. 

A.1.3. Importance of solvents used: 

N,N-dimethylformamide, acetonitrile, acrylonitrile, dimethylsulfoxide, 2-butanone, s 

orne monoalkanols viz. methanol, ethanol, !-propanol, 2-propanol, !-propanol, 2-propanol, 
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!-butanol, 2-butanol, 1-pentanol and isoamylalcohol, and some cyclic as well as acylic ethers 

viz.,1,4-dioxane, 1,3-dioxolane, tetrahydrofuran, cyclohexylamine, cyclohexanone, 

butylacetate, butanone, butylamine, tert-butylamine, 2-butoxyethanol, some aromatic 

aldehydes viz. cinnamaldehyde, anisaldehyde and benzaldehyde along with water considered 

as a universal solvent have been chosen as main solvents in this research work. The study of 

these solvents, in general, is of great interest because of their wide use as solvents and 

solubilizing agents in many industries ranging from pharmaceutical to cosmetics. 

1,4-dioxane is very hygroscopic and miscible in all proportions with water. Its 

dielectric constant and dipole moment are 2.209 and 0.45D respectively at 25°C. However, 

its dipole moment rises with increase in temperature suggesting formation of boat form22 

1 ,4-dioxane is cyclic diether and they figure prominently in the high-energy battery 

technology38
• in electrical conductance studies38 and have also found application in organic 

synthesis as manifested from the physico-chemical studies in these media. 1 ,4-dioxane and 

1 ,3-dioxolane differ in one methylene group and thus they differ in quadrupolar and dipolar 

orde~9 

I ,4-dioxane 

N,N-dimethylformamide is a non-associative aprotic protophilic solvent with a liquid 

range of -60°C to 153°C, low vapour pressure and good solubility for a wide range of 

substances. It is also used in the separation of saturated and unsaturated hydrocarbons and 

serves as solvents for vinyl resins, acid gases, polyacrylic fibres and catalyst in carbonylation 

reaction as well as in organic synthesis. It has also been used as the model of peptide linkage 

in studies aimed at understanding of protein denaturation studies40
•
4

l 
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N,N-dimethylformamide 

The increasing use of 1,3-dioxolane, 1,4-dioxane, tetrahydrofuran and their aqueous 

or binary liquid mixtures in many industrial processes have greatly stimulated the need for 

extensive information on their various properties. Viscosity and density of these liquid 

mixtures are used to understand molecular interactions between the components of the 

mixture to develop new theoretical models and also for engineering applications42
•
4

J 

Tetrahydrofuran and its mixtures are the very important solvents widely used in 

various industries. This is a good industrial solvent and figures prominently in the high

energy battery technologies and has sound its application in organic syntheses as manifested 

from the physico-chemical studies in this medium44 

Tetrahydrifuran 

Benzaldehyde is used- (i) for flavouring purposes, in perfumery; (ii)in the 

manufacture of dyes; and (iii) as a starting material for the synthesis of several other organic 

compounds, e.g., cinnamaldehyde, cinnamic acid, benzoyl chloride, etc45 

c 
Benzaldehyde 

Alcohols and their aqueous and non-aqueous mixtures are widely used in 

pharmaceutical industry as excipients in different formulations or as solvents. Alcohols have 

varied applications in chemical and cosmetic industries. These are useful in enology and as 
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an alternative energy source46
• Knowledge of their physico-chemical characteristics helps to 

understand their behavior in a better way. 

Methanol is used as solvent for paints and varnishes, antifreeze for automobile 

radiators, motor fuel, denaturant for ethanol, etc. It is obtainable commercially in adequate 

purity for most purposes, the principle impurity being up to 0.05% water usually be removed 

by distillation, or by use of molecular sieves 

and calcium hydride. 

Methanol Ethanol 

Ethanol has been used as a solvent in quantitative studies and 'Absolute' alcohol 

usually contains 0.01% water. 

The Amylalcohols are used fundamentally for the perfumes composition and the 

synthesis of fruit essences. They are also used as solvents for surfaces and lacquer baths, inks 

for paint 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 

amylacetate and other amyl esters. 

Amylalcohol iso-amylalcohol 

The importance of iso-amyl alcohol in research field is implied for its usefulness in 

gas chromatography. It can isolate high quality RNA from even the hardest to isolate samples 

for immediate use in micro array application and it is also useful in most DNA applications47 
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However, it is worth mentioning that 1,4-dioxane differs from alcohols in its 

behaviour towards water. Alcohols are usually structure makers whereas 1 ,4- dioxane acts as 

a net structure breaker48. Aqueous 1,4-dioxane mixtures have been found to be more basic 

than water and the basicity has been found to be maximum in the region 45-50 mass% of 1,4-

dioxane49. 

The study of mixtures of acrylonitrile in various solvents is of interest because of its 

wide use as an important industrial monomer for polyacrylonitrile as well as for investigating 

the effect of the simultaneous presence of the C=C double bond and the polar nitrile C=N 

group on the molecular interactions. Further, the properties of liquid mixtures are also very 

important for polymer solubility, since some of the polymers which are insoluble in a single 

solvent can be dissolved in a solvent mixture. This behavior depends not only on the 

interactions between the polymer and each one of the liquids but also on the interactions 

between the liquids themselves. In fact, these interactions are decisive in determining the 

solubilization of the polymer and the coiling expansion of the polymer chains in solution 5°. 

Acrylonitrile 

Dimethylsulphoxide is a powerful broad spectrum solvent for a wide variety of 

inorganic and organic reactants. Having low toxicity, it can be used in biology and medicine, 

especially for low-temperature preservation51
. 

Dimethylsulphoxide 
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1 ,3-dioxolane is cyclic diether and it figure prominently in the high energy battery 

technology38 and have also found application in organic synthesis as manifested from the 

physico-chemical studies in this media. 

1,3-dioxolane 

Water is the most widely used solvent in the chemical industries, since it is the most 

physiological and best tolerated recipient. However, in some cases, water cannot be used as a 

solvent because the active substance or solute is insoluble or slightly soluble in it. The non

aqueous solvents with common characteristics of being soluble or miscible in water are thus 

used. Such solvents can be used to prepare binary or ternary mixtures and they can serve 

different purposes such as increasing water solubility, modifying the viscosity, absorption of 

the dissolved substance. 

The knowledge of the type and structure of the complex species in solution is 

essential for the optimal choice of solvents. Even though these solvents have drawn much 

focus in recent years as solvents for physico-chemical investigations, still a lot remains to be 

explored. 

A.1.4. Method oflnvestigations: 

The phenomenon of ion-ion or solute-solute, ion-solvent or solute-solvent and 

solvent-solvent synergy, and antagonism, are intriguing. It is desirable to explore these 

interactions using different experimental techniques. We have, therefore, employed four 

important methods, v1z. densitometry, viscometry, ultrasonic interferometry and 

conductometry in our research works. 

Viscosity and density have been used to interpret the synergic and antagonic behavior 

in the solvent mixtures. The values of synergic and antagonic interaction indices determine 

the nature of the molecular package. Thermodynamic properties of solutions are not only 
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useful for estimation of feasibility of chemical reactions m solution, but they 

also offer one of the better methods of investigating the theoretical aspects of solution structu 

re. 

Thermodynamic properties, like apparent molar volume, partial molar expansibility, et 

c.obtained from density measurements, are generally convenient parameters for interpreting 

ion-ion and ion-solvent interactions in solution. 

The change in solvent viscosity by the addition of electrolytes is attributed to inter

ionic and ion-solvent effects. The B-coefficients gives a satisfactory interpretation of ion

solvent interactions such as the effects of solvation, preferential solvation and structure

breaking or structure-making capacity of the solutes. 

The compressibility, a second derivative of Gibbs energy, is also a sensitive indicator 

of molecular interactions and provides useful information in such cases where partial molar 

volume data alone cannot provide an unequivocal interpretation of these interactions. Various 

acoustical parameters have been derived in carrying out the investigations. 

The excess properties such as excess molar volume, viscosity deviations and 

deviation in isentropic compressibility along with the correlating equations explain molecular 

interactions in a more effective way. 

The transport properties are studied using the conductance data, specially the conduct 

ance at infinite dilution. Conductance data obtained as a function of concentration are used to 

study the ion-association with the help of appropriate equations. 

A.l.S. Summary ofthe works done: 

Chapter-A 

Chapter A.l. 

This chapter contains the object and applications of the research work, the reasons for 

choosing the main solvents and solutes and methods of investigation. This also includes a 

summary of the works relating to this thesis. 
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Chapter A.2. 

This chapter contains the general introduction of the thesis and forms a background of 

the works embodied in the thesis. A brief review of notable works on the behavior of viscous 

synergy and antagonism, ion-ion or solute-solute, ion-solvent or solute-solvent and solvent

solvent interaction has been made. Also an attempt has been made to define these 

interactions. Various derived parameters dependent on density, viscosity, ultrasonic speed of 

sound and conductance along with their importance in solution chemistry has been discussed. 

Several semi-empirical models to estimate dynamic viscosity of binary liquid mixtures have 

been discussed. Ionic association and its dependence on ion-size parameters as well as 

relation between solution viscosity and limiting conductance of an ion has been discussed 

using Stokes' law and Walden rule. Critical evaluations of different methods employed 

frequently for obtaining the single ion values (viscosity B-coefficient and limiting equivalent 

conductance) and their implications have been discussed stressing the importance of the work 

associated with the thesis 

Chapter A.3. 

This chapter contains the experimental section mainly involving the source and 

purification of the solvents and solutes used and the details of the experimental methods 

applied for measurement of the thermodynamic, transport and acoustic properties. 

Chapter-B 

Chapter B.l. 

This chapter includes the study on interaction between solvent-solvent occuring in 

binary mixtures of acrylonitrile with some aromatic aldehydes by volumetric, viscometric an 

d acoustic measurements. The excess molar volume ( VE) and viscosity deviations (&,) have 

been derived from density (p) and viscosity ('I) datas of the binary mixtures of acrylonitrile 

with anisaldehyde, cinnamaldehyde, and benzaldehyde measured at 298.15, 308.15, and 

318.15K. The data have been correlated with the Grunberg-Nissan equation. Moreover, 

deviations in isentropic compressibility (Ms) have been calculated from ultrasonic speed 
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measurements of these binary mixtures at 298.15,308.15 and 318.15 K. The results have been 

discussed in terms of molecular interactions and structural effects. 

Chapter B.2. 

In this chapter Densities and viscosities and ultrasonic speeds have been measured for 

the binary mixtures of cyclohexylamine and cyclohexanone with butyl acetate, butanone, 

butylamine, tert-butylamine and 2-butoxyethanol at 298.15 K over the entire composition 

range. From density and viscosity data, the values of excess molar volume (pE) and viscosity 

deviation (!;.17 ) and Gibbs excess energy of activation for viscous flow (G*E) have been 

determined.. Furthermore, deviation in isentropic compressibilities (Ms) have been 

calculated from ultrasonic speed measurements of these binary mixtures at 298.15 K. These 

results have been fitted to Redlich-Kister polynomial equation to estimate the binary 

coefficients and standard errors between the experimental and the computed values. The 

density and viscosity data have been analyzed in terms of some semiempirical viscosity 

models and the results have been discussed in terms of molecular interactions and structural 

effects. 

Chapter B.3. 

Study of densities, viscosities and speeds of sound have been measured for the ternary 

liquid mixtures of I ,4-dioxane + N,N-dimethylformamide + monoalkanols as a function of 

the composition at 298.15 K. From the experimental measurements excess molar volumes 

( VE ), viscosity deviation (t;.'l), Antagonic Index (h) The speeds of sound of these ternary 

mixtures have been measured over the whole composition range at the same temperatures 

(298.15K) and also, the isentropic compressibilities (Ks) and excess isentropic 

compressibilities ( Ki) have been evaluated from the experimental data. The variation of VE, 

1/max and lA with the number of carbon atoms are also shown. The results get a clear idea 

about the type and amount of molecular interactions between them and also given us an idea 

about· antagonism. The lower monoalkanols are found to associate more with others 

molecules whereas self-association between the alcohol molecules was found to increase 

with increasing chain length because as the chain length of the alkane groups in the alkanols 
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increases, their electron releasing ability increases, thereby decreasing the polarity of the -

OH group. In case of isomers, steric effect becomes the deciding factor. Here due to large 

and complex size of the secondary alkanols compared to the primary ones, the I ,4-dioxane 

molecules cannot easily disrupt the molecular package formed between DMF and alcohols. 

Thus, the mutual attraction remains greater for the 2·-isomers.an example is shown here: 

Chapter-C 

Chapter C.l. 

In this chapter electrolytic conductivities of some alkali metal halides , MX ( M' = 

Li\ Na+ & K+; x· = cr, Br·& r ), NaBPh4 and Bu4NBr have been investigated in 20,40 and 

60 mass% of dimethyl sulfoxide (DMSO) in DMSO + Acetonitrile mixtures at 298.15 K. 

The conductance data have been analyzed by the Fuoss conductance equation in terms of 

the limiting molar conductance ( A0 ), the association constant (KA) and the association 

diameter (R). The limiting ionic conductances have been estimated from the appropriate 

division of the limiting molar conductivity value of the "reference electrolyte" BU4NBP~. 

The cations are found to be substantially solvated in both solvent mixtures whereas the 

anions appear to have weak interactions with the solvent molecules. The results further 

indicate that the coulombic forces play a major role in the ion association processes. 

Chapter C.2. 

In this chapter electrical conductances of some tetraalkylammonium halides have 

been measured in THF + I ,4-DO mixtures with I 0, 20, and 30 mass percent at 298.15 K. 

Minima in the conductometric curves (Aversus~) were observed for electrolyte 

concentrations dependent upon both the electrolyte and the binary solvent mixture. The 

conductance data have been analyzed by the Fuoss- Kraus theory of triple ions. A numerical 

evaluation of ion-pair and triple- ion formation constants ( K" and KT) were made and the 

results have been discussed in terms of molecular scale model. The existence of triple-ions 

might be inferred in solutions due to coulombic interactions and covalent bonding forces 

between the ions (lttN+ ..... X"). 
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Chapter-D 

Chapter D.l. 

This chapter includes the volumetric, viscometric, and ultrasonic studies of 

tetrabutylammonium bromide in aqueous binary mixtures of ascorbic acid (0.00, 10, 20 and 

30 mass% ascorbic acid) at different temperatures (298.15, 308.15, and 318.15) K. The 

experimental values of p were used to calculate the values of the apparent molar volume 

( ~ ). The limiting apparent molar volume ( v:) and the experimental slope ( S~) have been 

interpreted in terms of ion-solvent and ion-ion interactions respectively. The structure 

making I breaking capacities of the (1:1) electrolytes have been inferred from the sign of 

( a
2

V~') and dB. The V
9
' and viscosity B-coefficient values for TBAB indicate the presence 

aT dT 
p 

of strong solute-solvent interactions, and these interactions are further strengthened at higher 

temperatures and higher concentrations of ascorbic acid in ternary solutions. This study also 

reveals that TBAB acts as a water-structure promoter due to hydrophobic hydration in the 

presence of ascorbic acid and ascorbic acid has a dehydration effect on the hydrated TBAB. 

Chapter D.2. 

This is chapter consists of Partial molar volumes of oxalic acid and its salts, viz. 

ammonium oxalate, sodium oxalate and potassium oxalate, have been determined in 5 %, I 0 

%, and 15 %by mass of 1,3-dioxolane +water mixtures at T = (298.15, 308.15, and 

318.15) K and p = 0.1 MPa. Structure making/ breaking capacities of oxalic acid and its salts 

have been expressed from the sign of [ a
2

v~2 1, i.e. the second derivative of partial molar 

volume with respect to temperature at constant pressure. The viscosity data have been 

evaluated using the Jones-Dole equation and the derived parameters, Band A, have also been 

interpreted in terms of solute-solvent and solute-solute interactions, respectively. The oxalic 

acid and its salts behave as structure breakers in binmy aqueous mixtures of I ,3-dioxolane. 
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Chapter D.3. 

Proteins are complex molecules and their behaviour in solutions is governed by a 

combination of many specific interactions. One approach that reduces the degree of 

complexity and requires less complex measurement techniques is to study the interactions in 

systems containing smaller biomolecules, such as amino acids and peptides. The small amino 

acid molecules incorporate some of the structural features found in proteins and have been 

used as model compounds for specific aspects of proteins in aqueous solutions. Some studies 

have revealed that the presence of an electrolyte drastically affects the behaviors of amino 

acids in solutions and this fact can be used for their separation and purification. Therefore, in 

this chapter an attempt has been made to unravel the various interactions prevailing in amino 

acid in aqueous catechol solutions at 298.15 K 

Chapter E 

In this chapter the dissertation ends with some concluding remarks mentioning the 

methods, various equations, importance and application of the work 
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A.2: General Introduction 

A.2.1. Investigation on Viscous Synergy and Antagonism 

Grouping of solvents into classes is often based on the nature of the intermolecular forces 

because the manner whereby solvent molecules are associated with each other brings about a 

marked effect on the resulting properties. Rheology is the branch of science' that studies material 

deformation and flow, and is increasingly applied to analyses the viscous behaviors of many 

pharmaceutical products2
•
7

• and to establish their stability and even bio-availability, since it has 

been firmly established that viscosity influences the drug absorption rate in the bodl·9 

The study of the viscous behaviour of pharmaceutical, foodstuffs, cosmetics or industrial 

products, etc. is essential for confirming that their viscosity is appropriate for the contemplated 

use of the products. 

Viscous synergy is defined as the interaction between the components of a system that 

causes the total viscosity of the latter to be greater than the sum of the viscosities of each 

component in the system 10
•
1
'-

In contraposition to viscous synergy, Viscous antagonism is the term used in application 

to the interaction between the components of a system that causes the total viscosity of the latter 

to be less than the sum of the viscosities of each component in the system. 

If the total viscosity of the system is equal to the sum of the viscosities of each 

component considered separately, the system would lack interaction. 

The method most widely used to analyze the synergic and antagonic behavior of various 

solvent mixtures studied is that developed by Kalentune-Gencer and Peleg12
, allowing the 

quantification of the antagonic and synergic interactions taking place in mixtures involving 

variable proportions of the constituent components. 

The method compares the viscosity of the system, determined experimentally, 1/exp with 

the viscosity expected in the absence of interaction, 1/calcd, defined as13
, 

3 

TJco~"' = l)I';TJ; (I) 
i=l 
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Where, where W~, W2 and W3 are the weight fractions and 1/I, 112 and 1/3 are the measured 

viscosities, of the components I, 2 and 3 respectively. 

Accordingly, viscous synergy is exists when, 1/exp > 1/calcd and while when, 1/exp < 1/calcd 

viscous antagonism is exists. This procedure is used when Newtonian fluids are involvedn 

In order to secure more comparable viscous synergy results, the so called synergy index (I ), 
' 

introduced by Howell13 is taken into account: 

(2) 

The negative value of gives Is antagonic interaction index h. 

The method used to analyze volume contraction and expansion is carrying out the 

following equation analogous to that used for viscosity of mixture. 

3 

Pmix =L~Pi (3) 
i=l 

Where, Wi and Pi are the fractions by weight and densities measured experimentally of the pure 

components respectably. Accordingly, when Pexp > Pmix. volume contraction occurs while, when 

Pexp <Pmix, volume expansion occurs in the system. 

Besides this, power fetor, F~ has also be studied which is the enhancement index of the 

viscosity given as 

F = 1Jmax 

" T/o 
(4) 

where 1/mox is the maximum viscosity attained in the mixtures, and 1/o is the experimental 

viscosity of the pure components. The investigations have been carried out with various binary 

as well as ternary mixtures. 
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A.2.2. Ion-ion interaction 

Ion-solvent interactions are only a part of the story of an ion related to its environment. 

The surrounding of an ion sees solvent molecules as well as also other ions. The mutual 

interactions between these ions constitute the essential part of 'ion-ion interactions'. The degree 

of these interactions affects the properties of solution. and depends on the nature of electrolyte 

under investigation. Ion-ion interactions, in general, are stronger than ion-solvent interactions. 

Ion-ion interaction in dilute electrolytic solutions is now theoretically well understood, but ion

solvent interactions or ion-solvation still remains a complex process. 

While proton transfer reactions are particularly sensitive to the nature of the solvent, it is 

now clear that the majority of the solutes are significantly modified by the solvents. Conversely, 

the nature of the strongly structured solvents, such as water, is substantially modified by the 

presence of solutes. Complete understanding of the phenomena of solution chemistry will 

become a reality only when solute-solute, solute-solvent and solvent-solvent interactions are 

elucidated and thus the present dissertation is intimately related to the studies of solute-solute, 

solute-solvent and solvent-solvent interactions in some solvent media. 

A.2.3. Investigation on Ion-Solvent Interaction 

The formation of mobile ions in solution is a basic aspect to electrochemistry. There are 

two distinct ways that mobile ions form in solution to create ionically conducting phases. The 

first one is illustrated for aqueous acetic acid in figure 114 

10 0 1H Pt:oton-transfer 
H3 C- C I + o, reaction 

'o-H H 
Neutral acetic Neutral 
acid molecule water 

molecule 

+ 

Acetate ion Hy1h·onitun ion 

Figure!. The chemical method of producing ionic solutions 

The second one involves dissociation of a solid lattice of ions such as the lattice of sodium 

chloride. The ion formation, as shown in below14
, is as if the solvent colliding with the walls of the 
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crystal gives the ions in the crystal lattice a better deal energetically than they have within the 

lattice. It entices them out and into the solution. Thus there is a considerable energy of interaction 

between the ions and the solvent molecules. These interactions are collectively termed as ion

solvent interactions 

The spherically symmetrical electric field of the ion may tear solvent dipoles out of the 

solvent lattice and orient them with appropriate charged end toward the central ion. Thus, viewing 

the ion as a point charge and the solvent molecules as electric dipoles, ion-dipole forces become 

the principal source of ion-solvent interactions. It was presumed earlier that the solvent only 

provides an inert medium for chemical reactions. The significance of ion-solvent interactions was 

realized after extensive studies in aqueous, non-aqueous and mixed solvents15
.
24 

Though water is the most abundant and versatile solvent in nature but its uniqueness as a 

solvent has been questioned25
•
26 and it has been realized that the studies of other solvent media 

like non-aqueous and mixed solvents would be of great help in understanding different molecular 

interactions and a host of complicated phenomena. Non-aqueous and mixed solvents increase the 

range of applicability of electrochemical techniques to many organic and inorganic compounds 

either due to its instability or insolubility in water and many novel battery systems require their 

use27 for important new developments. 

One of the causes for the intricacies in solution chemistry is the uncertainty about the 

structure of the solvent molecules in solution. The introduction of a solute modifies the solvent 

structure to an uncertain extent and solute structure also gets modified by the solvent molecule. 

Thus the interplay of forces like solute-solute, solute-solvent and solvent-solvent interactions 

become predominant, though the isolated picture of any of the forces is still not known 

completely to the solution chemist. 

The organic solvents have been classified based on the dielectric constants, functional 

group types, acid-base properties or association through hydrogen bonding24
• donor-acceptor 

properties28
.
29

, hard and soft acid-base principles30
, etc. As a result, the different solvents show a 

wide variety of properties ultimately influencing their thermodynamic, transport and acoustic 

properties in presence of electrolytes and non-electrolytes in these solvents. By separating these 

functions into ionic contributions, it is possible to determine the contributions due to cations and 

anions in the solute-solvent interactions. Thus ion-solvent interactions play a key role to 

understand the physico-chemical properties of solutions. 
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Ion-solvent interactions can be studied by spectrometry31
"
32 But even qualitative or 

quantitative apportioning of ion-solvent interactions into the various possible factors is still an 

uphill task. 

The aspect embraces a wide range of topics but we concentrated only on the 

measurement of transport properties like viscosity, conductance etc. and such thermodynamic 

properties as apparent and partial molar volumes and apparent molal adiabatic compressibility. 

A.2.4. Theory of Mixed Solvents 

As the non-aqueous and mixed solvents are widely used in various field of modern 

science, a number of molecular theory have been developed. L. Jones and Devonshire33 were 

first to evaluate the thermodynamic functions for a single fluid in terms of interchange energy 

parameters. They used "Free volume" or "Cell model". Prigogine and Garikian34 extended the 

above approach to solvent mixtures. Random mixing of solvents was their main assumption 

provided the molecules have similar sizes. Prigogine and Bellemans35 developed a two fluid 

version of the cell model. Treszczanowicz et al36 suggested that 0 is the result of several 

contributions from several opposing effects. These may be divided arbitrarily into three types, 

viz. physical, chemical and structural. Physical contributions contribute a positive term to 0. 
The chemical or specific intermolecular interactions result in a volume decrease and contribute 

negative values to 0. The structural contributions are mostly negative and arise from several 

effects, especially from interstitial accommodation and changes in the free volume. The actual 

volume change would therefore depend on the relative strength of these effects. However, it is 

generally assumed that when 0 is negative, viscosity deviation ( llTJ) may be positive and vise

versa. This assumption is not a concrete one, as evident from some studies37
-
39 It is observed in 

many systems that there is no simple correlation between the strength of interaction and the 

observed properties. Based on the principle of corresponding states as suggested by Pitzer40
• L. 

Huggins41 introduced a new approach in his theory of conformal solutions. Using a simple 

perturbation approach, he showed that the properties of mixtures could be obtained from the 

knowledge of intermolecular forces and thermodynamic properties of the pure components. 

Recently, Row Iinson et al4244 reformulated the average rules for vanderwaals mixtures and their 

ca1culated values were in much better agreement with the experimental values even when one 

fluid theory was applied. The more recent independent effort is the perturbation theory of Baker 
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and Henderson 45 Flory et al46
-
49 developed a statistical theory for predicting the excess properties 

of binary mixtures by using the equation of state and the properties of pure components along 

with some adjustable parameters. This theory is applicable to mixtures containing components 

with molecules of different shapes and sizes. Recently, Heintz50
"
52 and coworkers suggested a 

theoretical model based on a statistical mechanical derivation and accounts for self-association 

and cross-association in hydrogen bonded solvent mixtures termed as extended real associated 

solution model (ERAS). It combines the effect of association with non-associative intermolecular 

interaction occurring in solvent mixtures based on equation of state developed originally by 

Flory et al4648 But Pineiro et al53 noticed that some of the mixing rules of the ERAS model have 

an asymmetrical form signifying that the components should be distinguishable from one 

another. Subsequently they introduced a new symmetrical reformulation56 of ERAS model called 

'Symmetrical-ERAS' model, which can be used to describe the excess molar enthalpies and 

excess molar volumes of binary mixtures containing very similar compounds like alcohol

alcohol mixtures57 

A.2.5. Volumetric measurement 

The volumetric information includes 'Density' as a function of composition on the bases 

of weight, volume and mole fraction and excess volumes of mixing. Thermodynamic properties 

are.generally convenient parameters for interpreting solute-solvent and solute-solute interactions 

in the solution phase. Interpretation of fundamental macroscopic state of the system such as 

enthalpy, entropy and Gibbs free energy in terms of molecular phenomena is generally difficult. 

The volumetric information may be of immense importance in this regard. 

Various concepts regarding molecular processes in solutions like electrostriction58
, 

hydrophobic hydration59
, micellization60 and co-sphere overlap during solute-solvent 

interactions61 to a large extent have been derived and interpreted from the partial molar volume 

data of many compounds. 

A.2.5.1. Apparent and Partial Molar Volumes 

The molar volume of a pure substance can be determined from density measurements. 

However, the volume contributed to a solvent by the addition of one mole of an ion is difficult to 

determine. This is so because, upon entry into the solvent, the ions change the volume of the 
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solution due to a breakup of the solvent structure near the ions and the compression of the 

solvent under the influence of the ion's electric field i.e., Electrostriction. The effective volume 

of an ion in solution, the partial molar volume, can be determined from a directly obtainable 

quantity, apparent molar volume O'+l· The apparent molar volumes, V. of the solutes can be 

calculated by using the following relation: 62 

M IOOO(p- Po) 

Po CPo (5) 

where M is the molecular weight of the solute, Po anc! p are the densities of solvent and solution 

respectively and cis the molarity of the solution. 

The partial molar volumes, V2 can be obtained from the equation:63 

(6) 

The extrapolation of the apparent molar volume of electrolyte to infinite dilution and the 

expression of the concentration dependence of the apparent molar volume have been made by 

four major equations over a period of years, the Masson equation64
• the Redlich-Meyer 

equation65
• the Owen-Brinkley equation66 and the Pitzer equation40 Masson found that the 

apparent molar volume of electrolyte, V0 , vary with the square root of the 

molar concentration by the linear equation: 

(7) 

where, V.". is the limiting apparent molar volume (equal to the partial molar volume at infinite 

dilution, and S~ is the experimental slope. The majority of V
0 

data in water67 and nearly all V
0 

data in non-aqueous68
"
72 solvents have been extrapolated to infinite dilution through the use of 

equation (7). 
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The temperature dependence of v,• for various investigated electrolytes in various 

solvents can be expressed by the general equation as follows: 

(8) 

Where, a0 , a 1 and a2 are the coefficients of a particular electrolyte and T is the temperature in 
Kelvin. 

The limiting apparent molar expansibilities ( ¢~) can be calculated from the general 

equation (9). Thus, 

(av.•) ¢~ = a; ' = a, + 2a2T (9) 

The limiting apparent molar expansibilities ( ¢~) change in magnitude with thj: change of 

temperature .. During the past few years, different workers emphasized that S~ is not the sole 

. criterion for determining the structure-making or structure-breaking nature of anY. solute. Hepler 

(a'v.•) 73 developed a technique of examining the sign of aT~ P fo~ various solutes in terms of long 

range structure-making and breaking capacity of. the solutes in solution using the general 

thermodynamic expression: 

(ac ) (a'v.•) a; T = aT~ • = 2a, 
(10) 

On the basis of this expression, it has been deduced that structure-making solutes should 

have positive value, whereas structure-breaking solutes should have negative value. 

However, Redlich and Meyer65 have shown that equation (II) cannot be more than a limiting 

law and for a given solvent and temperature the slope, S~ should depend only upon the valence 

type. They suggested an equation for representing V~ as follows: 

( 1 I) 
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where, 

Sv is the theoretical slope, based on molar concentration, including the valence factor: 

j 

w=0.5~);z; 

and, K=N'e'( 8n )X[(alne) _/3] 
1000e3 RT 8p r 3 

where P. is the compressibility of the solvent. But the variation of dielectric constant with 

pressure was not known accurately enough, even in water, to calculate accurate values of the 

theoretical limiting slope. 

(12) 

(13) 

(14) 

Thus for polyvalent electrolytes, the more complete Owen-Brinkley equation66 can be 

used to aid in the extrapolation to infinite dilution and to adequately represent the concentration 

dependency of ~. The Owen- rinkley equation derived by including the ion-size parameter is 

given by: 

where the symbols have their usual significance. However, equation (15) has not been widely 

employed for the treatment of results for non-aqueous solutions 

A.2.5.2. Ionic Limiting Partial Molar Volumes 

(15) 

The individual partial ionic volumes provide information relevant to the general question 

of the structure near the ion i.e., its solvation. The calculation of the ionic limiting partial molar 

volumes in organic solvents is, however, a difficult one. At present, however, most of the 

existing ionic limiting partial molar volumes in organic solvents were obtained by the application 

of methods originally developed for aqueous solutions74
-
78 to non-aqueous electrolyte solutions. 

In the last few years, the method suggested by Conway et al. 78 has been used more 

frequently. These authors used the method to determine the limiting partial molar volumes of the 
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anion for a series of homologous tetraalkylammonium chlorides, bromides and iodides in 

-0 

aqueous solution. They plotted the limiting partial molar volume, V n,Nx for a series of these salts 

.. -0 

with a halide ion in common as a function of the formula weight of the cation, V n,N' and 

obtained straight-lines for each series. Therefore, they suggested the following equation: 

-o -o -o 
Vn,Nx =Vn,N•+Vx- (16) 

The extrapolation to zero cationic formula weight gave the limiting partial molar volumes 
-o 

of the halide ions, V x-

A.2.5.3. Excess Molar Volumes 

The study has been carried out with the binary and ternary aqueous and non-aqueous 

solvent mixtures. The excess molar volumes (F) are calculated from density of these solvent 

mixtures according to the following equation:79
'
82 

1 
( I I ) VE = L:x;M; ---

i=l P P; 
(17) 

where, P. is the density of the mixture and M; , x; and p; are the molecular weight, mole fraction 

and density of ith component in the mixture, respectively. 

A.2.6. Viscometric measurement 

The viscometric information includes 'Viscosity' as a function of composition on the 

bases of weight; volume and mole fraction, comparison of experimental viscosities with those 

calculated with several equations and excess Gibbs free energy of viscous flow. Viscosity, one of 

the most important transport properties is used for the determination of ion-solvent interactions 

and studied extensivell2'
84 Viscosity is not a thermodynamic quantity, but viscosity of an 

-o 
electrolytic solution along with the thermodynamic property, V,, i.e., the partial molar volume, 

gives a lot of information and insight regarding ion-solvent interactions and the nature of 

structures in the electrolytic solutions. 
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The viscosity relationships of electrolytic solutions are highly complicated. Because ion

ion and ion-solvent interactions are occurring in the solution and separation of the related forces 

is a difficult task. But from careful analysis, vivid and valid conclusions can be dra~l{egarding 

the structure and the nature of the solvation of the particular system. As viscosity is a measure of 

the friction between adjacent, relatively moving parallel planes of the liquid, anything that 

increases or decreases the interaction between the planes will raise or lower the friction and thus, 

increase or decrease the viscosity. 

If large spheres are placed in the liquid, the planes will be keyed together in increasing 

the viscosity. Similarly, increase in the average degree of hydrogen bonding between the planes 

will increase the friction between the planes, thereby viscosity. In 1905, Grlineisen85 performed 

the first systematic measurement of viscosities of a number of electrolytic solutions over a wide 

range of concentrations. He noted non-linearity and negative curvature in the viscosity 

concentration curves irrespective of low or high concentrations. In 1929, Jones and Dole86 

suggested an empirical equation quantitatively correlating the relative viscosities of the 

electrolytes with molar concentrations, c: 

.!1_= TJ, =I +A../c +Be 
T/o 

(18) 

where A and B are constants specific to ion-ion and ion-solvent interactions. The equation is 

applicable equally to aqueous and non-aqueous solvent systems where there is no ionic 

association and has been used extensively. The term A-.Jc , originally ascribed to Grlineisen 

effect, arose from the long-range coulombic forces between the ions. The significance of the 

term had since then been realized due to the development Debye-J:!Uckel theory 87 of inter ionic 

attractions in 1923. 

At higher concentrations the extended Jones-Dole equation (18), involving an additional 

coefficient D, originally used by Kaminskl8
• has been used by several workers89

• 
90 and is given 

below: 

.!l_=TJ, =I +A../c+Bc+Dc2 

TJo 
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The coefficient D cannot be evaluated properly and the significance of the constant is also not 

always meaningful and therefore, equation (19) is used by the most of the workers. 

The plots of (TJ I 1]0 - I) I..Jc against ..Jc for the electrolytes should give the value of A- coefficient. 

But sometimes, the values come out to be negative or considerably scatter and also deviation 

from linearity occur88
'
92 

A -coefficient should be zero for non-electrolytes. According to Jones and Dole, the A

coefficient probably represents the stiffening effect on the solution of the electric forces between 

the ions, which tend to maintain a space-lattice structure86
. 

The B-coefficient may be either positive or negative and it is actually the ion-solvent 

interaction parameter. It is conditioned by the ion-size and the solvent and cannot be calculated a 

priori. The B-coefficients are obtained as slopes of the straight lines using the least square 

method and intercepts equal to the A values. The factors influencing B- coefficients are93
•
94 

(i) The effect of ionic solvation and the action of the field of the ion in producing long-range 

order in solvent molecules, increase t/ orB-value. 

(ii) The destruction of the three dimensional structure of solvent molecules (i.e., structure 

breaking or depolymeriation effect) decrease 11 values. 

(iii) High molal volume and low dielectric constant, which yield high B-values for similar 

solvents. 

(iv) Reduced B-values are obtained when the primary solution of ions is sterically hindered in 

high molal volume solvents or if either ion of a binary electrolyte cannot be specifically solvated. 

A.2.6.1. Viscosities at Higher Concentration 

It had been found that the viscosity at high concentrations (1M to saturation) can represented by 

the empirical formula suggested by Andrade95 

1J =Aexp'lr (20) 

The several alternative formulations have been proposed for representing the results of 

viscosity measurements in the high concentration range9
6-IOO and the equation suggested by 

Angell 101
• 

102 based on an extension of the free volume theory of transport phenomena in liquids 

and fused salts to ionic solutions is particularly noteworthy. 
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The equation Is: (21) 

Where, N represents the concentration of the salt in eqv.Litre-1
, A and K1 are constants supposed 

to be independent of the salt composition and N0 is the hypothetical concentration at which the 

system becomes glass. The equation was recast by Majumder et a! 103
"
105

, introducing the limiting 

condition, that is; which is the viscosity of the pure solvent Thus, we have: 

In .!L = In 17"" 
T/o 

K,N 

N0 (N,-N) 
(22) 

The equation (22) predicts a straight line passing through the origin for the plot of In 11 • ., 

vs. N I (No - N) if a suitable choice for No is made. Majumder et al. tested the equation (22) by 

using literature data as well as their own experimental data. The best choice for No and K 1 was 

selected by trial and error methods. The set of K1 and No producing minimum deviations 

between 11:=: and 11~:';' was accepted_ In dilute solutions, N <<No and we have: 

(K,N~-) K N 
TJ = exp /N,; "'I +-1 -

Ref - N2 
0 

(23) 

Equation (22) is nothing but the Jones-Dole equation with the ion-solvent interaction term 

represented as B = K~ The arrangement between B-values determined in this way and using 
N, 

Jones-Dole equation has been found to be good for several electrolytes. 

Further, the equation (22) written in the form: 

N N~ N,N --=----
lnTJR<I K, K, 

(24) 
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It closely resembles the Vand's equation106 for fluidity (reciprocal for viscosity): 

2.5c 

2.303logq0, 1 

I 
--Qc v (25) 

where, c is the molar concentration of the solute and Vis the effective rigid molar volume of the ' 

salt and Q is the interaction constant. 

A.2.6.2. Division of B-coefficient 

The viscosity B -coefficients have been determined by a large number of workers in 

aqueous, mixed and non-aqueous solvents92
•
107

"
137 However, the B-coefficients as determined 

experimentally using the Jones-Dole equation, does not give any impression regarding ion

solvent interactions unless there is some way to identifY the separate contribution of cations and 

anions to the total solute-solvent interaction. The division of B-values into ionic components is 

quite arbitrary and based on some assumptions, the validity of which may be questioned. 

The following methods have been used for the division of B-values in the ionic 

components -

(i) Cox and Wolfenden 138 carried out the division on the assumption that Bion values ofLi+ and 

103: in Lil03 are proportional to the ionic volumes which are proportional to the third power of 

the ionic mobilities. The method of Gumey139 and also ofKaminsky93 is based on: 

BK. =Be,. (in water) (26) 

The argument in favour of this assignment is based on the fact that the B-coefficients for 

KCI is very small and that the mobilities of K and Cf are very similar over the temperature 

range (15-45) •c. The assignment is supported from other thermodynamic properties. 

Nightingle, 140 however preferred RbCI or CsCI to KCI from mobility considerations. 

(ii) The method suggested by Desnoyers and Perron94 is based on the assumption that the E4N+ 

ion in water is probably closest to be neither structure breaker not a structure maker. Thus, they 

suggest that it is possible to apply with a high degree of accuracy of the Einstein's equation,141 

-o 
B=0.0025V (27) 
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-0 

and by having an accurate value of the partial molar volume of the ion, V, it is possible 

to calculate the value of 0.359 for B • in water at 25°C. 
Et4N 

Recently Sacco et a!. proposed the "reference electrolytic" method for the division of B

values. Thus, for tetraphenyl phosphonium tetraphenyl borate in water, we have: 

(28) 

BBPh,PPh, (Scarcely soluble in water) has been obtained by the following method: 

(29) 

The values obtained are in good agreement with those obtained by other methods. 

The criteria adopted for the separation of B-coefficients in non-aqueous solvents differ 

from those generally used in water. However, the methods are based on the equality of 

equivalent conductances of counter ions at infinite dilutions. 

(a) Criss and Mastroianni assumed BK. =Be, in ethanol based on equal. mobility of ions142 

They also adopted B" • = 0.25 as the initial value for acetonitrile solutions. 
Me4N • 

(b) For acetonitrile solutions, Tuan and Fuoss143 proposed the equality, as they thought 

that these ions have similar mobilities. However, according to Springer et al144 

A;', ( Ph4B-) = 58.3 in acetonitrile. 

(c) Gopal and Rastogi 84 resolved the B-coefficient inN-methyl propionamide solutions 

assumin that B • = B at all temperatures. 
E14N r 

(d) In dimethyl sulphoxide, the division of B-coefficients were carried out by Yao and 

Beunion 92 assuming: 
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B. =B I 
LU-p•),BuN'] Ph,Ir 2B[(i-pe)

3
BuNPh

4
B] 

(31) 

at all temperatures. 

Wide use of this method has been made by other authors for dimethyl sulphoxide, sulpholane, 

hexamethyl phosphotriamide and ethylene carbonate145 solutions. 

The methods, however, have been strongly criticized by Krumgalz146 According to him, 

any method of resolution based on the equality of equivalent conductances for certain ions 

suffers from the drawback that it is impossible to select any two ions for which 

A: =A~ in all solvents at all temperatures. Thus, though A;, = A~r at 25°C in methanol, but 

is not so in ethanol or in any other solvents. In addition, if the mobilities of some ions are even 

equal at infinite dilution, but it is not necessarily true at moderate concentrations for which the B

coefficient values are calculated. Further, according to him, equality of dimensions of 

(1- pe),BuN+ or (i-Am)3BuN+ and Ph~· does not necessarily imply the equality of B-

coefficients of these ions and they are likely to be solvent and ion-structure dependent. 

Krumgalz14
.,.

148 has recently proposed a method for the resolution of B-coefficients. The 

method is based on the fact that the large tetraalkylammonium cations are not solvated149
• 

150 in 

organic solvents (in the normal sense involving significant electrostatic interaction). Thus, the 

ionic B-values for large tetraalkylammonium ions, R4B+ (where R > Bu) in organic solvents are 

proportional to their ionic dimensions. So, we have: 

(32) 

where, a= B£ and b is a constant dependent on temperature and solvent nature. 

The extrapolation of the plot of BR,NX (R > Pr or Bu) against r 3 R4N+ to zero cation 

dimension gives directly B~ In the proper solvent and thus B-ion values can be calculated. 

The B-ion values can also be calculated from the equations: 
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(33) 

B r 3 
R N+ R N+ -·-=-'- (34) 

The radii of the tetraalkylammonium ions have been calculated from the conductometric 

data. 151 

The method of resolution is based on the assumption, like Krumgalz, that Bu4N+ and 

Ph.B~ ions with large R-groups are not solvated in non-aqueous solvents and their dimensions in 

such solvents are constant. The ionic radii of Bu4N+. (5.00A) and Ph.B~ (5.35 A) were, in 

fact, found to remain constant in different non-aqueous and mixed non-aqueous solvents by Gill 

and co-workers128
. They proposed the equations: 

B r
3 

( )' 
Ph,Ir _ Ph,Ir' _ 5.35 

B
8 

N' - r
8
3 

N' - 5.00 
u4 114 

(35) 

(36) 

The method requires only the B-values of Bu4NBPI4 and is equally applicable to mixed 

non-aqueous solvents. The B-ion values obtained by this method agree well with those reported 

by Sacco et al. in different organic solvents using the assumption as given below: 

Br - B - -----;=-:------,:-
1 
----,. 

l(i-Am),BuN']- Ph,Ir- 2B[(i-Am)
3

BuNPh
4
B] 

(37) 

Recently, Lawrence and Sacco131 used tetrabutylammonium tetrabutylborate 

( Bu4NBBu4 ) as reference electrolyte because the cation and anion in each case are symmetrical 

in shape and have almost equal Vander Waals volume. Thus, we have: 

BBu4N+ 
v •{Bu,N'} 

(38) 
B v 

Bu4Ir •{Bu,Ir} 
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(39) 

Recently, Lawrence et a!. made the viscosity measurements of tetraalkyl (from Pr to 

Hept.) ammonium bromides in DMSO and HMPT. The B-<:oefficients values were 

plotted as functions of the van der Waals volumes. The 

B 
8
,- values thus obtained were compared with the accurately determined B 

8
,- value using 

(Bu4NBBu4 ) and(Ph4NBPh4 ) as reference salts. They concluded that the 'reference electrolyte' 

method is the best available method for division into ionic contributions. 

The principle was extended to derive absolute single ion B-coefficients for alkali metals 

and halides in water152
-
153

_ They also observed that Bcs• = Br suggested by Krumgalz149 to be 

more reliable than BK. = Bcr in aqueous solutions. However, we require more data to test the 

validity of this method. 

It is apparent that almost all these methods are based on certain approximations and 

anomalous results may arise unless proper mathematical theory is developed to calculate B

values. 

A.2.6.3. Temperature dependence of B- ion Values 

Regularity in the behaviors of B± and dB± has been observed both in aqueous and non-
. dT 

aqueous solvents and useful generalizations have been made by Kaminsky. He observed that (i) 

within a group of the periodic table the B-ion values decrease as the crystal ionic radii increase, 

(ii) within a group of periodic system, the temperature co-efficient of B;, values increase as the 

ionic radius increases. The results can be summarized as follows: 

(i) A and dA /dT?-0 

dB 
(ii) B;, < 0 and d;" > 0 
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Characteristic of the structure breaking ions. 

( ... ) B > 0 d dB;,. < 0 
111 ion an --

dT 
(42) 

Characteristic of the structure making ions. 

An ion when surrounded by a solvent sheath, the properties of the solvent in the 

solvational layer may be different from those present in the bulk structure. This is well reflected 

in the 'Co-sphere' model ofGurney154
• A, B, C Zones of Frank and Wen155 and hydrated radius 

ofNightingle140 

Stokes and Mills gave an analysis of the viscosity data incorporating the basic ideas 

presented before. The viscosity of a dilute electrolyte solution has been equated to the viscosity 

of the solvent ( 71.o) plus the viscosity changes resulting from the competition between various 

effects occurring in the ionic neighborhood. Thus, the Jones-Dole equation: 11S~ 

(43) 

where r] , the positive increment in viscosity is caused by coulombic interaction. Thus 

(44) 

B-coefficient can thus be interpreted in terms of the competitive viscosity effects. 

Following Stokes, Mills and Krumgalz147 we can write for B;,. as: 

(45) 

where as according to Lawrence and Sacco: 

(46) 
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B;~~"" is the positive increment arising from the obstruction to the viscous flow of the 

solvent caused by the shape and size of the ions ( the term corresponds to rf. or B
8

h•pe ). 

B;';~' is the positive increment arising from the alignment or structure making action of the 

electric field of the ion on the dipoles of the solvent molecules (the term corresponds to r/ or 

B.,.,). B;~: is the negative increment related to the destruction of the solvent structure in the region 

of the ionic co-sphere arising from the opposing tendencies of the ion to orientate the molecules 

round itself centrosymetrically and solvent to keep its own structure (this corresponds to rf or 

Bo;.,,d ). B;~:;.r is the positive increment conditioned by the effect of' reinforcement of the water 

structure' by large tetraalkylammonium ions due to hydrophobic hydration. The phenomenon is 

inherent in the intrinsic water structure and absent in organic solvents. Bw and B •.•• account for 

viscosity increases and attributed to the van der Waals volume and the volume of the solvation of 

ions.Thus, small and highly charged cations like Li:'"and Mg+~ form a firmly attached primary 

solvation sheath around these ion ( B;':.,"'' or B,.1v positive). At ordinary temperature, alignment 

of the solvent molecules around the inner layer also cause increase in B;';~' (I] A) B;~: ( 1]
0) 

is small for these ions. Thus, B;,. will be large and positive as B;~~·" + B;~~'"' > B;~: . However, 

B;';'"' small for ions of greatest crystal radii (within a group) like Cs:'" or 1: due to small surface 

charge densities resulting in weak orienting and structure forming effect. B;~; would be large 

due to structural disorder in the immediate neighborhood of the ion due to competition between 

h · · fi ld d h b lk Th BE;mt B0
';'"' B8

" d B · · t e IODIC Ie an t e U structure. US ion + ion < ion an ion IS negattve. 

Ions of intermediate size (e.g. K:'" and CD have a close balance of viscous forces in their 

. . . . BE;mt BOri<nt BS" th t B . l t VICIDity, I.e., ion + ion = ion , SO a IS C OSe 0 zero. 

Large molecular ions like tetraalkylammonium ions have large B;~~"" because of large 

size but Bon'"' and E" would be small i.e. BE;"" + B.Ori'"' D B8
" and B would 

100 100 ' ' 100 100 100 

be positive and large. The value would be further reinforced in water arising from B;~~ due to 

hydrophobic hydrations. 

The increase in temperature will have no effect on B;';'"' . But the orientation of solvent 

molecules in the secondary layer will be decreased due to increase in thermal motion 
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leading to decrease in B,~~. B,';.~' will decrease slowly with temperature as there will be less 

competition between the ionic field and reduced solvent structure. The positive or negative 

temperature co-efficient will thus depend on the change of the relative magnitudes of 

BStr 
ion 

B.Orimt and 
••• 

In case of structure-making ions, the ions are firmly surrounded by a primary solvation 

sheath and the secondary solvation zone will be considerably ordered leading to an increase in B

ion and concomitant decrease in entropy of solvation and the mobility of ions. Structure breaking 

ions, on the other hand, are not solvated to a great extent and the secondary solvation zone will 

be disordered leading to a decrease in B-ion values and increases in entropy of solvation and the 

mobility of ions. Moreover, the temperature induced change in viscosity of ions would be more 

pronounced in case of smaller ions than in case of the larger ions. So there is a correlation 

between the viscosity, entropy of solvation and temperature dependent mobility of ions. Thus, 

the ionic B.-coefficient and the entropy of solvation of ions have rightly been used as probes of 

ion-solvent interactions and as a direct indication of structure making and structure breaking 

character of ions. 

The linear plot of ionic B.-coefficients against the ratios of mobility viscosity products at 

two temperatures (a more sensitive variable than ionic mobility) by Gurney154 clearly 

demonstrates a close relation between ionic B.-coefficients and ionic mobilities. 

Gurney also demonstrated a clear correlation between the molar entropy of solution values with 

B.-coefficient of salts. The ionic B-values show a linear relationship with the partial molar ionic 

... 
entropies or partial molar entropies of hydration ( Sh ) as: 

......... 
Sh =S,,+S• (47) 

Gurney obtained a single linear plot between ionic entropies and ionic B.-coefficients for 

... 
all monoatomic ions by equating the entropy of the hydrogen ion ( S H') to -5.5 cal Mot·'.deg·'. 

Asmus156 used the entropy of hydration to correlate ionic B-values and Nightingale140 

showed that a single linear relationship can be obtained with it for both monoatomic and 

polyatomic ions. 
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The correlation was utilized by Abraham et al 157 to assign single ion B-coefficients so 

that a plot of thl~, 158
• 

159 the electrostatic entropy of solvation or , thl~.11 158
•
159 the entropic 

contributions of the first and second solvation layers of ions against B-points (taken from the 

works of Nightingale) for both cations and anions lie on the same curve. There are excellent 

linear correlations between thl~ and thl~ and the single ion B-coefficients. 

A.2.6.4. Thermodynamics of Viscous Flow 

Assuming viscous flow as a rate process, the viscosity ( 17) can be represented from 

Eyring's 160 approach as: 

(48) 

where E,. =the experimental entropy of activation determined from a plot of ln11 against 

I IT. t.G*, M!* and t.S* are the free energy, enthalpy and entropy of activation respectively. 

Nightingale and Benck161 dealt in the problem in a different way and calculated the 

thermodynamics of viscous flow of salts in aqueous solution with the help of the Jones-Dole 

equation (neglecting the A--/ c term). Thus, we have: 

[
dlnTJI ]- [dlnTJol ]- R/ d(I+Bc) 

R I d(}f) -r I d(}f) - j(I+Bc) dG) (49) 

M' -M' +M' 11 (.,oln.) - q0(solv) V (50) 

AE~ can be interpreted as the increase or decrease of the activation energies for viscous flow of 

the pure solvents due to the presence of ions, i.e., the effective influence of the ions upon the 

viscous flow of the solvent molecules. 

Feakins et al. 162 have suggested an alternative formulation based on the transition state 

treatment of the relative viscosity of electrolytic solution. They suggested the following 

expression: 
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B 
( v ,-v 2) _.v ( !J.p~· _ !J.p,•• ) 
~----~+ ,~------~ 

1000 IOOORT 
(51) 

_. _. ~ 

where V1 and V2 are the partial molar volumes of the solvent and solute respectively and !J.p2 

is the contribution per mole of solute to the free energy qfactivation for viscous flow of solution. 

!J.p,~ is the free energy of activation fqrviscous flow per mole of the solvent which is given by: 

_. 
!J.JL,•• = !J.G•• = RT ln 771 v, 

hN 

Further, if B is known at various temperatures, we can calculate the entropy and enthalpy of 

activation of viscous flow respectively from the following equations as given below: 

-I!.S·· 2 

!!Ji•• = !J.po. + T I!.S•• 
2 2 2 

A.2.6.5. Effects of Shape and Size 

(52) 

(53) 

(54) 

Stokes and Mills have dealt in the aspect of shape and size extensively. The ions in 

solution can be regarded to be rigid spheres suspended in continuum. 

The hydrodynamic treatment presented by Einstein 141 leads to the equation: 

!L= 1+2.5¢ (55) 
11o 

where, <P. is the volume fraction occupied by the particles. Modifications of the equation have 

been proposed by 

(i) Sinha 163 on the basis of departures from spherical shape and 

(ii) V and on the basis of dependence of the flow patterns around the neighboring 

particles at higher concentrations. 
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However, considering the different aspects of the problem, spherical shapes have been 

assumed for electrolytes having hydrated ions of large effective size (particularly polyvalent 

monatomic cations). Thus we have from equation (55): 

2.5¢ = A..Jc +Be (56) 

SinceA..J c term can be neglected in comparison with Be and ¢ = c V.. ,where V.. is 

the partial molar volume of the ion, we get: 

2.5V.. = B 

In the ideal case, the B -coefficient is a linear function of partial molar volume of 

the solute, V.. with slope to 2.5. Thus. B~ can be equated to: 

B =2.5V = 2.5x4(n.R,!N) 
± ' 3 lOOO 

assuming that the ions behave like rigid spheres with a effective radii, R,. moving in 

(57) 

(58) 

a continuum .. R,, calculated using the equation (58) should be close to crystallographic radii or 

corrected Stoke's radii if the ions are scarcely solvated and behave as spherical entities. But, in 

general, R,. values of the ions are higher than the crystallographic radii indicating appreciable 

solvation. 

The number nb of solvent molecules bound to the ion in the primary solvation shell can 

be easily calculated by comparing the Jones-Dole equation with the Einstein's equation: 141 

B = 2.5(V; +nbVs) 
± 1000 

(59) 

where V; is the molar volume of the base ion and v, , the molar volume of the solvent. The 

equation (59) has been used by a number of workers to study the nature of solvation and 

solvation number. 
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A.2.6.6. Viscosity Deviation 

Viscosity of liquid mixtures can also provide information for the elucidation of the 

fundamental behaviors of liquid mixtures, aid in the correlation of mixtur_e viscosities with those 

of pure components, and may provide a basis for the selection of physicochemical methods of 

analysis164
•
165 Quantitatively, as per the absolute reaction rates theory,166 the deviations in 

viscosities ( I!J.1]) from the ideal mixture values can be calculated as: 

j 

I!J.1]=1J-z)x;1J;) (60) 
i=l 

where 7]. is the dynamic viscosities of the mixture and X;IJ; are the mole fraction and viscosity of 

ith component in the mixture, respectively. 

A.2.6.7. Gibbs Excess Energy of Activation for Viscous Flow 

Quantitatively, the Gibbs excess energy of activation for viscous flow, G'E can 

be calculated as: 166 

(61) 

A.2.7. Ultrasonic Speed 

The acoustic property 'ultrasonic speed' is a sensitive indicator of molecular interactions 

and can provide useful information about these phenomena, particularly in cases where partial 

molar volume data alone fail to provide an unequivocal interpretation of the interactions. 

A.2.7.1. Apparent Molal Isentropic Compressibility 

Although for a long time attention has been paid to the apparent molal isentropic 

compressibility for electrolytes and other compounds in aqueous solutions, 167
.

171 measurements 

in non-aqueous61
-64 solvents are still scarce. It has been emphasized by many authors that the 

apparent molal isentropic compressibility data can be used as a useful parameter in elucidating 

the solutesolvent and solute-solute interactions. The isentropic compressibility (Ks) of a 

solvent/solution can be calculated from the Laplace's equation: 172 
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I 
K=

s f./p 

where P. is the solution density and u is the ultrasonic speed in the solvent/solution. 

(62) 

The apparent molal isentropic compressibility (K,) of the solutions was determined from 

the relation: 

(63) 

K~ is the isentropic compressibility of the solvent mixture, M is the molar mass of the solute, m 

is the molality of the solution. 

The limiting apparent molal isentropic compressibility ( K:) was obtained by 

extrapolating the plots of K+ versus the square root of molal concentration of the solute, m to 

zero concentration by a least-squares method: 168
-

171 

(64) 

where s~ is the experimental slope. 

The limiting apparent molal isentropic compressibilit ( K:) and the experimental slope 

( S~) can be interpreted in terms of solute-solvent and solutesolute interactions respectively. It is 

well established that the solutes causing electrostriction leads to the decrease in the 

compressibility of the solution173
•
174 This is reflected by the negative values of K: ,of electrolytic 

solutions. Hydrophobic solutes often show negative compressibilities due to the ordering induced 

by them in the water structure62
•
173 

The compressibility of hydrogen-bonded structure, however, varies depending on the 

nature of the hydrogen bonding involved. 173 However, the poor fit of the solute molecules175
•
176 
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as well as the possibility of flexible hydrogen bond formation appear to be responsible. for 

causing a more compressible environment and hence positive K: 
values have been reported in aqueous non-electrolyte176 and non-aqueous non-electrolyte174 

solutions. 

A.2.7.2. Deviation in Isentropic Compressibility 

The deviation in isentropic compressibility, I!.K.5 can be calculated using the following 

equation:179
"
181 

j 

Ms = Ks- LX;Ks,; 
i=! 

(65) 

where x. and K5 ; are the mole fraction and isentropic compressibility of ith component in the ' . 
mixture, respectively. 

A.2.7.3. Acoustical parameters 

In an attempt to explore the nature of the interactions occurring between the component 

liquids in a mixture, various acoustic parameters such as intermolecular free length182
, Lr ; 

specific acoustic impedance183
, Z; Van der Waal's constant184

, b ; molecular radius182
• r; 

geometrical volume182
, B ; molar surface area184

, Y; available volume182
, Va; molar speed of 

sound 185 R · relative association 185
•
186 R and molecular association 185

•
186 

, S, , A , MA of the binary 

mixtures have been calculated using the following equations: 

(66) 

Z=up (67) 

(68) 
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( 
3b )X 

r= I6;rNA 

I 

Y = [36;rNAB']' 

Vo =V-V, 

-'. 
Mu 3 

R;=
p 

(69) 

(70) 

(71) 

(72) 

(73) 

(74) 

(75) 

where K is a temperature dependent constant182
, Tis the absolute temperature, R is the universal 

gas constant, NA is the Avogadro's number, M is the average molecular weight, V0 is the 

volume at absolute zero, Pmix and Umix are the density and speed of sound of the mixture, 

respectively. 

A.2.7.4. Theoretical Models of Ultrasonic Speeds: 

The ultrasonic speeds of sound of binary mixtures are often predicted by the Free Length 

Theory (FLT), Collision Factor Theory (CFT)187
, Junjie's Equation, Nomato equation (NOM)187

• 

Impedance dependence relation (IDR)187
• Vandeal Vangeal equation (VAN) 187 The equations 

are as follows: 

Collision Factor Theory: 

ucrr =u. [x,S, +x,s,][(x1B1 +x,B,)jv] (76) 
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Nomato Equation: 

K 
u =-

FLT L pl/2 
f 
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Vandeal Vangeal Ideal Mixing Equation: 

UMIX =[(x,M, +x2M2}(~+~)J-1/
2 

M,u, M 2u2 

Impedance Dependence Relation: 

Junjie's Equation: 

( 
x,M, + x2M 2 ) 

p, p2 

(77) 

(78) 

(79) 

(80) 

(81) 

where Lr, Vo. V, B, S, p , R and Z are the free length, molar volume, molar volume at absolute 

zero, actual volume of the molecule per mole, collision factor, density, molar sound and acoustic 

impedance, respectively; and the other symbols have their usual significance of the 

corresponding binaries. Here u. is taken as 1600 m·s-1. 

A.2.8. Correlating Equations 

Several semi-empirical models have been proposed to estimate the dynamic viscosity ('!) 

of the binary liquid mixtures in terms of pure-component data 188
•
189 Some of them we examined 

are as follows: 

a) The viscosity values can be further used to determine the Grunberg-Nissan parameter, d12 as: 

190 
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T/ = exp[ t(x, ln77,)+d12u x,] (82) 

And d12 is proportional to the interchange energy. It may be regarded as an approximate measure 

of the strength of molecular interactions between the mixing components. The negative values of 

d12 indicate the presence of dispersion forces191 between the mixing components in the mixtures 

while its positive values indicate the presence of specific interactions191 between them. 

b) Tamura-Kurata192 put forward the following equation for the viscosity of the binary 

liquid mixtures: 

n n )1, 
77= l:x,¢,77,+2T,2IJ[x,¢,] 2 (83) 

i=:l i=l 

where T,2 is the interaction parameter and ¢.1 is the volume fraction of ith pure component in the 

mixture. 

c) Molecular interactions may also be interpreted by the following viscosity model of Hind et 

alJ93 

n n 

T/ = L x;T/, + 2HI2 IT x, (84) 
i:=l i=:l 

where H 12 is Hind interaction parameter, which may be attributed to unlike pair 

interaction 194 It has been observed that for a given binary mixture T,
1 

and H
11 

do not differ 

- appreciably from each other, this is in agreement with the view put forward by Fort and Moore191 

in regard to the nature of parameter T,2 and H 12 

d) McAllister's three-body model 195
, 

3 3 2 1 3 I I [ x2M2] 2 I [2 M2 ] In v= x1 In v1 +x2ln v2 +3x1 x2 nv12 +3x2x1 n v21 - n x1 +-- +3x1 x2 n -+--
M1 3 3M1 

+3x2x In[_!_+ 
2

M2]+x3 ln[M2] 2 
I 3 3M 2 M 

I I 

(85) 
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e) McAllister's four-body modet 195
, 

In v = x1
4 In v1 + 4x;x2 In v1112 + 6x1

2xi In v1122 

3 I , I I [ X2M2 ] 4 3 I [ 3 M 2 ] +4x1x2 nv2221 +x2 nv2 - n x1+-- + x1x2 n -+--
M1 4 4M1 

+6x~x; In[_!_+ M 2 ]+4x,x;[..!.+ 
3M2 ]+x~ In[M2

] 
2 2M1 3 4M, M, 

f) Heric-Brewer model 196
, 

v =x1v1 +x2v2 +x1x2 {a+b(x1-x2)+c(x1-x2 )
2
.} 

wher!; v
1 

and v
2 

are kinematic viscosities of the mixture, the pure component I and 2, 

respectively. v
12

, v
21

, v
1112

, v
1122

., v
2221

, a, band care model parameters and x; and M; are the 

mole fraction and molecular weight of the i'h pure component in the mixture, respectively. 

Moreover, The excess or deviation properties ( V' , !'J.q,. G'E and !'J.J(,) have been fitted to 

Redlich-Kister197 polynomial equation using the method of least squares involving the 

T(Z) I KA cy;A 
--=-+-x--

A A 0 A~ T(Z) 

Marquardt algorithm198 and the binary coefficients, a; were determined as follows: 

(86) 

(87) 

(88) 

(89) 

where r;f refers to an excess or deviation property x, and x
2 

are the mole fraction of the solvent I 

and solvent 2, respectively. In each case, the optimal number of coefficients was ascertained 

from an approximation of the variation in the standard deviation ( q ). The 

standard deviation (g) was calculated using, 
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(]' = I:'j ,exp - J';j ,cal 
[( 

E E )2]V
2 

(n-m) 
(90) 

where n is the number of data points and m is the number of coefficients. 

A.2.9. Conductance 

Conductance measurement is one of the most accurate and widely used physical methods 

for investigation of electrolyte of solutions199
•
200 The measurements can be made in a variety of 

solvents over wide ranges of temperature and pressure and in dilute solutions where interionic 

theories are not applicable. Recently developed experimental techniques provide an accuracy of 

± 0.01% or even more. Conductance measurements together with transference number 

determinations provide an unequivocal method of obtaining single-ion values. The chief 

limitation, however, is the colligative like nature of the information obtained. 

Since the conductometric method primarily depends on the mobility of ions, it can be 

suitably utilized to determine the dissociation constants of electrolytes in aqueous, mixed and 

non-aqueous solvents. The conductometric method in conjunction with viscosity measurements 

gives us much information regarding the ion-ion and ion-solvent interactions. However, the 

choice and application of theoretical equations as well as equipment and experimental techniques 

are of great importance for precise measurements. These aspects have been described in details 

in a number of authoritative books and reviews199
·
212 

The study of conductance measurements were pursued vigorously both theoretically and 

experimentally during the last five decades and a number of important theoretical equations have 

been derived. We shall dwell briefly on some of these aspects in relation to the studies in 

aqueous, non-aqueous, pure and mixed solvents. 

The successful application of the Debye-HUckel theory of interionic attraction was made 

by Onsager213 to derive the Kohlrausch's equation representing the molar conductance of an 

electrolyte. For solutions of a single symmetrical electrolyte the equation is given by: 

A=A,-S../c (91) 
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where S=aA,+/3 (92) 

82.406 X I 04 z 3 

(s,Ti~ 
(93a) 

82.487z3 

1JW 
(93b) 

The equation took no account for the short-range interactions and also of shape or size of 

the ions in solution. 

However, the A
6 
values obtained for the conductance at infinite dilution using Fuoss 

Onsager theory differed considerabl/14 from that obtained using Pitt's theory and the derivation 

of the Fuoss-Onsager equation was questioned200
•
215

'
217 The original Fuoss-Onsager equation 

was further modified by Fuoss and Hsia218 who recalculated the relaxation field, retaining the 

terms which had previously been neglected. 

The results of conductance theories can be expressed in a general form by: 

A=A0 

aA,.fc p.J;: ( ) 
( )

+G Ka 
i+Ka 

(94) 

where G(Ka) is a complicated function of the variable. The simplified form: 

(95) 

is generally employed in the analysis of experimental results. 
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However, it has been found that these equations have certain limitations, in some cases it 

fails to fit experimental data. Some of these results have been discussed elaborately by 

Fernandez-Prini200
•
219

•
22° Further correction of the equation (96) was made by Fuoss and 

Accascina204 

They took into consideration the change in the viscosity of the solutions and assumed the 

validity of Walden's rule. The new equation becomes: 

A =A0 -s.Jc +Eclnc+J1c-J2* -FAc (96) 

Fe= 4trR
3
NA 

3 
Where, (97) 

In most cases, however, J, is made zero but this leads to a systematic deviation of the 

experimental data from the theoretical equations. It has been observed that Pitt's equation gives 

better fit to the experimental data in aqueous solutions22
l 

A.2.9.1. Ionic Association 

The equation (91) successfully represents the behaviour of completely dissociated 

electrolytes. The plot of A. against ...Jc (limiting Onsager equation) is used to assign the 

dissociation or association of electrolytes. Thus, i( A~., is greater than A~"' i.e., if positive 

deviation occurs (ascribed to short range hard core repulsive interaction between ions), the 

electrolyte may be regarded as completely dissociated but if negative deviation 

(A~, < A~hoo) or positive deviation from the On sager limiting tangent 

(aA0 +fl. occurs, the electrolyte may be regarded to be associated. Here the electrostatic 

interactions are large so as to cause association between cations and anions. The difference in 

A •h and A 0 
, would be considerable with increasing association222 ·- ~· . 

Conductance measurements help us to determine the values of the ion-pair association 

constant, KA for the process: 

(98) 
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(1-a) 
KA = 2 2 a cr. 

a=l-a'K cy2 
A ± 

when~ Y± is the mean activity coefficient ofthe free ions at concentration q c . 

(99) 

(100) 

For strongly associated electrolytes, the constant, KA and A, has been determined using 

Fuoss-Kraus equation223 or Shedlovsky's equation224
, 

T(Z) I KA cy~A --=-+-x--
A A, A; T(Z) 

where T(z)~F(z) (Fuoss-Kraus method) and I /T(z) ~ S(z) (Shedlovsky's method): 

T(z) cy2A 
A plot of-- against _±_ 

A . T(z) 

I z' z3 

-( ) =S(z)=l+z+-+-+ ... 
T z 2 8 

should be a straight line having ~ . for its intercept and 

' 

(101) 

(102a) 

(102b) 

K 
___!;_ for 
A' 0 

its slope. Where KA is large, there will be considerable uncertainty in the determined values of 

A0 and KA from equation (10 I). 

The Fuoss-Hsia218 conductance equation for associated electrolytes is gtven by 

A= A0 -s& +E(ac)ln (ac)+ j 1 (ac)- j 2 (ac)Y,- KAAy~ (ac)l-a'KAcy~ (103) 

The equation was modified by Justice22s The conductance of symmetrical electrolytes in 

dilute solutions can be represented by the equations: 
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A=a(A, -s&)+E(ac)ln(ac)+ MR)ac- j, (R)(ac)Y, 

(1-a) 
a'cr; 

lny - -k.[ti 
±-l+kR& 

(104) 

(105) 

(106) 

The conductance parameters are obtained from a least square treatment after setting, 

2 

R = q = _e_(Bjerrum's critical distance). 
2ckT 

According to Justice the method of fixing the J-coefficient by setting, R =: q clearly 

permits a better value of KA to be obtained. Since the equation (104) is a series expansion 

truncated at the C312 term, it would be preferable that the resulting errors be absorbed as must as 

possible by J, rather than by KA , whose theoretical interest is greater as it contains the information 

concerning short-range cationanion interaction. 

From the experimental values of the association constant KA, one can use two methods 

in order to determine the distance of closest approach, a , of two free ions to form an ion-pair. 

The following equation has been proposed by Fuoss226
; 

(107) 

In some cases, the magnitude of KA was too small to permit a calculation of a . The 

distance parameter was finally determined from the more general equation due to Bjerrum227
, 

K =(4;rNAa)'1 r' ex ( z'e' )dr 
A 1000 ,=a p r&KT 

(108) 
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The equations neglect specific short-range interactions except for solvation in which the 

solvated ion can be approximated by a hard sphere model. The method has been successfully 

utilized by Douheret228 

A.2.9.2. Ion size Parameter and Ionic Association 

For plotting, equation (96) can be rearranged to the 'A' function as: 

(109) 

with J2 term omitted. 

Thus, a plot of A1 vs c gives a straight line with A0• as intercept and J, as slope and 'a' 

values can be calculated from J, values. One of the reasons attributed to it is that ion -solvent 

interactions are not included in the continuum theory on which the conductance equations are 

based. The inclusion of dielectric saturation results in an increase in 'a' values (much in 

conformity with the crystallographic radii) of alkali metal salts (having ions of high surface 

charge density) in sulpholane. The viscosity correction leads to a larger value of 'a' 229 but the 

agreement is still poor. However, little of real physical significance may be attached to the 

distance of closest approach derived from J230 

Fuoss231 in 1978 proposed a new conductance equation. Latter he subsequently put 

forward another conductance equation in 1978 replacing the old one as suggested by Fuoss and 

co-workers. He classified the ions of electrolytic solutions in one of the three categories. 

(i) Ions finding an ion of opposite charge in the first shell of nearest neighbours (contact pairs) 

with rij =a The nearest neighbors to a contact pair are the solvent molecules forming a cage 

around the pairs. 

(ii) Ions with overlapping Gurney's co-spheres (solvent separated pairs). For them r,i = (a+ns), 

where n is generally I but may be 2, 3 etc.; 's' is the· diameter of sphere corresponding to the 

average volume (actual plus free) per solvent molecule. 
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(iii) Ions finding no other unpaired ion in a surrounding sphere of radius R, the diameter of the 

co-sphere (unpaired ions). Thermal motions and interionic forces establish a steady state, 

represented by the following equilibria: 

AB (II 0) 

Solvent separated pair Contact pair Neutral molecule 

Contact pairs of ionogens may rearrange to neutral molecules A+ IT.= AB 

e.g., H,o+ and CH3Coo-. Let Y. be the fraction of solute present as unpaired (r > R) ions. If c Y. is 

the concentration of unpaired ion and q is theac(l- r) fraction of paired ions ( r $ R ), then the 

concentration of the solvent separated pair is c ( 1-a) (1- y) and that of contact pair is 

ac(l-y) . 

The equation constants for (I 02) are: 

K = ~( 1_-a--":)~( I,.--.!-r:..L) 
R cyzfz (Ill) 

a 
(112) 

(1-a) 

where KR describes the formation and separation of solvent separated pairs by diffusion in and 

out of spheres of diameter R around cations and can be calculated by continuum theory; K5 is the 

constant describing the specific shortrange ion-solvent and ion-ion interactions by which contact 

pairs form and dissociate. E
5 

is the difference in energy between a pair in the states ( r = R ) and 

(r = a ); &. is E5 measured in units of kT. 

Now, 
I 1-a=--

1+K5 

And the conductometric pairing constant is given by: 
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(114) 

The equation determines the concentration, cy. of active ions that produce long range 

inter ionic effects by unpaired ions, their interaction with unpaired ions is, therefore, neglected in 

calculating long-range effects (activity coefficients, relaxation field tl.X and electrophoresis tl. A,). 

The various patterns can be reproduced by theoretical fractions in the form: 

(115) 

which is a three parameter equation A=A ( c, Ao,.R, E8 ) and~ (the relaxation field) 

and M, . (the electrophoretic counter current) are long-range effects due to electrostatic 

interionic forces and p is the fraction of solute which contributes to conductance current. R is the 

diameter ofthe Gurney co-sphere. 

The parameter KR (or E
5

) is a catch-all for all short-range effects: 

P=1-a(1-y) (116) 

In case of ionogens or for ionophores in solvents of low dielectric constant, 6. is very 

near to unity (- Es ) » I and the equation becomes: 
KT 

(117) 
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The equilibrium constant for the effective reaction, A++ B- =A B, is then: 

(I I 8) 

as K5 D I . The parameters and the variables are related by the set of equations: 

(119) 

(120) 

(121) 

K
2 = 8nf3yn (122) 

-s = In[_!!...._] 
1-a 

(123) 

The details of the calculations are presented in the 1978 paper31 The shortcomings of the 

previous equations have been rectified in the present equation that is also more general than the 

previous equations and can be used for higher concentrations (0.1 N in aqueous solutions). 

A.2.9.3. Limiting Equivalent Conductance 

The limiting equivalent conductance of an electrolyte can be easily determined from the 

theoretical equations and experimental observations. At infinite dilutions, the motion of an ion is 

limited solely by the interactions with the surroundings solvent molecules, as the ions are 

infinitely apart. Under these conditions, the validity of Kohlrausch's law of independent 

migration of ions is almost axiomatic. Thus: 

A =A.•+A.o 
0 + - (124) 
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At present, limiting equivalent conductance is the only function that can be divided into 

ionic components using experimentally determined transport number of ions, i.e., and 

and A. 0 
=t A - - 0 (125) 

Thus, from accurate value of A. 0 of ions it is possible to separate the contributions due to 

cations and anions in the solute-solvent interactions2n However, accurate transference number 

determinations are limited to few solvents only. Spiro233 and Krumgalr34 have made extensive 

reviews on the subject. 

In absence of experimentally measured transference numbers, it would be useful to 

develop indirect methods to obtain the limiting equivalent conductance in organic solvents for 

which experimental transference numbers are not yet available. 

The method has been summarized by Krumgalz234 and some important points are mentioned 

below: 

(i) 

(ii) 

Walden equation235
, 

A;;,.1Jo = 0.267 

A.;,,N' .1]0 = 0.296 

( o)" ( 0)25 A.± water ·1Jo,water = A,± acetone .lJo,acctone (126) 

,,. 

(127) 

Walden considered the products to be independent of temperature and solvent. However 

the A ~,,N_. values used by Walden was found to differ considerably from the data of subsequent 

more precise studies and the values of (ii) are considerably different for different solvents. 

(iii) 0( +) 0( _)236 ~' Bu4N = ~' Ph4B (128) 

The equality holds good in nitrobenzene and in mixture with CCI4 but not realized in 

methanol, acetonitrile and nitromethane. 

(iv) 0( +) 0( _)237 ~' Bu4N = ~' Bu4B (129) 
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The method appears to be sound as the negative charge on boron in the Bu4B- ion is 

completely shielded by four inert butyl groups as in the Bu,N• ion while this phenomenon was 

not observed in case of Ph4B-. 

(v) The equation suggested by Gilf38 is: 

(130) 

where z and r are charge and crystallographic radius of proper ion, respectively; 11,. and 60 

are solvent viscosity and dielectric constant of the medium, respectively; r. = adjustable 
y 

parameter taken equal to 0.85 A and 1.13 A for dipolar non-associated solvents and for hydrogen 

bonded and other associated solvents respectively. 

In a paper34
(b) Krumgalz examined the Gill's approach more critically using conductance 

data in many solvents and found the method reliable in three solvents e.g. butan-1-ol, acetonitrile 

and nitromethane. 

(vi) A,', [ (i- Am )3 BuW J =A,', ( Ph4B-r (131) 

It has been found from transference number measurements that the A,', [ (i-Am )
3 

BuN• J 
and A,', ( Ph4B-) values differ from one another by I%. 

(vii) '( -) '(" _)240 A;, Ph,B = I.OIA;, 1-Am4B (132) 

•· The value is found to be true for various organic solvents. Krumgalz234 suggested a 

method for determining the limiting ion conductance in organic solvents. The method is based on 

the fact that large tetraalkyl(aryl) onium ions are not solvated in organic solvents due to the 

extremely weak electrostatic interactions between solvent molecules and the large ions with low 
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surface charge density and this phenomenon can be utilized as a suitable model for apportioning 

{1. values into ionic components for non-aqueous electrolytic solutions. 

Considering the motion of solvated ion in an electrostatic field as a whole, it is possible 

to calculate the radius of the moving particle by the Stokes equation: 

(133) 

where A is a coefficient varying from 4 (in the case of perfect sticking) to 6 (in case of perfect 

slipping). Since the rs values, the real dimension of the non-solvated tetraalkyl (aryl) onium ions 

must be constant, we have: 

(134) 

This relation has been verified using ; ,i o values determined with precise transference numbers. 
± 

The product becomes constant and independent ofthe chemical nature of the organic solvents for 

the i-Am,B-, Ph4As• and Ph,B- ions and for tetraalkylammonium cations starting with Et
4
N+. 

The relationship can be well utilized to determine 

organic solvents from the determined A0 values. 

A.2.9.4. Solvation Number 

A 0 of ions m other ± 

If the limiting conductance of the ion i of charge Z, is known, the effective radius of the 

solvated ion can easily be determined from the Stokes' law. The volume of the solvation shell 

V,, can be written as: 

(135) 

where rc is the crystal radius of the ion; the solvation number, n8 would then be obtained from: 
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v; 
n=___§_ 

s v; 
0 

(136) 

Assuming Stokes' relation to hold, the ionic solvated volume should be obtained, because of 

packing effects241 from 

(137) 

where V." is expressed in mol/litre and rg in angstroms. However, the method of determination 

of solvation number is not applicable to ions of medium size though a number of empirical 

equations205 and theoretical corrections242
.
245 have been suggested to make the general method. 

A.2.9.5. Stokes' Law and Walden's Rule 

The limiting conductance, .1,0 of a spherical ion of radius, Ri moving in a solvent of 

dielectric continuum can be written according to Stokes' hydrodynamics, as: 

A.' 
' 

0.81*1 

T],R, 
(138) 

where 'lo =macroscopic viscosity by the solvent in poise, R, is in angstroms. If the radius R, is 

assumed to be the same in every organic solvent, as would be the case in case of bulky organic 

ions, we get: 

0 z. 
A., 7]0 = 0.819-' =Constant 

R, 
(139) 

This is known as Walden's rule246 The effective radii obtained using the equation can be used to 

obtain solvation number. The failure of Stokes' radii to give the effective size of the solvated ion 

for small ions is generally ascribed to the inapplicability of Stokes' law to molecular motions. 

Robinson and Stokes205
, Nightingale140 and others247

"
249 have suggested a method of 

correcting the radii. However, the experimental results indicate that the method is incorrect as the 

method is based on the wrong assumption of the invariance of Walden's product with 
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temperature. The idea of microscopic viscosity250 was invoked without much success251
,25

2 but it 

has been found that: 

J,,0TJ' =Constant (140) 

where pis usually 0.7 for alkali metal or halide ions and p = I for the large ionl53
•
254 

Attempts to explain the change in the Stokes' radius R, have been made. The apparent 

increase in the real radius, r has been attributed to ion-dipole polarization and the effect of 

dielectric saturation on R. 

The dependence of Walden product on the dielectric constant led Fuoss255 to consider the 

effect of the electrostatic forces on the hydrodynamics of the system. Considering the excess 

frictional resistance caused by the dielectric relaxation in the solvent caused by ionic motion, 

Fuoss proposed the relation: 

(141) 

or 

R=R +A/ 
I a 7e (142) 

where R"'- is the hydrodynamic radius of the ion in a hypothetical medium of dielectric constant 

where all electrostatic forces vanish and A is an empirical constant. 

Boyd243 gave the expression: 

(143) 
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by considering the effect of dielectric relaxation in ionic motion; 1; is the Debye relaxation time 

for the solvent dipoles. 

Zwanzig244 treated the ion as a rigid sphere of radius r moving with a steady state 

viscosity, Vi through a viscous incompressible dielectric continuum. The conductance equation 

suggested by Zwanzig is: 

(144) 

e:, e; are the static and limiting high frequency (optical) dielectric constants. Av = 6 and A0 

= 3/8 for perfect sticking and Av = 4 and An = 3/4 for perfect slipping. It has been found that 

Born's242 and Zwanzig's244 equations are very similar and both may be written in the form: 

A'= Ar,' 
, (r,•+B) 

(145) 

The theory predicts256 that A;0 pass through a maximum of 21Y. ~BY. at r, = 3BY. 

The phenomenon of maximum conductance is well known. The relationship holds 

good to a reasonable extent for cations in aprotic solvents but fails in case of anions. The 

conductance, however, falls off rather more rapidly than predicted with increasing radius. 

For comparison with results in different solvents, the equation (129) can be rearranged as257
, 

(146) 

or 

(147) 
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In order to test Zwanzig's theory, the equation (130) was applied for Me,N• and 

Et,N+ in pure aprotic solvents like methanol, ethanol, acetonitrile, butanol and pentanof5
6-

27
I 

Plots of L' against the solvent function p' were found to be straight line. But the radii 

calculated from the intercepts and slopes are far apart from equal except in some cases where 

moderate success is noted. It is noted that relaxation effect is not the predominant factor affecting 

ionic mobility and these mobility differences could be explained quantitatively if the microscopic 

properties of the solvent, dipole moment and free electron pairs were considered the predominant 

factors in the deviation from the Stokes' la~32 

It is found that the Zwanzig's theory is successful for large organic cations in aprotic 

media where solvation is likely to be minimum and where viscous friction predominates over 

that caused by dielectric relaxation. The theory breaks down whenever the dielectric relaxation 

term becomes large, i.e., for solvents of high p' and for ions of small r;. Like any continuum 

theory Zwanzig has the inherent weakness of its inability to account for the structural features257
, 

e.g., 

(i) It does not allow for any correlation in the orientation of the solvent molecules as the ion 

passes by and this may be the reason why the equation is not applicable to the hydrogen-bonded 

solvents258 

(ii) The theory does not distinguish between positively and negatively charged ions and 

therefore, cannot explain why certain anions in dipolar aprotic media possess considerably 

higher molar concentrations than the fastest cations257 

The Walden product in case of mixed solvents does not show any constancy but it shows 

a maximum in case ofDMF +water and DMA + water256
'
266 mixtures and other aqueous binary 

mixtures_27
0-

273 To derive expressions for the variation of the Walden product with the 

composition of mixed polar solvents, various attempts243
•
244

•
274 have been made with different 

models for ion-solvent interactions but no satisfactory expression has been derived taking into 

account all types of ion solvent interactions because (i) it is difficult to include all types of 

interactions between ions as well as solvents in a single mathematical expression and (ii) it is not 

possible to account for some specific properties of different kinds of ions and solvent molecules. 

Ions moving in a dielectric medium experience a frictional force due to dielectric loss arising 

from ion-solvent interactions with the hydrodynamic force. Though Zwanzig's expression 
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accounts for a change in Walden product with solvent composition but does not account for the 

maxima. According to Hemmes272
• the major deviations in the Walden products are due to the. 

variation in the electrochemical equilibrium between ions and solvent molecules of mixed polar 

solvent composition. 

In cases where more than one types of solvated complexes are formed, there should be a 

maximum and/or a minimum in the Walden product. This is supported from experimental 

observations. Hubbard and Onsager273 have developed the kinetic theory of ion-solvent 

interaction within the framework of continuum mechanics where the concept of kinetic 

polarization deficiency has been introduced. 

However, quantitative expression is still awaited. Further, improvements274
-
275 naturally must be 

in terms of (i) sophisticated treatment of dielectric saturation, (ii) specific structural effects 

involving ion-solvent interactions. 

From the discussion, it is apparent that the problem of molecular interactions is intriguing 

as well as interesting. It is desirable to explore this problem using different experimental 

techniques. We have, therefore, utilized four important methods, viz., volumetric, viscometric, 

interferometric and conductometric for the physico-chemical studies in different solvent media. 

A.2.10. Solvation Models- Some Recent Trends 

The interactions between particles in chemistry have been based upon empirical laws

principally on Coulomb's law. This is also the basis of the attractive part of the potential energy 

used in the Schrodinger equation. Quantum mechanical approach for ion-water interactions was 

begun by Clementi in 1970 s. 1 A quantum mechanical approach to salvation can provide 

information on the energy of the individual ion-water interactions provided it is relevant to 

solution chemistry, because it concerns potential energy rather than the en tropic aspect of 

salvation. Another problem in quantum approach is the mobility of ions in solution affecting 

salvation number and coordination number.However, the Clementi calculations concerned 

stationary models and can not have much to do with the dynamic salvation numbers. Covalent 

bond formation enters little into the aqueous calculations, I however, with organic solvents 

General Introduction84 the quantum mechanical approaches to bonding may be essential. The 

trend pointing to the future is thus the molecular dynamics technique. In molecular dynamic 

approach, a limited number of ions and molecules and Newtonian mechanics of movement of all 
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particles in solution is concerned. The foundation of such a approach is the knowledge of the 

intermolecular energy of interactions between a pair of particles. Computer simulation 

approaches may be useful in this regard and the last decade (1990-2000) witnessed some 

interesting trends in the development of solvation models and computer softwares. Based on a 

collection of experimental free energy of solvation data, C.J. Cramer, D.G. Truhlar and co

workers from the University of Minnesota, U.S.A. constructed a series of solvation models 

(SMI-SM5 series) to predict and calculate the free energy of solvation of a chemical 

compound27
c,.

280 These models are applicable to virtually any substance composed ofH, C, N, 0, 

F, P, S, Cl, Brand/or I. The only input data required are, molecular formula, geometry, refractive 

index, surface tension, Abraham's a (acidity parameter) and b (basicity parameter) values, and, 

in the latest models, the dielectric constants. 

The advantage of models like SM 1- SM 5 series is that they can be used to predict the 

free energy of self-solvation to better than I KCI/mole. These are especially useful when other 

methods are not available. One can also analyze factors like electrostatics, dispersion, hydrogen 

bonding, etc. using these tools. They are also relatively inexpensive and available in easy to use 

computer codes. 

A.Galindo et af81 .282 have developed Statistical Associating Fluid Theory for Variable 

Range (SAFT-VR) to model the thermodynamics and phase equilibrium of electrolytic aqueous 

solutions. The water molecules are modeled as hard spheres with four short-range attractive sites 

to account for the hydrogen-bond interactions. The electrolyte is modeled as two hard spheres of 

different diameter to describe the anion and cation. The Debye-Hiickel and mean spherical 

approximations are used to describe the interactions. 

Good agreement with experimental data is found for a number of aqueous electrolyte 

solutions. The relative permittivity becomes very close to unity, especially when the mean 

spherical approximation is used, indicating a good description of the solvent. E. Bosch et al.283 of 

the University of Barcelona, Spain, have compared several "Preferential Solvation Models" 

specially for describing the polarity of dipolar hydrogen bond acceptor-coso! vent mixture. 

A.2.11. Conductance- Some Recent Trends 

Recently Blum, Turq and coworkers284,2ss have developed a mean spherical 

approximation (MSA) version of conductivity equations. Their theory starts from the same 
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continuity and hydrodynamic equations used in the more classical treatment; however, an 

important difference exists in the use of MSA expressions for the equilibrium and structural 

properties of the electrolytic solutions. Although the differences in the derivation of the classical 

and MSA conductivity theories seem to be relatively small, it has been claimed that the 

performance of MSA equation is better with a much wider concentration range than that covered 

by the classical equations. However, no through study of the performance of the new equation at 

the experimental uncertainty level of conductivity measurement is yet available in the literature, 

except the study by Bianchi et ai?86 
They compared the results obtained using the old and new 

equations in order to evaluate their capacity to describe the conductivity of different electrolytic 

solutions. In 2000, Chandra and Bagchi287 developed a new microscopic approach to ionic 

conductance and viscosity based on the mode coupling theory. Their study gives microscopic 

expressions of conductance and viscosity in terms of static and dynamic structural factors of 

charge and number density of the electrolytic solutions. They claim that their new equation is 

applicable at low as well as at high concentrations and it describes the cross over from low to 

high concentration smoothly. Debye-Huckel, Onsager and Falkenhagen expressions can be 

derived from this self-consistent theory at very low concentrations. For conductance, the 

agreement seems to be satisfactory up to I M. 
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HYDROPHOBIC FORCES 

I ll 

Water forces hydrophobic 
groups together in order 
to minimize their disruptive 
effects on the hydrogen· 
bonded water network 
Hydrophobic groups held 
together in this way are 
sometimes said to be held 
together by " hydrophobic 
bonds," even though the 
attraction is actually caused 
by a repulsion from the 
water. 
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A.3: Experimental Section 

A.3.1. Source and Purification of the Chemicals used: 

A.3.1.1. Solvents: 

1,4-Dioxane (C4H80 2, M.W. 88.1 1), Merck, India, was kept several days over potassium 

hydroxide (KOH), followed by refluxing over excess of sodium for 12 hours1
.2 Finally, it was 

distilled from sodium. The pure liquid had a boiling point of 375 K/760 mm, density of I 026.5 

kg·m·3 and a coefficient of viscosity of I. I 96 mPa·s at 298.15 K. 

I ,3-Dioxolane (C3H60 2, M.W. 74.08), Merck, India, was heated under reflux with PbOz 

for 2 hrs, then cooled and filtered. After adding xylene to the filtrate, the mixture was 

fractionally distilled1
•
3. The solvent obtained after purification had a boiling point of348 K /760 

mm, a density of I 057 .I kg·m .J and a coefficient of viscosity of 0.531 mPa·s at 298.15 K. 

Tetrahydrofuran (C4HsO, M.W. 72.11) ), Merck, India, was kept for several days over 

KOH, refluxed for 24 h, and distilled over LiAIH4
1
•
4 The boiling point (66 °C), density 

(0.8807 g/cm\ and viscosity (1/o = 0.4630mPa·s) at 298.15 K. The specific conductance ofTHF 

was "'0.8JxJ0-6 n·1 cm-1 at 28.15 K. The purity of the solvent finally obtained was>99.0 %. 

N, N-Dimethylformamide (C3H7NO, M.W. 73.10), Merck, India, was mixed with 10% (by 

volume) benzene, and the azeotrope was distilled off under atmospheric pressure at about 353 K. 

The product was dried over silica gel and distilled at reduced pressure, with the middle fraction 

being collected. The purified solvents was stored over P20 5 in a desiccator before use5 The 

solvent had boiling point of 426 K/760 mm and 349 K/39 mm, a density of 944.2 kg·m-3 and a 

coefficient of viscosity 0.8016 mPa.s at 298.15 K. 

The Alcohols used for the experimental purposes i.e. methanol (CH30H, M.W. 32.04), 

ethanol (CzHsOH, M.W. 46.07}, !-propanol (C3H70H, M.W.60), 2-propanol (C3H70H. M.W.60) 

!-butanol (C4H90H M.W. 74.12}, 2-butanol (C4H90H M.W. 74.12) were dried over 4A 

molecular sieves and then distilled fractionally. Middle fraction was collected and redistilled6 

n-Amyl alcohol (CsH110H, M.W. 88.15, A. R. grade, purity > 99%) and iso-amyl alcohol 

(CsH110H, M.W. 88.15, A. R. grade, purity> 99%}, Merck, India, were dried with anhydrous 

KzC03 and distilled. The middle fractions for both the liquids were collected and kept free from 

humidity with 3 A molecular sieves.7 
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Dimethylsulphoxide solvent were stored over 3 A molecular sieves for 3 days before use. 

It is then refluxed for 4hr over CaO The purity of the purified liquid was ascertained by GLC and 

also by comparing experimental values of densities, viscosities, and ultrasonic speeds of sound 

with their literature values1
•
8
•
13 

Acetonitrile (CH3CN, M.W. 41.05), S.D. Fine Chemical Limited, Mumbai, India, was 

distilled with P20s and then redistilled over CaH2 in an all-glass distillation apparatus. The 

middle fraction was collected for us9 

Acrylonitrile ,purchased from S.D. Fine Chemicals Ltd., Mumbai, India, was washed 

with dilute H2S04, then with dilute Na2C03 and water, and again dried over anhydrous CaCh 

and distilled fractionally14 

To prevent oxidation benzaldehyde usually contains additives such as catechol .After 

filtration benzaldehyde was washed with I 0 % Na2C03 (until no more C02 evolved), then with 

saturated Na2S03 and water, followed by drying with CaCh 15 

Anisaldehyde was washed with NaHC03, then with water, dried with anhydrous MgS04, 

and distilled under reduced pressure under N2
15 

Cinnamaldehyde was crystallized from benzene and dried at 60 °C under vacuum 15 The 

gas-liquid chromatography (GLC) analyses of these liquids indicated a mole fraction purity of> 

99.0 %. The purity of the liquids was also checked by measuring their densities and viscosities at 

298.15 K and was in reasonable agreement with the literature values as shown in Table I. 

Cyclohexylamine ( Merck, India),.Cyclohexanone, Butylacetate, Butylamine, tert-Butylamine 

and Butanone (S.D. Fine Chemicals, Analytical Reagent, purity > 99 %) were used without 

further purification. 

2-butoxyethanol (S. D. Fine Chemicals, AR, India) were purified as described in the 

literature16 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 densities and viscosities with 

those reported in the literature16
'
21 when available, as presented in Table I. 

Water was first deionized and then distilled in an all glass distilling set along with 

alkaline KMn04 solution to remove any organic matter8 therein. The doubly distilled water was 

finally distilled using an all glass distilling set. Precautions were taken to prevent contamination 
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from C02 and other impurities. The triply distilled water had specific conductance less than I x 

10·6 S·cm·1• 

Densities and viscosities of the purified solvents were in good agreement with the 

literature values 1"16 and are listed in the respective chapters. The purity of most of the solvents 

finally obtained was better than 99.5 %. 

A.3.1.2. Mixed solvents: 

The research work has been carried out with binary or ternary solvent systems with 

acrylonitrile, tetrahydrofuran, cyclohexylamine, cyclohexanone, dimethylsulphoxide, acetonitrile 

or I ,3-dioxolane as primary solvents with some polar, weakly polar and non-polar solvents as 

well as with some solutes. 

For the preparation of mixed binary and ternary mixtures, pure components were taken 

separately in glass Stoppard bottles and thermo stated at the desired temperature for sufficient 

time. When the thermal equilibrium was ensured, the required volumes of each component were 

transferred in a different bottle which was already cleaned and dried thoroughly. Conversion of 

required mass of the respective solvents to volume was accomplished by using experimental 

densities of the solvents at experimental temperature. It was then Stoppard and the mixed 

contents were shaken well before use. While preparing different binaries and ternaries care was 

taken to ensure that the same procedure was adopted throughout the entire work. The physical 

properties of different pure and mixed solvents have been presented in the respective chapters. 

The following different binary and ternary solvent mixtures have been prepared and used for my 

research studies. 

Binary mixtures studied: 

Acrylonitrile (I)+ Cinnamaldehyde (2) 

Acrylonitrile (I)+ Anisaldehyde (2) 

Acrylonitrile (I)+ Benzaldehyde (2) 

Cyclohexylamine (I)+ Butylamine (2) 

Cyclohexylamine (I)+ tert-butylamine (2) 

Cyclohexylamine (I) + Butanone(2) 
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Cyclohexylamine (I) + Butylacetate (2) 

Cyclohexylamine (I)+ 2-butoxyethanol (2) 

Cyclohexanone (I) +Butylamine (2) 

Cyclohexanone (I) + tert-butylamine (2) 

Cyclohexanone (I) + Butanone(2) 

Cyclohexanone (I) + Butylacetate (2) 

Cyclohexanone (I) + 2-butoxyethanol (2) 

Ternary mixtures studied: 

I ,4-dioxane (I)+ Dimethylformamide(2) +Methanol (3) 

1,4-dioxane (I)+ Dimethylformamide(2) +Ethanol (3) 

1,4-dioxane (I)+ Dimethylformamide(2) +]-propanol (3) 

1,4-dioxane (I)+ Dimethylformamide(2) + 2-propannol (3) 

1,4-dioxane (I)+ Dimethylformamide(2) +]-butanol (3) 

I ,4-dioxane (I)+ Dimethylformamide(2) + 2-butanol (3) 

1,4-dioxane (I)+ Dimethylformamide(2) + 1-pentanol (3) 

1,4-dioxane (I)+ Dimethylformamide(2) + iso-amylalcohol (3) 

Solute-solute I ion-ion and solute-solvent I ion-solvent interactions studied in 
the following mixed solutions: 

Catechol(!)+ Water (2) +Glycine (3) 

Catechol(!)+ Water (2) + DL-alanine (3) 

Catechol(!)+ Water (2) + L-valine (3) 

Catechol(!)+ Water (2) + L-leucine (3) 

I 

Tetrahydrofuran (I)+ I ,4-dioxane (2) + Tetrapentylammonium lodide(3) 

Tetrahydrofuran(l) + 1,4-dioxane (2) + Tetrahexylammonium'lodide(3) 

Tetrahydrofuran(l) + 1,4-dioxane (2) + Tetraheptylammoniurri Iodide(3) 

Tetrabutylammonium bromide(!)+ water (2) +Ascorbic acid p) 
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Dimethylsulphoxide (1) +Acetonitrile (2) +Lithium bromide (3) 

Dimethylsulphoxide (1) + Acetonitrile (2) + Sodium bromide (3) 

Dimethylsulphoxide (1) +Acetonitrile (2) +Sodium Iodide(3) 

Dimethylsulphoxide (1) +Acetonitrile (2) +Potassium Iodide (3) 

Dimethylsulphoxide (1) +Acetonitrile (2) + Tetrabutylammonium bromide (3) 

Dimethylsulphoxide (1) +Acetonitrile (2) + Sodium tetraphenyl borate (3) 

Dimethylsulphoxide (1) +Acetonitrile (2) +Lithium chloride (3) 

1,3-dioxolane (1) +Water (2) +Oxalic acid (3) 

1,3-dioxolane (1) +Water (2) +Sodium oxalate (3) 

1,3-dioxolane (1) +Water (2) +Potassium oxalate (3) 

1 ,3-dioxolane (1) +Water (2) +Ammonium oxalate (3) 

A.3.1.3. Solutes: 

Tetraalkylammonium salts viz. tetrapentylammonium iodide (Pe114NI), tetrahex_rlammoni 

urn iodide (He:14NI), tetraheptylammonium iodide (Hp4NI) , tetrabutylammonium bromide (Bll4 

NBr), were of Fluka's purum or puriss grade and purified by dissolving in mixed alcohol 

medium and recrystallised from solvent ether medium. After filtration, the salts were dried in an 

oven for few hours. The crystallised salts were dried in vacuum. The salts were stored in glass 

bottles in darkened desiccator over fused CaCh 22
.23 

Tetraheptylammoniumiodide Tetrahexylammoniumiodide Tetraheptylammoniumiodide 
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I 

Tetrabutylammoniumbromide Ascorbicacid 

Ascorbic acid was recrystallised twice from aqueous ethano~ solution and dried under vacuum at 

T=348 K for 6 hr. Thereafter, they were stored over P20 5 in J desiccator before use7
. 

• I 
Sodmm tetraphenylborate (NaB(C6H5)4), M.W. 342.23), procured from Fluka puram, was 

recrystallized three times from acetone and dried under vacuJm at 353.15 K for 72 hours. 

Catechol (S.D.Fine.Chem, A.R.,purity 99%.) cat~chol was purified by repeated 

crystallization from mixture of chloform-methanol. The samJle was dissolved in chloform in hot 

condition, filtered and to the filtrate dryed & distilled methbol was added dropdise. Fine plat 

like crystal separated and recovered by rapid filtration & \ready for use. Deionized, doubly 

distilled, degassed water with a specific conductance of lesslthan10.6!1·cm·1 was used for all of 
I 

the measurements. The purity of the solvents was ascertained by GLC. 
I 

Catechol 

I 
I 

I 

I 

The amino acids glycine (S.D. Fine Chemicals, Indi~, Purity>99%), DL-alanine (S.D. 
I 

Fine Chemicals, India, Purity> 98.5%), L-valine (S.D. Fine Chemicals, India, Purity> 99%), 
' 

and L-leucine (Thomas Baker, India, Purity>98%) were were ~ecrystalised from methanol-water 

mixture and dried at 3 73.15 K for 12 h in an infrared drier and then in vacuo over P20 5 at room 
\ 
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temperature22 The purity of the solutes finally obtained was better than 99.0 % as checked by 

melting point determination. 

G lycine 

Metal salts like lithium iodide, lithium chloride, li thium bromide, sodium iodide, 

potassium iodide were obtained from (Loba Chemie/S.D.Fine/E.Merck,India/Aidrich Chem) and 

were used as such after drying over CaO for 48 hours and purified in the manner given in the 

literature 1
'
3

'
7 

Oxalic acid, ammonium oxalate, sodium oxalate and potassium oxalate, all of Analytical 

Reagent grade, were used as such only after drying over P20 5 in a desiccator for more than 24 h. 

The reagents were always placed in the desiccators over P20 5 to keep them in dry atmosphere22 

Oxalic ac id 

A.3.2. Experimental Methods: 

A.3.2 .1. Measurement of Density: 

Densities (p) were measured with an Ostwald-Sprenge l type pycnometer having a bulb 

volume of 25 cm3 and an intem al d iameter of the cap ill ary of about 0.1 em. The pycnometer was 

ca librated at 298. 15, 303.15, 308. 15, 3 13.15 and 318. 15 K with doubly di stilled water and 
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benzene using density and viscosity values from the literature24
·
25 The pycnometer filled with air 

bubble free experimental liquid was kept vertically in a thennostatic water bath maintained at ± 

0.0 I K of the desired temperatures for few minutes to attain thermal equilibrium. The 

pycnometer was then removed from the them1ostatic bath, properly dried, and we ighed. 

Adequate precautions were taken to avo id evaporation losses during the time of actual 

measurements. An average of triplicate measurements was taken into account. Mass 

measurements accurate to ± 0.0 I mg were made on a digital electronic analytical balance 

(Mettler, AG 285, Switzerland). The precision of the density measurement was ± 3 x 10·4 g·cm·3
. 

MettlerToledoDigitaiEiectronic Balance Rotary Vacuum Flash Evaporator 

The temperature of the thermostatic water bath was preset at the desired temperature 

using a contact thermometer and relay system. The absolute temperature was detem1ined by a 

calibrated platinum res istance thermometer and Muller bridge26 The solutions were prepared by 

mixing known volume of pure liquids in airtight-stopper bottles and each solution thus prepared 

was distributed into three recipients to perfonn all the measurements in triplicate, with the aim of 

the detenn ining possible dispersion of the results obtained. Details of methods and teclmiques of 

density measurement is given in the literature2
·
27

.
30 
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An Ostwald- Sprengel-type pycnometer. 

The density was a lso measured by the density meter (Anton Paar DMA 4500M 

GmbH Austria-Europe). T he accuracy of the dens ity measurement was ± 5 x 10-5 g·cm-3 

Density Meter 

Anton Paar DMA 4500M GmbH Austria-Europe 
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A.3.2.2. Measurement of Viscosity: 

The kinematics viscosities were measured by means of a suspended-level Ubbelohde31 

viscometer. The time of efflux of a constant vo lume of the experimental liquid through the 

capillary was measured with the aid of a Racer stop watch capable of measuring times accurate 

to ± 0.1 s. The viscometer was always kept in a vertical position in the thermostatic bath with an 

accuracy of± 0.01 K ofthe desired temperature. 

Thermostat Water Bath 

The efflux time for water at 298. I 5 K was measured to be 428.9 s. The flow times of pure 

liquids and liquid mixtures ware measured a number of times and the average of the readings 

was taken into account. 

Liqu id 
l ev~ I 

E'q >t llqu~<t 

E"--pt. liquid 

Capillary 

A suspended-level Ubbelohde viscometer 
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The kinematics viscosity ( v) and the absolute viscosity ( r;) are given by the following 

equations. 

v= Kt-7{ (1) 

r; = vp (2) 

where t is the average time of flow, p is the density and K and L are the characteristic constants 

of the particular viscometer. The values of the constants K and L, determined by using water and 

methanol as the calibrating liquids, were found to be 1.9602x w·3 and 4.2019 respectively. The 

kinetic energy corrections were done from these values and they were found to be negligible. 

Relative viscosities (r;r) were obtained using the equation: 

T/ pt 
1] =-=-

r TJo Polo 
(3) 

where r; , TJo, p , p 0 and t , to are the absolute viscosities, densities and flow times for the 

solution and solvent respectively. The uncertainty in the viscosity measurements, based on our 

work on several pure liquids, was± 2 x I o-4 mPa·s. 

A.3.2.3. Measurement of Ultrasonic Speed: 

Ultrasonic speeds were measured, with an accuracy of 0.3 %, using a single crystal 

variable-path ultrasonic interferometer32 (Model M-81, Mittal Enterprise, New Delhi) operating 

at 2 MHz, which was calibrated with water, methanol and benzene at the experimental 

temperature. The temperature stability was maintained within ± 0.01 K of the desired 

temperature by circulating thermostatic water around the cell with the aid of a circulating pump. 

The principle used in the measurement of the ultrasonic speed (u) is based on the accurate 

determination of the wavelength (A.) in the medium. Ultrasonic waves of known frequency (f) are 

produced by a quartz crystal fixed at the bottom of the cell. These waves are reflected by a 

movable metallic plate kept parallel to the quartz crystal. If the separation between these two 

plates is exactly a whole multiple of the sound wavelength, standing waves are formed in the 

medium. This acoustic resonance originates an electrical reaction on the generator driving the 

quartz crystal and the anode current of the generator becomes a maximum. 
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Multifrequency Ultrasonic Interferometer 

If the di tance is increased or decreased maintaining the variation of exactl y one ha lf of wave 

length (A./2) or integral multiple of it, the anode current becomes maximum. From the knowledge 

of the wave length (A.), the speed (u) can be obtained by the relation: 

A 

R .F. Ioput -

(' B 

.. 
I .. 
" 

II 

I 

u - A. x f 

C::=:::~~= Quartz c ryatal 

j!i!2l~!l +-- Screw 

Poaltlo n of r e fle e tor 

(4) 

(A) C r oss-sect ion of the measuring cell of a Multifrequency Ultrasonic Interfer om eter and 
(B) Position of refl ecto r vs. crysta l cu rrent 
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The ul trasonic interferometer consists of the fo ll owing two parts: (i) the high frequency 

generator, and (ii) the measuring ce ll. The measuring ce ll is connected to the output terminal of 

the high frequency generator through a shielded cable. The cell is fi lled with the experimental 

liquid before switching on the generator. The ultrasonic waves move normal from the quartz 

crystal till they are reflected back from the movable plate and the standing waves are formed in 

the liquid in between the reflector plate and the quartz crystal. The micrometer is slowly moved 

till the anode current on the meter on the high frequency generator deflects a maximum. A 

number of maxima of anode current are observed and the ir number (n) is counted. The total 

distance (d) thus moved by the micrometer gives the value of the wavelength (A.) with the 

following relation. 

d = n x ;{/2 (5) 

Further, the speed (u) determined thus is used for the calculation of the isentropic 

compressibili ty (Ks) using the following formula: 

Ks =1/u2 p 

where p is the density of the experimental liquid. 

A.3.2.4. Measurement of Conductance: 

(6) 

Systronic Conductivity meter-306 IS used for measunng specific conductivity of 

electrolytic so lutions. It is a microprocessor based instrument and can provide both automatic 

and manual temperature compensation. The instrument shows the conductivity of the solution 

under test at the ex isting temperature or with temperature compensation. Provision for storing the 

ce ll constant and the calibrating so lution type, is prov ided with the help of battery back-up. This 

data can be further used for measuring the conductivity of an unknown solution without 

recalibrating the instrument even after switching it off. 

The conductance measurements were carri ed out on this conductivity bridge using a dip

type immers ion conductivity cell , CD-10 with a cell constant of 1.0 ± 10% cm·1
• The instru_ 

was standardized using 0.1 (M ) KCI solution. The cell was calibrated by the method of Lind a 

co-workers33 The measurements were made in a thermostatic water bath maintained at H. 

required temperature with an accuracy of ± 0.0 I K. 
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Several solutions were prepared by mass accurate to ± 0.0 I mg w ith the a id of a Mettler 

e lectronic analytical balance (AG 285, Switzerland) and runs were perfonned to ensure the 

reproduc ibili ty of the results. Due correction was made for the specific conductance of the 

so lvents at desired temperatures. 

Systronic-308 Conductivity Bridge (FTIR SHIMADZU) 

The fo llowing fi gure how the Systronic Conducti vity meter- 308, i.e. , (A) Isometric v iew and 

(B) Block diagram ofthe instrument 

A 

The Systronic Conductivity meter 308- (A) Isometric vie w 

and (B) Block diagram of the instrument. 
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CHAPTER-B 

B.1: Density and Viscosity of Acrylonitrile + Cinnamaldehyde + 

Anisaldehyde, and+ Benzaldehyde at(298.15, 308.15, 318.15) K. 

B.l.l Introduction 
Studies on thermodynamic and transport properties are important in understanding the 

nature of molecular interactions in binary liquid mixtures. Properties of mixtures are useful for 

many types of transport and process equipment in the chemical industry1
•
5

• The study of 

mixtures of acrylonitrile in various solvents is of interest because of its wide use as an important 

industrial monomer for polyacrylonitrile, as well as for investigating the effect of the 

simultaneous presence of the C=C double bond and the polar nitrile C=N group on the molecular 

interactions. Further, the properties of liquid mixtures are also very important for polymer 

solubility, as some of the polymers which are insoluble in a single solvent can be dissolved in a 

solvent mixture. This behaviour depends not only on the interactions between the polymer and 

each one of the liquids but also on the interactions between the liquids themselves. In fact these 

interactions are decisive in determining the solubilization of the polymer and the coiling 

expansion of the polymer chains in solution.6 

In the present paper, we report densities, viscosities, and ultrasonic speeds for the binary 

systems of acrylonitrile+ cinnamaldehyde, acrylonitrile+ anisaldehyde, acrylonitrile+ benzaldeh 

yde at the temperatures of (298.15, 308.I5, 318.5) K and atmospheric pressure over the entire 

composition range. The experimental data are used to calculate excess molar volumes v•, 
viscosity deviations !:J.T], and excess isentropic compressibility Ms of the mixtures. These results 

are useful for the interpretation of the nature of interactions that occur between acrylonitrile and 

the aromatic aldehydes. In addition, this work also provides a test of various empirical equations 

to correlate viscosity and ultrasonic sound data of binary mixtures containing polar components. 

Published in Journal of Chemical Engineering and Data 53 (2008) 1431-1435 
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B.1.2. Experimental Section 

B.1.2.1 Materials 

High purity spectroscopic and analytical grade samples of2-propennitrile (Acrylonitrile), 

3-phenyl 2-propenal (Cinnamaldehyde), 4-methoxybenzaldehyde (p Anisaldehyde), and benzald 

ehyde were purchased from S.D.Fine Chemicals Ltd., Mumbai, India. Acrylonitrile was washed 

with dilute HzS04, then with dilute NazC01 and water and again dried over anhydrous CaC]z and 

distilled fractional!/. Benzaldehyde was washed with 10% Na2C03 (until no more C02 is 

evolved), then with saturated NazC01 and water, followed by drying with CaCl/. Anisaldehyde 

was washed with NaHC03, then with water, dried with anhydrous MgS04 and distilled under 

reduced pressure under N/. Cinnamladehyde was crystallised from benzene and dried at 6o·c 
under vacuum7

• The Gas Liquid Chromatography (GLC) analyses of these liquids indicated a 

mol fraction purity of >99.0. The purity of the liquids was also checked by measuring their 

densities and viscosities at 298.15 K and was in reasonable agreement with the literature values 

as shown in Table I. 

B.1.2.2. Apparatus and Procedures 

The densities were measured with an Ostwald-Sprengel type pycnometer having a bulb 

volume of25 cm3 and an internal diameter of the capillary of about 0.1 em, calibrated at (298.15, 

308.15, and 318.15) K with doubly distilled water and benzene. The pycnometer with the test 

solution was equilibrated in a thermostatic water bath maintained at ± 0.01 K of the desired 

temperature, removed from the bath, properly dried, and weighed in an electronic balance. The 

evaporation losses remained insignificant during the time of actual measurements. Averages of 

triplicate measurements were taken. 

The mixtures were prepared by mixing known masses of pure liquids in air-tight 

stoppered bottles. The reproducibility in mole fraction was within ± 0.0002. The mass 

measurements, accurate to ± 0.01 mg, were made on a digital electronic analytical balance 

(Mettler, AG 285, Switzerland). The total uncertainty of density and viscosity measurements are 

± 3 x 104 g.cm·3 and± 2 x 10·4 mPa.s respectively and that of temperature is± 0.01 K. 

The viscosity was measured by means of a suspended Ubbelohde type viscometer, which 

was calibrated at 298.15 K with triple-distilled water and purified methanol using density and 
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viscosity values from the literature. The flow times were accurate to ±0.1 s, and the uncertainty 

in the viscosity measurements, based on our work on several pure liquids, was with-in 0.03 % of 

the reported value. Details of the methods and techniques of density and viscosity measurements 

have been described earlier8
•
9
•
10 

Speeds of sound were determined by a multi frequency ultrasonic interferometer (Mittal 

Enterprise, New Delhi) working at 5 MHz, calibrated with water, methanol, and benzene at 

298.15 K. The details of 

the methods and techniques have been described earlier.8•
9 The uncertainty of ultrasonic speed 

measurements is± 0.2 m·s·'. 

B.l.3. Results and Discussion 

The experimental viscosities, densities, excess volumes VE, and viscosity deviations !'J.q 

for the binary mixtures studied at all the experimental temperatures are listed in table 2. The 

plots of VE and /'J.I} against x 1 at 298.15 K are represented in Figures I and 2 respectively. 

Because of similarity in nature, the plots at the other two temperatures are not presented here. 

The excess molar volume ( VE) is calculated using the equation 11 •12 

(I) 

where p is the density of the mixture; M;, X;, and P; are the molecular weight, mole fraction 

and density of ith component in the mixture, respectively. 

The deviation in viscosities, /'J.I}. was computed using the relationship 11 

j 

I'J.I} = 1J-I ( X;IJ;) (2) 
i=l 

where 1J is the dynamic viscosity of the mixture; x1and 1]
1 

are the mole fraction and viscosity of 

ith component in the mixture, respectively. 
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It is seen that, the values of VE and 1:!.77 (see Table 2) for all the experimental binary 

mixtures are negative except benzaldehyde, over the entire range of composition and 

temperature. The negative 

order: 

values of VE decreases for the three systems are in the following 

acrylonitrile+ benzaldehyde> acrylonitrile+ cinnamaldehyde >acrylonitrile +anisaldehyde 

The negative values of VE indicate a specific interactions13 between the mixing 

components resulting in a volume decrease. The negative values of VE may be attributed to the 

dipole-induced dipole interactions between the component liquids of the mixtures resulting in 

formation of electron donor-acceptor complexes. 14 

Since the molar volume values of acrylonitrile and the other components differ 

considerably, nonassociated acrylonitriles molecules are interstitially accommodated into the 

cluster of bulky aldehyde molecules yielding negative VE values. This implies the negative VE 

values for all the three binary mixtures. As far as 1:!.17 values are concerned, the experimental 

binary mixture comprising of acrylonitrile and benzaldehyde exhibits positive values, while the 

other two binary systems exhibit negative values. The negative values imply the presence of 

dispersion forces 11 between the mixing components in these mixtures, while positive values may 

be attributed to the presence of specific interactions 11 between them. 

Isentropic compressibilities, K5 , and the excess isentropic compressibility M 5 , are 

calculated from the experimental densities, p, and speeds of sound, u, using the following 

equations15
•
18 

I 
Ks=--

f.ip 

j 

M 5 = K5 - Lx;Ks,; 
i=l 

(4) 

(5) 

where K
5

, is the isentropic compressibility of the mixture, and x; and Ks,; are the mole fraction, 

isentropic compressibility of ith component in the mixture, respectively .. 

Experimental values of u, K5 and M 5 are compiled in Table 3, and the plots of M 5 , against XI 

are shown in Figure 3. 
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It is seen from the Ms vs. x1 curve that the deviations in isentropic compressibility are 

negative for the three investigated binary mixtures and decreases in the following order: 

Acrylonitrile + cinnamaldehyde > acrylonitrile + anisaldehyde > acrylonitrile + 

benzaldehyde. 

These results can be qualitatively explained by considering the following factors :(i)the 

mutual disruption of associates presents in pure liquids , (ii) dipole induced interaction between 

the mixing liquids , (iii) interstitial accommodation of one component into another .The second 

two factors contribute to negative Ms values . Observed negative value of Ms for the mixtures 

over entire range of composition implies a weak dipole This induced interaction are predominant 

between the unlike molecules along with interstitial accommodation between the components19
•
11 

.Thus the behaviors of these functions supports the results obtained earlier. 

B.l.3.1 Correlating Equations 

Grunberg and Nissan20 suggested the following logarithmic relation between the viscosity 

of the binary mixture and the pure components: 

In lJmu = X1 In 1]1 + x2 In 1]2 + x1x2d12 (6) 

where d12 is a constant prop01tional to the interchange energy. It may be regarded as an 

approximate measure of the strength of the molecular interactions between the mixing 

components. The values of the interchange parameter d 12 have been calculated using equation (6) 

as a function of the composition ofthe binary mixtures of acrylonitrile with cinnamaldehyde, p

anisaldehyde and benzaldehyde and are listed in table 2. 

For each mixture, the mixing functions VE and 1'!1] and Ms were titted by a Redlich

Kister polynomial regression21 of the type 

m 

yE = xlx2La* (xl -x2Y 
k=l 
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where yE refers to an excess property for each i- j binary pair, and x; is the mole fraction of ith 

component, and A1_1 represents the coefficients. 

where yE refers to excess properties; x1 and x2 are the mole fraction of acrylonitrile and the other 

component, respectively; and ak represents the coefficients. The coefficients ak were obtained by 

fitting eqn (7) to experimental results using a leastsquares regression method. In each case, the 

optimal number of coefficients was ascertained from an approximation of the variation in the 

standard deviation (<>). The calculated values of ak along with the tabulated standard deviation 

( (J') are listed in Table 4. The standard deviations ( (J') was calculated using 

ry = ( Y!p,l- Y~lcd) 
[ 

2]1/2 

(n-m) 
(8) 

where n represents the number of data points and m is the number of coefficients. The small 

values of u for excess properties indicate the fits are good for the present study. In the present 

study, v", I:11J, and Ms are quite systematic and a function of the composition of the binary 

mixtures. 
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Table 1. Comparison of Density p, Viscosity 'I· and Sound Speeds u with Literature Data at the 

Experimental Temperatures 

TIK p x 10"3 /(kg·m·3) 11 /(mPa·s) u /(m·s-1
) 

Pure Solvent 
expt lit expt lit expt Lit 

298.15 0.7943 0.80022 0.3439 0.34422 I 172.5 

Acrylonitrile 308.15 0.7879 0.78932 0.3075 0.30922 

3 I 8. I 5 0.7828 0.2838 

298.15 1.0459 3.4778 1540.2 

Cinnamaldehyde 308.15 1.039 2.6878 

3 I 8. I 5 1.0323 2.2958 

298.15 1.1202 3.7055 1523.7 

Anisaldehyde 308.15 1.1117 2.8295 

3 I 8.15 1.1049 2.2321 

298.15 1.0409 1.3923 1460.5 

Benzaldehyde 308.15 1.0335 1.2241 

3 I 8. I 5 1.0266 I.I202 
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Table 2. Values of Density p, Viscosity '7, Excess Molar Volume 0, Viscosity Deviation 8'7, 

and Grunberg and Nissan Interaction Parameters d12 for Binary Mixtures 

0 
0.2168 
0.3837 
0.5163 
0.6241 
0.7135 
0.7889 
0.8532 
0.9088 
0.9573 

I 

0 
0.2168 
0.3837 
0.5163 
0.6241 
0.7135 
0.7889 
0.8532 
0.9088 
0.9573 

I 

0 
0.217 
0.384 
0.516 
0.624 
0.714 
0.789 
0.853 
0.909 
0.957 

I 

0 
0.222 
0.391 

pxlo· ikg·m· . IJjmPa·s VEx I06/m3 87]fmPa·s 
3 ·mor' 
Acrylonitrile + Cinnamaldehyde (298.15K) 

1.046 3.478 0 0 
1.017 2.014 -0.329 -0.786 
0.990 1.400 -0.644 -0.878 
0.964 1.020 -0.831 -0.843 
0.937 0.795 -0.816 -0.731 
0.911 0.646 -0.752 -0.600 
0.886 0.560 -0.654 -0.451 
0.862 0.474 -0.526 -0.336 
0.839 0.423 -0.408 -0.213 
0.817 0.388 -0.260 -O.Q97 
0.794 0.344 0 0 

Acrylonitrile + Cinnamaldehyde (308.15K) 
1.039 2.688 0 0 
1.0 II 1.698 -0.504 -0.481 
0.985 1.215 -0.837 -0.571 
0.958 0.906 -0.947 -0.568 
0.931 0.724 -0.923. -0.497 
0.905 0.603 -0.850 -0.407 
0.881 0.519 -0.749 -0.314 
0.856 0.441 -0.614 -0.241 
0.833 0.405 -0.439 -0.147 
0.810 0.359 -0.226 -0.079 
0.788 0.307 0 0 

Acrylonitrile+ Cimiamaldehyde (318.15K) 
1.032 2.296 0 0 
1.009 1.456 -1.026 -0.413 
0.983 1.078 -1.338 -0.461 
0.957 0.830 -1.449 -0.448 
0.930 0.684 -1.423 -0.382 
0.904 0.581 -1.304 -0.308 
0.878 0.457 -1.075 -0.284 
0.854 0.430 -0.897 -0.184 
0.830 0.394 -0.640 -0.111 
0.805 0.348 -0.275 -0.061 
0.783 0.284 0 0 

Acrylonitrile + Anisaldehyde (298.15K) 
1.120 3.706 0 0 
1.079 2.035 -0.327 -0.925 
1.040 1.341 -0.478 -1.051 

0 
-0.267 
-0.103 
-0.142 
-0.160 
-0.194 
-0.069 
-0.253 
-0.239 
0.094 

0 

0 
0.039 
0.122 
0.062 
0.065 
0.084 
0.119 
-0.135 
0.094 
-0.503 

0 

0 
-0.051 
0.134 
0.144 
0.237 
0.326 
-0.233 
0.183 
0.456 
-0.138 

0 

0 
-0.418 
-0.368 
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Xi p x 10· lkg·m· qjmPa·s VEx 106/m3 C.77!mPa·s dl2 
3 

·mor1 

0.524 1.003 0.865 -0.549 -1.080 -0.842 
0.631 0.968 0.742 -0.510 -0.842 -0.465 
0.720 0.934 0.550 -0.434 -0.737 -0.981 
0.794 0.903 0.545 -0.322 -0.492 -0.181 
0.857 0.873 0.415 -0.244 -0.410 -1.242 
0.911 0.845 0.435 -0.156 -0.207 0.301 
0.958 0.819 0.379 -0.059 -0.104 -0.021 

1 0.794 0.344 0 0 0 
Acrylonitrile + Anisaldehyde (308.1519 

0 1.112 2.830 0.000 0.000 0.000 
0.222 1.072 1.828 -0.387 -0.442 0.322 
0.391 1.034 1.226 -0.652 -0.618 0.130 
0.524 0.997 0.852 -0.712 -0.657 -0.154 
0.631 0.962 0.678 -0.696 -0.560 -0.121 
0.720 0.930 0.538 -0.663 -0.477 -0.314 
0.794 0.898 0.469 -0.51 I -0.359 -0.220 
0.857 0.868 0.404 -0.415 -0.264 -0.363 
0.911 0.840 0.369 -0.309 -0.162 -0.182 
0.958 0.813 0.333 -0.140 -0.080 -0.342 

1 0.788 0.307 0 0 0.000 
Acrylonitrile + Anisaldehyde (318.519 

0 1.105 2.232 0 0 0 
0.222 1.066 1.530 -0.502 -0.270 0.462 
0.391 1.029 1.095 -0.798 -0.376 0.393 
0.524 0.992 0.798 -0.840 -0.414 0.207 
0.631 0.957 0.644 -0.791 -0.359 0.248 
0.720 0.924 0.515 -0.714 -0.316 0.081 
0.794 0.893 0.443 -0.631 -0.243 0.118 
0.857 0.864 0.390 -0.525 -0.173 0.183 
0.911 0.835 0.370 -0.357 -0.087 1.000 
0.958 0.808 0.322 -0.132 -0.043 0.996 

1 0.783 0.284 0 0 0 
Acrylonitrile + Benzaldehyde (298.5K) 

0 1.041 1.399 0 0 0 
0.182 1.022 1.224 -0.740 0.017 0.817 
0.333 0.995 1.079 -1.062 0.032 0.937 
0.462 0.969 0.958 -1.182 0.046 1.080 
0.571 0.940 0.842 -1.053 0.046 1.201 
0.667 0.914 0.740 -0.948 0.044 1.341 
0.750 0.887 0.649 -0.729 0.041 1.512 
0.824 0.863 0.565 -0.605 O.D35 1.714 
0.889 0.839 0.484 -0.400 0.022 1.871 
0.947 0.816 0.410 -0.198 0.011 2.061 

0.794 0.344 0 0 0 
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X! px10· lkg·m· 'limPa·s VEx 106/m3 87J[mPa·s dt2 
3 

·mor1 

Acrylonitrile +Benzaldehyde (308.15K) 
0 1.034 1.224 0 0 0 

0.182 1.011 1.071 -0.826 0.014 0.792 
0.333 0.985 0.941 -1.134 0.022 0.889 
0.462 0.959 0.827 -1.254 0.026 0.986 
0.571 0.932 0.724 -1.175 0.023 1.077 
0.667 0.906 0.630 -1.022 0.017 1.156 
0.750 0.880 0.550 -0.772 0.013 1.256 
0.824 0.856 0.478 -0.624 0.009 1.365 
0.889 0.833 0.416 -0.451 0.007 1.509 
0.947 0.810 0.358 -0.286 0.002 1.571 

I 0.788 0.307 0 0 0 
Acrylonitrile+ Benzaldehyde (318.15K) 

0 1.027 1.120 0 0 0 
0.182 1.005 0.973 -0.914 0.005 0.729 
0.333 0.980 0.851 -1.285 0.009 0.821 
0.462 0.954 0.746 -1.399 0.012 0.915 
0.571 0.928 0.653 -1.366 0.011 1.002 
0.667 0.902 0.571 -1.245 0.009 1.088 
0.750 0.877 0.500 -1.048 0.007 1.185 
0.824 0.854 0.436 -0.977 0.004 1.284 
0.889 0.830 0.379 -0.740 0.002 1.382 
0.947 0.806 0.328 -0.377 0.000 1.463 

I 0.783 0.284 0 0 0 
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Table 3. Values of Ultrasonic Speeds u, Isentropic Compressibilty Ks, Excess 

Isentropic Compressibilty Ms for Binary Mixtures at 298.15K 

X! u/m·s·1 K x 1012;pa·l s t!.K x I 012/Pa·1 
s 

Acrylonitrile + Cinnamaldehyde 
0.217 1487.6 444.47 -69.73 
0.384 1433.3 491.8 -108 
0.516 1403 527.27 -140.5 
0.624 1372 567.04 -156 
0.714 1330.3 620.18 -148.7 
0.789 1288.7 679.46 -128.03 
0.853 1251.2 740.98 -99.5 
0.909 1224.1 795.28 -73.7 
0.957 1186.8 869.05 -24.8 

Acrylonitrile + Anisaldehyde 
0.222 1446.6 442.77 -59.6 
0.391 1384.8 501.29 -90.83 
0.524 1345.8 550.24 -112.5 
0.631 1310 601.97 -117.8 
0.72 1277.6 655.57 -111.2 

0.794 1244.6 715.18 -91.0 I 
0.857 1217.8 772.21 -67.5 
0.911 1201.6 819.38 -49.2 
0.959 1186.8 867.06 -26.63 

Acrylonitrile + Benzaldehyde 
0.182 1412.7 490.42 -44.56 
0.333 1394.7 516.49 -89 
0.462 1353.1 563.95 -101.2 
0.571 1322.4 608.09 -108.2 
0.667 1292.8 654.64 -105.98 
0.75 1259.4 710.4 -89 

0.824 1237.6 756.24- -77.37 
0.889 1212 811.21 -52.82 
0.947 1186.8 869.85 -21.4 
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Table 4. Redlich - Kister Coefficients A1_1 and Standard Deviations cr for the Binary Mixtures 

TIK Ao A1 A2 A3 A4 As A6 0' 

Acrylonitrile + Cinnamaldeh1:de 
V" X I o3 I (m3 ·mol' 298.15 -3.085 -1.746 0.003 
I) 308.15 -3.747 -0.722 0.109 -1.854 0.005 

318.15 -5.769 -0.580 -1.710 

1::!.7] I ( mPa·s) 298.15 -3.418 1.181 0.005 0.849 -2.748 1.816 0.005 
308.15 -2.270 0.765 -0.298 
318.15 -1.776 0.637 -0.667 

Ms x 10121(Pa'1) 298.15 65.107 -341.903 
Acrylonitrile + Anisaldeh1:de 

jill X I o3 I (m3 ·mol' 298.15 -2.163 -0.713 1.137 4.926 -4.841 -9.772 10.514 0.008 
I) 308.15 -2.011 0.851 0.018 

318.15 -3.379 0.141 0.250 -4.753 1.141 4.291 -4.99 0.003 
. 1::!.17 I ( mPa·s) 298.15 -4.237 1.730 0.035 

308.15 -2.579 -0.276 0.539 0.009 
318.15 -2.579 -0.276 0.539 0.009 

Ms xI 0 /(Pa'1) 298.15 -443.0572 -202.5219 2.75312 

Ac!)'lonitrile + Benzaldeh1:de 
jill x 103 I (m3 ·mol' 298.15 -4.524 0.823 0.024 
I) 308.15 -4.894 0.004 0.038 

318.15 -5.536 0.738 -1.773 2. 0.034 
1::!.7] I ( mPa·s) 298.15 0.177 0.834 0.002 

308.15 0.098 -0.041 -0.053 0.049 0.001 
318.15 0.047 0.002 0.041 0.000 

I::!.Ks x 10121(Pa-I) 298.15 -428.4816 -144.0856 41.16971 3.53919 
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Figure 1. Excess molar volume (VE) for binary mixtures of acrylonitrile (I) with 
+,cinnamladehyde •, anisaldehyde; A, benzaldehyde at 298.15 K. 
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Figure 2. Viscosity deviations ( A7J) for binary mixtures of acrylonitrile (I) +,cinnamladehyde 
•, anisaldehyde; •, benzaldehyde at 298.15 K. 
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Figure 3. Excess isentropic compressibility ( M 5 ) for binary mixtures of acrylonitrile (I with 

+,cinnamladehyde •, anisaldehyde; &, benzaldehyde at 298.15 K. 
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B.2: Study on Solution Properties with Reference to Molecular 

Interactions Occurring in Some Industrially Important Solvents 

B.2.1. Introduction 

Density and viscosity of pure chemicals and of their binary mixtures over the whole 

composition range at a particular temperature is useful for a full understanding of their 

thermodynamic and transport properties as well as for practical chemical engineering purposes. 

Excess thermodynamic properties of solvent mixtures correspond to the difference between the 

actual property and the property if the system behaves ideally and, thus, are useful in the study of 

molecular interactions and arrangements. So in recent years, there has been considerable interest 

in theoretical and experimental investigations of the excess thermodynamic properties of binary 

mixtures. The present work is a continuation of our systematic study1
-
2 of the physicochemical 

properties of nonaqueous binary liquid mixtures and it reports density (p), viscosity (q) and 

ultrasonic speeds (u) for the binary mixtures of cyclohexylamine + (butylacetate, butanone, 

butylamine, /er/-butylamine & 2-butoxyethanol) and cyclohexanone + (butylacetate, butanone, 

butylamine, /er/-butylamine & 2-butoxyethanol) over the entire range of composition at 298.15 

K and at atmospheric pressure. Cyclohexylamine is important in characterising the associated 

nature of the liquids in mixtures, because of the presence of both a proton donor and a proton 

acceptor and they form water insoluble compounds of medical importance3
• It is well known that 

cyclohexanone has numerous applications both in pure chemistry and industry. Also, 2-

butoxyethanols 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 -0-H bond and, hence, their influence on the associated nature of the 

species in these molecules. Properties of mixtures are useful for designing many types of 

transport and process equipment in the chemical industry4-8
• To explore the nature of the 

interactions various thermodynamic parameters, e.g., intermolecular free length, specific acoustic 

impedance etc. and their deviations have been derived from the density and ultrasonic speed 

data. The excess or deviation properties were fitted to the Redlich-Kister polynomial equation to 

obtain their coefficients and standard deviations and have been interpreted in terms of molecular 

Under Review in International Journal ofThermophysics 
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interactions and structural effects. This work provides a test of various empirical equations to 

correlate viscosity and acoustic data of binary mixtures in terms of pure component properties. 

B.2.2. Experimental Section 

B.2.2.1. Chemicals 

Cyclohexylamine (Merck, India),.Cyclohexanone, butyl acetate, butylamine, lerl

butylamine and butanone (S.D. Fine Chemicals, Analytical Reagent, purity> 99 %) were used 

without further purification. 2-butoxyethanol (S. D. Fine Chemicals, AR, India) were purified as 

described in the literature9
• 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 densities and 

viscosities with those reported in the literature2
·9-

13
, when available, as presented in Table I. 

B.2.2.2 Apparatus and Procedure 

The densities were measured with an Ostwald-Sprengel type pycnometer having a bulb 

volume of25 cm3 and an internal diameter of the capillary of about 0.1 em, calibrated at (298. I 5, 

308.15, and 318.15) K with doubly distilled water and benzene. The pycnometer with the test 

solution was equilibrated in a thermostatic water bath maintained at ± 0.0 I K of the desired 

temperature, removed from the bath, properly dried, and weighed in an electronic balance. The 

evaporation losses remained insignificant during the time of actual measurements. Averages of 

triplicate measurements were taken into account. The mixtures were prepared by mixing known 

volume of pure liquids in air-tight stoppered bottles. The reproducibility in mole fraction was 

within ± 0.0002. The mass measurements, accurate to 0.01 mg, were made on a digital 

electronic analytical balance (Mettler, AG 285, Switzerland). The total uncertainty of density is 

± 3x104 g.cm·3, and that of temperature is± 0.01 K. The viscosity was measured by means of a 

suspended Ubbelohde type viscometer, which was calibrated at 298.15 K with triple-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, based on our 

work on several pure liquids, was within± 0.03 %of the reported value. 

Speeds of sound were determined by a multi frequency ultrasonic interferometer (Mittal 

Enterprise, New Delhi) working at 5 MHz, calibrated with water, methanol, and benzene at 
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298.15 K. The uncertainty of ultrasonic speed measurements is ± 0.2 m.s·l. The details of the 

methods and techniques had been described elsewhere 1 
•
2
• 

B.2.3. Results and discussion 

The experimental densities p, viscosities l'f, excess molar volumes vE, and viscosity 

deviations Al'f, for the binary mixtures studied at 298.15 K are reported in Table 2. 

In order to understand the molecular interactions between the components of the binary mixtures 

the 3-D models of the said solvents are given below. 

Cyclohexylamine Butylamine 

Cyclohexylamine tert-butylamine 

$ ~ ... "' 
Cyclohexylamine 2-butanone 

~ -~ ' . 
'• . 

'• 
Cyclohexylamine 2-butoxyethanol 

$ "" .... * Cyclohexylamine n-Butylacetate 

cyclohexylamine + butylamine > cyclohexylamine + tert-butylamine > cyclohexylamine + 2-

butanone > cyclohexylamine + 2-butoxyethanol > cyclohexylamine + butylacetate. 
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* -~ • • 

Cyclohexanone Butylamine 

* ~ .. .. 
Cyclohexanone tert-butylamine 

* ~ c 

Cyclohexanone 2-butanone 

* * Cyclohexanone n-butylacetate 

* ·~ '• . 
~. ~. 

Cyclohexanone 2-butoxyethanol 

cyclohexanone + butylamine > cyclohexanone + tert-butylamine > cyclohexanone + 2-butanone 

> cyclohexanone +butylacetate > cyclohexanone + 2-butoxyethanol. 

Bo2o3ol. Excess molar volumes 

The excess molar volumes 0, for the mixtures were calculated using the following 

equation, 

E 

2 (1 1) v = L:Xiu ---
'"' p p, 

(I) 
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where p is the density of the mixture and M;, x;, p; are the molecular weight, mole fraction and 

viscosity of the ith component in the mixture, respectively. The estimated uncertainties for 

excess molar volumes vE, are ±0.005 cm3 mol-1
• 

Fig. I express that the excess molar volumes, vE, for all the cyclohexylamine systems, 

except for the system involving butylacetate, are negative over the entire range of composition. 

The strength of interactions of the mixture is in the order: 

cyclohexylamine + butylamine > cyclohexylamine + ten-butylamine > cyclohexylamine + 2-

butanone > cyclohexylamine + 2-butoxyethanol > cyclohexylamine + butylacetate. 

The negative values of excess molar volume suggest specific interactions19 between the 

mixing components in the mixtures while its positive values suggest dominance of dispersion 

forces1
•
13 between them. The negative vE values indicate the specific interactions such as 

intermolecular hydrogen bonding between the mixing components and also the interstitial 

accommodation of the mixing components because of the difference in molar volume. Several 

effects may also contribute to the value of vE and three different effects may be considered as 

being important- a) disruption of liquid order on mixing and unfavorable interactions between 

unlike molecules producing a positive contribution to vE, b) differences in molecular volumes 

and free volumes14
.
19 between liquid components and c) the possible association due to hydrogen 

bond interactions between the unlike molecules. The actual volume change would, therefore, 

depend on the relative strength of these opposing effects. The negative vE values may also be 

due to the difference in the dielectric constants of the liquid components of the binary mixture2
. 

The very large negative values of vE for the amines may be attributed to the presence of strong 

intermolecular hydrogen bond interactions between the cyclohexylamine molecules and the 

butylamine molecules and this effect decreases as one shifts from primary to tertiary amines19
•
20

, 

so tert-butylamine has less negative values of vE, compared to those of butylamine . This is 

probably due to the decreasing hydrogen bond interaction (-N-H- ~ - -H-N-) between 

cyclohexylamine and tert-butylamine owing to the steric effect21
• The parabolic shapes of vE 

versus x1 plots (Fig. I) with well defined minima also indicate the presence of complex 

formation. It is seen that the values of vE for binary mixtures of cyclohexylamine with 2-

butanone are also negative over the entire range of composition, suggesting specific interactions 

such as hydrogen bonding (-C=O--- -H-N-) between the mixing components. These negative 

values of vE may also be attributed to dipole-dipole interactions resulting in the formation of 
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electron-transfer complexes between the molecules of mixing components22
• The alkoxyethanols 

undergo less self-association in contrast to the high tendency of amines to undergo self

association through intermolecular hydrogen bonding. But, the presence of etheric oxygen in 

alkoxyethanols facilitates the formation of intramolecular hydrogen bonding between the etheric 

oxygen and hydrogen of -OH group of the same molecule. Infrared, microwave and calorimetric 

studies13
•
18

'
19 have also shown the presence of mostly ten-membered dimers and linear associates 

in R-0-CzHsOH (where R = -CH3, -CzHs, -C4H9, etc) and the small negative values ofF for 

the 2-butoxyethanols under investigation may be attributed to the presence of weak hydrogen 

bond or dispersive forces1
•
2 between the mixing liquids. The negative F values indicate 

interstitial accommodation of the mixing components because of the difference in molar 

volumes. 

The cyclohexylamine + butylacetate mixture is the only exception among the binary 

mixtures showing positive values of F over the entire composition and temperature range. The 

positive F values for this mixture arises from the close molecular sizes23 of cyclohexylamine 

and buty !acetate. 

Fig. 2 illustrates that the excess molar volumes, F for all cyclohexanone systems under 

investigation are negative over the entire range of composition at the experimental temperature 

The negative values of excess molar volume for the five systems are in the order: 

cyclohexanone + butylamine > cyclohexanone + tert-butylamine > cyclohexanone + 2-

butanone > cyclohexanone +butylacetate > cyclohexanone + 2-butoxyethanol. 

The very large negative values ofF for the amines may be attributed to the presence of 

strong intermolecular hydrogen bond interactions between the cyclohexanone molecules and the 

butylamine molecules and this effect decreases as one shifts from primary to tertiary amines20
,2

1
_ 

These negative values of F for the, systems cyclohexanone + 2-butanone and cyclohexanone + 

butylacetate may also be attributed to dipole-induced dipole interactions between the component 

liquids of the mixtures resulting in the formation of electron donor-acceptor complexes 24
• The 

small negative values ofF for the 2-butoxyethanols under investigation may be attributed to the 

presence of weak hydrogen bond or dispersive forces 1
•
2 between the mixing liquids. 
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B.2.3.2. Viscosity deviations 

Absolute viscosity If, and deviation viscosity dlf, for the mixtures were calculated using 

the following equations, 

7]=Vp 

2 

8.7] = 7]- ,Lx,7], 
i=l 

(2) 

(3) 

where p, v are the density, kinematic viscosity of the mixtures and Xi, /fi are the mole 

fraction and viscosity of the ith component in the mixture, respectively. The estimated 

uncertainties for deviations viscosity dlf, are ±0.004 mPa s. 

In case of cyclohexylamine binary system it is seen from Table 2 that dlf values are 

negative for all the mixtures, except for the mixture containing cyclohexylamine and 2-

butoxyethanol, over the entire composition range at the experimental temperature. The strength 

of interaction in the mixtures is in the order: 

Cyclohexylamine+2-butoxyethanol>Cyclohexylamine+butylamine>Cyclohexylamine + tert

butylamine > Cyclohexylamine + butanone > Cyclohexylamine + butylacetate. 

Table 2 also shows for cyclohexanone binary system that dlf values are negative for all 

the mixtures, except for the mixture containing cyclohexanone and butylamine, over the entire 

composition range at the experimental temperature. The strength of interaction in the mixtures is 

in the order: 

Cyclohexanone+buty lamine>Cyclohexanone+ 2-butoxyethanol>Cyclohexanone+ 

tert-butylamine > Cyclohexanone + butanone > Cyclohexanone + butylacetate 

The negative dlf values indicate the presence of weak interactions or dispersion forces24 

between the unlike molecules25 in the mixture. According to Fort and Moore26 excess viscosities 

are negative in mixtures of components having unequal size and in which dispersion forces are 

present resulting the formation of negative, while positive values may be attributed to the 

presence of specific interactions 26 between them. The plots of viscosity deviation, 8.11, versus 

mole fraction, XJo for the different binary mixtures have been presented in Fig. 3 and Fig. 4. 
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B.2.3.3. Deviations in isentropic compressibility and other derived parameter 

Isentropic compressibility, Ks and deviation in isentropic compressibility !'J.Ks, were 

calculated using the following relations: 

j 

- "x.Ks. .L...J I , I 
i:l 

(4) 

(5) 

where u and K 5 are the speed of sound, isentropic compressibility of the mixture and 

Ks,1, the isentropic compressibility of the ith component in the mixture, respectively. The 

experimental speed of sound, isentropic compressibility and deviation in isentropic 

compressibility are listed in Table 3 and are graphically represented in Fig 5 and Fig 6 as a 

function of the mole fraction of cyclohexylamine and cyclohexanone respectively. 

Fig. 5 shows that 11K.5 values are positive for all the mixtures, except those containing 

butylamine and increase in the order: 

Cyclohexylamine+butylamine >Cyclohexylamine+lert-butylamine> Cyclohexylamine + 

butanone > 2-butoxyethanol > Cyclohexylamine + butylacetate. 

Fig. 6 shows that 11K.5 values are positive for all the mixtures, except those containing 

butylamine and increase in the order: 

Cyclohexanone+butylamine>Cyclohexanone+tert-butylamine>Cyclohexanone+butanone > 

Cyclohexanone + 2-butoxyethanol > Cyclohexanone + butylacetate. 

this trend is justified by the presence of weak interaction or structure disruptive effects between 

the mixing liquids for the binary mixtures of alkoxyethanols and by the presence of strong 

hydrogen bond interactions between the mixing liquids for the binary mixtures of amines. As 

stated earlier alkoxyethanols in pure state associate predominantly to form ten-membered 
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dimeric rings. These structures can thus resist the structure disruptions in the presence of 

cyclohexylamine cases and cyclohexanone cases and this effect probably increases with the 

number of carbon atoms in the alkoxyethanols. Similar type of results was reported earlier by 

Sastry and Patel 9. The maximum positive M 8 values for this mixture arises from the close 

molecular sizes23 of cyclohexylamine and butylacetate as well as cyclohexanone + butylacetate 

system. 

From table 3 and the fig.7 it is seen that, for cyclohexylamine + tert-butyl mine, 

cyclohexylamine + butanone, and cyclohexylamine + butylacetate mixtures, the t!.G'E values are 

negative over the entire range of the composition and temperature, indicating the dominance of 

dispersive forces between the mixing components. The large, positive t!.G'E values for the 

cyclohexylamine + 2-butoxyethanol mixture speak in favor of strong specific interactions 

through complex formation in the system. The values of t!.G'E for cyclohexylamine + 

butylamine system are less positive, suggesting weaker interactions in the system. 

Fig. 8 shows that, t!.G'E negative for cyclohexanone + 2-butoxyethanol, cyclohexanone + 

butanone, and cyclohexanone + butylacetate mixtures, while large positive for cyclohexanone + 

butylamine and less positive for cyclohexanone + tert-butylamine 

In an attempt to explore the nature of the interactions, various thermodynamic parameters 

like intermolecular free length, LP; specific acoustic impedance, Z28
; VanderWaal's constant, 

b29
; molecular radius, ?7

; geometrical volume, B; molar surface area, Y 28
; available volume, 

Va27
; molar speed of sound, Rs21

; relative association, R/·21
•
30 and molecular association, 

MA
9
l-

1
•
30 of the binary mixtures have been calculated using the following equations: 

L, = kJK; (6) 

Z=up (7) 
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4 3 B=-trr NA 
3 

V0 =V-V, 

~ 
Mu 3 

Rs=
p 

(10) 

(II) 

(12) 

(13) 

(14) 

(15) 

(16) 

where K is a temperature dependent constant21
, Tis the absolute temperature, R is the universal 

gas constant, NA is the Avogadro's number, M is the average molecular weight, V0 is the volume 

at absolute zero, Pmix and Umix are the density and speed of sound of the mixture, respectively and 

u., is taken as 1600 m s-1. These parameters are presented in Table 5 for the pure components 

and in Table 6 for the mixtures as a function of x1 of cyclohexylamine binary mixture and 

cyclohexanone binary mixture, respectively. Table 6 represent that the values of the specific 

acoustic impedance Z, and intermolecular free length Lr, for the mixtures behave in an opposite 

manner. The relative association RA, values increase for all the mixtures with the increase of the 

mole fraction of cyclohexylamine or cyclohexanone cases, except for the binary mixture of 

cylohexylamine + 2-butoxyethanol. The relative association RA, measures the ability of 

molecules to build associates or supramolecular structure by intermolecular interactions.This 

implies that the presence of dissociative interactions between the unlike molecules in the 

mixtures of alkoxyethanols, while the situation is different for the mixture of amines9
.2

2
•
31

• 

Similarly the molecular association MA, measures the degree of molecular association by 
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intermolecular interactions and shown in table 6. From the table 6. it is found that MA value 

initially increases to a maximum and then decreases with the increases of the mole fraction of 

both cyclohexylamine or cyclohexanone binary mixtures The nonlinear variation of MA values 

for the mixtures of different amines implies the formation of strong cross-association between 

the unlike molecules through hydrogen bonding in these mixtures''.3': 

2 

M, = L,- LX;Lr,i 
i=l 

2 

AZ=Z-Lx,z, 
i=l 

(17) 

(18) 

where Lr and Z are the intermolecular free length and specific acoustic impedance of the mixture 

and x;, Lr.i and Z; are the mole fraction, intermolecular free length and specific acoustic 

impedance of the ith component in the mixture, respectively. 

Fig. 9 reveals that D.Z is negative for all the cyclohexylamine binary mixture, while 

Fig.! 0 shows D.Lr behaves in an opposite manner except cyclohexylamine +butylamine binbary 

mixture. Fig.! I manifest that D.Z is negative for all the mixture except cyclohexanone + 

butylamine binary mixture while D.Lr exhibit opposite trend which is shown in Fig 12. Positive 

and negative deviations in these functions from rectilinear dependence on composition of the 

mixtures indicate the extent of association or dissociation between the mixing components 21
• 

Thus the graded trend obtained from these results supports our earlier results. 

Viscosity Models and Interaction Parameters 

Several semiempirical models have been proposed to estimate the dynamic viscosity (71) 

of the binary liquid mixtures in terms of pure-component data. 31
•
32 Some of them we examined 

are as follows: 

Grunberg and Nissan33 have suggested the following logarithmic relation between the 

viscosity of the binary mixtures and the pure components: where d12 is a constant proportional to 

the interchange energy. It may be regarded as an approximate measure of the strength of 

molecular interactions between the mixing components. The values of the interchange parameter 

d12 have been calculated as a function of the composition of the binary liquid mixtures of 

cyclohexylamine and cyclohexanone with butyl acetate, butanone , butylamine, lert-butylamine 

and 2-butoxyethanol as listed in Table 2. 
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TJ = exp[ t,(x; JnTJ;)+d120 X;] (19) 

It has been found that the values of d12 are positive for all the cyclohexylamine binary 

systems studied, except the systems involving cyclohexanone + butanone and cyclohexanone + 

2-butoxyethanol. The negative values of d12 indicate the presence of dispersion forces26 between 

the mixing components in the mixtures while its positive values indicate the presence of specific 

interactions26 between them. 

Tamura and Kurata34 put forward the following equation for the viscosity of the binary 

liquid mixtures: 

; ; vz "= :~:>;¢;'!; + 2:z;,TI[ x;¢; l (20) 
i=l i=l 

where T12 is the interaction parameter and ¢, is the volume fraction of ith pure component in the 

mixture. 

Molecular interactions may also be interpreted by the following viscosity model of Hind 

TJ = exp[t(x; lnTJ;)+d12u X;] (21) 

where H 12 is Hind interaction parameter, which may be attributed to unlike pair interaction36 In 

the present study, the values of interaction parameter T12 and H 12 have been calculated from eqs 

20 and 21, respectively, and are listed in Table 2. It has been observed that for a given binary 

mixture T12 and H12 do not differ appreciably from each other, and this is in agreement with the 

view put forward by Fort and Moore26 in regard to the nature of parameters T12 and H 12• It is also 

significant to note that the values of T12 and H 12 are larger for the binary mixtures of 2-

butoxyethanol with the cyclohexyl group, and for which involve specific molecular interactions 
37 as revealed by the values of 1'1'7 and d12• 

Redlich-Kister Polynomial Equation 

The excess properties (VE, 1'111, /';.G*E and M 8 ) were fitted to the Redlich-Kister 

I . I . 38 po ynomm equatiOn 
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k . 

yE = xlx2I,ai {xi-x2)1 
i=l 

(22) 

where Y E refers to excess properties; x1 and x2 are the mole fraction cyclohexylamine or 

cyclohexanone and the other component, respectively. The coefficients a; were obtained by 

fitting eq 22 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 ( cr). The calculated values of a; along with the tabulated standard deviations 

(cr) are listed in Table 4. The standard deviation (cr) was calculated using 

(23) 

where n is the number of data points and m is the number of coefficients. The cr values lies 

between 0.005 m3.mor1 to 0.025 m3.mor1 for vE, between 0.001 m.Pa.s to 0.014 m.Pa.s for !'.1!, 

between 0.001 j .. mor1 to l.l7l j.mor1 for /';.G*E and between 0.225 Pa-1 to 0.712 Pa-1 for /';.K, 

respectively. The largest cr values corresponds to the cyclohexanone + 2-butanone system for vE, 
the cyclohexylamine+2-butoxyethanol for !';.q, the cyclohexanone +butylamine for /';.G*E and the 

cyclohexanone + tert-butylamine for l'lKs respectively. In the present study, vE, !'.1!, !';.G*E and 

6.Ks are quite systematic and a function of the composition of the binary mixtures. 

B.2.4. Conclusion 

In summary, amine systems are characterized by the presence of strong hydrogen bond 

interaction between the mixing liquids and the strength of interaction follows the order: primary 

amine> tertiary amine; also steric and other effects play a pivotal role in this regard. On the 

contrary, 2-butanone systems are expressed by hydrogen bonding as well as dipole-dipole 

interaction resulting charge transfer complex while, alkoxyethanols systems are characterized by 

the presence of weak hydrogen bond interaction or dispersive forces in the studied binary 

systems. The reason is probably the formation of intramolecular associates in these molecules by 

the interaction of the etheric oxygen and hydrogen of -OH group in the same alkoxyethanol 

molecule. 
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Table 1. Comparison of Experimental Densities p,Viscosities 17 and Sound Velocities u of the 

Pure Solvent with the Literature Data at 298.15 K. 

px 10'3/ Kg·m·3 
17/mPa·s ulm·s·1 

Solvents TIK 

ex pt. 
expt. ex pt. lit. lit. Lit. 

298.15K 0.8623 0.866814 1.753 1.753 14 1416.4 1416.414 

Cyclohexylamine 

298.15K 0.9416 0.941615 2.020 2.02015 1412.0 
Cyclohexanone 

298.15K 0.8744 0.87442 0.668 0.6682 1176.0 
Butylacetate 

298.15K 0.7981 0.798f 0.400 0.378 13 1195.0 
Butanone 

298.15K 0.7319 0.731902 0.493 0.4932 1251.6 
Butylamine 

298.15K 0.6960 0.686017 0.439 0.439 17 1260.0 
Tert-Butylamine 

298.15K 0.9020 0.902017 2.782 2.78216 1305.6 
2-Butoxyethanol 
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Table 2.Value of Density p,Viscosity 1J, Excess Molar Volume 0', Viscosity Deviation !11J, and 

Grunbarg-Nissan, Tamura-Kurata and Hind Inteaction parameters d 12, T 1z and H12 for the Binary 

Mixtures under investigation at 298.15 K. 

px10 I 
1J/mPa-s 

x10 I 
L'.1JimP-.rs dl2 H12 T12 XI K m-3 m3·mor1 

Cyclohexylamine + Butylacetate 

0.0000 0.8744 0.668 0.000 0.000 0.0000 0.0000 0.0000 

0.1151 0.8728 0.456 0.060 -0.178 -3.0879 -0.3530 -0.4130 

0.2265 0.8710 0.371 0.140 -0.230 -2.6022 -0.1362 -0.1731 
0.3342 0.8692 0.369 0.220 -0.201 -1.7931 0.0700 0.0487 
0.4385 0.8674 0.427 0.300 -0.111 -0.7765 0.2945 0.2826 
0.5394 0.8658 0.509 0.350 0.000 0.1700 0.5205 0.5112 
0.6373 0.8643 0.576 0.390 0.096 0.9654 0.7281 0.7153 
0.7321 0.8633 0.608 0.360 0.156 1.6964 0.9185 0.8969 
0.8241 0.8625 0.597 0.301 0.172 2.5373 1.1141 1.0786 
0.9134 0.8621 0.519 0.186 0.120 3.5350 1.2812 1.2285 
1.0000 0.8623 1.753 0.000 0.000 0.0000 0.0000 0.0000 

Cyclohexy1amine + Butanone 
0.0000 0.7981 OAOO 0.000 0.000 0.0000 0.0000 0.0000 
0.0747 0.8053 0.428 -0.291 0.092 1.0701 0.6070 0.5904 
0.1538 0.8125 0.450 -0.517 0.191 0.9849 0.5940 0.5825 
0.2376 0.8198 0.514 -0.779 0.315 1.4759 0.7189 0.7046 
0.3265 0.8272 0.592 -0.931 0.422 1.8858 0.8429 0.8315 
0.4210 0.8339 0.654 -1.050 0.520 2.1360 0.9303 0.9283 
0.5217 0.8407 0.729 -1.098 0.619 2.5510 1.0738 1.0869 
0.6291 0.8471 0.757 -1.051 0.664 2.9236 1.1884 1.2238 
0.7441 0.8529 0.754 -0.857 0.601 3.6019 1.3686 1.4383 
0.8674 0.8581 0.626 -0.503 0.388 4.4177 1.4696 1.5783 
1.0000 0.8623 1.753 0.000 0.000 0.0000 0.0000 0.0000 

Cyclohexy1amine + Butylamine 

0.0000 0.7319 0.493 0.000 0.000 0.0000 0.0000 0.0000 
0.0757 0.7453 0.576 -0.291 0.092 2.5250 1.0909 1.0585 
0.1557 0.7586 0.665 -0.517 0.191 2.6053 1.1577 1.1297 
0.2401 0.7725 0.779 -0.779 0.315 2.8755 1.2961 1.2720 
0.3296 0.7860 0.876 -0.931 0.422 3.0153 1.3881 1.3729 
0.4244 0.7997 0.962 -1.050 0.520 3.2227 1.4979 1.4945 
0.5252 0.8132 1.049 -1.098 0.619 3.6154 1.6742 1.6869 
0.6324 0.8265 1.081 -1.051 0.664 4.1368 1.8612 1.8967 
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I 

Fx106
/ px 1 OJ/ 

17/mPas ~17/mPas d,2 H12 T12 x, Kgm-3 m3 mor' 
0.7468 0.8391 1.004 -0.857 0.601 4.8632 2.0212 2.0856 
0.8691 0.8510 0.777 -0.503 0.388 6.1247 2.1378 2.2359 
1.0000 0.8623 1.753 0.000 0.000 0.0000 0.0000 0.0000 

Cyclohexylamine +Tert-Butylamine 
0.0000 0.6960 0.439 0.000 0.000 0.0000 0.0000 0.0000 
0.0757 0.7109 0.464 -0.185 0.030 0.9700 0.6212 0.6151 
0.1557 0.7263 0.530 -0.347 0.101 1.6155 0.7889 0.7793 
0.2401 0.7423 0.624 -0.508 0.201 2.1373 0.9556 0.9452 
0.3296 0.7590 0.718 -0.694 0.300 2.4656 1.0857 1.0779 
0.4244 0.7762 0.821 -0.829 0.410 2.8451 1.2456 1.2426 
0.5252 0.7936 0.888 -0.907 0.483 3.1643 1.3747 1.3798 
0.6324 0.8111 0.913 -0.885 0.515 3.5899 1.5144 I .5307 
0.7468 0.8286 0.864 -0.765 0.474 4.2220 1.6596 1.6908 
0.8691 0.8458 0.716 -0.482 0.334 5.5419 1.8751 1.9274 
1.0000 0.8623 1.753 0.000 0.000 0.0000 0.0000 0.0000 

Cyclohexylamine + 2-Butoxyethanol 
0.0000 0.9020 2.782 0.000 0.000 0.0000 0.0000 0.0000 
0.1169 0.8988 2.711 -0.130 0.211 2.0244 2.5969 2.5748 
0.2295 0.8955 2.689 -0.245 0.460 2.4167 2.8792 2.8527 
0.3380 0.8921 2.593 -0.331 0.625 2.7205 2.9740 2.9313 
0.4427 0.8883 2.458 -0.369 0.742 3.1030 3.0814 3.0207 

0.5437 0.8846 2.261 -0.397 0.789 3.5682 3.1677 3.0868 

0.6412 0.8806 1.988 -0.390 0.750 4.1391 3.2082 3.1065 

0.7355 0.8762 1.682 -0.326 0.672 5.0104 3.3045 3.1800 
0.8266 0.8718 1.306 -0.248 0.515 6.3105 3.3742 3.2264 

0.9147 0.8670 0.827 -0.121 0.249 8.0146 3.1726 3.0146 

1.0000 0.8623 1.753 0.000 0.000 0.0000 0.0000 0.0000 

Cyclohexanone +Butylacetate 

0.0000 0.8744 0.668 0.000 0.000 0.0000 0.0000 0.0000 

0.1162 0.8828 0.689 -0.310 -0.136 0.9611 0.7897 0.8028 

0.2283 0.8907 0.732 -0.510 -0.245 1.2720 0.8924 0.9056 

0.3365 0.8986 0.788 -0.690 -0.335 1.6170 1.0110 1.0201 

0.4410 0.9059 0.871 -0.767 -0.393 2.1201 1.1967 1.1972 

0.5420 0.9131 0.976 -0.820 -0.425 2.7978 1.4620 1.4452 

0.6397 0.9199 1.109 -0.790 -0.424 3.8158 1.8861 1.8357 

0.7341 0.9264 1.281 -0.730 -0.380 5.5268 2.6450 2.5256 

0.8256 0.9322 1.478 -0.572 -0.306 8.8574 4.1795 3.9027 

0.9142 0.9373 1.731 -0.330 -0.173 18.9248 9.0130 8.2063 

1.0000 0.9416 2.020 0.000 0.000 0.0000 0.0000 0.0000 
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1 

VE x 106
/ p x I OJ/ 

'7/mPa s I11Ji mPa s d, 2 H, 2 r,2 x, 
K m·3 m3 mor ' 

Cyclohexanone +Butanone 
0.0000 0.7981 0.400 0.000 0.000 0.0000 0.0000 0.0000 
0.0755 0.8135 0.450 -0.341 -0.072 -0.0583 0.6933 0.6686 
0.1552 0.8294 0.523 -0.690 -0.128 0.1339 0.7218 0.6898 
0.2395 0.8443 0.576 -0.880 -0.2 12 -0.1296 0.6274 0.5928 
0.3288 0.8599 0.655 -I. I 01 -0.278 -0.1805 0.5801 0.5391 
0.4235 0.8746 0.739 -1.171 -0.347 -0.2949 0.4992 0.4503 
0.5243 0.8896 0.868 -1.230 -0.381 -0.2963 0.4462 0.3867 
0.63 16 0.9038 1.030 - 1.140 -0.393 -0.3299 0.3655 0.2926 
0.7461 0.9172 1.258 -0.911 -0.351 -0.3308 0.2835 0.1937 
0.8686 0.9306 1.587 -0.620 -0.220 -0.2505 0.2447 0.1365 
1.0000 0.9416 2.020 0.000 0.000 0.0000 0.0000 0.0000 

Cyclohexanone +Butylamine 
0.0000 0.7319 0.493 0.000 0.000 0.0000 0.0000 0.0000 
0.0765 0.7599 0.623 -1.490 0.013 1.7816 1.3485 1.3311 
0.1570 0.7868 0.754 -2.659 0.021 1.5345 1.3358 1.3189 
0.242 1 0.8136 0.903 -3.640 0.041 1.4388 1.3669 1.3499 
0.33 19 0.8392 1.060 -4.320 0.060 1.3422 1.3927 1.3759 
0.4270 0.8634 1.223 -4.690 0.078 1.252 1 1.4159 1.3996 
0.5278 0.8852 1.392 -4.670 0.093 1.1785 1.4435 1.4279 
0.6349 0.9041 1.563 -4.201 0.101 1.1162 1.4744 1.4598 
0.7488 0.9199 1.725 -3.290 0.088 1.0427 1.4907 1.4774 
0.8702 0.9324 1.880 -1.890 0.058 0.9848 1.5142 1.5025 
1.0000 0.9416 2.020 0.000 0.000 0.0000 0.0000 0.0000 

Cyclohexanone +Tert-Butylamine 
0.0000 0.6960 0.439 0.000 0.000 0.0000 0.0000 0.0000 
0.0765 0.7176 0.525 -0.440 -0.036 0.8595 0.9776 0.9800 
0.1570 0.7402 0.607 -0.841 -0.081 0.6327 0.9256 0.9280 
0.242 1 0.7640 0.702 -1.230 -0.1 20 0.5388 0.9018 0.9044 

0.33 19 0.7876 0.787 -1.401 -0.177 0.3451 0.8306 0.8333 
0.4270 0.8128 0.893 -1.60 I -0.22 1 0.2368 0.7777 0.7806 
0.5278 0.8384 1.021 -1.650 -0.252 0.1533 0.7233 0.7266 

0.6349 0.8642 1.172 -1.540 -0.270 0.0561 0.6465 0.6503 
0.7488 0.8906 1.373 -1.30 I -0.250 -0.0164 0.5646 0.5692 
0.8702 0.9167 1.644 -0.824 -0.171 -0.0696 0.4742 0.4796 
1.0000 0.9416 2.020 0.000 0.000 0.0000 0.0000 0.0000 

Cyclohexanone +2-Butoxyethanol 

0.0000 0.9020 2.782 0.000 0.000 0.0000 0.0000 0.0000 
0.1180 0.9063 2.642 -0.071 -0.050 -0. 1344 2. 1588 2.1081 
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pxl03! 
17/mPa·s 

V"x 1061 
617/mPa·s dl2 H12 T12 Xi K ·m·3 m3·mol"1 

0.2314 0.9111 2.518 -0.200 -0.088 -0.1449 2.1536 2.1088 
0.3404 0.9153 2.402 -0.230 -0.120 -0.1685 2.1329 2.0934 
0.4453 0.9199 2.304 -0.320 -0.139 -0.1869 2.1194 2.0861 
0.5463 0.9242 2.217 -0.360 -0.149 -0.2110 2.1004 2.0737 
0.6436 0.9280 2.146 -0.331 -0.145 -0.2328 2.0845 2.0649 
0.7375 0.9321 2.087 -0.331 -0.133 -0.2656 2.0572 2.0458 
0.8281 0.9356 2.048 -0.250 -0.103 -0.2905 2.0386 2.0355 
0.9155 0.9387 2.024 -0.141 -0.060 -0.3235 2.0112 2.0178 
1.0000 0.9416 2.020 0.000 0.000 0.0000 0.0000 0.0000 

174 



Study on Solution Properties with ...... Important Solvents 

Table 3 Values of Ultrasonic Speeds u, Isentropic Compressibility Ks, Deviations m 

Isentropic Compressibility Ms and AG*E for Binary Mixtures at 298.15 K. 

Xi u/m·s·1 K xI 012
/ Pa·1 

s AK xI 0 12
/ Pa·1 

s AG*Exi0-3
/ J·mor1 

Cyclohexylamine + Butylacetate 
0.0000 1176.0 826.9 0.0 0.00 

0.1151 1183.5 818.0 19.7 -0.83 
0.2265 1191.5 808.8 38.2 -1.20 
0.3342 1202.6 795.5 51.7 -l.D4 

' 0.4385 1217.0 778.3 60.5 -0.49 
0.5394 1233.6 759.0 66.3 0.13 
0.6373 1255.5 734.0 65.7 0.61 
0.7321 1283.6 703.0 58.3 0.89 
0.8241 1317.2 668.2 46.4 0.98 
0.9134 1362.1 625.2 25.6 0.75 
1.0000 1416.4 578.1 0.0 0.00 

Cyclohexylamine + Butanone 
0.0000 1195.0 877.4 0.0 0.00 
0.0747 1204.3 856.1 1.1 0.20 
0.1538 1213.8 835.4 4.0 0.34 
0.2376 1224.9 813.0 6.7 0.71 
0.3265 1238.4 788.3 8.6 1.10 
0.4210 1253.3 763.4 12.0 1.38 
0.5217 1271.9 735.3 14.0 1.69 
0.6291 1293.9 705.1 16.0 1.81 
0.7441 1324.9 668.0 13.3 1.81 
0.8674 1362.3 627.9 10.2 1.34 
1.0000 1416.4 578.1 0.0 0.00 

Cyclohexylamine + Butylamine 
0.0000 1251.6 872.2 0.0 0.00 
0.0757 1258.0 847.8 -2.1 0.46 

I 0.1557 1266.5 821.8 -4.6 0.90 
0.2401 1276.5 794.5 -7.1 1.37 
0.3296 1288.8 766.0 -9.3 1.74 
0.4244 1302.2 737.5 -9.9 2.06 
0.5252 1318.7 707.1 -10.6 2.36 
0.6324 1337.6 676.3 -9.9 2.52 
0.7468 1358.8 645.4 -7.1 2.42 
0.8691 1384.6 613.0 -3.6 1.83 
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XI ufm·s·1 K x 10 12/ Pa·1 
s M x 1012/ Pa·1 

s ~G*Ex 10"3/ J·mor1 

1.0000 1416.4 578.1 0.0 0.00 
Cyclohexylamine +Tert-Butylamine 

0.0000 1260.0 905.0 0.0 0.00 
0.0757 1264.8 879.3 -0.9 0.18 
0.1557 1270.2 853.4 -0.7 0.55 
0.2401 1276.6 826.7 0.2 1.02 
0.3296 1284.1 799.0 1.8 1.43 
0.4244 1293.7 769.8 3.6 1.82 
0.5252 1306.5 738.2 4.9 2.07 
0.6324 1323.5 703.8 5.6 2.19 
0.7468 1346.1 666.0 5.2 2.10 
0.8691 1376.8 623.8 2.9 1.66 
1.0000 1416.4, 578.1 0.0 0.00 

Cyclohexylamine +2-Butoxyethanol 
0.0000 1305.6 650.4 0.0 0.00 
0.1169 1302.4 655.9 14.0 0.55 
0.2295 1303.2 657.5 23.7 1.13 
0.3380 1306.0 657.2 31.3 1.61 
0.4427 1311.6 654.4 36.0 2.02 
0.5437 1320.2 648.7 37.6 2.34 
0.6412 1333.0 639.1 35.1 2.52 
0.7355 1348.2 627.9 30.7 2.58 
0.8266 1366.8 614.0 23.4 2.39 
0.9147 1390.0 596.9 12.7 1.65 
1.0000 1416.4 578.1 0.0 0.00 

Cyclohexanone +Butylacetate 
0.0000 1176.0 826.9 0.0 0.00 
0.1162 1173.2 823.0 30.3 -0.26 
0.2283 1179.3 807.4 47.6 -0.43 
0.3365 1193.1 781.8 53.9 -0.55 
0.4410 1212.3 751.1 53.9 -0.59 
0.5420 1235.5 717.4 50.0 -0.58 
0.6397 1262.8 681.7 43.0 -0.53 
0.7341 1293.2 645.4 34.5 -0.43 
0.8256 1330.1 606.3 22.3 -0.32 
0.9142 1368.2 569.9 12.0 -0.16 
1.0000 1412.0 532.7 0.0 0.00 

Cyclohexanone +Butanone 
0.0000 1195.0 877.4 0.0 0.00 
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Xt u/m·s-1 K X I 012/ Pa-l s t),J( x 1012/ Pa-1 
s llG*Ex 10·3/ J·mor1 

0.0755 1193.2 863.4 12.0 -0.02 
0.1552 1193.2 846.9 23.0 0.03 
0.2395 1198.3 824.9 30.0 -0.08 
0.3288 1205.6 800.1 36.0 -0.13 
0.4235 1219.1 769.4 38.0 -0.22 
0.5243 1239.5 731.7 35.0 -0.22 
0.6316 1267.5 688.7 29.0 -0.23 
0.7461 1305.1 640.1 19.9 -0.18 
0.8686 1352.7 587.3 9.3 -0.09 
1.0000 1412.0 532.7 0.0 0.00 

Cyclohexanone +Butylamine 

0.0000 1251.6 872.2 0.0 0.00 
0.0765 1256.4 833.7 -12.5 0.29 
0.1570 1264.5 794.9 -24.0 0.47 
0.2421 1271.7 760.0 -30.0 0.60 
0.3319 1281.0 726.1 -33.4 0.67 
0.4270 1291.3 694.6 -32.6 0.69 
0.5278 1304.4 663.9 -29.1 0.65 
0.6349 1319.5 635.3 -21.3 0.57 
0.7488 1341.1 604.4 -13.6 0.43 
0.8702 1369.9 571.5 -5.2 0.25 
1.0000 1412.0 532.7 0.0 0.00 

Cyclohexanone +Tert-Butylamine 

0.0000 1260.0 905.0 0.0 0.00 
0.0765 1259.5 878.4 1.9 0.15 
0.1570 1256.6 855.5 9.0 0.20 
0.2421 1257.4 827.9 13.0 0.23 
0.3319 1262.6 796.4 15.0 0.17 
0.4270 1270.6 762.0 16.0 0.11 
0.5278 1284.8 722.6 14.1 0.06 
0.6349 1303.9 680.6 12.0 0.00 
0.7488 133D.6 634.2 8.0 -0.04 

0.8702 1363.2 587.0 6.0 -0.04 
1.0000 1412.0 532.7 . 0.0 0.00 

Cyclohexanone +2-Butoxyethanol 

0.0000 1305.6 650.4 0.0 0.00 
0.1180 1291.6 661.4 24.9 -0.03 
0.2314 1288.5 661.1 37.9 -0.06 

0.3404 1292.4 654.1 43.8 -0.09 
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Xi u/m·s·1 K xI 012
/ Pa"1 

s I1K xI 012
/ Pa·1 

s 6G*Ex 10"3 I J·mor1 

0.4453 1300.9 642.4 44.4 -0.11 
0.5463 1315.1 625.6 39.5 -0.13 
0.6436 1332.8 606.6 32.0 -0.13 
0.7375 1350.2 588.5 24.9 -0.13 
0.8281 1371.7 568.1 15.2 -0.11 
0.9155 1392.7 549.2 6.6 -0.06 
1.0000 1412.0 532.7 0.0 0.00 
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Table 4 Redlich-Kister Coefficients ak and Standard Deviations u for the Binary Mixtures at 298.15 K. 

Excess Property ao az a3 !4 as a<; 0" 

Cyclohe!IIamine + Butylacetate 
V"x I06/(m3·mor1) 1.3431 1.0718 0.1164 0.0046 

L'.17/mPa·s -0.1777 2.1024 0.0035 
G*Ex I 0'3/(J·mor 1

) -0.4313 12.3506 -4.4555 -4.6508 I5.0788 3.5474 -9.6606 O.OOI I 
Msx 10 12/Pa·' 259.8910 84.1955 0.53 I4 

Cyclohexylamine + Butanone 
VEx 106/(m3·mor 

-2.5910 -0.5943 0.0092 ') 
L'.17/mPa·s 1.3II5 I.2248 0.0070 

G*Ex 10'3/\J·mor1
) 6.4654 4.9I55 I .4343 2.1180 0.0363 

L'.Ksx I 0 2/Pa·' 55.2437 39.24I9 0.5174 

:1:: !Ilamine +Butylamine 
x 1 0°/(m3·mor1) -4.3972 -0.4690 0.24I5 0.4038 0.0124 

L'.17/mPa·s 2.4218 1.4436 0.0095 
G*Ex 10-3 /(J-mol'1) 9.1762 4.8585 4.1369 2.5433 0.0175 

Msx 10 12/Pa'1 -42.6543 0.9571 I 7.3828 0.2249 
Cyclohexylamine +Tert-Butylamine 

xl0°/(m3·mor1) -3.5518 -1.1380 0.2784 0.0099 
L'.17/mPa·s 1.8766 1.3513 -0.3365 0.0636 0.3810 0.4991 0.0029 

G*Ex I 0'3/(J·mor1
) 8.0893 4.5317 0.5974 2.8388 2.5937 4.1081 0.0107 

L'.Ksx 10 12/Pa·' 18.5740 22.0051 -15.6476 51.1549 21.4362 -I91.4276 -116.7800 0.4310 
Cyclohexylamine +2-Butoxyethanol 

V"x I 06/(m3·mor 1
) -1.5607 -0.3715 -O.I6I8 0.2252 0.6034 0.0056 

L'.q/mPa·s 3. I 185 0.8455 -0.4928 0.0 I4 I 
G*Exi0-3f~J·mor') 8.82 I 9 5.82I8 4.4479 5.6423 2.7885 0.0 I 13 

L'.Ksx I 0 2/Pa-1 147.8583 21.6074 0.2985 
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:yclohexanone +Butylacetate 
-3.2166 -0.7667 -0.5810 0.0091 
-1.6636 -0.5679 -0.1513 0.0023 
-2.3673 0.2272 0.1410 0.0053 

209.1766 -91.9494 28.0551 0.5140 
C~clohexanone +Butanone 

V"x 106/(m3·mor1) -4.8493 -0.0416 -0.5258 0.0249 
1'>17/mPa·s -1.5037 -0.6709 0.0052 

G*Ex 10'3/~J·mor 1 ) -0.9159 -0.5415 0.9675 0.0216 
L'>Ksx I 0 2/Pa' 1 144.5038 -63.3214 -33.4131 0.3770 

C~clohexanone +Butylamine 
-18.8586 2.4583 1.3469 -1.4740 -1.4791 2.7223 0.0091 
0.3609 0.2737 -0.0424 -0.0804 0.0017 
2.6676 -0.8309 0.6477 -0.4961 -0.0979 -0.2853 -4.7545 1.1706 

-120.3782 96.2951 13.0876 -12.8134 0.4391 
;yclohexanone +Tert-Butylamine 

-6.5523 -0.2792 -0.5502 -0.6011 0.0236 
-0.9878 -0.6383 -0.0886 0.0025 
0.2757 -1.2570 0.7414 -0.3291 0.0088 
59.7802 -43.4515 -10.4067 75.3305 0.7125 

~clohexanone +2-Buto!):'ethanol 
-1.3375 -0.6570 0.0156 
-0.5824 -0.1812 -0.0610 0.0010 
-0.4884 -0.3197 -0.1010 0.0011 
167.4998 -89.9316 0.4649 
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Table 5 Derived values of Vander Waal's constant, b; molecular radius, r; geometrical volume, 

B ; collision factor, S ; molar speed of sound, Rs ; available volume, V, ; intermolecular free 

length, Lr ; molar volume at absolute zero, Vo ; molar surface area, Y ; and specific acoustic 

impedance, Z; of the pure components at 298.15 K. 

bxl05 rxl09 Bxl05 Rsx 106 V, X 105 L, V,xl05 Yxi04 Zxl0"3 

Pure component s 
m' m m3·mol"1 m3· mol-1 (m·s-1) 113 m' A" m' A" Kg·m·2·s1 

Butyl acetate 13.28 0.236 9.96 0.98 1402.2 3.52 0.187 9.764 87.75 1028.29 

Butanone 14.55 0.243 10.92 0.62 1544.5 3.68 0.193 10.870 93.26 953.73 

Butylamine 15.87 0.251 11.90 0.66 1710.4 3.46 0.192 12.415 98.80 916.05 

Terl-butylamine 16.69 0.255 12.52 0.66 1802.6 3.55 0.196 13.143 102.17 876.96 

2-butoxyethanol 12.88 0.234 9.66 !.II 1407.5 2.37 0.166 10.508 85.96 1177.65 

Cyclohexylamine 11.50 0.225 8.63 1.18 1291.7 1.32 0.156 10.182 79.72 1221.36 

Cyclohexanone 10.53 0.219 7.90 1.16 1181.7 1.24 0.150 9.295 75.18 1329.54 
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Table 6 Ultrasonic speed, u ; available volume, Va ; specific acoustic impedance, Z ; molar 

speed of sound, Rs ; intermolecular free length, Lr ; deviation in intermolecular free length, Mr 

;deviation in specific acoustic impedance, !J.Z ; relative association, RA and molecular 

association, MA for the binary mixtures at 298.15 K. 

u V, X 105 Zx10·3 Rs xJ06 Lr !'!LeX I o·• !J.Zx 10-3 

x, 
m·s-1 m' Kg·m·2·s·1 m3· mor1 (m·s-1) 113 Ao Ao Kg·m·2·s·1 

RA MA 

Cyclohexylamine + Butylacetate 

0.1151 1183.5 3.40 1032.95 1380.6 0.186 0.003 -17.58 0.953 -0.033 

0.2265 1191.5 3.28 1037.76 1361.0 0.185 0.005 -34.26 0.954 -0.062 

0.3342 1202.6 3.14 I 045.34 1344.2 0.183 0.007 -47.48 0.955 -0.084 

0.4385 1217.0 2.98 1055.70 1329.9 0.181 0.008 -57.25 0.956 -0.098 

0.5394 1233.6 2.81 1068.08 1317.2 0.179 0.009 -64.36 0.959 -0.107 

0.6373 1255.5 2.61 1085.12 1307.2 0.176 0.009 -66.20 0.963 -0.108 

0.7321 1283.6 2.36 1108.14 1299.4 0.172 0.008 -61.50 0.969 -0.099 

0.8241 1317.2 2.09 1136.09 1293.8 0.168 0.006 -51.31 0.976 -0.081 

0.9134 1362.1 1.73 1174.27 1291.6 0.163 0.004 -30.37 0.987 -0.047 

Cyclohexylamiue + Butanone 

0.0747 1204.3 3.52 969.87 1515.2 0.190 0.000 -3.86 0.885 -0.012 

0.1538 1213.8 3.36 986.21 1485.9 0.188 0.001 -8.68 0.895 -0.025 

0.2376 1224.9 3.19 1004.20 1456.7 0.185 0.001 -13.12 0.906 -0.036 

0.3265 1238.4 3.01 1024.38 1428.2 0.183 0.002 -16.72 0.917 -0.045 

0.4210 1253.3 2.82 1045.19 1400.8 0.180 0.002 -21.21 0.928 -0.053 

0.5217 1271.9 2.60 1069.30 1374.3 0.176 0.003 -24.04 0.941 -0.058 

0.6291 1293.9 2.37 1096.13 1348.9 0.173 0.003 -25.98 0.953 -0.060 

0.7441 1324.9 2.08 1130.01 1326.7 0.168 0.002 -22.87 0.967 -0.051 

0.8674 1362.3 1.75 1168.98 1306.6 0.163 0.002 -16.91 0.982 -0.035 

Cyc1ohexy1amine +Butylamine 

0.0757 1258.0 3.29 937.58 1661.0 0.189 0.000 -1.59 0.831 -0.010 

0.1557 1266.5 3.11 960.75 1613.8 0.186 0.000 -2.83 0.848 -0.017 

0.2401 1276.5 2.92 ~86.08 1566.8 0.183 0.000 -3.29 0.865 -0.023 

0.3296 1288.8 2.72 1013.00 1522.4 0.180 0.000 -3.68 0.883 -0.026 

0.4244 1302.2 2.52 1041.33 1478.8 0.177 0.000 -4.31 0.902 -0.029 

0.5252 1318.7 2.30 1072.40 1437.2 0.173 0.000 -4.00 0.921 -0.029 

0.6324 1337.6 2.08 1105.49 1397.3 0.169 0.000 -3.65 0.940 -0.027 

0.7468 1358.8 1.85 1140.20 1359.5 0.165 0.000 -3.86 0.960 -0.023 

0.8691 1384.6 1.60 1178.26 1324.3 0.161 0.000 -3.12 0.979 -0.015 
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u v. X 105 

m' 

0.0757 1264.8 3.38 

0.1557 1270.2 3.21 

0.2401 1276.6 3.04 

0.3296 1284.1 2.86 

0.4244 1293.7 2.67 

0.5252 1306.5 2.46 

0.6324 1323.5 2.23 

0.7468 1346.1 1.97 

0.8691 1376.8 1.67 

0.1169 1302.4 2.36 

0.2295 1303.2 2.31 

0.3380 1306.0 2.26 

0.4427 1311.6 2.19 

0.5437 1320.2 2.10 

0.6412 1333.0 1.98 

0.7355 1348.2 1.85 

0.8266 1366.8 I. 70 

0.9147 1390.0 1.52 

0.1162 1173.2 

0.2283 1179.3 

0.3365 1193.1 

0.4410 1212.3 

0.5420 1235.5 

0.6397 1262.8 

0.7341 1293.2 

0.8256 1330.1 

0.9142 1368.2 

3.44 

3.30 

3.11 

2.89 

2.65 

2.40 

2.14 

1.84 

1.55 

0.0755 1193.2 3.58 

0.1552 1193.2 3.47 

0.2395 1198.3 3.32 

0.3288 1205.6 3.15 

0.4235 1219.1 2.95 

0.5243 1239.5 2.70 

0.6316 1267.5 2.41 

Rs xl06 Lr 

Cyclohexylamine +Tert-Butylamine 

899.15 1744.4 0.193 0.000 -3.89 0. 794 -0.0 II 

0.812 -0.022 

0.831 -0.032 

0.852 -0.041 

0.873 -0.049 

0.896 -0.052 

0.920 -0.051 

0.945 -0.044 

0.972 -0.027 

922.52 

947.56 

974.65 

1004.10 

1036.85 

1073.49 

1115.39 

1164.43 

1687.1 

1630.6 

1574.5 

1520.2 

1468.1 

1418.8 

1372.4 

1330.0 

0.190 

0.187 

0.184 

0.180 

0.177 

0.173 

0.168 

0.162 

0.000 

0.001 

0.001 

0.001 

0.002 

0.002 

0.002 

0.001 

-8.05 

-12.11 

-15.83 

-19.04 

-20.99 

-21.29 

-18.78 

-11.84 

Cyclohexylamine +2-Butoxyethanol 

1170.57 1383.7 0.167 0.002 -12.20 1.014 -0.024 

1167.05 

1165.03 

1165.14 

1167.77 

1173.82 

1181.32 

1191.58 

1205.18 

1363.3 

1345.5 

1330.5 

1317.9 

1308.1 

1300.7 

1295.4 

1292.8 

0.167 

0.167 

0.166 

0.166 

0.164 

0.163 

0.161 

0.159 

Cyclohexanone +Butylacetate 

I 035.67 1360.7 0.187 

1050.32 

1072.07 

1098.24 

1128.17 

1161.61 

1198.09 

1239.99 

1282.42 

970.66 

989.59 

1011.69 

1036.70 

1066.15 

1102.67 

1145.58 

1326.1 

1296.4 

1271.3 

1249.1 

1230.2 

1213.5 

1200.6 

1189.6 

0.185 

0.182 

0.178 

0.174 

0.170 

0.165 

0.160 

0.155 

Cyclohexanone +Butanone 

1495.2 
1447.0 

1403.8 

1361.2 

1322.9 

1287.0 

1255.2 
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0.191 

0.189 

0.187 

0.184 

0.180 

0.176 

0.171 

0.003 

0.004 

0.005 

-20.64 1.010 -0.041 

-27.40 1.007 -0.054 

-31.86 1.004 -0.063 

0.005 -33.64 1.002 -0.066 

0.005 -31.86 1.001 -0.062 

0.004 -28.48 1.000 -0.055 

0.003 -22.20 0.999 -0.043 

0.002 -12.45 0.999 -0.024 

0.004 

0.006 

0.007 

0.007 

0.007 

0.006 

0.005 

0.004 

0.002 

0.002 

0.003 

0.004 

0.005 

0.006 

0.006 

0.005 

-27.64 

-46.75 

-57.60 

-62.92 

-63.41 

-59.38 

-51.36 

-37.01 

-21.26 

-11.43 

-22.46 

-32.03 

-40.58 

-46.75 

-48.09 
-45.50 

0.881 -0.050 

0.891 -0.081 

0.902 -0.097 

0.914 -0.103 

0.928 -0.102 

0.941 -0.094 

0.955 -0.081 

0.971 -0.059 

0.985 -0.034 

0.817 -0.030 

0.833 -0.057 

0.849 -0.077 

0.866 -0.094 

0.884 -0.103 

0.905 -0.1 03 

0.926 -0.095 
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u v, X 105 Zx 10·3 R5 xJ06 Lr Mrx I o-s f,.Zx I o·' 
x, 

m·s -I m' Kgom-2·s·' m3• mol-1 (m·s-1) 113 Ao Ao Kg·m·2·s·' 
RA MA 

0.7461 I 305. I 2007 1197.03 1227.2 0.165 0.004 -37. I 0 0.949 -0.075 

0.8686 1352.7 1.68 1258.82 1201.7 0.158 0.002 -21.35 0.974 -0.044 

Cyclohexanone +Butylamine 

0.0765 1256.4 3.24 954.67 1628.2 0.188 -0.001 7.00 0.776 -0.012 

0.1570 1264.5 3.01 994.91 1554.6 0.183 -0.002 13.93 0.805 -0.019 

0.2421 1271.7 2.81 1034.67 1485.2 0.179 -0.003 18.54 0.834 -0.029 

0.33 I 9 1281.0 2061 1075.09 1422.4 0.175 -0.003 21.80 0.863 -0.036 

0.4270 1291.3 2.42 I I 14.89 1365.2 0.171 -0.003 22.28 0.890 -0.043 

005278 I 304.4 2022 1154.72 1314.9 0.168 -0.002 20.43 0.916 -0.047 

0.6349 1319.5 2.03 I I 92.87 1271.1 0.164 -0.001 14.31 0.939 -00050 

0.7488 I 341.1 1.81 1233.73 1234.3 0.160 -0.001 8.07 0.960 -00044 

0.8702 1369.9 1.56 1277.24 1204.2 0.155 0.000 1.36 0.980 -00030 

Cyclohexanone +Tert-Butylamine 

0.0765 1259.5 3.42 903.86 1724.3 0.193 0.001 -9.40 0.733 -0.023 

0.1570 1256.6 3.29 930018 1648.8 0.190 0.002 -18.29 0.756 -0.043 

0.2421 I 257.4 3.13 960.68 1575.6 0.187 0.003 -25.83 Oo781 -0.060 

0.33 I 9 I 262.6 2.94 994.44 I 508.4 0.184 0.003 -32.73 0.806 -0.072 

0.4270 127o.6 2.74 1032.78 1442.5 0.180 0.003 -37.42 0.833 -0.080 

0.5278 1284.8 2.51 1077.13 1381.1 0.175 0.003 -39.59 0.863 -0.083 

0.6349 1303.9 2.24 1126.81 1324.5 0.170 0.003 -37.48 0.894 -0.076 

0.7488 1330.6 1.95 I I 85.D3 1271.5 0.164 0.002 -30.81 00927 -0.062 

0.8702 1363.2 1.62 1249.71 1223.4 0.158 0.001 -19.29 0.963 -0.039 

Cyclohexanone +2-Butoxyethanol 

0.1 I 80 1291.6 2.42 1170.59 1368.2 0.167 0.003 -24.98 0.934 -0.040 

0.2314 1288.5 2.39 I 174.00 1334.5 0.167 0.005 -38.80 0.939 -0.062 

0.3404 1292.4 2.31 I 182.88 1306.3 0.166 0.006 -46.47 Oo944 -0.072 

0.4453 1300.9 2.19 1 I 96.68 1280.8 0.165 0.006 -48.60 Oo951 -0.076 

0.5463 I 3 I 5. I 2.05 1215.48 1259.2 Ool63 0.005 -45. I 5 0.959 -0.070 

0.6436 1332.8 1.88 1236.87 1240.7 Ool60 0.004 -38.54 0.967 -0.059 

0.7375 1350.2 1.73 1258.56 1222.9 0.158 0.004 -31.1 I 0.975 -0.048 

0.8281 1371.7 1.55 1283.27 1208.3 0.155 0.002 -20.16 0.984 -0.03 I 

0.9155 1392.7 1.39 1307.36 I I 94.6 0.152 0.001 -9.35 0.992 -0.015 
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Figure 1. Variation of excess molar volumes, FxJ06 (m3·mol- 1
) against mole fraction (x1) of 

cyclohexylamine at 298.15 K with butylacetate (+), butanone(•), butylamine("'), lert-butylamine 

(x), 2-butoxyethanol ( ;( ). 
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Figur.e 2. Variation of excess molar volumes, Fxl06 (m3·mol- 1
) against mole fraction (x1) of 

cyclohexanone at 298.15 K with butylacetate (+), butanone(•), butylamine(&), tert-butylamine 

(x), 2-butoxyethanol ( x ). 
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Figure 3o Variation of viscosity deviation, 1111 /mPa·s against mole fraction (x1) of 

cyclohexylamine at 298.15 K with butylacetate (+), butanone(•), butylamine (4), tert-butylamine 

(x), 2-butoxyethanol (;;:) 
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Figure 4o Variation of viscosity deviation, l>q/mPa·s against mole fraction (x1) of cyclohexanone 

at 298.15 K with butylacetate (+), butanone(•), butylamine (.A.), tert-butylamine (x), 2-

butoxyethanol ( ~ )o 
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Figure 5. Variation of deviations in isentropic compressibility, AK8xi012 /Pa-1 against mole 

fraction (x1) ofcyclohexylamine at 298.15 K with butylacetate (+), butanone(•), butylamine (A), 

tert-butylamine (x), 2-butoxyethanol ( ~ ). 
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Figure 6o Variation of deviations in isentropic compressibility, I'.K5xJ0 12 /Pa-1 against mole 

fraction (x1) of cyclohexanone at 298.15 K with butylacetate (+), butanone(•), butylamine (.A.), 

lert-butylamine (x), 2-butoxyethanol (:t:)o 
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Figure 7. Variation of deviation in excess Gibbs energy for activation of viscous flow, LlG*Ex I o· 
3
/ (Jmol 1)against mole fraction (xi) of cyclohexylamine at 298.15 K with butylacetate (+), 

butanone(•), butylamine (.1.), tert-butylamine (x), 2-butoxyethanol (x). 
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Figure So Variation of deviation in excess Gibbs energy for activation of viscous flow, 

LJ.G*Ex 10-3
/ (Jmol1)against mole fraction (x1) of cyclohexanone at 298.15 K with butylacetate 

(+), butanone(•), butylamine (•), tert-butylamine (x), 2-butoxyethanol (:1:). 
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Figure 9. Variation of deviation in specific acoustic impedence activation, L'l.Zxi0-6(Kg·m-2·s·1
) 

against mole fraction (x1) of cyclohexylamine at 298.15 K with butylacetate (+), butanone(•), 

butylamine (.A.), tert-butylamine (x), 2-butoxyethanol ("). 
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Figure 10. Variation of deviation in intermolecular free length, L'l.LrxJ0"6 /A0against mole 

fraction (x1) ofcyclohexylamine at 298.15 K with butylacetate (+), butanone(•), butylamine (.a.), 

tert-butylamine (x), 2-butoxyethanol ( :< ). 
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Figure 11. Variation of deviation in specific acoustic impedence activation, L'l.Zx I o-6 (Kg·m·2·s'1) 

against mole fraction (x1) of cyclohexanone at 298.15 K with butylacetate (+), butanone(•), 

butylamine (.A>), tert-butylamine (x), 2-butoxyethanol (:!:). 
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Figure 12. Variation of deviation in intermolecular free length, ALrxi0"6/A0against mole 

fraction (x1) of cyclohexanone at 298.15 K with butylacetate (+), butanone(•), butylamine(&), 

tert-butylamine (x), 2-butoxyethanol (><). 
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B.3: Study on Solution-Solution Interactions Prevailing in Some 

Liquid Mixtures by Physico-Chemical Techniques 

B.3.1.Introduction 

The nature of the inter-molecular forces experiences grouping of solvents into classes and 

this is often based on because the manner whereby solvent molecules are associated with each 

other brings about a marked effect on the resulting properties. After the introduction of the 

concept of ionization power of solvents 1, much work has been carried out to the solvent effects 

on the rate and equilibrium processes2 Because of the close connection between liquid structure 

and macroscopic properties, determination of density, viscosity and ultrasonic speeds is a 

valuable tool to know the liquid state3
•
4

. Rheology is the branch of science 5 that studies material 

deformation and flow, and is increasingly applied to analyze the viscous behavior of many 

pharmaceutical products6
, since it has been firmly established that viscosity influences the drug 

absorption rate in the body. 

The increasing use of cyclic ether, monoalkanols and their mixtures in many industrial 

processes such as pharmaceutical and cosmetics has greatly stimulated the need for extensive 

information on their properties. I ,4-dioxane (DO), Dimethylformamide (DMF) and their 

mixtures are very important solvents that are widely used in various industries. They figure 

prominently in the high-energy battery technology and have also found application in organic 

synthesis as manifested from the physico-chemical studies in these media7
'
13

• The 

thermodynamic properties of various alkanols have been studied in numerous solvents1
4-

19
• In 

our systematic study of the thermodynamic properties, we have reported densities, viscosities 

and speeds of sound of different solvents and their mixtures in the previous papers2
0-

22
• In this 

paper we extend our studies to the mixtures of I ,4-dioxane (I ,4-DO) 

and dimethylformamide (DMF) with some monoalkanols where I ,4 dioxane(! ,400) is represent 

ed as A, dimethylformamide(DMF) is represented as B, and monoalkanol, represented as C. The 

monoalkanols include methanol (MeOH), ethanol (EtOH), !-propanol (1-PrOH), 2-propanol (2-

PrOH), 1- butanol (1-BuOH), 2-butanol (2-BuOH), 1-pentanol (AmOH) and i-AmOH. The 

cyclic ether (A), DMF (B) and monoalkanols (C) have proton donor and proton acceptor groups 

leading to self association in pure state and mutual association in combined state through 

significant degree of H-bonding23.24
• Thus, determination of density, viscosity, speeds of sou~d 
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helps in understanding both synergy and antagonism along with the isentropic compressibility in 

this type of ternary mixtures containing polar components. 

B.3.2. Experimental section 

B.3.2.1. Chemicals 

1,4-dioxne,(l,4-DO),dimethylformamide(DMF)and eight mentioned monoalcohols were 

obtained from Merck and L.R. I ,4-dioxane and dimethylformamide were further purified by 

standard methods25
· The purification of pure alcohols (Merck, India) methanol, ethanol, !

propanol, 2-propanol, !-butanol, 2-butanol, 1-pentanol and i-AmOH has been described earlier 
25

"
26

• The chemicals after purification were 99.9% pure and their purity was ascertained by GLC 

and also by comparing experimental values of densities and viscosities with those reported in the 

literature12
•
15.25

•
26 as listed in Table I. 

B.3.2.2. Measurements 

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 

measurements were done in a thermostated bath controlled to ±0.0 I K. The weighings were done 

on a Mettler AG-285 electronic balance with a precision of ±0.01 mg. The precision of density 

measurements was ±3 xJ0-4 kg·m-3
• The viscosity 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, based on our work on several pure 

liquids, was ±2 xJ0-4 P. The details of the methods and techniques have been described 

earlier10
•
21

• 

Speeds of sound were determined by a multi-frequency ultrasonic interferometer (Mittal 

Enterprise, New Delhi) working at 2 MHz, which was calibrated with water, methanol and 

benzene at 298.15 K. The precision of the speed measurements was ±0.2 m·s-1
• The details of the 

methods and techniques have been described earlier10
. The mixtures were prepared by mixing 

known volumes of pure liquids in airtight stopper bottles. Each solution thus prepared was 

distributed into three recipients to perform all the measurements in triplicate, with the aim of 
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determining possible dispersion of the results obtained. Adequate precautions were taken to 

minimize evaporation losses during the actual measurements. 

B.3.3. Results and discussion 

The physical properties of the pure solvents are given in Table I.Theexperimentally 

determined parameters have been compared with the literature values5
,2?-4D 

In Table 2, the calculated and experimental values of densities (p) and excess molar 

volumes(v")of the ternary mixtures of 1,4-dioxane (A), dimethylformamide(B) and 

monoalkanols (C), i.e., methanol, ethanol, !-propanol, 2-propanol, !-butanol, 2-butanol, amyl 

alcohol, i-amyl alcohol have been presented along with the mole fractions of (A) and (B). 

B.3.3.1. Excess molar volume 

The experimentally determined density values along with the derived parameter, v" which 

is the excess molar volume are listed in Table 2.The excess molar volumes, v", are calculated 

from density data according to the following equation 41
: 

(I) 

where p is the density of the mixture; M;, X; , and P; are the molecular weight, mole fr~ction 

and density of ith component in the mixture, respectively. 

It is observed from Table 2 and Fig. I that v" is negative for all the I ,4-dioxane (A)+ DMF 

(B)+ monoalcohol mixtures over the entire range of composition. The magnitude of the negative 

values of v" decreases with increasing chain length of the monoalcohol in I ,4-DO (A) + DMF 

(B) + monoalcohol mixture series. The values of v" increases over the entire range of 

compositions for all ternary mixtures. The negative v" implies the presence of strong molecular 

interaction between the components of the mixture and the greater the negativity value the 

stronger is the interaction. The values in terms of negativity existing in the mixtures studied here 

are enhanced by the following order: 

(A) +(B)+ MeOH > EtOH > 2-PrOH > 1-PrOH > 2-BuOH > 1-BuOH > i-AmOH >AmOH. 

As stated earlier, with the increase in chain length of the alkane groups in the alkanols, 

their electron releasing ability i.e., +I effect increases, thereby decreasing the polarity of the -OH 
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group. Hence dipolar interaction42 and H-bonding between the unlike molecules deceases, 

thereby decreasing the interaction between the components in the mixture and thus the negative 

values of vE decreases with increasing chain length of alkanols. Also, since the molar volume of 

the monoalkanols increase with the chain length, nonassociated methanol molecules, having the 

smallest molar volume, are interstitially accommodated into the cluster of 1,4 DO and DMF 

molecules thereby yielding the highest negative vE values and the same decreases as the chain 

length of monoalkanols increase. 2" monoalkanols are more symmetric compared to their 

corresponding 1 • monoalkanols, thus, rendering higher negative values of vi', which is explained 

in view of more interaction predominated by H-bonding between the unlike molecules. 

The diagrammatic representation of the various components is shown below: 

I,4-DIOXANE=A DMF=B METHANOL 

I,4-DIOXANE=A DMF=B ETHANOL 

I,4-DIOXANE=A DMF=B I-PROPANOL 

I,4-DIOXANE=A DMF=B 2-PROPANOL 

I,4-DIOXANE=A DMF=B I-BUTANOL 
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1.4-DIOXANE~A DMF~B 

1,4-DIOXANE~A DMF~B 

1,4-DIOXANE~A DMF~B 

2-BUTANOL 

'~~~~~~-
' ' ' AMYL ALCOHOL 

i-AMYL ALCOHOL 

For the 1,4-DO (A)+ DMF (B)+ monoa1cohol mixture, the minima is observed at XA = 0.49 to 

0.58. The estimated uncertainty for vE is± 0.5x104 m3mor1
. 

B.3.3.2. Viscosity deviations 

In Table3 the calculated and experimentally determined viscosities of the ternary 

mixtures are shown along with the mole fraction of 1,4-DO(xA) and DMF (x8 ) at 298.15K. 

Viscosity deviation (/';.IJ) and antagonic index (h) values presented together in Table 4 

for clear comparison between the two that appears to be same but are different properties. 

From the absolute reaction rates theory43
, the deviations of viscosities calculated quantitatively 

from the ideal mixture as 

j 

/';.7] = 1J-L( x,1J.) (2) 
i=l 

where 1J is the dynamic viscosity of the mixture; x; and 7]1 are the mole fraction and viscosity of 

ith component in the mixture, respectively. 
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In Fig.2, !!.7] values for the ternary mixtures (A) + (B) + monoalkanols (C) have been 

plotted against the mole fraction of 1 ,4-DO (xA) at 298.15 K. 

It is observed that !!.7] values increases to attain a maximum and then decreases as the 

mole fraction of 1 ,4-DO increases. This trend is observed for all the ternary mixtures examined 

here. However, the mixtures have maximum !!.7] at XA = 0.72 to 0.89 for the particular 

temperature indicating strong specific interaction between the unlike molecules. The estimated 

uncertainty for !!.11 is± 0.0004 poise. 

Here, dispersion and dipolar interactions are operating between I ,4-DO, DMF and 

monoalkanol molecules resulting in negative !!.7] but with the increase of XA of 1,4-DO, the 

hydrogen bonding interactions come into play resulting in the formation of complex species 

between unlike molecules thereby resulting in positive !!.7] 33 

B.3.3.3. Viscous antagonism 

The method most widely used to discuss the synergic and antagonic behavior of the 

ternary liquid mixtures used here is that developed by Kalentunc-Gencer and Peleg44 allowing 

quantification of the synergic and antagonic interactions taking place in the mixtures involving 

variable proportions of the constituent components. The method compares the viscosity of the 

system, determined experimentally, 'lexp , with the viscosity expected in the absence of 

interaction, 1/calcd , defined by the simple mixing rule as, 

1/calc = XA1/I + XB1/2 + XC1/3 (3) 

where XA, xa, xc are the mole fraction of the systems A, B, C, and 1/1. '72, 113 are the viscosities, 

measured experimentally, of the systems A, B, C, respectively. The method. used to analyze 

volume contraction and expansion is similar to that applied to viscosity, i.e., the density of the 

mixture is determined experimentally, Pexp, and a calculation is made for Peale based on the 

following expression: 

(4) 

where p1, p2,p3 are the densities, measured experimentally, of the systems A, B, C, respectively 
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The results have been explained graphically in Fig. 2, where 1'/exp has been compared for the 

monoalkanols with increasing C-atoms, i.e., methanol, ethanol, 1-propanol,1-butanol, 2-butanol, 

amyl alcohol(l-pentanol) and iso-amyl alcohol. 

Thus, when 1'/exp < 1'/calcd the system is considered to exhibit viscous antagonism. Hence, it 

is defined as the interaction between the components of a system causing the net viscosity of the 

latter to be less than the sum of the viscosities of each component considered separately. 

In contraposition to viscous antagonism, viscous synergy is the term used in application to the 

interaction between the components of a system that causes the total viscosity of the system to be 

greater than the sum of the viscosities of each component considered ·separately. So, when 1'/exp > 

1'/caJc, viscous synergy exists. 

Hence if the total viscosity of the system is equal to the sum of the viscosities of each 

component considered separately, the system would lack interaction45
• In order to secure more 

comparable viscous antagonism results, the so called antagonic interaction index (/A), introduced 

by Howell46 is taken into account 

]A= llca1c-17~p = !117 (5) 
1lcalc 17adc 

This procedure is used when Newtonian fluids are involved, since in non-Newtonian 

systems shear rate must be taken into account, and other synergy indices are defined in 

consequence47 

In Fig.3, antagonic interaction index (h) values for the ternary mixtures (A) +(B) + 

monoalkanols (C) have been plotted against the XA of water at 298.15 K. It is found that each 

mixture has a maxima at XA = 0.0 and then it decreases as XA increases. The estimated uncertainty 

for h is± 0.002 

Table 3 shows that the experimentally determined viscosities, 1'/exp for all mixtures for various 

mole fractions at 298.15 K are lower than those of its calculated values, '!calc which indicates the 

viscous antagonism in the eight mixtures studied here. 

The explanation of this behaviour is based on the known phenomenon of molecular 

dissociation, as a consequence of weakening the non-covalent bondings formed between the 

molecules producing a decrease in size of the molecular package which logically implies an 

increase in J/·44
• The maxima observed indicates strong specific interaction between the unlike 

molecules which is predominated by non-covalent interaction. Thus, the molecular package 
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increases gradually with the addition of I ,4-DO to the mixtures which implies a decrease in h at 

298.15 K 

In Fig.4, the experimental viscosities have been compared for the monoalkanols with 

increasing C-chain. The order it follows is 

(A)+ (B)+ MeOH < EtOH < 1-PrOH < 2-PrOH < 1-BuOH < 1-BuOH <AmOH< i- AmOH 

The explanation of this type of behavior is based on the known phenomenon of solvation, 

as a consequence of the hydrogen bonds formed between the molecules of the components of the 

mixture producing an increase in size of the resulting molecular package, which logically implies 

a rise in viscosity and density. After reaching the maximum viscosity, the subsequent addition of 

more 1,4-DO induces a decrease in mixture viscosity, as the latter tends to approach the 

viscosity of I ,4-DO as concentration approaches zero. 

In Table 4, the antagonic index values for the ternary mixtures are presented in the 

following trend: 

(A)+ (B)+ MeOH < EtOH < 1-PrOH < 2-PrOH < 1-BuOH < 2-BuOH <AmOH < i- AmOH 

h value increases for the mixtures with increasing C-chain length in the monoalkanols. 

This indicates that the interaction between unlike molecules of (B) and (C) decreases and that 

between like molecules of (A) increases. As the chain length of the alkane groups in the alkanols 

increases, their electron releasing ability increases, thereby decreasing the polarity of the -OH 

group. So the bonding between A and B with the alkanol molecules decreases. 

In case of isomers, steric effect becomes the deciding factor. Here due to large and complex size 

of the secondary alkanols compared to the primary ones, the 1,4-dioxane molecules cannot easily 

disrupt the molecular package formed between (B) and (C). Thus, the mutual attraction remains 

greater for the 2°-isomers. 

Fig. 5 and Table 5 shows the viscous antagonism index, JA, as a function of the number 

of carbon atoms corresponding to the monoalkanols with the hydroxyl group at the end of the 

molecular chain and the second carbon atom. This figure also shows that the antagonic indices 

204 



Study on Solution-Solution ......... Physico-Chemical Techniques 

of the monoalkanols with the hydroxyl group at the second carbon atom of the molecular chain 

are lower than those of the monoalkanols with terminal hydroxyl group. Similar results were 

reported earlier by Herraez et a!. 5-

Further, it has been also observed from Fig. 4 that with increasing proportion of (A), h 

which has a maxima at XA = 0.0 value, gradually decreases and becomes negative, thus exhibiting 

synergy, for each of the monoalkanol mixtures. As proportion of A increases, there is gradual 

increase in size of molecular package leading to predominance of interaction between unlike 

molecules causing synergy. 

A power factor, F,1 which is the enhancement index of the viscosity has also been 

introduced for these ternary liquid mixtures containing the monoalkanols5
, 

F., = 'lmax I 110 (6) 

where llmax is the maximum viscosity attained in the I ,4-DO+DMF+monoalkanol mixtures, and 

11o is the experimental viscosity of the pure monoalkanols. Table 5 gives the llmax, 110 and F~ for 

the mixtures. Figure 6 shows that the maximum viscosity of the monoalkanols with the hydroxyl 

group at the second carbon atom of the molecular chain are higher than those of the 

monoalkanols with terminal hydroxyl group. Similar results were reported earlier by40
• 

In Table 5, the power factor, F,1 has been presented. This is the enhancement factor which 

represents the factor by which alkanol viscosity can be multiplied by adding a certain amount of 

I ,4-DO. The value decreases as the chain length increases for the C-atom of the monoalkanols. 

However, 2" alkanols have greater F,1 than I" one, which is shown in fig. 7. 

A perusal of Table 2 shows that the values ofpexp for various liquid mixtures studied here 

are higher than those of its calculated values, Peale, in the supposition that volume contraction 

exists. This type of behavior can be interpreted in view of known phenomenon of 

electrostriction, as a consequence solvent molecules are accommodated in the void space left in 

the packing of dispersed solvent molecules. Similar results were obtained and reported earlie~0• 
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There is however tendency for volume expansion, i.e., Pexp <Peale as the chain length of C-atoms 

of (C) increases. In case of isomers, this tendency is less in branched ones than linear ones, i.e., 

2" isomer exhibit more volume contraction than r. These conclusions are in excellent agreement 

with that drawn from viscosity values explained earlier in this paper. 

B.3.3.4. Deviation in isentropic compressibility 

Isentropic compressibilities, K8 , and excess isentropic compressibility, K;, are 

calculated from the experimental densities, p, and speeds of sound, u, using the following 

equations 9,33,42,43 

I 
Ks =-2-

f.lP 
(7) 

j 

K; =K8 - LX;Ks,i (8) 
i=l 

where K 8 is the isentropic compressibility of the mixture, and x; and Ks.; are the mole fraction, 

isentropic compressibility of ith component m the mixture, respectively. 

Experimental values of u, K8 and K; are compiled in Table 6, and the plots of Kff, against XA 

are shown in Fig. 8 

From the figure it is shown that K; values are negative for all the mixtures under 

investigation, and they increase as the length of the molecular chain of the monoalkanols 

increases. The donor-acceptor interactions between the mixing components play a pivotal role to 

make negative K; values, which are more negative for the lower monoalkanols. However, the 

branched isomers have lower K; values than their terminal counter parts, as they can fit well 

into the structure of the cyclic ethers and DMF. Similar results were reported by some authors 

earlier40
•
50

•
51This is explained by the interstitial accommodation and changes in free volume. The 

branched isomers fit into the structure of A and B more easily compared to the linear isomers, 

thereby possessing more negative deviations. 
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Bo3o4o Conclusions 

After a thorough study of the behavior ofmonoalkanols on 1,4-DO+ DMF we get a clear 

idea about the type and amount of molecular interactions between them and also given us an idea 

about antagonism. The similarity in the working formula of antagonic interaction index and 

viscosity deviation would probably indicate that the two properties are similar 

but a close comparison between these two parameters have given the clear distinction. 

List of symbols 

A 1,4-DO 

B 

c 
F'l 
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Ks 

Kli 
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ll 
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xc 

Greek letters 

'7calc 

'lexp 

'I max 

1/0 

p 

Peale 

Pexp 

DMF 

monoalkanols 

power factor 

antagonic interaction index 

isentropic compressibility 

excess isentropic compressibility 

speed of sound 

weight fraction of I ,4-DO 

weight fraction ofDMF 

mole fraction of monoalkanols 

viscosity 

viscosity of components A, B and C 

calculated viscosity of mixtures 

experimental viscosity of mixtures 

maximum viscosity of mixtures 

pure state viscosity 

density 

density of components A, B and C 
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Tablel Comparison of the experimental densities,px10-3/Kg.m_3, viscosities J/xi02/P and u/ms·' 

of the pure solvents with the literature values at 298.15 K. 

px 1 o-3/Kg.m-3 ~ xJ02/P 
u/m.s·' 

ure solvent TIK 
Ex pt. Lit. Ex pt. Lit. Ex pt. Lit. 

1,4 Dioxane 298.15 K 1.0305 1.030527 1.2 1.227 1344.4 1344.428 

Dimethylformamide 298.15 K 0.9443 0.944529 0.8582 0.858630 1460 146231 

Methanol 298.15 K 0.7866 0.78695 0.5468 0.5475 1105.2 110332 

Ethanol 298.15 K 0.7851 0.7851 33
•
34 1.088 1.08833

'
34 1143.3 1144.935 

!-Propanol 298.15 K 0.8025 0.80255 1.946 1.9465 1206.6 1207.235 

2-Propanol 298.15 K 0.7823 0.78255 2.0314 2.03145 1129.2 

!-Butanol 298.15 K 0.8057 0.805836 2.5419 2.5425 1240.1 1240.237 

2-Butanol 298.15 K 0.8032 0.80355 2.823 2.8235 1177.3 

1-Pentanol 298.15 K 0.8103 0.810438 3.51 3.51 38 1277.1 1277.237 

i!-o-amylalcohol 298.15 K 0.8072 0.8071 39 3.112 3.11140 1195.6 
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Table 2 Calculated and experimental densities (p) and excess molar volumes(VO) of 1,4-dioxane 

(A) +Dimethylformamide (B)+ monoalkanols (C) as a function of mole fraction of 1,4-dioxane 

and dimethylformamide at 298.15K. 

XA XB Pcalcx I o·3 /(kg·m"3
) Pexpx 10"3/(kg·m"3

) V" x 106/(m3·morl) 
1,4-Dioxane +DMF+ Methanol 

0.0000 0.3048 0.8354 0.8742 -0.8930 
0.0532 0.2886 0.8458 0.8894 -0.9480 
0.1122 0.2706 0.8573 0.9049 -0.9920 
0.1781 0.2505 0.8702 0.9210 -1.0510 
0.2521 0.2279 0.8846 0.9376 -1.1060 
0.3358 0.2024 0.9009 0.9548 -1.1720 
0.4313 0.1733 0.9196 0.9729 -1.2600 
0.5413 0.1398 0.9410 0.9911 -1.3230 
0.6692 0.1008 0.9660 1.0079 -1.2460 
0.8199 0.0549 0.9954 1.0203 -0.7730 
1.0000 0.0000 1.0273 1.0305 0.0000 

1 4-Dioxane+ DMF + Ethanol 
0.0000 0.3863 0.8469 0.8684 -0.7840 
0.0665 0.3606 0.8591 0.8839 -0.8560 
0.1381 0.3329 0.8722 0.8999 -0.9220 
0.2155 0.3030 0.8864 0.9162 -0.9770 
0.2994 0.2706 0.9018 0.9331 -1.0360 
0.3906 0.2354 0.9186 0.9509 -1.1170 
0.4901 0.1969 0.9369 0.9691 -1.1870 
0.5993 0.1548 0.9569 0.9869 -1.1830 
0.7194 0.1084 0.9790 1.0028 -0.9670 
0.8522 0.0571 1.0034 1.0174 -0.5830 
1.0000 0.0000 1.0305 1.0305 0.0000 

1,4-Dioxane+ DMF +1-Propanol 
0.0000 0.4512 0.8636 0.8751 -0.5810 
0.0768 0.4166 0.8764 0.8899 -0.6540 
0.1577 0.3801 0.8899 0.9049 -0.7130 
0.2500 0.3416 0.9042 0.9207 -0.7900 
0.3440 0.3010 0.9192 0.9372 -0.8820 
0.4430 0.2580 0.9351 0.9541 -0.9740 
0.5570 0.2125 0.9519 0.9711 -1.0140 
0.6360 0.1643 0.9698 0.9870 -0.9260 
0.7370 0.1130 0.9887 1.0012 -0.6500 
0.8708 0.0583 1.0089 1.0152 -0.2980 
1.0000 0.0000 1.0305 1.0305 0.0000 

1,4-Dioxane+ DMF +2- Propanol 
0.0000 0.4512 0.8535 0.8636 -0.6250 
0.0768 0.4166 0.8671 0.8791 -0.6910 
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XA XB Pcalcx I o-3 /(kg·m-3
) P•xox I o-3 /(kg·m-3

) V"x 106/(m3·mor1) 

0.1577 0.3801 0.8814 0.8951 -0.7570 
0.2500 0.3416 0.8965 0.9119 -0.8380 
0.3330 0.3010 0.9124 0.9294 -0.9260 
0.4282 0.2580 0.9293 0.9474 -1.0140 
0.5290 0.2125 0.9471 0.9656 -1.0580 
0.6400 0.1643 0.9661 0.9829 -0.9700 
0.7660 0.1130 0.9862 0.9989 -0.7170 
0.8330 0.0583 1.0076 1.0142 -0.3490 
1.0000 0.0000 1.0305 1.0305 0.0000 

14-Dioxane+ DMF +1- Butanol 
0.0000 0.5035 0.8760 0.8744 -0.3780 
0.0849 0.4607 0.8891 0.8890 -0.4590 
0.1728 0.4165 0.9027 0.9041 -0.5400 
0.2636 0.3708 0.9167 0.9197 -0.6170 
0.3690 0.3234 0.9313 0.9359 -0.7090 
0.4610 0.2743 0.9463 0.9525 -0.7830 
0.5562 0.2235 0.9619 0.9690 -0.8000 
0.6609 0.1707 0.9781 0.9844 -0.6690 
0.7697 0.1160 0.9949 0.9989 -0.4260 
0.8880 0.0591 1.0124 1.0136 -0.1460 
1.0000 0.0000 1.0305 1.0305 0.0000 

1 4-Dioxane+ DMF +2- Butanol 
0.0000 0.5035 0.8748 0.8734 -0.4230 
0.0849 0.4607 0.8880 0.8880 -0.4960 
0.1830 0.4165 0.9017 0.9033 -0.5810 
0.2636 0.3708 0.9159 0.9190 -0.6580 
0.3577 0.3234 0.9305 0.9354 -0.7500 
0.4552 0.2743 0.9457 0.9523 -0.8400 
0.5562 0.2235 0.9614 0.9688 -0.8450 
0.6609 0.1707 0.9777 0.9843 -0.7130 
0.7697 0.1160 0.9946 0.9990 -0.4670 
0.8980 0.0591 1.0122 1.0139 -0.1870 
1.0000 0.0000 1.0305 1.0305 0.0000 

1,4-Dioxane+ DMF +1- Pentanol 
0.0000 0.5467 0.8847 0.8752 -0.2200 
0.0960 0.4966 0.8980 0.8895 -0.2900 
0.1950 0.4456 0.9116 0.9042 -0.3560 
0.2799 0.3937 0.9255 0.9196 -0.4480 
0.3768 0.3407 0.9396 0.9357 -0.5480 
0.4756 0.2867 0.9540 0.9521 -0.6360 
0.5830 0.2316 0.9687 0.9678 -0.6000 
0.6791 0.1754 0.9837 0.9821 -0.4000 
0.7839 0.1181 0.9990 0.9966 -0.1690 
0.8909 0.0597 1.0146 1.0129 -0.0550 
1.0000 0.0000 1.0305 1.0305 0.0000 
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1,4-Dioxane+ DMF +isoamylalcohol 
0.5467 0.8831 0.8736 -0.2610 
0.4966 0.8966 0.8880 -0.3340 
0.4456 0.9103 0.9030 -0.4080 
0.3937 0.9244 0.9186 -0.5000 
0.3407 0.9386 0.9349 -0.6030 
0.2867 0.9532 0.9514 -0.6800 
0.2316 0.9681 0.9674 -0.6580 
0.1754 0.9832 0.9819 -0.4520 
0.1181 0.9987 0.9966 -0.2170 
0.0597 1.0 144 1.0129 -0.0770 
0.0000 1.0305 1.0305 0.0000 
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Table 3 Calculated and experimental and viscosities (1/) of 1,4-dioxane (A) + DMF (B) + 

monoalkanols (C) as a function of mole fraction of 1 ,4-dioxane and dimethylformamide at 

298.15K. 

XA xa IJmixx 10 /P IJexpx 10 /P 
1 4-Dioxane +DMF+ Methanol 

0.0000 0.3048 0.6126 0.568 
0.0532 0.2886 0.6438 0.605 
0.1122 0.2706 0.6785 0.644 
0.2090 0.2505 0.7172 0.696 
0.2521 0.2279 0.7607 0.745 
0.3500 0.2024 0.8098 0.811 
0.4313 0.1733 0.8659 0.879 
0.5510 0.1398 0.9305 0.966 
0.6692 0.1008 1.0057 1.056 
0.8210 0.0549 1.0942 1.147 
1.0000 0.0000 1.2000 1.200 

1,4-Dioxane+ DMF +Ethanol 
0.0000 0.3863 0.9916 0.881 
0.0665 0.3606 1.0055 0.910 
0.1381 0.3329 1.0204 0.941 
0.2155 0.3030 1.0365 0.976 
0.3440 0.2706 1.0540 1.022 
0.3906 0.2354 1.0730 1.053 
0.4930 0.1969 1.0937 1.096 
0.5993 0.1548 1.1165 1.142 
0.7270 0.1084 1.1415 1.188 
0.8522 0.0571 1.1692 1.210 
1.0000 0.0000 1.2000 1.200 

1,4-Dioxane+ DMF +1-Propanol 
0.0000 0.4512 1.4515 1.232 
0.0768 0.4166 1.4322 ).243 
0.1577 0.3801 1.4118 1.257 
0.2500 0.3416 1.3904 1.272 
0.3440 0.3010 1.3678 1.286 
0.4430 0.2580 1.3438 1.298 
0.5570 0.2125 1.3185 1.314 
0.6360 0.1643 1.2915 1.306 
0.7370 0.1130 1.2630 1.289 
0.8708 0.0583 1.2325 1.252 
1.0000 0 1.2000 1.200 

1,4-Dioxane+ DMF +2- Propanol 
0.0000 0.4512 1.5016 1.297 
0.0768 0.4166 1.4785 1.308 

215 Table 3: (Continued) 



Study on Solution-Solution ......... Physico-Chemical Techniques 

XA XB IJmixx 10 fP IJexpxJO /P 
0.1577 0.3801 1.4541 1.314 
0.2500 0.3416 1.4284 1.323 
0.3330 0.3010 1.4012 1.328 
0.4282 0.2580 1.3725 1.334 
0.5290 0.2125 1.3421 1.341 
0.6400 0.1643 1.3098 1.335 
0.7660 0.1130 1.2755 1.309 
0.8330 0.0583 1.2390 1.267 
1.0000 0.0000 1.2000 1.200 

1,4-Dioxane+ DMF +1- Butanol 
0.0000 0.5035 1.6906 1.381 
0.0849 0.4607 1.6489 1.393 
0.1728 0.4165 1.6058 1.391 
0.2636 0.3708 1.5612 1.386 
0.3690 0.3234 1.5151 1.388 
0.4610 0.2743 1.4673 1.384 
0.5562 0.2235 1.4177 1.378 
0.6609 0.1707 1.3663 1.360 
0.7697 0.1160 1.3130 1.318 
0.8880 0.0591 1.2576 1.264 
1.0000 0.0000 1.2000 \.200 

1 4-Dioxane+ DMF +2- Butanol 
0.0000 0.5035 1.8287 1.510 
0.0849 0.4607 1.7753 1.514 
0.1830 0.4165 1.7200 1.512 
0.2636 0.3708 1.6629 1.495 
0.3577 0.3234 1.6038 \.487 
0.4552 0.2743 1.5425 1.472 
0.5562 0.2235 1.4790 1.452 
0.6609 0.1707 1.4132 1.417 
0.7697 0.1160 1.3448 1.360 
0.8980 0.0591 1.2738 1.285 
1.0000 0.0000 1.2000 1.200 

1 4-Dioxane+ DMF + 1- Pentanol 
0.0000 0.5467 1.9880 1.568 
0.0960 0.4966 1.9158 1.563 
0.1950 0.4456 1.8423 1.557 
0.2799 0.3937 1.7674 1.532 
0.3768 0.3407 1.6910 1.513 
0.4756 0.2867 1.6132 1.494 
0.5830 0.2316 1.5338 1.468 
0.6791 0.1754 1.4528 1.425 
0.7839 0.1181 1.3702 1.366 
0.8909 0.0597 1.2860 1.287 
1.0000 0.0000 1.2000 1.200 
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1,4-Dioxane+ DMF +isoamylalcohol 
0.5467 
0.4966 
0.4456 
0.3937 
0.3407 
0.2867 
0.2316 
0.1754 
0.1181 
0.0597 
0.0000 
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2.0446 
1.9673 
1.8885 
1.8082 
1.7263 
1.6429 
1.5578 
1.4710 
1.3825 
1.2922 
1.200 

1/expx I 0 fP 

1.634 
1.625 
1.611 
1.588 
1.578 
1.538 
1.502 
1.450 
1.382 
1.295 

1.2000 
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Table 4 Viscosity deviations (!>.IJ) and antagonic index (h) of 1,4-Dioxane (A) + DMF(B) + 

Monoalkanols(C) as a function of mole fraction of I ,4-dioxane and dimethylformamide at 

298.15K. 

XA xs !>.17 x)O /P h 
1,4-Dioxane +DMF+ Methanol 

0.0000 0.3048 -0.044 0.072 
0.0532 0.2886 -0.039 0.060 
0.1122 0.2706 -0.035 0.051 
0.2090 0.2505 -0.021 0.029 
0.2521 0.2279 -0.015 0.020 
0.3500 0.2024 0.002 -0.002 
0.4313 0.1733 0.013 -0.015 
0.5510 0.1398 O.D35 -0.038 
0.6692 0.1008 0.050 -0.050 
0.8210 0.0549 0.053 -0.048 
1.0000 0.0000 0.000 0.000 

1 4-Dioxane+ DMF +Ethanol 
0.0000 0.3863 -0.111 0.112 
0.0665 0.3606 -0.096 0.095 
0.1381 0.3329 -0.080 0.078 
0.2155 0.3030 -0.060 0.058 
0.3440 0.2706 -0.032 0.030 
0.3906 0.2354 -0.020 0.019 
0.4930 0.1969 0.002 -0.002 
0.5993 0.1548 0.026 -0.023 
0.7270 0.1084 0.047 -0.041 
0.8522 0.0571 0.041 -0.035 
1.0000 0.0000 0.000 0.000 

1,4-Dioxane+ DMF +!-Propanol 
0.0000 0.4512 -0.219 0.151 
0.0768 0.4166 -0.189 0.132 
0.1577 0.3801 -0.155 0.110 
0.2500 0.3416 -0.118 0.085 
0.3330 0.3010 -0.082 0.060 
0.4282 0.2580 -0.046 0.034 
0.5290 0.2125 -0.004 0.003 
0.6400 0.1643 0.014 -0.011 
0.7660 0.1130 0.027 -0.021 
0.8330 0.0583 0.020 -0.016 
1.0000 0.0000 0.000 0.000 

1,4-Dioxane+ DMF +2- Propanol 
0.0000 0.4512 -0.204 0.136 
0.0768 0.4166 -0.170 0.115 
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XA XB ruzxiO/P fA 

0.1577 0.3801 -0.140 0.096 
0.2500 0.3416 -0.106 0.074 
0.3330 0.3010 -0.073 0.052 
0.4282 0.2580 -0.038 0.028 
0.5290 0.2125 -0.001 0.001 
0.6400 0.1643 0.025 -0.019 
0.7660 0.1130 0.033 -0.026 
0.8330 0.0583 0.028 -0.023 
1.0000 0.0000 0.000 0.000 

14-Dioxane+ DMF +1- Butanol 
0.0000 0.5035 -0.309 0.183 
0.0849 0.4607 -0.256 0.155 
0.1728 0.4165 -0.215 0.134 
0.2636 0.3708 -0.175 0.112 
0.3690 0.3234 -0.127 0.084 
0.4610 0.2743 -0.084 0.057 
0.5562 0.2235 -0.040 0.028 
0.6609 0.1707 -0.007 0.005 
0.7697 0.1160 0.005 -0.004 
0.8880 0.0591 0.006 -0.005 
1.0000 0.0000 0.000 0.000 

1,4-Dioxane+ DMF +2- Butanol 
0.0000 0.5035 -0.318 0.174 
0.0849 0.4607 -0.261 0.147 
0.1830 0.4165 -0.208 0.121 
0.2636 0.3708 -0.168 0.101 
0.3577 0.3234 -0.117 0.073 
0.4552 0.2743 -0.071 0.046 
0.5562 0.2235 -0.027 0.018 
0.6609 0.1707 0.004 -0.003 
0.7697 0.1160 0.015 -0.011 
0.8980 0.0591 0.011 -0.009 
1.0000 0.0000 0.000 0.000 

14-Dioxane+ DMF +1- Pentanol 
0.0000 0.5467 -0.419 0.211 
0.0960 0.4966 -0.353 0.184 
0.1950 0.4456 -0.286 0.155 
0.2799 0.3937 -0.235 0.133 
0.3768 0.3407 -0.178 0.105 
0.4756 0.2867 -0.119 0.074 
0.5830 0.2316 -0.066 0.043 
0.6791 0.1754 -0.028 0.019 
0.7839 0.1181 -0.004 0.003 
0.8909 0.0597 0.001 -0.001 
1.0000 0.0000 0.000 0.000 
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0.5467 -0.411 
0.4966 -0.342 
0.4456 -0.278 
0.3937 -0.221 
0.3407 -0.148 
0.2867 -0.105 
0.2316 -0.056 
0.1754 -0.021 
0.1181 0.000 
0.0597 0.003 
0.0000 0.000 
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Table 5 Pure state viscosity (q0, i.e., 'lexp as in Table 3), maximum viscosity ('lmax), antagonic 

indices (!A) and enhancement or power factor (F~) for the monoalkanols at 298.15K. 

Monoalkanols 'IO X 10 /(P) 'I max X I 0 /(P) h F~ 

Methanol 0.5039 1.200 0.072 2.3814 

Ethanol 0.965 1.210 0.112 1.2540 

!-Propanol 1.663 1.314 0.151 0.7904 

2-Propanol 1.5912 1.341 0.136 0.8426 

1-Butanol 2.5296 1.393 0.183 0.5508 

2-Butanol 2.4168 1.514 0.174 0.6266 

1-Pentanol 3.3496 1.568 0.211 0.4683 

iso-amylalcohol 3.111 1.634 0.201 0.5251 
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Table 6 Experimental sound velocities (u), isentropic compressibility (Ks) and excess isentropic 

compressibility K; of 1,4-Dioxane (A)+ DMF(B) + Monoalkanols (C) as a function of the mole 

fraction ofthe 1,4-dioxane and DMF at298.15K. 

XA xs u/(m.s-1
) Ksx 1012/(Pa-1

) Ki X I 012/(Pa"1
) 

1,4-Dioxane +DMF+ Methanol 
0.0000 0.3048 1189.4 808.6 -91.4 
0.0532 0.2886 1213.5 763.7 -117.0 
0.1122 0.2706 1238.6 720.8 -138.5 
0.2090 0.2505 1264.7 679.3 -156.0 
0.2521 0.2279 1286.6 645.1 -163.4 
0.3500 0.2024 1297.2 623.3 -154.8 
0.4313 0.1733 1307.6 602.2 -141.2 
0.5510 0.1398 1316.4 583.5 -120.0 
0.6692 0.1008 1323.7 567.6 -89.4 
0.8210 0.0549 1323.8 560.8 -41.5 
1.0000 0.0000 1344.4 536.9 0.0 

1,4-Dioxane+ DMF +Ethanol 
0.0000 0.3863 1270.7 713.2 -74.5 
0.0665 0.3606 1295.8 673.7 -97.3 
0.1381 0.3329 1323.5 634.4 -118.7 
0.2155 0.3030 1346.9 601.7 -132.0 
0.3440 0.2706 1360.8 578.7 -133.9 
0.3906 0.2354 1370.1 560.3 -129.5 
0.4930 0.1969 1364.5 554.3 -110.5 
0.5993 0.1548 1360.1 547.7 -89.7 
0.7270 0.1084 1350.6 546.7 -60.6 
0.8522 0.0571 1340.8 546.8 -27.2 
1.0000 0.0000 1344.4 536.9 0.0 

1,4-Dioxane+ DMF +!-Propanol 
0.0000 0.4512 1317.6 657.7 -57.5 
0.0768 0.4166 1343.2 622.6 -78.9 
0.1577 0.3801 1366.9 591.1 -96.0 
0.2500 0.3416 1381.2 569.0 -102.9 
0.3440 0.3010 1388.6 553.0 -102.9 
0.4430 0.2580 1387.4 544.2 -94.7 
0.5570 0.2125 1377.3 542.6 -78.3 
0.6360 0.1643 1367.6 541.2 -60.6 
0.7370 0.1130 1357.9 541.1 -40.4 
0.8708 0.0583 1350.7 539.9 -20.0 
1.0000 0.0000 1344.4 536.9 0.0 

1,4-Dioxane+ DMF +2- Propanol 
0.0000 0.4512 1272.1 715.9 -62.5 
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XA xs u/(m.s"1
) Ksx I 012/(Pa"1

) K; X I 012/(Pa"1
) 

0.0768 0.4I66 1299.6 674.0 -85.9 
0.1577 0.380I 1325.0 636.7 -I03.6 
0.2500 0.34I6 1342.9 608.5 -I 11.2 
0.3330 0.30IO 1353.7 587.5 -I 10.5 
0.4282 0.2580 1355.6 574.6 -IOD.4 
0.5290 0.2I25 1353.8 565.4 -85.3 
0.6400 O.I643 1348.4 559.7 -65.I 
0.7660 0. I I30 1347.3 551.9 -45.5 
0.8330 0.0583 1341.6 548.5 -I9.6 
1.0000 0.0000 1344.4 536.9 0.0 

1,4-Dioxane+ DMF +1- Butanol 
0.0000 0.5035 I334.0 642.3 -37.9 
0.0849 0.4607 I359.1 608.6 -59.4 
0.1728 0.4I65 I382.6 578.3 -77.1 
0.2636 0.3708 I396.8 557.I -85.3 
0.3690 0.3234 I402.4 543.0 -85.9 
0.46IO 0.2743 1395.7 538.6 -76.4 
0.5562 0.2235 1382.0 539.9 -60.6 
0.6609 O.I707 I369.2 541.5 -44.0 
0.7697 0. I I60 1362.0 539.6 -30.3 
0.8880 0.059I 1351.1 540.4 - I3.3 
1.0000 0.0000 I344.4 536.9 0.0 

1,4-Dioxane+ DMF +2- Butanol 
0.0000 0.5035 I 3 I 7.7 659.7 -42.9 
0.0849 0.4607 1342.3 625.3 -63.2 
0.1830 0.4I65 1365.6 594.0 -80.0 
0.2636 0.3708 I 383. I 569.2 -89.7 
0.3577 0.3234 I394.8 549.8 -93.5 
0.4552 0.2743 I392.4 541.9 -85.3 
0.5562 0.2235 I382.3 540.3 -70.1 
0.6609 0. I 707 1370.5 541.1 -52.0 
0.7697 0. I I60 1362.7 539.7 -35.4 
0.8980. 0.059I 1350.5 541.2 -I5.2 
1.0000 0.0000 1344.4 536.9 0.0 

1,4-Dioxane+ DMF +1- Pentanol 
0.0000 0.5467 I 381.6 598.5 -13.3 
0.0960 0.4966 I405.0 569.6 -35.4 
0.1950 0.4456 I425.4 544.3 -53.7 
0.2799 0.3937 I433.9 528.9 -61.9 
0.3768 0.3407 I433.2 520.4 -63.2 
0.4756 0.2867 I420.8 520.2 -56.0 
0.5830 0.23 I 6 I400.7 526.3 -42.3 
0.679I O.I754 1385.6 530.0 -30.9 
0.7839 0. I I 8 I I372.6 532.3 -20.8 
0.8909 0.0597 I362.2 532.0 -I3.0 
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xs 
0.0000 1344.4 536.9 0.0 

1,4-Dioxane+ DMF +iso-amylalcohol 
0.5467 1335.5 642.3 -20.8 
0.4966 1361.7 607.9 -43.6 
0.4456 1383.4 579.1 -60.6 
0.3937 1398.7 557.0 -70.7 
0.3407 1401.2 545.4 -70.1 
0.2867 1395.0 540.5 -62.5 
0.2316 1381.1 542.1 -48.2 
0.1754 1371.1 542.0 -35.4 
0.1181 1361.6 541.5 -22.7 
0.0597 1352.4 540.0 -10.7 
0.0000 1344.4 536.9 0.0 
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Figure 1 Excess molar volumes (0) of 1,4-DO (A) + DMF (B) + monoalkanol (C) mixtures 

with mole fraction of 1,4-DO (xA) at 298.15 K; C: (+)Methanol, (x) Ethanol,(.&) !-Propanol, 

(i\) 2-Propanol, (•)!-Butanol, (o) 2-Butanol, (+)Amyl alcohol, (0) iso-amyl alcohol 
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Figure 2 Viscosity deviations (D.IJ) of 1,4-DO (A)+ DMF (B)+ monoalkanol (C) mixtures 

with mole fraction of 1,4-DO (xA) at 298.15 K; C: (+)Methanol, (x) Ethanol, (.A.) !-Propanol, 

(D.) 2-Propanol, (•)!-Butanol, (o) 2-Butanol, (+)Amyl alcohol, (0) iso-amyl alcohol. 
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Figure 3 Antagonic Index (h) values of 1,4-DO (A) + DMF (B) + monoalkanol (C) 

mixtures with mole fraction of 1,4-DO (xA) at 298.15 K; C: (+)Methanol, (x) Ethanol, (.A.) 

!-Propanol, (fl.) 2-Propanol, (•)!-Butanol, (o) 2-Butanol, (+)Amyl alcohol, (0) iso-amyl 
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Figure 4 Viscosity (1/) of 1,4-DO (A) + DMF (B) + monoalkanol (C) mixtures with mole 

fraction of 1,4-DO (xA) at 298.15 K; C: (+)Methanol, (x) Ethanol, (.A.) !-Propanol, (L\) 2-

Propanol, (•)!-Butanol, (o) 2-Butanol, (+)Amyl alcohol, (0) iso-amyl alcohol. 
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Figure 5 Viscous antagonic index, h, of the monoalkanols as a function of the number of 

carbon atoms, Nc: (A) OH- terminal,(~) OH- 2° Carbon. 
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Figure 6 Maximum Viscosity, 1/max of the monoalkanols as a function of the number of 

carbon atoms, Nc : (-") OH- terminal, (•) OH - 2" Carbon. 
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Figure 7 F~ value of the monoalkanols as a function of the number of carbon atoms, Nc : 

(.i.) OH- terminal, (•) OH- zo Carbon. 

231 



Study on Solution-Solution ......... Physico-Chemical Techniques 

0 

-2E-11 

-4E-ll 
~ 

-6E-11 ~ . 
"' a. -SE-11 ~ 

~ 
~ 

-!E-10 c ..... 
UJ>< -12E-10 
~ 

-1.4E-10 

-1.6E-10 

-l.SE-10 

0.0 0.1 
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(C) mixtures with mole fraction of 1,4-DO (xA) at 298.15 K; C: (+)Methanol, (x) Ethanol, 
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CHAPTER-C 

C.l: Conductometric Study of Some Alkali Metal Halides in 

Dimethyl Sulfoxide + Acetonitrile mixtures at 298.15 K 

C.l.l. Introduction 

Dimethylsulfoxide (DMSO), a typical aprotic solvent having both polar and nonpolar 

groups, is an important solvent in chemistry, biotechnology, and medicine for the dissolution of 

various substances and as an antifreeze agent of living cells1
•
2

• 

Dimethylsulfoxide (DMSO) was chosen in this experiment because of its wide range of 

applicability as a solvent in chemical and biological processes, involving both plants and 

animals. Furthermore, DMSO is also widely used in pharmaceutical applications, enzyme

catalyzed reactions, veterinary medicine, dermatology, experimental immunology, and 

microbiology3
• The main pharmacological use of DMSO is as a vehicle for drugs such as 

idoxuridine: it aids in penetration of the drug into the skin, possibly enhancing the drugs effect. 

Other reported activities of DMSO include membrane penetration, anti-inflammatory effects, 

local analgesia, weak bacteriostasis, diuresis, vasodilatation, dissolution of collagen, and free

radical scavenging4
•
6

• In the sector of veterinary medicine, it is used in therapy category, in 

treatment of interstitial cystitis and scleroderma, and topically to reduce swelling due to 

trauma5
•
6

• DMSO is also a very important solvent for many organic compounds including fats, 

carbohydrates, dyes, resins, and polymers. 

DMSO exhibits strong self-association, it is a highly polar aprotic solvent because of its 

S=O group. In case of acetonitrile , on the other hand there is a lack of strong specific 

intermolecular forces, while dipole-dipole forces predominate. 

The conductivity of the electrolyte solution is very much influenced by the permittivity 

and the viscosity of the solvent. The permittivity is related to dissociation of the salt and the 

viscosity affects the motion of ions. So, studies of mixed systems consisting of two solvents, i.e., 

a high permittivity solvent and a low viscosity solvent have been assumed important because of 

their application in modern technology7
•
8

• 

Published in Journal of Chemical Thermodynamics 41 (2009)1187-1192 

233 



Conductometric Study in ....... Acetonitrile mixtures at 298.15 K 

In view of the complex nature of DMSO - acetonitrile mixtures, it is of interest to 

investigate the influence of the solvent composition on the ionic association and the solvation 

behavior of some alkali metal halides using conductance measurements. Several systematic 

investigations9
"

11 on the conductivity of alkali metal halides in the mixed solvent systems have 

been carried out by workers to reveal the nature of ionic association and mobility of ions. In the 

present study the solubility of alkali metal halides MX ( M= Li, Na, K ; X= Cl-, Br ·,I·) in 20 

mass%,40 mass% and 60 mass% ofDMSO in DMSO +Acetonitrile mixtures at 298.15 K have 

been reported. Here an attempt has been made to ascertain the nature of ion-solvent interactions 

of alkali metal halides in DMSO +Acetonitrile mixtures using the conductometric technique. 

C.l.2. Experimental Section 

Acetonitrile (E. Merck, India, 99% pure) was distilled with phosphorous pentoxide and 

then redistilled over calcium hydride . Dimethylsulfoxide (SRL Extrapure) was kept for several 

days over anhydrous CaS04 and refluxed for 4 hr.over CaO. Finally, it was distilled according to 

the procedure described earlier 2.Purity of the solvents was checked by comparing their viscosity 

and density values with the literature values2·12. Metal salts were obtained from Loba 

Chemie/S.D.Fine/E.Merck,India/ Aldrich Chern and purified in the manner given in the literature 
9
•
11 ·13·14. Tetrabutylammonium bromide ( Bu4NBr) was purified by recrystallization from acetone, 

and the crystallized salt was dried in vacuo for 48 hrs. Sodium tetraphenylborate (NaBPh4) was 

recrystallized three times from acetone and then dried under vacuum for 72 hrs. Water was 

doubly-distilled and then passed through a column containing mixed resin ( anion-cation 

exchange). 

The conductance measurements were carried out in a systronic 308 conductivity 

bridge (accuracy ± 0.01 %) using a dip-type immersion conductivity cell, having cell 

constant 1.11 cm-1. Measurements were made in a thermostated water bath maintained at 298.15 

± 0.01 K. Solutions were prepared by weight precise to± 0.02 %. The weights were taken on a 

Mettler electronic analytical balance (AG 285). Determination of cell constant was based on 

0.1 (M) aqueous KCl solution. The cell was calibrated by the method of Lind et al 13·15. The 

entire conductance data were reported at I KHz and was found to be ± 0.3 % precise. 

Due correction was made for the specific conductance of the solvent and solvent mixtures. The 

relative permitivitty of DMSO and Acetonitrile are 46.7 and 35.95 respectively. 
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Densities (p) were measured at 298.15 K with an Ostwald-Sprengel type pycnometer 

having bulb volume of about 25 cm3 and an internal diameter of the capillary of about I mm. 

Viscosities (11) were measured by means of a suspended Ubbelohde type viscometer16
•
17

•
18

. 

Calibration was done at 298.15 K with triply distilled water and purified methanol using 

density and viscosity values from the literature. The details of the methods and techniques 

for determination of the parameters were described earlier19
•
20

• 

C.1.3. Results and Discussion 

The salts LiBr, Lil, NaBr, Nal, Kl, Bu4NBr and NaBPh4 are freely soluble in all the 

proportion of DMSO + Acetonitrile mixtures at 298.15 K, the salts NaCI, KCI and KBr are 

insoluble in three proportions, whereas the salt LiCI is soluble in 60% of DMSO and insoluble 

in 20 and 40 mass % of DMSO. Physical properties of different solvent mixtures are given in 

Table 1. 

The experimental values of the molar conductance, A against the respective concentration, c for 

different alkali metal halide salts in different binary solvent mixtures of DMSO + Acetonitrile 

at 298.15 K are recorded in Table 2. 

The conductance data have been analyzed by the Fuoss conductance-concentration 

equation21
,2

2
• For a given set of conductivity values (cj, Aj, j = I ... , n), three adjustable 

parameters, the limiting molar conductivity (A0 ), the association constant (KA) and the 

association diameter (R) are derived from the following set of equations: 

A = P [ A 0 (I + Rx) + EL] 

P=l-:-a(l-y) 

-In/= f3k 
2(1 +kR) 

e2 
f3= Dk T 

B 

235 

(I) 

(2) 

(3) 

(4) 

(5) 

(6) 



Conductometric Study in ....... Acetonitrile mixtures at 298.15 K 

where Rx is the relaxation field effect, EL is the electrophoretic countercurrent, K1 is the radius 

of the ion atmosphere, Dis the dielectric constant of the solvent, e is the electronic charge, k8 is 

the Boltzmann constant, Ks is the association constant of contact pairs, KR is the association 

constant of solvent-separated pairs, y is the fraction of solute present as unpaired ion, a is the 

fraction of contact pairs, cis the molarity of the solution,! is the activity coefficient, Tis the 

absolute temperature, and fJ is twice the Bjerrum distance. 

-
The computations were performed using the program suggested by Fuoss. The initial A0 values 

for the iteration procedure were obtained from Shedlovsky extrapolation of the data. Input for the 
-

program is the set (cp Aj ; J = I, .... , n), n, D, 7J, T, initial values of A0 , and an instruction to 

cover a preselected range of R values. 
-

In practice, calculations are performed by finding the values of A and a which 

minimize the standard deviation, 

u= L [ A;(calcd)-A;(obs)]' 

n-2 
(7) 

for a sequence of R values and then plotting u. against R; the best fit R corresponds to the 

minimum of the u versus R curve. So, approximate runs are made over a fairly wide range of R 

values using 0.1 increments to locate the minimum but no significant minima were found in the 

. u -R curves for all the salts studied here; thus, R values are assumed to be R = a+ d, where a is 

the sum of the crystallographic radii of the ions and d is the average distance corresponding to 

the side of a cell occupied by a solvent molecule. The distanced (I 0 nm) is given by 

(8) 

where M is molar mass of the solvent and dis its density. For mixed solvents, M is replaced by 

the mole fraction average molar mass (Mav) which is given by 

(9) 
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-
where W. is the mass fraction of the first component of molar mass M,.The values of A0 , KA and 

R obtained by this procedure are reported in Table 2. 

In order to investigate the specific behavior of the individual ions comprising these 

electrolytes, it is necessary to split the limiting molar salt conductances into their ionic 

components. In the absence of accurate transference data for these systems we have used the 

"reference electrolyte" method. Tetrabutylammonium tetraphenylborate (8u4N8Ph4) was used as 

the "reference electrolyte" 13.:z0
• The A0 (Bu4NBPh4) was obtained from the A0 values of 

tetrabutylammonium bromide (Bu4N8r), sodium tetraphenylborate (Na8Ph4), and sodium 

bromide (NaBr) in the appropriate solvent mixture using the relation, 

Ionic divisions were accomplished through the following relationships23;z4: 

(II) 

(12) 

The limiting ionic conductances calculated from the above equation are recorded in table-4. 

The Walden's product, Ao1J25 of an ion is also calculated for the various solvent 

compositions and the results have been depicted in Fig. I. 

Fig. 2 predicts the nature of the curves for the Gibbs' energy of ion-pair formation, l'l.G0 

for the binary mixtures studied here. which is given by the relationship26
, 

l'l.G0 = - R T In KA (13) 

and presented in Table 3. 
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-
Inspection of the data of Table 2 shows that the values of A of all salts decrease as the 

concentration of DMSO in the mixtures increases. The trends in A0 can be discussed through 

another characteristic function called the Walden product, A077. Although A0 decreases as the 

concentration of DMSO increases; A077 (Table 3) increases due to the increase of the viscosity 

-
(17).The decrease in A with increase of concentration ofDMSO in the mixture can probably be 

interpreted as a expansion of the solvent sheath (which envelops an ion and moves by ion

solvent interactions, i.e., the expansion of a solvated ion) because of the activation of solvent 

molecules forming the sheath. 

From Table 3, we see that A0 values of alkali metal salts of common anions and cations 

follow the sequence: Li < Na < K and MCI > MBr > MI respectively in DMSO-rich region. The 

trend of variation of A0 values also indicates the relative actual sizes of these ions as they exist in 

solution. Thus the sizes of these cations as they exist in in solution, follow the order : Li > Na > 

K. For anions this order is Cl < Br <I in the region containing higher concentration ofDMSO in 

the mixture. This shows that '-<iis the most solvated and K is the least one in any mass% of 

DMSO. 

The above findings show that the solvation behavior of alkali metal halides in DMSO + 

Acetonitrile mixture is quite similar to that observed in Acetonitrile + DMF27 and water + 

DMS010 but is different from that observed in DMSO + dioxane28
• 

There are marked characteristic behavior in the KA values. KA for all salts increases as the 

concentration of DMSO increases in the mixture which support significant association. This also 

explains the increase in cr values as acetonitrile content in the mixture decreases. 

The Walden products Ao 17 of the ions are also included in Table 4, which are usually 

employed to discuss the interactions of the ions with the solvent medium. From this table, we see 

that the Walden product of cations decrease in the order, K+> Na+>Li\Bu4W. And, for the 

electrolyte taken as a whole, it follows the same sequence. This is justified as the Walden 

product of an ion or solute is inversely proportional to the effective radius (r) of the ion 

_or solute in a particular solvent29
, 

A077= I /6 n r T (14) 
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This points out that the electrostatic ion-solvent interaction is strong in these cases. The variation 

of the Walden product reflects the change of salvation29
•
30

• Though the variation of the Walden 

product with solvent composition (fig. I ) is difficult to interpret quantitatively, still its variation 

with solvent composition can be explained by preferential solvation31
•
32 of alkali metal ions by 

DMSO and acetonitrile molecules respectively. At low concentration of DMSO, these ions are 

preferentially solvated by by acetonitrile than DMSO and the viscosity of the solvent in the 

vicinity of these ions is lower than that of the bulk solvent. Since the bulk viscosity value is used 

in the calculation of Ao7Jo ,the calculated values of Ao7lo are high upto the point corresponding 

to viscosity maximum of the solvent mixtures and then the values decrease gradually causing a 

maximum in the Walden product. The decrease in the Walden product indicates the preferential 

solvation of alkali metal ions by DMSO in DMSO + acetonitrile mixtures. However this 

decrease may be due to the Zwanzig33 solvent relaxation effect. 

The starting point for most evaluations of ionic conductances is Stokes' law which states 

that the limiting Walden product (the limiting ionic conductance-solvent viscosity product) for 

any singly charged, spherical ion is a function only of the ionic radius and thus, under normal 

conditions, is a constant. In Table 4, we have calculated the Stokes' radii rs of these ions in these 

different solvent mixtures. For lithium, sodium and potassium ions, the Stokes' radii are much 

higher than their crystallographic radii suggesting that these ions are significantly solvated in 

these solvent mixtures. The Stokes' radii of the halide ions are, however, found to be either very 

close to or smaller than their corresponding crystallographic radii. This observation indicates that 

these halide ions are scarcely solvated in different solvent mixtures. 

Figure 2 points out the nature of curve for the Gibbs energy for ion-pair formation , i\.G0 

which clearly predicts that the tendency for ion-pair formation decreases significantly with an 

increase in the association factor for the alkali metal halides in DMSO-Acetonitrile medium. The 

1\.G" curve in Fig. 2 along with the other parameters mentioned above are quite in 

accordance with the results observed by Barthel et al26 and Hazra et al30
•
34

• 

C.1.4. Conclusion: 

It may thus be concluded that these electrolytes remain slightly associated in solvent 

mixtures and are very much solvated by DMSO than acetonitrile and that solvation of the ions is 

weakened as soon as the ion pair is formed. The cations are found to be substantially solvated in 
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solvent mixtures whereas the anions appear to have weak interactions with the solvent 

molecules. The results further indicate that the Coulombic forces play a major role in the ion 

association processes. These electrolytes solutions, in general, show an increase in the 

association constant values with an increase in concentration of DMSO in the solvent mixtures. 

Further, the effect of concentration of DMSO on limiting equivalent conductances of alkali 

metal ions is more pronounced as compared to that of tetraalky !ammonium ion in the present 

mixed solvent media. 

240 



Conductometric Study in ....... Acetonitrile mixtures at 298.15 K 

References 

[1]. T. Kamiyama, M. Morita, and T. Kimura, J. Chern. Eng. Data, 49 (2004) 1350. 

[2]. M.N.Roy and M.Das, Russian Journal of Physical Chemistry, 80 (2006) Sl63. 

[3]. M. K Pasha, J. R Dimmock., M. D Hollenberg and R. K Sharma, Biochem. Pharmacol 

, 64 (2002) 1461. 

[4]. S. C. Sweetman , Martindale, the Complete Drug Reference, 33'd ed., Pharmaceutical 

Press, London (2002). 

[5]. The Merck Index, 13th ed.; Merck & Co., Inc., Whitehouse Station, NJ (2001). 

[6]. R. Francesconi, A. Bigi, K. Rubini, and F. Comelli, J. Chern. Eng. Data , 50 

(2005) 1932. 

[7]. J.Barthel, H.G.Gores, Top Curr. Chern., 70, (1983) 495. 

[8]. Y. Matsuda, M. Morita and F. Tachihara, Bull. Chern. Soc. Jpn., 59( 1986) 1967. 

[9]. M.N.Roy, B.B.Gurung and V.K.Dakua, Int. J. Thermophysics., 27 (2006) 1539. 

[10]. V.K.Syal, S.Chauhan and P.K.Gupta, J. Indian Chern. Soc., 79 (2002) 860. 

[II]. D.K.Hazra, M.N.Roy and D.Nandi, J. Indian Chern. Soc., 70 (1993) 121. 

[12]. M.N.Roy and M.Das, J. Chern. Eng. Data, 51 (2006) 2225. 

[13]. B.Das and A.Chatterjee,, J. Chern. Eng. Data, 51 (2006) 1352. 

[14]. D.K.Hazra, B.Das and D.Das, J. Soln. Chern., 3l,No.5 (2002) 425. 

[15]. J. E. Lind, J. J Zwolenik, R. M. Fuoss, J.Am.Chem.Soc. 81 (1959) 1557. 

[16]. M. N.Roy,, A.Jha,, A Choudhury, J. Chern Eng Data. 49 (2004) 291. 

[17]. D.K. Hazra, B Das., J.Phys. Chern., 99 (1995) 269. 

[18]. D. K Hazra, M. N.Roy, Indian J. Chern. Techno!., I (1994) 93. 

[19]. M. N Roy; A Jha,., R Dey, J.Chem. Eng. Data, 46 (2001) 132. 

[20]. P. Haldar, B.Das, Z. Phys. Chern., 218 (2004) 599. 

[21]. R.M. Fuoss, Proc. Nat!. Acad. Sci., USA, 75 (1978a) 16. 

[22]. R.M. Fuoss, J. Phys. Chern., 82 (1978b) 2427. 

[23]. D.K.Hazra, B. Das, J. Soln. Chern., 27 (1998) 1021. 

[24]. D.K Hazra, P.K.Muhuri, Z. Phys. Chern., 190 (1995) III. 

[25]. D.K Hazra, D Dasgupta., S.Das, J. Chern. Soc. Faraday Trans.!. 84 (1988) 1057. 

[26]. J. Barthel, M. B. Rogac, R. Neueder, J. Soln. Chern., 28 (1999) 1071. 

[27]. D.S.Gill and J.S.Cheema, Z. Phys. Chern., (N.F), 134 (1983) 205. 

241 



Conductometric Study in ....... Acetonitrile mixtures at 298.15 K 

[28]. V.K.Syal, P.Bisht and M. S.Chauhan, Proc. Nat!. Acad. Sci., Sect.A, 61 (1991) 561. 

[29]. M.N Roy and A.Sinha, Phys.and Chem.ofLiqs., 45 (2007) 67. 

[30]. D.K.Hazra, B.Das and D.Das, J. Soln. Chern., 32 (2003) 77. 

[31]. C.G. Janz and R.P.T.Tomkins, Non-Aqueous Electrolytes Handbook, vol.2, 

Academic, New York, (1973) 

[32]. R. Jasinki,: High Energy Battery, Plenum, New York, (1967) 

[33]. N.lnove, M. Xu, S. Petrucci, J.Phys.Chem., 91 (I 987) 4628. 

[34]. D.K.Hazra, D.Das and B.Das, Z. Phys.Chem., 218 (2004) 341. 

242 

• 



Conductometric Study in ....... Acetonitrile mixtures at 298.15 K 

Table 1. Physical properties of different DMSO +Acetonitrile mixtures containing 20,40,60 

mass% of DMSO at 298.15 K. 

Mass% ofDMSO 

20 

40 

60 

Density (g·cm 3 ) Viscosity (mPa·s) 

0.8293 0.4196 

0.8833 . 0.5249 

0.9456 0.7147 
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Dielectric constant (e) 

38.10 

40.25 

42.41 
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Table 2. Equivalent conductances and corresponding molarities of electrolytes in DMS0(1) + 

Acetonitrile mixtures containing 20,40,60 mass% of DMSO at 298.15 K. 

20%DMSO 40%DMSO 60%DMSO 
LiBr 

Cx10 A Cx10 A Cx10 A 
{mol·dm-3

} {S·cm2·mol-1
} {mol·dm-3

} {S·cm2·mol-1
} {mol·dm-3

} {S·cm2·mol-1
} 

19.39 122.70 14.40 106.25 19.75 75.56 
20.54 122.00 16.75 105.00 22.21 74.19 
22.23 121.14 18.29 103.88 25.84 73.06 
23.33 120.49 20.56 102.54 28.22 71.88 
24.97 119.50 22.04 101.80 31.72 70.75 
27.61 118.18 24.23 100.52 34.01 69.75 
30.17 116.76 25.66 99.73 37.38 68.56 
32.64 115.80 27.77 98.65 39.59 67.69 
35.03 11·4.60 29.15 97.88 42.84 66.94 
37.35 113.80 31.19 96.91 44.98 65.94 

Lil 
7.16 132.75 13.96 103.68 18.30 67.06 
8.53 131.06 15.70 102.06 20.59 66.17 
10.54 129.44 18.26 100.50 23.95 65.37 
11.85 127.81 19.94 99.29 26.15 64.48 
13.79 127.13 22.41 97.93 29.39 63.21 
15.06 126.63 24.03 96.86 31.52 61.88 
16.93 124.94 26.42 95.75 34.64 61.04 
18.15 124.06 27.98 94.72 36.69 60.23 
19.95 122.88 30.28 94.06 39.71 59.5 
21.13 121.88 31.78 92.56 41.68 58.8 

NaBr 
7.08 135.9 49.58 93.04 29.43 78.41 
8.43 134.2 52.55 92.40 33.08 76.72 
10.42 132.7 55.44 91.67 35.47 75.83 
11.72 131.8 58.24 91.07 38.99 74.85 
13.64 130.5 60.96 90.20 41.29 73.95 
14.89 129.6 63.60 89.54 44.69 72.98 
16.73 128.4 66.16 88.74 46.91 72.25 
17.94 127.5 68.64 87.97 50.19 71.32 
19.72 126.1 73.41 87.09 52.34 70.52 
20.89 125.5 77.92 86.08 55.51 69.54 

Nal 
6.93 152.45 59.59 95.93 60.18 71.54 
8.25 151.50 62.16 94.75 64.59 70.58 
10.20 150.17 64.67 94.11 68.86 69.72 
11.47 149.40 67.10 93.67 73.00 69.05 
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20%DMSO 40%DMSO 60%DMSO 
13.34 148.26 71.76 92.91 77.01 68.23 
14.57 147.83 76.16 91.82 80.90 67.52 
16.38 146.80 80.34 90.68 84.67 66.71 
17.56 146.33 84.30 89.93 88.34 66.04 
19.30 145.44 88.06 89.14 91.89 65.40 
20.44 144.97 91.64 88.45 95.35 64.75 

KI 
7.73 168.47 26.62 113.14 20.27 90.52 
9.20 167.60 28.81 112.22 23.59 89.08 
11.37 166.57 30.24 111.79 25.75 88.46 
12.79 165.96 32.35 110.76 28.95 87.16 
14.89 165.14 33.74 II 0.27 31.04 86.36 
16.25 164.70 35.78 109.56 34.11 85.22 
18.27 163.93 37.12 109.02 36.13 84.72 
19.59 163.45 39.09 108.48 39.10 . 83.89 
21.53 162.57 42.30 107.25 41.05 83.43 
22.80 162.13 45.40 106.27 43.92 82.24 

Bu~r 

25.10 99.58 25.05 77.51 25.82 56.98 
26.18 99.33 27.54 76.72 29.02 56.08 
27.76 98.93 29.16 76.37 31.11 55.61 
28.80 98.64 31.56 75.72 34.20 54.76 
30.33 98.24 33.13 75.36 36.22 54.33 
32.82 97.77 35.45 74.88 39.20 53.71 
35.23 97.21 36.97 74.51 41.15 53.29 
37.56 96.65 39.20 74.09 44.03 52.76 
39.81 96.21 40.67 73.69 45.91 52.36 
41.74 95.75 42.83 73.24 48.69 51.85 

NaBPh4 
25.71 86.11 25.18 61.72 26.59 45.71 
26.81 85.80 26.67 61.41 35.23 44.13 
28.43 85.47 28.86 60.87 37.31 43.78 
29.49 85.26 30.30 60.51 40.38 43.27 
31.06 84.99 32.41 60.26 42.39 42.76 
33.61 84.51 33.80 59.84 45.35 42.37 
36.07 84.01 35.85 59.49 47.29 42.05 
38.46 83.57 37.19 59.17 50.16 41.73 
40.77 83.15 39.17 58.73 52.03 41.46 
43.01 82.77 45.48 57.77 54.80 41.02 

LiCI 60%DMSO 
44.47 75.97 
46.38 75.23 
49.18 74.32 
51.02 73.71 
53.74 73.06 
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20%DMSO 40%DMSO 60%DMSO 
58.14 72.46 
62.41 71.47 
66.53 70.57 
70.53 69.77 
78.16 68.48 
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Table 3o Derived conductivity parameters and standard Gibbs energy changes for the ion 

association process of electrolytes in DMSO (I)+ Acetonitrile (2) mixtures containing 20,40,and 

60 mass% of DMSO at 298015 Ko 

Mass% of 1'1. KA R(A) 
I'>. Go 

I 
DMSO ( Socm2omol-1 

) (dm3omor') (kJomol-1) 

LiCI 
20 
40 
60 97066 94o43 7o05 -11.27 0.19 

LiBr 
20 141.30 88020 7o04 -11.10 0008 
40 121.61 111.07 7.11 -11.68 0012 
60 91.65 136.DI 7.19 -12.18 0.19 

Lil 
20 141.9 I 88069 7o25 -I 1.12 0.34 
40 I I9077 I29o76 7.32 -l2o06 Oo22 
60 81.82 147074 7o4l -I2o38 0.33 

NaBr 
20 I44o93 83089 7.39 -IOo98 0.19 
40 I21.71 91.59 7046 -11.19 0.16 
60 IOD.43 134057 7055 -I20I5 0.14 

Nal 
20 159024 45o7I 7o60 -9o48 Oo09 
40 I26o56 83066 7o67 -I0.97 0.19 
60 101.34 I 15.06 7.76 -11.76 0.13 

KI 
20 I 74o61 26.70 7.98 -8.14 0009 
40 131.33 70o58 8.05 -10o55 om 
60 103o87 82085 8ol4 -10.95 0.12 

Bu4NBr 
20 I09o72 40o59 Il.38 -9ol8 Oo04 
40 87.9I 60o95 11.45 -10oi9 Oo05 
60 68.37 99.23 I 1.54 -11.39 0003 

NaBPh4 

20 94.83 38o88 10.24 -9.07 Oo02 
40 70.89 68o21 10.31 -I 0.46 om 
60 54o94 95082 10.39 -11.31 0006 
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Table 4. Limiting ionic conductances, ionic Walden products and ionic Stokes radii (rs) in 

different DMSO (I)+ Acetonitrile (2) mixtures containing 20,40,and 60 mass% ofDMSO at 

298.15 K. 

Ion ').."± (S·cm2·mol-1 
) 

, ').."± 

(S· cm2·mor1·Pa·s) 
r, (A) 

20 mass% ofDMSO 
Li 62.40 26.19 3.13 
Na+ 66.03 27.71 2.96 
K+ 81.40 34.16 2.40 
Br" 78.91 33.11 2.48 
r 93.21 39.11 2.10 

40 mass% ofDMSO 
u+ 52.88 27.76 2.96 
Na+ 52.98 27.82 2.95 
K+ 57.75 30.31 2.71 
Br- 68.73 36.08 2.27 
r 73.58 38.62 2.12 

60 mass% ofDMSO 
Lt 35.11 25.09 3.27 
Na+ 43.89 31.37 2.61 
K+ 46.42 33.17 2.47 
cr 62.55 44.71 1.84 
Br" 56.54 40.41 2.03 
r 57.45 41.06 2.01 
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~---------------------------------------------------, 

73 

71 

57 

~+-------------~------~----~--------------~----~ 
0 10 20 30 40 50 60 70 

mass % of DMSO 

Fig. 1 Plot of Walden product, A"Tf of LiBr (+), Lil (•), NaBr(.&.), Nal(o), and KI (0) in 
different DMSO + Acetonitrile mixtures containing 20, 40, and 60 mass% of DMSO at 
298.15K. 

249 



Conductometric Study in ....... Acetonitrile mixtures at 298.15 K 

-7.000 

-8.000 

-9.000 

T -1o.ooo 
0 a 
..:, 
.,.!:411.000 --b 
~12.000 

-13.000 

0 10 20 30 40 50 60 70 

mass % of DMSO 

Fig. 2. Plot of standard Gibbs energy change, tJ.G0 of LiBr (+), Lil (•), NaBr(.A.), Nal(o), and 
Kl (0) in different DMSO +Acetonitrile mixtures containing 20, 40, and 60 mass% ofDMSO. 
at298.15 K 
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C.2: Ion-Pair and Triple-Ion Formation by Some Tetraalkyl 

ammonium Iodides in Binary Mixtures of 1,4-Dioxane 

+ Tetrahydrofuran 

C.2.1. Introduction 

Progress in battery technology using the lithium electrolytes in ethereal solution 1 has 

occurred largely in the last decade. Recently, there has been a renewed interest,2 in the study of 

association or dimerisation of electrolytes in the media of low permittivity. In media of low 

permitttivity, salts are generally so associated that the states of the ionic species in solutions are 

most difficult to elucidate. A number of conductometric3 and related studies of different 

electrolytes in non-aqueous solvents-specially mixed solvents have been made for their optimal 

use in high energy batteries4 and for understanding organic reaction mechanisms5 Ionic 

association of salts in solution depends upon the mode of solvation of its ions6-10
• which in its 

turn depends on the nature of the solvent or solvent mixtures. I ,4-dioxane (DO) and 

tetrahydrofuran (THF) are polar aprotic solvents of low permittivity, each with great present-day 

synthetic and industrial importance. They are frequently used in electrical conductance 

studies3
•
4

•
11

•
12 and in high-energy batteries3

•
4
•
11

•
12 Tetraalkylammonium salts are characterized by 

their low surface charge density and they are little or not solvated in solution 12·n Hence in this 

paper we reported the electrical conductances of some tetraalkylammonium iodides, ~NI 

(R=Pentyl to heptyl) in low-permittivity mixtures containing 10, 20 and 30 mass% of I,4-

dioxane in tetrahydrofuran (THF). 

C.2.2. Experimental Section 

C.2.2.1 Materials 

I ,4-dioxane and tetrahydrofuran were purchased from Merck, India and purified as 

reported earlier13
•
14 The salts Pen4NI, HeX4_NI and Hep4NI of pruiss grade were purchased from 

Aldrich, Germany and purified by dissolving in mixed alcohol medium and recrystallized from 

solvent ether medium 15 After filtration, the salts were dried in oven for few hours. 

Published in Journal of Chemical and Engineering Data 53 (2008) 1417-1420 
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C.2.2.2 Apparatus and Procedure 

Binary solvent mixtures have been prepared by mixing required volume of I ,4-dioxane 

and tetrahydrofuran with earlier conversion of required mass of each liquid into volume at 

298.15 K using literature densities16 A stock solution for each salt was prepared by mass and the 

working solutions were obtained by mass dilution. The conversion of molality into molarity was 

accomplished using density values. The uncertainty of molarity of different salt solutionsis 

evaluated to ( 0.0001 mol ·dm·\ .The values of dielectric constant (E) of the solvent mixtures 

were assumed to be an average of those ofthe pure liquids and calculated using the procedure as 

described by Rohdewald and Moldner17 

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 

pycnometer was calibrated at 298.15 K with doubly distilled water and benzene18
• The 

pycnometer with experimental liquid was equilibrated in a glass-walled thermostated water bath 

maintained at± 0.01 K of the desired temperature. The pycnometer was then removed from the 

thermostat, properly dried and weighed in an electronic balance with a precision of± 0.0 I mg. 

Adequate precautions were taken to avoid evaporation loses during the time of measurements. 

An average of triplicate measurement was taken into account. The density values were 

reproducible to ± 3xJ0·4 g.cm·3• The viscosity was measured by means of a suspended 

Ubbelohde type viscometer, calibrated at 298.15 K with doubly distilled water and purified 

methanol using density and viscosity values from the literature19
•
2

L A thoroughly cleaned and 

perfectly dried viscometer filled with experimental liquid was placed vertically in the glass

walled thermostat maintained to ± 0.0 I K. After attainment of thermal equilibrium, efflux times 

of flow were recorded with a stopwatch correct to± O.ls. At least three repetitions of each data 

reproducible to ± 0.1 s were taken to average the flow times. The accuracy of the viscosity 

measurements, based on our work on several pure liquids, was± 0.003 mPa.s. The details of the 

methods and measurement techniques had been described elsewhere13
"
14 The conductance 

measurements were carried out in a systronic 308 conductivity bridge (accuracy± 0.01%) using 

a dip-type immersion conductivity cell, CD-10 having cell constant 0.1 ± I 0%. Measurements 

were made in a water bath maintained within 298.15 ± 0.01 K and the cell was calibrated by 

Lind et. at method.22 The conductance data were reported at a frequency of I KHz and the 

precision was± 0.3%. 
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C.2.3. Results and discussion 

The physical properties of the binary solvent mixtures at 298.15 K are listed in Table I. 

The concentrations (c) and equivalent conductances (A) of ]4NI (R=Pentyl to heptyl) in 

different binary solvent mixtures of I ,4-dioxane and tetrahydrofuran are given in Table 2. 

Figure 1-3 represents the plots of equivalent conductance (A) versus square root of salt 

concentration ( ..Jc) for the salts under investigations at 298.15 K in different binary mixtures of 

1,4-dioxane and tetrahydrofuran. A minimum has been found for all the electrolytes suggesting 

the possible formation of triple-ions in these solutions. Fuoss and Krauss as early as in 1933 

introduced the concept of triple ion formation from uni-univalent electrolytes to explain the 

minima in the relation between the equivalent conductance and the concentration of 

tetraisoamylammonium nitrate in I ,4-dioxane + water mixture ( s <12). The classical Fuoss

Kraus theory oftriple ion23 formation can be presented by the eqn24
•
25 

1 A A"K ( A) A-vcg(c) = rf}- + J-v! 1-- c 
yKp yKp A0 

(I) 

with, /31 where is the Debye-Huckel activity coefficient term, defined by 

/31 = 1.8247 x 106 /(sT)'-5 is the Debye-Huckel term of the activity coefficient, 

f = exp[ -[ 
2
:;

3 Jp•( cAX)l and Sis the Onsager conductance term of the conductance 

equation, A= A,-s( c~J', defined by 

S = aA0 + fJ o.8204 x w• A 82.501 
(sT)'-5 o + TJ(&T)o.5 

where the units of Ao and TJ are S·cm2·mol'1 and poise, respectively. Also, A0 is the sum of the 

equivalent conductance of the simple ions at infinite dilution and A~ is the sum of the 

conductances of the two triple ions R4N(I2f and (R,N);Ifor ]4Nl salts, KP and KT are the 

ion-pair and triple-ion formation constants. To make eq. I applicable, the symmetrical 

approximation of the two possible constant of triple ions equal to each other has been adopted2 
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and A0 values for the studied electrolytes has been calculated following the scheme as suggested 

by B. S. Krumgalz. 12 

The calculated values have been listed in Table 3. Linear regression analysis of eq. 

gives intercept and slope; the values have been listed in Table 3. The KP and KT thus evaluated 

are listed in Table 4. A perusal of Table 4 shows that the major portion of the electrolytes exist as 

ion-pairs with only a negligible portion as triple ions. The observed difference in KP and 

KT values can be explained by molecular scale model:26
•
27 

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

MA+A-~MAA

MA+M+ ~MAM+ 

(2) 

[M = R 4N and A= I] 

It is likely possible that association of R.N+ cations with solvent components shifts the 

above equilibrium towards left, thus decreasing KP values and increasing KT values. The ion-pair 

and triple-ion concentrations ( CP and CT, respectively) of the electrolytes at the highest 

electrolyte concentration have been derived using eqs25
'
27 3 to 6 and listed in Table 4. 

a= (Kpc)_,5 

K 
a T 0.5 

T=.JK.c 

CP = c(1-a-3aT) 

C =....!S._cu 
T jK; . 

(3) 

(4) 

(5) 

(6) 

It was observed that dielectric constants of the binary solvent mixtures decreased as the 

amount of I ,4-dioxane increased in the solvent mixtures. The concomitant increase in KT and 

CT values suggests that R.N+ cations are preferable more solvated by I ,4-dioxane than by 

tetrahydrofuran. On the contrary, the steric hindrance caused by the CHz- group adjacent to the 

ethereal group of the cyclic ethers may cause solvation hindrance favouring the anion r as a 
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competitor for the first coordination shell of ~N+ cations. This may shift the above equilibrium 

towards right increasing Kp values. 

Table 4 shows that for a particular solvent mixture i. e., for a particular value of dielectric 

constant of the solvent mixture, KP values are in the order: Pen4NI > HeX4Nl > Hep4NI and that 

of KT values is: Pen4NI < HeX4Nl < Hep4NI. This suggests that smaller ~W cations tend to 

remain more as ion-pairs than larger ones, which in their tum has greater capacity to form triple 

ions. This also supports our earlier view of preferential solvation 10 of ~W cations by 1,4-

dioxane in the electrolyte solutions. 
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Table 1. Densityp, viscosity '7, and dielectric constant&, of different binary mixtures of 1,4-DO 

and THF at T= 298.15 K 

p x 10"3 /kg· m-3 rtlmPa·s 
Solvent Mixture 

Exp. Lit. Exp. Lit. 

Omass% ofDO 0.8807 o.880i6 0.4630 0.4630 16 7.58 11 

10 mass% of DO 0.8941 0.0049 7.04" 

20 mass% of DO 0.9071 0.0051 6.51 a 

30 mass% of DO 0.9190 0.0053 5.96" 

100 mass% of DO 1.0305 1.030516 1.2000 1.200016 2.21 11 

'Calculated using the scheme given at ref. no 17. 
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Table 20 The concentrationse and equivalent conductaneesA of ~Nl (R=Pentyl to heptyl) in 

different binary solvent mixtures of I ,4-DO and THF at T = 298015 K 

eX 104 A ex 104 A ex 104 A 

/molodm-3 /S 0 em 2 
• mol-1 

/mol· dm-3 /S · em2 
• mor' /mol·dm-3 /S · cm2 

• mol-' 

10 mass% of DO 
Pen~ Hex~I He~~ 

0.8046 7.02 Oo6367 8o12 0.3419 12.27 
Oo8138 6086 0.6469 8o04 0.3754 11.64 
0.8294 6o60 0.6541 7.98 0.4052 11.13 
0.8385 6.46 Oo6631 7.91 0.4319 10o77 
0.8549 6.26 0.6696 7088 0.4559 10.48 
0.8674 6.46 0.6754 7o89 0.4776 10052 
Oo8702 6.52 Oo6806 7.93 0.4973 10.84 
0.8726 6.59 006851 7.98 0.5153 11.33 

20 mass% of DO 
0.4957 4o94 Oo5460 3o98 006037 6.38 
0.5016 4.83 Oo5518 3094 0.6142 4.94 
0.5077 4.74 0.5598 3o88 006288 3o03 
Oo5122 4.76 0.5646 3.85 0.6376 1.94 
0.5197 4o90 Oo5694 3.83 006456 1.00 
Oo5229 4.98 Oo5736 3.84 0.6541 0.55 
0.4788 5.21 0.5764 3.86 006625 1.63 
0.4839 5.12 0.5808 3o90 006672 2.53 

30 mass% of DO 
0.2156 2o77 0.3125 4.97 005589 2.74 
0.2564 2.70 0.3247 3.71 005675 2.30 
0.2906 2.64 0.3420 2013 005749 1.92 
0.3481 2.56 0.3536 1.13 0.5813 1.63 
0.3827 2.53 0.3657 0.35 0.5869 1.49 
0.3986 2.53 0.3758 1.23 0.5917 1.62 
0.4124 2.55. 0.3819 2.13 0.5962 1.86 
0.4274 2.58 0.3868 2o96 Q.6001 2.09 
Oo4406 2062 
0.4508 2065 
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Table 3. The calculated limiting conductance A0 , slope and intercepts of eq. lfor ~Nl 

(R=Pentyl to heptyl) in different binary solvent mixtures of I ,4-DO and THF at T= 298.15 K 

Solvent mixture 
Ao 

Slope Intercept 
IS· cm2 ·mol-' 

PeiL!NI 

199.21 0.0064 (~0.0003) -0.01 I (~0.002) 

HeX$NI 
10 mass% of DO 

I95.57 0.0346 (~0.0002) -0.029 (±0.003) 

Hep4NI 

193.34 0.0974 (~0.000 I) -0.050 (±O.OOI) 

Pen4NI 

192.20 0.1315 (~0.0002) -0.108 (±0.001) 

Hex4NI 
20 mass% of DO 

188.68 0.2975 (~0.0002) -0.225 (±0.002) 

Hep4NI 

186.53 1.4633 (±0.000 I) -0.837 (±0.002) 

Pe04NI 

185.92 5.1354 (±0.0003) -1.042 (±0.002) 

Hex~ 
30 mass% of DO 

I82.52 0.3102 (±0.0001) -0.173 (±0.003) 

Hep~ 

180.44 0.5852 (±0.0004) -0.585 (±0.006) 
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Table 4. Maximum concentration c, ion-pair constant K P , triple-ion constant Kp ion-pair 

concentration C., and triple-ion concentration C, for ~NI (R=Pentyl to heptyl) in different 

binary solvent mixtures of I ,4-DO and THF at T= 298.15 K 

c' x 104 Kp X 105 KT Cp X 10-s c x 1o-'" 
Salt 

T 

/mol· dm-3 /mol·dm-3 /mol·dm-3 /mol·dm-3 /mol·dm-3 

10 mass% of DO 

Pen~ 0.8726 3316.37 0.883 8.71 0.40 

HeX!NI 0.6851 450.34 1.783 6.72 1.51 

Hep4NI 0.5153 132.90 2.753 4.95 2.81 

20 mass% of DO 

Pen~ 0.4839 31.55 1.823 4.81 3.98 

Hex.NI 0.5805 7.03 1.983 4.92 6.16 

Hep~ 0.6672 0.50 2.622 3.85 13.40 

30 mass% ofDO 

Pen.NI 0.4508 0.32 7.389 3.50 4.25 

Hex~ 0.3868 11.12 2.688 3.25 6.64 

Hep.NI 0.6001 1.26 1.728 3.77 23.50 

'Maximum concentrations at which calculations have been performed. 
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Figure 1. The plots of equivalent conductance (A) versus square root of salt concentration 

(c112
) for the salts under investigations at T= 298.15 Kin 10 mass% of DO+ THF solutions. 0, 

Tetrapentylammonium iodide; *, Tetrahexylammonium iodide; 1'1, Tetrheptylammonium iodide. 
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Figure 2. The plots of equivalent conductance (A) versus square root of salt concentration 

( c112
) for the salts under investigations at T ~ 298.15 K in 20 mass% of DO + THF solutions. 0, 

-·.'! 

Tetrapentylammonium iodide; *, Tetrahexylammonium iodide; !!., Tetrheptylammonium iodide. 
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Figure 3. The plots of equivalent conductance (A) versus square root of salt concentration 

( c112
) for the salts under investigations at T= 298.15 K in 30 mass% of DO + THF solutions. 0, 

Tetrapentylammonium iodide; *, Tetrahexylammonium iodide; 6., Tetrheptylammonium iodide. 
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CHAPTER-D 

D.1: Apparent molar volume, Viscosity B-coefficient and Adiabatic 
Compressibility of Tetrabutylammonium bromide in aqueous 
Ascorbic acid Solutions at T = (298.15, 308.15 and 318.15) K 

D.l.l. Introduction 

Tetraalkyl ammonium salts are bulky in nature and are known to orient water molecules 

around them depending on their alkyl chain1
"
2

• Salts like tetrabutyl ammonium bromide (TBAB) 

can give a better insight into the effect of electrostatic and hydrophobic interactions on the 

stability of vitamins as these salts are known to influence macromolecular conformations by 

weakening attraction or repulsion inter and intra charge-charge interactions and by affecting 

hydrophobic interactions through the side chain of the alkyl groups. 

Enzymes are the functional unit of cell metabolism as they catalyze different reactions to 

degrade nutrient molecules into simpler ones. Many enzymes require a non-protein cofactor for 

their catalytic activities. Vitamins are essential precursors for various coenzymes. These 

coenzymes are therefore required in almost metabolic pathways3 _The most prominent role of 

vitamin C (ascorbic acid) is its immune-stimulating effect e.g. important for defense against 

infections such as common colds. It also acts as an inhibitor of histamine a compound that is 

released during allergic reactions. As a powerful antioxidant it can neutralize pollutants and 

toxins. Thus it is able to prevent the formation of potentially carcinogenic nitrosamines in the 

stomach. Importantly vitamin C is also able to regenerate other antioxidants as vitamin E. 

Vitamin C is required for the synthesis of collagen, the intercellular "cement" which gives the 

structure of muscles, vascular tissues, bones, and tendon. Vitamin C with Zn is also important for 

the healing of wounds. It is also needed for the metabolism of bile acids which may have 

implications for blood cholesterol levels and gallstones. Vitamin C plays an important role for 

the synthesis of several important peptide hormones neurotransmitters and creatinine. It also 

enhances the eye's ability and delay the progression of advanced age related muscular 

degeneration. 

Accepted for Publicatio11 i11 the Russia11 Journal of Physical Chemistry A 
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The extensive studies on partial molar volumes and viscosity B- coefficients of 

TBAB4 in aqueous salt solutions are rare. Since partial molar volume and viscosity B

coefficients of a solute reflects the cumulative effects5
-
6 of the solute-solute and solute-solvent 

interactions. In this paper we have attempted to study these properties for tetrabutylammonium 

bromide (TBAB) in aqueous binary mixture of ascorbic acid at T= (298.15, 308.15 and 318.15) 

K to understand the various interactions existing in the ternary systems under investigation. 

D.l.2. Experimental Section 

Ascorbic acid was purchased from Sd. Fine chemical Limited, and used as delivered. Its 

mass purity, as supplied, is 98 %. TBAB was purchased from Thomas Baker (Chemicals), 

Limited Mumbai .The TBAB was purified by dissolving it in mixed alcohol medium and 

recrystallising from the solvent ether medium4
• After filtration, the salt was dried in vacuo for 

few hours. Ascorbic acid was recrystallised twice from aqueous ethanol solution and dried under 

vacuum at T=348 K for 6 hr. Thereafter, they were stored over P20 5 in a desiccator before use7
• 

Triply distilled water with a specific conductance <10-6 S·cm-1 was used for the preparation of 

different aqueous ascorbic acid solutions. The physical properties of different aqueous ascorbic 

acid solutions are listed in table I. 

Stock solutions of TBAB in different aqueous ascorbic acid solutions were prepared by 

mass, and the working solutions were prepared by mass dilution. The conversion of molality into 

molarity was accomplished using experimental density values. All solutions were prepared 

afresh before use. The uncertainty in the molarity of the TBAB solutions was evaluated to be 

0.0001 mol·dm'3 

The densities were measured with an Ostwald-Sprengel type pycnometer having a bulb 

volume of25 cm3 and an internal diameter of the capillary of about 0.1 em. The pycnometer was 

calibrated at T = (298.15, 308.15, and 318.15) K with doubly distilled water and benzene. The 

pycnometer with the test solution was equilibrated in a water bath maintained at± 0.01 K of the 

desired temperatures. The pycnometer was then removed from the thermostatic bath, properly 

dried, and weighed. Adequate precautions were taken to avoid evaporation losses during the 

course of actual measurements. The mass measurements, accurate to ± 0.0 I mg, were made on a 

digital electronic analytical balance (Mettler, AG 285, Switzerland). The total uncertainty in 

density was estimated to be 0.0002 g·cm'3, and that of the temperature is 0.01 K. 
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The viscosity was measured by means of a suspended Ubbelohde type viscometer 

thoroughly cleaned, dried, and calibrated at T = (298.15, 308.15, and 318.15) K with triply 

distilled water and purified methanol. It was filled with experimental liquid and placed vertically 

in a glass-sided thermostat maintained constant to 0.0 I K. After attainment of thermal 

equilibrium, the efflux times of flow of liquids were recorded with a stopwatch correct to± 0.1 s. 

The viscosity of the solution, 7J, is given by the following equation: 

(I) 

where k and I are the viscometer constants and t and p are the efflux time of flow (in seconds) 

and the density of the experimental liquid, respectively. The uncertainty in viscosity 

measurements was within 0.002 mPa·s. The ultrasonic speeds of sound for the solutions were 

determined by a multi-frequency ultrasonic interferometer (Mittal Enterprises, New Delhi, India) 

working at 2 MHz, calibrated with purified water and benzene at 298.15 K. The temperature 

stability was maintained within ±0.0 I K by circulating thermostatic water around the cell with a 

circulating pump. The details of the methods and techniques have been described elsewhere8
·
9

• 

The TBAB solutions studied here were prepared by mass, and the conversion of molality to 

molarity was accomplished8-9.using experimental density values. The experimental values of 

concentrations (c), densities (p), viscosities (77) and derived parameters at various temperatures 

are reported in Table 2. 

D.1.3. Results and Discussion 

To study the solvation state of TBAB in aqueous ascorbic acid solutions and the 

interaction between TBAB and ascorbic acid, data for partial molar volumes are important. For 

this purpose, the apparent molar volumes (V,.) were determined from the solution densities using 

the following equationS-9 and were found similar with B.Das eta! results10 

V, = M2 _1000 (p-Po) 
Po C Po 

(2) 
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Here M2 is the molar mass of the solute, c is the molarity of the solution, p o and p are the 

densities of the solvent and solution, respectively. The plots of V. against the square root of 

molar concentration c112
, were non-linear and v, values were fitted to the following equation 11

: 

(3) 

where V," is the partial molar volume at infinite dilution, and Av and Bv are two adjustable 

parameters. The V,0 values were calculated applying a least-squares technique to the plots of V. 
versas c 112 using Eq. 3. The values of V,", Av; and Bv at each temperature are listed in Table 3. 

The estimated uncertainties in Tf,0 values are represented by the standard deviation a, which is 

equal to the root mean square of the deviation between the experimental and calculates! V. for 

each data point. V," values for the aqueous ascorbic acid solutions at (298.15 , 308.15, and 

318.15) K were in good agreement with V0° values reported earlier12
• Table 3 shows that V." 

values are generally positive and increase with an increase in both the temperature and molarity 

of ascorbic acid in the solutions. This indicates the presence of strong solute-solvent 

interactions, and these interactions are further strengthened at higher temperatures and higher 

concentrations of ascorbic acid in the solutions. Ascorbic acid behaves as a vinylogous 

carboxylic acid where in the double bond transmits electron pairs between the hydroxyl group 

and the carbonyl13
• There are two resonating structures for the deprotonated form, differing in the 

position of double bond. The deprotonated is an enolate which is usually strongly basic. Ascorbic 

acid also converts into two unstable diketone tautomers by proton transfer, although it is the most 

stable in the enol form. The proton of the enol is lost, and reacquired by electrons from the 

double bond to produce a diketone 14
• This is an enol reaction. There are two possible forms: I ,2 

diketone and I ,3 diketone. Their results revealed that ascorbic acid associates in aqueous 

solutions with the hydroxyl groups of each ascorbic acid molecule creating large associated 

species at higher concentrations. This behavior is consistent with the observed changes in the 

268 



Apparent molar volnme, Viscosity B-coefficient .......... 318.15 K 

values of parameters Av and Bv. This also manifests that the the effect of parameter Av 

predominates over that of parameter Bv in characterizing V. values in equation (3). 

The partial molar volumes v_,• were fitted to a polynomial of the following type: 

(4) 

Values of the coefficients ao, a1. a2 of the above equation for different TBAB solutions are 

reported in Table 4. 

The partial molar expansibilities ¢E0can be obtained by the following equation15
: 

(ov.') ¢~ = 0; • = a1 +2a,T (5) 

The values of ¢~ for different ternary solutions at T = (298.15, 308.15, and 318.1 5) K are 

given in Table 5. Table 5 shows that ¢~ values increase as the temperature increases. 

According to Hepler
16

, the sign of (:;lor (~~·lis a better criterion in 

characterizing the long-range structure-making and structure-breaking ability of the solutes in 

solution. The general thermodynamic expression is as follows: 

( o¢~) _ ( o'V,") _ - - -- -2az 
oT • 8T' 

p 

(6) 

If the sign of ( 
8¢~) is positive, the solute is a structure maker, otherwise, it is a 
8T • 

structure breaker. As evident from Table 5, TBAB predominantly-acts as a structure maker, and 

its structure-making ability increases with an increase in both the temperature and molarity of 

ascorbic acid in the solutions. But its structure-making ability decreases some what at higher 

concentrations of ascorbic acid in the mixtures. This fact may be attributed to the gradual 

disappearance of the caging or packing effect17 in ternary solutions. This observation is in line 

with the observation made by Kundu and Kishore12
• It is suggested that TBAB acts as a water-

structure promoter due to hydrophobic hydration. The small positive values of ( 
8¢~) at (0.1 0 
8T P 

and 0.15) mol.dm-3 aqueous ascorbic acid solutions are probably due to higher structure 
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promoting ability of ascorbic acid than TBAB with comparatively higher 1',0 value in aqueous 

solution2 originating from hydrophobic hydration with greater degree hydrogen bonding than the 

bulk water18 

Partial molar volumes of transfer ~ V9° from water to different aqueous ascorbic acid 

solutions have been determined using the relations19
"
20

, 

~v,"=V." (aqueous ascorbic acid solutions)- v,• (water) (7) 

The ~ V." value is independent of solute-solute interactions and therefore provides 

information regarding solute---{:0 solute interactions19
• It can be seen from Table 7, that the value 

of V." is positive at all experimental temperatures and increases with the molarity of ascorbic 

acid in the ternary solutions. The concentration dependence of the thermodynamic properties of 

the solutes in aqueous solutions can be explained in terms of the overlap of hydration co-spheres. 

According to the co-sphere model, as developed by Friedman and Krishnan21
, the effect of 

overlap of the hydration co-spheres is destructive i.e., the overlap of hydration co-spheres of 

hydrophobic-hydrophobic groups results in a net volume decrease. However, in the present 

study, the positive values of ~1',0 indicate that solute-solvent interactions are predominant and 

the overall effect of the overlap of the hydration co-spheres of TBAB and ascorbic acid reduce 

the effect of electrostriction of water by TBAB molecules, and this effect increases with the 

molarity of ascorbic acid in the ternary mixtures as shown in Fig .I (~ V4° versus molarity of 

ascorbic acid in solution). In addition, standard partial molar volumes of the solute have also 

been explained by a simple modef2
-
23

: 

(8) 

where Vvw is the van der Waals volume, Vv,;d is the volume associated with voids or 

empty space, and V,. is the shrinkage volume due to electrostriction. Assuming that Vvw and 

Vv,;d have the same magnitudes in water and in aqueous ascorbic acid solutions for the same 

solute24
, the increase in 17,0 values and the positive ~ V," values can be attributed to the decrease 

in the shrinkage volume of water by TBAB in the presence of ascorbic acid. This fact suggests 

that ascorbic acid has a dehydration effect on the hydrated TBAR 
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In the literature12
, pyridine has been noted as a structure breaker in aqueous solutions, and 

the structure-promoting tendency of TBAB has been assigned to the Bu4N+ ion. Thus, the 

interactions between TBAB and ascorbic acid in water can roughly be summarized as follows: 

(i) interaction of Bu4N+ ion with the of -0-H group of ascorbic acid (ii) interaction of Bu4N+ ion 

ofTBAB with the -0- atom of the cyclic ring of ascorbic acid, (iii) interaction ofBu4W ion of 

TBAB with the 0-atom in the carboxylic acid group of ascorbic acid,(iv) interaction of Br· ion 

with the H-atom of the -0-H group of ascorbic acid , and(v) ionic-hydrophobic interactions 

between ions TBAB and non polar part of ascorbic acid molecules, where interaction (i)-(iv) 

manifest positively, the factor (v) contribute negatively to V$0 values Therefore, the overall 

positive ~· values indicate that solute-solvent interactions predominate over solvent-solvent 

interactions and thus reduce the electrostriction of water molecules by TBAB imparting positive 

values of 11 ~· • 

The viscosity data of the aqueous and aqueous ascorbic acid solutions of TBAB have 

been analyzed using the Jones-Dole25 equation, 

C77r- 1) 

* 
A+B-!C (9) 

where 17r = 171170 , and 17 are the viscosities of the solvent and solution, respectively, and c is the 

molar concentration of a solution. A and B are the Jones-Dole constants estimated by a least

squares method and reported in Table 6. 

Table 6 shows that the values of the A coeffcient are generally negative for all solution at 

the experimental temperatures. These results indicate the presence of weak solute--solute 

interactions, and these interactions further decrease with an increase in both the temperature and 

molarity of ascorbic acid in the mixtures. 

The viscosity B-coefficienr6 reflects the effects of solute-solvent interactions on the 

solution viscosity. The viscosity B-coefficient is a valuable tool to provide information 

concerning the solvation of solutes and their effects on the structure of the solvent in the local 

vicinity of the solute molecules. Table 6 implies that the values of the viscosity B-coefficient for 

TBAB in the studied solvent systems are positive, thereby suggesting the presence of strong 

solute--solvent interactions and these types of interactions are strengthened with an increase in 

both the temperature and molarity of ascorbic acid in the mixtures. 
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Viscosity B-coefficients of transfer I!J3 from water to different aqueous ascorbic acid 

solutions have been determined using the relations 19
-
20

, 

I!J3 = B(aqueous ascorbic acid solution)- B(water) (I 0) 

The I!J3 values shown in Table 7 and depicted graphically in Fig. I (I!JJ versus molarity of 

ascorbic acid in solution) as a function of molarity of ascorbic acid in solutions at the 

experimental temperatures support the results obtained from I:!. V~0 values discussed above. 

The adiabatic compressibility (/J) was evaluated from the following equation 

(II) 

Where 'p' is the solution density and 'u' is the sound speed of the solution. The apparent molal 

adiabatic compressibility ( K,) of the solution was determined from the relation 

_ j3 M 1000(/3 Po- /30 p) 
K~-----+----~~~~~ 

Po mppo 
(12) 

Where f30, f3 are the adiabatic compressibility of the solvent & solution, respectively and m is 

molal concentration of the solution. In equation 12 molality (m) has been used rather than 

concentration (c), because molality is independent of temperature and we performed acoustic 

calculations only at 298.15 K. Limiting partial molal adiabatic compressibility ( K~) and the 

experimental slopes (S/) were obtained by fitting cpk against the square root of molality (..Jm) 

using the method least squares 

(13) 

Values of m , u, j], K~, K~ and sk• are presented in table 9. A perusal of table 9 shows that the 

K~ values are positive except O.OO(M) and Sk • values are negative for all the ternary solution. 

Since the values of KZ and Sk • measures of ion-solvent & ion-ion interaction, the results are in 

good agreement with those drawn from the values v~· and s~ discussed earlier. 

The viscosity data have also been analyzed on the basis of transition state theory for the relative 

viscosity of the solutions as suggested by Feakins et al.27 using, 
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/'o.f.lo* = f..,Lo* + RT (l OOOB + vo- fl.O) 
2 'l V,O 2 I 

I 

(14) 

where the ~0 and the f11 are the partial molar volumes of the solvent and solute respectively. 

1'114_* is the contribution per mole of the solute to the free energy of activation for the viscous 

flow of solutions have been determined from the above relation and 1'1f.1j0* is the free energy of 

activation per mole of solvent mixture is calculated by the following relation27
: 

-o 
1'1f.1jo"'=f"..Glo*=RT1n(lo~) (15) 

hNA 

where h is Planck's constant, NA is Avogadro's number and f"..G?* is the free-energy of 

activation per-mole of solvent mixture. From Table-S, it is seen that 1'1f.1j0* is almost constant at 

all temperatures and solvent compositions. It implies that 1'114,* is dependent mainly on the 

values of viscosity B-coefficients and (V,' -f.') terms. l'1f.1~* values were positive at all 

experimental temperatures indicates that the viscosity increases as the temperature and molarity 

of ascorbic acid increases. So the formation of the transition state becomes less favorable27
• 

According to Feakins et al.27
, 1'114,* > 1'111?"' for solutes having positive viscosity B

coefficients indicates stronger solute-solvent interactions, suggesting the formation of a 

transition state which is accompanied by the rupture and distortion of the intermolecular forces 

in the solvent structure 27
. The larger is the value of f..J4* , the greater is the structure -making 

tendency of the solute, and the positive values of 1'114_* for TBAB in the different aqueous 

ascorbic acid solutions suggests TBAB is a net structure promoter in these ternary mixtures. 

Equation 16 has been used to calculate the entropy of activation (f"..S~*) for solutions, from the 

relation27 

(16) 

f"..S~* has been calculated from the slope of the plots of f..J4* versus Tby using a least -square 

treatment. The enthalpy of activation has been determined by using the following relation27
: 
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(17) 

The values of !'J.pg* and mg* are reported in Table 8. They are negative for all 

experimental solutions at all temperatures which suggest that the transition state is associated 

with bond formation and an increase in order. 

D.1.4. Conclusion 

In summary, ¢.," and viscosity B-coefficient values for TBAB indicate the presence of 

strong solute-solvent interactions, and these interactions are further strengthened at higher 

temperatures and higher concentrations of ascorbic acid in ternary solutions. This study also 

reveals that TBAB acts as a water-structure promoter due to hydrophobic hydration in the 

presence of ascorbic acid and ascorbic acid has a dehydration effect on the hydrated TBAB. 
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Table 1. Density p , and viscosity 11 , of different aqueous Ascorbic Acid solution at different 

temperatures 

Aqueous Ascorbic Acid 
solution! (mol-dm-3

) 
T/K p/(g·cm-3

) yt! (mPa-s) 

298.15 L0006 0.8970 

0.05 308.15 0.9974 0.7299 

318.15 0.9934 0.5956 

298.15 1.0042 0.8794 
0.1 

308.15 1.0005 0.7121 

318.15 0.9968 0.6079 

298.15 L0072 0.9180 

0.15 
308.15 L0042 0.7381 

318.15 L0003 0.6226 
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Table 2 Molarity c, density p, viscosity '7, apparent molar volumes V., and ('lr- I )lc112 for TBAB 

in different aqueous ascorbic acid solutions at different temperatures. 

c/(mol· dm-3
) pI (g· cm-3) 111 (mPa·s) V. l(cm3·mor1

) ('lr- I) de 
o.oo• 

T=298.15K 
0.0250 0.9977 0.904 296.64 0.0740 
0.0450 0.9983 0.893 295.62 0.0885 
0.0550 0.9986 0.898 294.78 0.0998 
0.0650 0.9990 0.900 293.76 0.1021 
0.0750 0.9993 0.905 292.86 0.1172 
0.0850 0.9997 0.908 291.78 0.1224 

T=308.15 K 
0.0249 0.9947 0.733 298.44 0.0910 
0.0449 0.9953 0.740 297.15 0.1147 
0.0548 0.9956 0.743 296.57 0.1235 
0.0648 0.9959 0.747 295.42 0.1356 
0.0748 0.9963 0.752 294.31 0.1480 
0.0847 0.9966 0.755 293.43 0.1560 

T=318.15 K 
0.0248 0.9908 0.605 301.33 0.0630 
0.0447 0.9914 0.610 299.88 0.0860 
0.0546 0.9917 0.612 299.14 0.0970 
0.0646 0.9920 0.617 298.45 0.1170 
0.0745 0.9923 0.619 297.29 0.1250 
0.0844 0.9927 0.622 296.18 0.1360 

o.o5• 
298.15 K 

0.0250 1.0012 0.914 299.93 0.1200 
0.0450 1.0017 0.928 298.65 0.1630 
0.0550 1.0020 0.936 297.81 0.1850 
0.0650 1.0023 0.943 296.60 02026 
0.0750 1.0026 0.949 295.63 0.2106 
0.0850 1.0030 0.957 294.02 0.2285 

308.15 K 
0.0249 0.9979 0.738 302.17 0.0680 
0.0449 0.9984 0.748 300.76 0.1180 
0.0548 0.9986 0.755 299.85 0.1460 
0.0648 0.9990 0.760 298.52 0.1643 
0.0748 0.9993 0.765 297.36 0.1780 
0.0847 0.9996 0.770 296.36 0.1876 

318.15 K 
0.0248 0.9938 0.599 308.00 0.0360 
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c/(molo dmo3
) pI (go cmo3) 11/ (mPaos) ~ /(cm3omol"1

) (1/r- I) de 
Oo0447 009942 00606 306058 000860 
000546 009944 00609 305080 0.0990 
Oo0646 0.9946 0.613 304.80 0.1168 
0.0745 Oo9949 0.619 303084 001420 
0.0844 0.9952 00624 302o80 Ool660 

oo1o• 
T-298o15 K 

0.0250 1.0046 0.907 306o04 0.1980 
Oo0450 1.0050 00932 304.60 0.2800 
0.0550 1.0052 Oo942 303.53 0.3030 
Oo0650 1.0055 00953 302.40 0.3280 
0.0750 1.0057 0.963 301.39 0.3470 
0.0850 1.0060 0.978 300059 003850 

T-308o15K 
Oo0249 1.0009 0.735 307o54 0.2051 
Oo0449 1.0012 00754 305o63 0.2800 
000548 1.0015 Oo763 304.40 0.3070 
Oo0648 1.0017 0.773 303.53 0.3340 
0.0748 1.0020 Oo782 302.56 0.3585 
Oo0847 1.0023 Oo796 301.23 Oo4050 

T=318o15 K 
Oo0248 Oo9972 0.632 310032 0.2611 
Oo0447 0.9975 0.650 308.56 0.3274 
0.0546 0.9977 00658 307.46 0.3521 
0.0646 0.9979 Oo668 306.53 0.3902 
Oo0745 Oo9981 0.678 305.83 0.4236 
0.0844 0.9984 0.690 304060 0.4651 

0015• 
T=298o15 K 

0.0250 1.0075 0.925 309.23 0.0484 
0.0450 1.0078 0.952 307.88 0.1731 
0.0550. 1.0079 0.958 307.05 0.1880 
0.0650 1.0081 0.971 306o07 Oo2270 
0.0750 1.0083 00984 305.49 0.2610 
000850 1.0086 1.003 304.32 Oo3170 

T=308o15 K 
0.0249 1.0044 0.742 311.40 0.0340 
0.0449 1.0047 0.765 309.56 0.1729 
0.0548 1.0049 0.776 308.69 Oo2169 
0.0648 1.0051 0.787 307.49 0.2630 
0.0748 1.0053 0.795 306o25 0.2800 
0.0847 1.0055 0.809 305.47 0.3280 

T-318o15 K 
0.0248 1.0005 0.622 313.83 -0.0114 

279 Table 2: (Continued) 



Apparent molar volume, Viscosity B-coefficient .......... 318.15 K 

0.0447 
0.0546 
0.0646 
0.0745 
0.0844 

1.0007 
1.0009 
1.0011 
1.0013 
1.0016 

q/ (mPa·s) 

0.633 
0.642 
0.653 
0.661 
0.673 

• Molarity of ascorbic acid in water in mol·dm· 
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311.53 
310.34 
309.43 
308.17 
306.85 

(q,- I) de 
0.0820 
0.1300 
0.1900 
0.2230 
0.2800 



Apparent molar volume, Viscosity B-coefficient .......... 318.15 K 

Table 3. Partial molar volume V~0 , and adjustable parameters Av and Bv for TBAB in different 

aqueous ascorbic acid solutions with standard deviations u at different temperatures. 

T/K v,• (cm3 
• mol' 1

) A vi( cm3 
• morL5

) Bv/(cm3 
• mol'2) 

o.oo• 
298.15 292.78 57.61 -209.64 1.80 

308.15 295.25 51.86 -200.49 1.86 

318.15 299.31 40.25 -174.77 1.84 

o.os• 
298.15 294.35 77.76 -269.33 2.14 

308.I5 299.03 54.8I -221.17 2.I7 

3 I 8. I 5 306.46 36.30 -I66.28 1.89 

o.1o• 
298.15 305.86 25.09 -I49.54 0.06 

308.15 308.83 I2.65 -I32.I5 0.08 

3 I 8. I5 3 I2.14 5.23 -I06.42 0.10 

o.1s• 
298.15 308.69 25.05 -136.55 0.07 

308. I 5 3 I 1.98 I 9. I5 I44.I4 0.06 

3 I 8. I 5 3 I 5.94 7.I3 -131.29 0.06 

• Molarity of ascorbic acid in water in mol·dm· 
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Table 4. Values of various coefficients of Eq. 4 for TBAB in different aqueous ascorbic 

acid solutions 

Aqueous ascorbic acid 
solution/(mol·dm·3) 

ao/(cm3·mo1"1
) ad(cm3

• moi"1·K"1
) az/(cm3·mol"1

• K"2
) 

0 949.54 -4.5731 0.008 

0.05 1418.1 -7.8686 0.0137 

0.1 373.5 -0.7337 0.0017 

0.15 518.38 -1.7021 0.0034 
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Table 5. Partial molar expansibility ¢~ for TBAB in different aqueous ascorbic acid solutions at 

different temperatures 

¢~ /(cm3·mor1·K-1
) (a¢Yar). 

Aqueous Ascorbic Acid 
solutions/(mol· dm-3

) 298.15K 308.15K 318.15K /(cm3·mor1·K-2
) 

0 0.197 0.357 0.517 0.016 

0.05 0.301 0.575 0.849 0.024 

0.1 0.280 0.314 0.348 0.003 

0.15 0.325 0.393 0.461 0.007 
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Table 6o Values of A and B coefficients with standard errors for TBAB in different aqueous 

ascorbic acid solutions at different temperatures. 

Aqueous 
A/(cm312

• mor112
) B/(cm3

• mor1
) 

Ascorbic 
Acid 

solution 298.15 K 308o15 K 318o15 K 298o15 K 308.15K 318.15 K 
/(mol. dm·3 

0 
00013 0.011 -Oo029 0.368 0.493 0.563 

(±0.008) (±0.005) (±0.009) (±0.030) (±0.020) (±00040) 

0.05 
-0.007 -0.076 -0.116 0.809 0.926 00945 

(±00006) (±0.011) (±0.0140) (±Oo030) (±0.040) (±0.060) 

0.1 
-0.010 -Oo024 -Oo011 1.338 1.430 1.597 

(±0.014) (±0.019) (±00026) (±0006) (±0008) (±0.109) 

0.15 
-Oo247 -0.283 -0.367 1.892 2.102 2.179 

{±Oo030} (±Oo025} {±Oo030} {±0.130} (±0.102} {±0.120) 
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Table 7. Partial molar volumes V~", Partial molar volumes of transfer, !'!. ~·, viscosity 

B coefficients, and Viscosity B-coefficients of transfer, I'!.B, from water to different aqueous 

ascorbic acid solutions for TBAB at three different temperatures. 

Aqueous • 
Ascorbic Acid ~· /(cm

3
• mol"

1
) 1'!.~0 /(cm3

• mol"1
) B/(cm3

• mol"1
) 

I'!.B/(cm3
• mol" 

I) 

T=298.15K 
0 292.78 0 0.368 0 

0.05 294.35 1.57 0.809 0.441 
0.1 305.86 13.08 1.338 0.970 
0.15 308.69 15.91 1.892 1.524 

T=308.15 K 
0 295.25 0 0.493 0 

0.05 299.03 3.78 0.926 0.433 
0.1 308.83 13.58 1.430 0.937 
0.15 3 I 1.98 16.73 2.102 1.609 

T=318.15K 
0 299.31 0 0.563 0 

0.05 306.46 7.15 0.945 0.382 
0.1 312.14 12.83 1.597 1.034 

0.15 315.94 16.63 2.179 1.616 
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Table 8. Values of V,' -V,', t;.p/", !ip2ot, Tt!S'/, and M!'/ for TBAB in different aqueous 

ascorbic acid solutions at different temperatures 

Parameters 298.15 K 308.15K 318.15K 

0.00 mol·dm· 

(V,' -V,') ·106/(m3
• mor1) 274.71 277.13 281.12 

!iplf}#/(k.J· mor1) 9.17 8.65 8.20 

lipzot/( kJ· mor1) 50.73 70.00 82.17 

Tt!S'/1( kJ· mor1) -468.75 -484.47 -500.20 

Mf'/1( kJ· mor1) -418.02 -414.47 -418.02 
0.05 mol·dm-3 

(V,'- V,')-106/(m3· mor1) 276.o7 280.69 288.05 

!;.plot/( kJ· mor1) 9.21 8.71 8.21 
lipzotl( kJ- mor1) 110.05 129.73 136.01 

Tt!S'/1( kJ· mor1) -387.00 -399.98 -412.96 

M!'/1( kJ· mor1) -276.95 -270.25 -276.95 
0.10 mo1·dm·3 

(V,' -V,')·106/(m3
• mor1) 287.37 290.27 293.51 

lip. I[}#/( k.J· mor1) 9.19 8.68 8.29 
lipzotl( kJ- mor1) 179.67 197.73 227.09 

Tt!S'/1( kJ· mor1) -706.97 -730.69 -754.40 
M!'/1( kJ· mor1) -527.31 -532.95 -527.31 

0.15 mol·dm-3 

(Vz0-VI<) ·106/(m3
• mor1) 289.99 293.22 297.10 

lip![}#/( kJ- mor1) 9.32 8.79 8.38 
lipzotl( kJ· mor1) 251.08 287.39 306.33 
Tt!S'lJ( kJ· mor1) -823.61 -851.23 -878.86 
Mf'/1( kJ- mor1) -572.53 -563.84 -572.53 
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Table 9. Molality(m), density(p), sound speed(u), adiabatic compressibility(B), partial molal 

adiabatic compressibility( K0 ), limiting partial molal adiabatic compressibility( x: ), and 

experimental slope(Sk ') ofTBAB in aqueous ascorbic acid solution at 298.15K 

m u px 1010 K x1010 K0 x1010 Sk'x1010 • • /(mol· Kg"1
) /(m·s·1

) /(Pa.1) /(m3
• mor1

• Pa.1
) /~m3 • mor1

• Pa.1
} /(m912

• mor312
• Pa"1

) 

0.00 mol·dm"3 

0.0253 1451.9 4.7549 -2.406 
0.0458 1459.6 4.7018 -2.551 
0.0561 1466.0 4.6593 -2.865 -1.235 -6.829 
0.0665 1471.1 4.6258 -2.947 (±0.216) (±0.883) 
0.0770 1478.7 4.5764 -3.210 
0.0875 1484.5 4.5389 -3.273 

0.05 mol·dm"3 

0.0253 1460.3 4.6839 -1.402 
0.0458 1468.7 4.6281 -2.041 
0.0561 1473.1 4.5992 -2.202 0.0201 -9.238 
0.0665 1477.6 4.5701 -2.317 (±0.131) (±0.538) 
0.0770 1483.4 4.5326 -2.507 
0.0875 1490.3 4.4890 -2.724 

0.10 mol·dm· 
0.0253 1467.4 4.6228 0.039 
0.0458 1471.9 4.5932 -0.658 
0.0561 1474.3 4.5772 -0.837 1.469 -9.466 
0.0665 1476.4 4.5628 -0.939 (±0.168) (±0.687) 
0.0770 1480.2 4.5385 -1.141 
0.0875 1484.0 4.5141 -1.294 

0.15 mol·dm 
0 

0.0253 1477.0 4.5501 0.086 
0.0458 1480.5 4.5274 -0.472 
0.0561 1483.3 4.5095 -0.714 1.775 -10.584 
0.0665 1487.2 4.4851 -0.980 (±0.0715) (±0.293) 
0.0770 1491.5 4.4584 -1.20 I 
0.0875 1495.0 4.4362 -1.320 
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for the transfer from water to different aqueous ascorbic acid solutions for TBAB at T ~ 298.15 

K. Dotted lines for tJ.V
0
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D.2. Studies on Molecular Interactions of Oxalic acid and its 

salts in Coaqueous Solutions of 1,3-dioxolane+Water by 

Volumetric, Viscometric Measurements at T=(298.15,308.15, 

and 318.15)K 

D.2.1. Introduction 

It is well-known that the reaction medium plays an important role in determining 

reactivity reflected in thermodynamic, transport, and spectral properties1
.2. Gaining insight 

into the mechanism of such interactions, thermodynamic and transport studies involving 

one or more solutes in mixed solvent systems are highly useful. Studies on the apparent 

molar volumes of electrolytes and the dependence of viscosity in connection with solutes 

and temperature of solutions have been employed as a function of studying ion-ion and 

ion-solvent interactions3• The finding of a number of workers4-7 is that the addition of 

electrolyte could break or make the structure of a liquid .. These interactions help in better 

understanding of the nature of solute and solvent, i.e. whether the solute modifies or 

distorts the structure of the solvent. The addition of organic solvent to an aqueous solution 

of electrolyte brings about a change in the ion's solvation and often results in a large 

change in the reactivity of the dissolved electrolytes. The viscosity being a property of the 

liquid depending on intermolecular forces, the structural aspects of the liquid can be 

inferred from the viscosity of solutions at different concentrations and temperatures .. Such 

data are expected to highlight the role of oxalic acid and its salts in influencing the 

viscosity B-coefficient, in mixed solvent systems. 

The increasing use of cyclic diethers and their aqueous mixtures in many industrial 

processes such as pharmaceuticals and cosmetics has greatly stimulated the need for 

extensive information on their various properties. I ,3-dioxolane is a good industrial solvent 

for a number of separation processes, solution studies, Mannich reactions, and as an 

electrolyte in batteries8
•
10

• In the present study, we have performed density, viscosity 

measurements in 5%, 10%, and 15% by mass of 1,3-dioxolane +water mixtures of oxalic 

acid and its salts, viz. ammonium oxalate, sodium oxalate and potassium oxalate as a 

Revised Paper Under Consideration in Journal of Molecular liquids 
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function of temperature to unravel the nature of various types of interactions prevailing in 

these electrolyte solutions. 

D.2.2. Experimental section 

2.1 Materials 

1,3-dioxolane, C3H602 (ethylene glycol formal or ethylene glycol methylene ether) 

from Merck, containing 0.3 % water and 0.005 % peroxides and sterilized with butylated 

hydroxytoluene (BHT) was purified by heating under reflux with Pb02 for 2 h, then cooled 

and filtered. After adding xylene to the filtrate, the mixture was fractionally distilled 11-12. 

The solvent obtained after purification had a boiling point of 348 K at p = 0.1 MPa, a 

density of 1058.6 kg·m-3, and a coefficient of viscosity of0.5882 mPa·s at 298.15 K which 

is in good agreement with literature values12-13
• The purity of the solvent finally obtained 

was>99.0%. 

Oxalic acid, ammomum oxalate, sodium oxalate and potassium oxalate, all of 

Analytical Reagent grade, were used as such only after drying over P20 5 in a desiccator for 

more than 24 h. The reagents were always placed in the desiccators over P20 5 to keep them 

in dry atmosphere. Freshly distilled conductivity water (Sp.Cond "'10-6 n-1cm-1) was used 

for preparing binary aqueous mixtures of I ,3-dioxolane. The experimental values of 

densities (p0) and viscosities (1/o) of different aqueous 1,3-dioxolane mixtures at 298.15, 

308.15, and 318.15K are reported in Table I and compared with literature values14 

whenever available. 

All the binary aqueous mixtures of I ,3-dioxolane as well as the solutions of oxalic 

acid and its salts were made by weight and molalities, m, were converted into molarities, c, 

. h d d . 15 iOOOpm h . h I . d . d M usmg t e stan ar expressiOn : c , w ere p IS t e so ut10n ens1ty an 2 
1000+mM2 

the molecular weight of a solute. 

D.2.2.2 Measurement 

The densities were measured with an Ostwald-Sprengel type pycnometer having a 

bulb volume of 25cm3 and an internal diameter of the capillary of about 0.1 em. The 

pycnometer was calibrated at 298.15, 308.15, and 318.15K with doubi¥-distilled-water-an:d-----
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benzene. The pycnometer with the test solution was equilibrated in a water bath maintained 

within ±O.OIK of the desired temperatures. The pycnometer was then removed from the 

thermostatic bath, properly dried, and weighed. Adequate precautions were taken to avoid 

evaporation losses during the time of actual measurements. An average of triplicate 

measurements was taken into account. The mass measurements, accurate to ±0. 0 I mg, 

were made on a digital electronic analytical balance (Mettler, AG 285, Switzerland). The 

total uncertainty of the density is ±0.0001 g·cm -J, and that of the temperature is ±0.01 K. 

The viscosity was measured by means of a suspended Ubbelohde type viscometer, 

which was calibrated at 298.15, 308.15, and 318.15K with triply distilled water and 

purified methanol. The flow times were accurate to ±0. I s, and the precision of the 

viscosity measurements, based on our work on several pure liquids, was ±0.003mPa · s; the 

total uncertainty in the measured viscosities was estimated to be ±0. 05%. The temperature 

stability was maintained within± 0.01 K by circulating thermostatted water around the cell 

by a circulating pump. Details of the methods and techniques of density, viscosity, and 

sound speed measurements have been described elsewhere1
6-

18
• 

D.2.3. Results and Discussion 

The densities for the solutions of oxalic acid and its salts, viz. ammonium oxalate, 

sodium oxalate and potassium oxalate in 1,3-dioxolane + water (5%, 10% and 15% by 

mass of 1,3-dioxolane) measured at 298.15, 308.15, and 318.15K have been used to 

calculate the apparent molar volumes ( V.) of the solute using the following expression 19 

and listed in Table2 

~ = M, _ IOOO(p-p0 ) 

Po c Po 
(I) 

where c is the molar concentration of the solution; M 2 is the molecular weight of the 

solute;pand p 0 is the densities of the solution and solvent, respectively. 

The values of limiting apparent molar volumes ~0 and experimental slopes S~ at 

different temperatures have been obtained by using least-squares from linear plots of V. 
• 112 • h M . oo agamst c usmg t e asson equatiOn- . 
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temperature. The variation of ¢~ with temperature for oxalic acid and its salts studied has 

been found to be linear in I ,3-dioxolane+water mixture as shown in Fig. 3. The decrease in 

¢~ with the increase of temperature may be ascribed to the absence of a "caging effect•26• 

( 

§2J.CO J 
According to Heple~7, the sign of oTi P is a better criterion than S~ in 

characterizing the long-range structure-making and breaking capacity of the electrolytes in 

solution. The general thermodynamic expression is as follows: 

(oc.) =(o2

V."J 
oP T oT2 

p 

(5) 

On the basis of Eq. 5, it has been deduced that the structure breaker solutes should 

have small positive or negative values, otherwise it is a structure maker. In the present 

study, it is observed from Table 5 that the oxalic and its salt under investigation are 

predominantly structure breakers in all the I ,3-dioxolane+water mixtures. This may be 

ascribed to the absence of caging or packing effects21
.28

• 

The viscosity data of all studied mixtures have been analyzed by the Jones-Dole29 

equation 

1J --I 
!J.g__ = 17ret -1 =A+ B* 

* * 

(6) 

(7) 

where lJo and 17 are the viscosities of solvent and solution, respectively, c is the 

molar concentration of a solution, A and B are the Jones-Dole constants estimated by a 

least-squares method and reported in Table 6 A perusal of Table 6 shows that the values of 

the A coefficient are almost negative for all the solutions under investigation at all 

experimental temperatures. These results indicate the presence of weak solute-solute 

interactions, and these interactions further decrease with an increase of the amount of I ,3-

dioxolane to the mixture. 

The B-coefficiene0 reflects the effects of solute-solvent interactions on the solution 

viscosity. The viscosity B-coefficient is a valuable tool to provide information concerning 

the solvation of the solutes and their effects on the structure of the solvent in the local 

vicinity of the solute molecules. Table 6 illustrates that the values of the B-coefficient of 

296 



Studies on Molecular Interaction ........ T= (298.15, 308.15, and 318.15) K 

oxalic acid and its salts in the studied solvent mixture are positive, thereby suggesting the 

presence of strong solute-solvent interactions and these types of interactions are 

strengthened with an increase in both the temperature and concentration of I ,3-dioxolane in 

the mixtures. These conclusions are in excellent agreement with those drawn from V0° 
values discussed earlier. 

It has been reported in a number of studies31
•
32 that dB/dT is a better criterion for 

determining the structure-making/-breaking nature of any solute rather than simply the 

value of the B-coefficient. It is found from Table 6 that the values of the B-coefficient 

increase with a rise in temperature (positive dB/dT) suggesting the structure-breaking 

tendency of the oxalic acid and its salts in different compositions of the I ,3-dioxolane + 

water mixture. A similar result was reported by some workers24
•
33

•
34 in the case of the 

viscosity of lithium and sodium perchlorate in propionic acid + ethanol mixtures. These 

conclusions are also in excellent agreement with that drawn from the magnitude of 

(
82V,O) 
oT; • illustrated earlier. 

The viscosity data have also been analyzed on the basis of transition state theory for 

the relative viscosity of the solutions as suggested by Feakins et al.35 using, 

(8) 

where the t:;• and the f7,0 are the partial molar volumes of the solvent and solute 

respectively. b.p!J.* is the contribution pe·r mole of the solute to the free energy of 

activation for the viscous flow of solutions have been determined from the above relation 

and tJ.14°"' is the free energy of activation per mole of solvent mixture is calculated by 

the following relation35
: 

-o 
tJ.14°" = !t.G?"' = RT lnC'tzoJ/ ) 

A 

(9) 

where h is Planck's constant, NA is Avogadro's number and i'>.G 0
/ is the free-

energy of activation per-mole of solvent mixture. From Table 7, it is seen that !t.14°* is 

almost constant at all temperatures and solvent compositions. It implies that !t.J4* is 
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dependent mainly on the values of viscosity B-coefficients and (V,' -V,') terms. !1J4.* 

values were positive at all experimental temperatures indicates that the viscosity increases 

as the temperature and molarity of I ,3- Dioxolane increases. So the formation of the 

transition state becomes less favorable. According to Feakins et al.35
, !1J4.* > !11-4°* for 

solutes having positive viscosity B-coefficients indicates stronger ion-solvent interactions, 

suggesting the formation of a transition state which is accompanied by the rupture and 

distortion of the intermolecular forces in the solvent structure36
• The entropy of activation 

for electrolytic solutions has been calculated using the following relation35
: 

d(!1J4.*) 
dT 

(10) 

!1S~* has been calculated from the slope of the plots of 11;11* versus T by using 

a least -square treatment. The enthalpy of activation has been determined by using the 

following relation35
: 

(II) 

The values of !1S~* and Mf~* are reported in Table 7. They are negative for all 

experimental solutions at all temperatures which suggest that the transition state is 

associated with bond formation and an 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 state35
•
37

• 

D.2.4. Conclusion 

The extensive study of the densities, viscosities of Oxalic Acid, Sodium Oxalate, 

Potassium Oxalate, Ammonium Oxalate in various mass fractions of the solvent mixture of 

I ,3-dioxolane and water at different temperatures reveals the characteristics and structural 

properties prevalent in the solutions. In summary, ~· and viscosity B-coefficient values for 

the different salts indicate the presence of strong ion-solvent interactions, and these 

interactions are further strengthened with a rise in temperature and with a decrease in the 

amount of I ,3-dioxolane in the mixtures. It also indicates that all studied mixtures act as 

structure breakers. 
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Table 1 Density p, and viscositY 1/; of different aqueous 1 ,3-dioxolane solution at different 

Temperatures 
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Table 2 Molarity c, density p, viscosity '7, apparent molar volumes ~,and (1Jr-l)lc 112 for 

Oxalic acid, sodium oxalate, potassium oxalate, ammonium oxalate in binary aqueous 
mixtures of I ,3-dioxolane at different temperatures. 

c/(mol· dm.3) p x 10·3 /(kg·m ·3) '7/(mPa·s) ~ x 106/(m3·mol"1
) ('lr- I)/ c 112 

Oxalic acid 
5 % bJ>: Mass of 1,3-dioxolane +Water 

T=298.15K 
0.0251 0.9534 0.7667 91.45 0.106 
0.0455 0.9542 0.7746 91.25 0.128 
0.0644 0.9549 0.7827 91.04 0.150 
0.0752 0.9554 0.7877 90.92 0.163 
0.0856 0.9558 0.7930 90.83 0.177 
0.0952 0.9562 0.7977 90.73 0.188 

T=308.15K 
0.0249 0.9480 0.6120 100.65 0.072 
0.0451 0.9486 0.6174 100.29 0.096 
0.0639 0.9492 0.6231 100.03 0.117 
0.0747 0.9496 0.6264 99.87 0.129 
0.0851 0.9499 0.6303 99.64 0.143 
0.0946 0.9502 0.6342 99.42 0.157 

T=318.15 K 
0.0247 0.9440 0.5281 106.92 0.036 
0.0449 0.9445 0.5319 106.58 0.062 
0.0635 0.9450 0.5360 106.17 0.083 
0.0743 0.9453 0.5392 105.96 0.099 
0.0846 0.9456 0.5418 105.68 0.109 
0.0941 0.9459 0.5446 105.49 0.121 

10 % bJI: Mass of 1,3-dioxolane +Water 
298.15 K 

0.0250 1.0083 0.8340 99.98 0.163 
0.0450 1.0089 0.8459 99.57 0.191 
0.0650 1.0094 0.8592 99.07 0.223 
0.0750 1.0097 0.8655 98.87 0.236 
0.0850 1.0100 0.8708 98.66 0.244 
0.0950 1.0103 0.8787 98.40 0.262 

308.15 K 
0.0248 1.0022 0.6704 108.00 0.138 
0.0446 1.0026 0.6795 107.38 0.169 
0.0645 1.0030 0.6888 106.84 0.196 
0.0745 1.0032 0.6937 106.57 0.210 
0.0844 1.0035 0.6992 106.20 0.226 
0.0944 1.0037 0.7039 105.86 0.237 
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"·. -;;~-· ' 
,>..,:~~ ~~- ~;. 

c/(mol· dm-3) p x 10"3/(kg·m-3) IJI(mPa·s) V. xi06/(m3·mor1
) (1'/r- I)/ c112 

318.15K 
0.0247 0.9985 0.5771 114.72 0.112 
0.0444 0.9987 0.5844 114.15 0.145 
0.0641 0.9990 0.5919 113.47 0.173 
0.0740 0.9992 0.5963 113.17 0.189 
0.0839 0.9993 0.5998 112.78 0.199 
0.0937 0.9995 0.6041 112.47 0.213 

15 % by Mass of 1,3-dioxolane +Water 
T=298.15 K 

0.0251 1.0129 0.8913 108.08 0.124 
0.0452 1.0133 0.9038 107.64 0.160 
0.0652 1.0136 0.9170 107.10 0.192 
0.0753 1.0138 0.9242 106.83 0.209 
0.0853 1.0141 0.9300 106.51 0.219 
0.0953 1.0143 0.9375 106.23 0.235 

T=308.15K 
0.0249 1.0069 0.7259 126.83 0.102 
0.0450 1.0069 0.7350 126.24 0.136 
0.0649 1.0069 0.7453 125.53 0.170 
0.0750 1.0069 0.7506 125.08 0.185 
0.0851 1.0070 0.7567 124.47 0.203 
0.0950 1.0070 0.7609 124.08 0.211 

T=318.15 K 
0.0247 1.0030 0.6153 114.72 0.086 
0.0446 1.0032 0.6226 114.15 0.121 
0.0644 1.0035 0.6308 113.47 0.154 
0.0744 1.0036 0.6354 113.17 0.171 
0.0842 1.0038 0.6397 112.78 0.185 
0.0942 1.0040 0.6440 112.47 0.198 

Sodium oxalate 
5 % by Mass of 1,3-dioxolane +Water 

T=298.15 K 
0.0250 0.9539 0.7733 79.13 0.162 
0.0450 0.9551 0.7865 78.66 0.203 
0.0650 0.9563 0.7986 78.38 0.232 
0.0750 0.9569 0.8042 78.20 0.243 
0.0850 0.9575 0.8083 78.17 0.247 
0.0950 0.9581 0.8140 77.96 0.258 

T=308.15K 
0.0249 0.9484 0.6276 88.63 0.236 
0.0448 0.9495 0.6406 88.29 0.277 
0.0648 0.9505 0.6518 87.85 0.303 
0.0748 0.9510 0.6564 87.70 0.310 
0.0848 0.9515 0.661 I 87.54 0.318 
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c/(mo1· dm.3
) p x 10-3/(kg·m-3

) 11/(mPa·s) V, x 106/(m3·mor1
) (1/r- 1)/ c112 

0.0948 0.9521 0.6684 87.25 0.340 
T=318.15 K 

0.0247 0.9445 0.5419 93.81 0.203 
0.0445 0.9454 0.55 I 7 93.26 0.240 
0.0643 0.9464 0.5604 92.72 0.265 
0.0741 0.9469 0.5647 92.61 0.277 
0.0840 0.9473 0.5692 92.32 0.290 
0.0938 0.9478 0.5738 92.03 0.303 

10 % b;y Mass of 1,3-dioxolane +Water 
T=298.15K 

0.0252 1.0089 0.8404 86.80 0.212 
0.0453 1.0098 0.8559 86.33 0.248 
0.0654 1.0108 0.8712 85.86 0.280 
0.0755 1.0113 0.8782 85.58 0.292 
0.0855 1.0118 0.8855 85.29 0.305 
0.0956 1.0123 0.8929 85.04 0.318 

T=308.15K 
0.0251 1.0027 0.6754 96.61 0.186 
0.0451 1.0035 0.6870 95.85 0.222 
0.0651 1.0043 0.6986 95.38 0.254 
0.0752 1.0047 0.7048 95.08 0.271 
0.0852 1.0051 0.7097 94.70 0.280 
0.0953 1.0056 0.7153 94.45 0.292 

T=318.15 K 
0.0249 0.9990 0.5817 103.69 0.163 
0.0449 0.9996 0.5908 102.88 0.197 
0.0647 1.0003 0.5999 102.13 0.227 
0.0747 1.0006 0.6048 101.85 0.243 
0,0847 1.0010 0.6097 101.43 0.258 
0.0947 1.0013 0.6144 101.24 0.271 

15 % b;y Mass of 1,3-dioxolane +Water 
T=298.15 K 

0.0251 1.0135 0.8404 92.45 0.212 
0.0452 1.0144 0.8559 91.79 0.248 
0.0652 1.0152 0.8712 91.32 0.280 
0.0753 1.0156 0.8782 91.14 0.292 
0.0853 1.0161 0.8855 90.84 0.305 
0.0953 1.0165 0.8929 90.55 0.318 

T=308.15 K 
0.0250 1.0076 0.6754 104.58 0.186 
0.0450 1.0082 0.6870 I 03.91 0.222 
0.0649 1.0088 0.6986 103.26 0.254 
0.0748 1.0092 0.7048 102.95 0.271 
0.0848 1.0095 0.7097 102.49 0.280 
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c/(mol· dm-3
) p x 10"3/(kg·m-3) q/(mPa·s) V. xI 06/(m3·mol"1

) (q,- 1)/ c112 

0.0946 1.0098 0.7153 102.19 0.292 
T=318.15 K 

0.0247 1.0031 0.5817 115.80 0.163 
0.0446 1.0035 0.5908 115.06 0.197 
0.0644 1.0039 0.5999 114.29 0.227 
0.0744 1.0042 0.6048 113.91 0.243 
0.0842 1.0044 0.6097 113.55 0.258 
0.0941 1.0046 0.6144 113.22 0.271 

Potassium oxalate 
5 % b:~:: Mass of123-dioxolane +Water 

T=298.15 K 
0.0246 0.9547 0.7850 93.67 0.262 
0.0421 0.9564 0.8009 93.42 0.303 
0.0664 0.9587 0.8185 93.24 0.332 
0.0723 0.9593 0.8235 93.11 0.343 
0.0864 0.9607 0.8309 92.92 0.347 
0.0974 0.9617 0.8382 92.78 0.358 

T=308.15K 
0.0245 0.9494 0.6274 101.71 0.236 
0.0446 0.9511 0.6405 101.41 0.277 
0.0644 0.9529 0.6516 101.14 0.303 
0.0716 0.9535 0.6553 101.04 0.310 
0.0850 0.9547 0.6612 100.82 0.318 
0.0949 0.9556 0.6685 100.71 0.340 

T=318.15K 
0.0243 0.9454 0.5417 108.57 0.203 
0.0443 0.9470 0.5516 108.21 0.240 
0.0639 0.9487 0.5603 107.96 0.265 
0.0709 0.9493 0.5638 107.84 0.277 
0.0842 0.9504 0.5693 107.64 0.290 
0.0939 0.9512 0.5739 107.45 0.303 

10 % b:~:: Mass of 1,3-dioxolane +Water 
T=298.15K 

0.0247 1.0097 0.8401 101.72 0.212 
0.0445 1.0114 0.8555 101.37 0.248 
0.0669 1.0132 0.8719 101.08 0.280 
0.0754 1.0139 0.8782 100.96 0.292 
0.0871 1.0149 0.8862 100.84 0.305 
0.0972 1.0157 0.8936 100.71 0.318 

T=308.15K 
0.0246 1.0036 0.6752 111.69 0.186 
0.0443 1.0050 0.6868 111.35 0.222 
0.0666 1.0067 0.6991 111.06 0.254 
0.0751 1.0073 0.7048 110.89 0.271 
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c/(mol· dm-3
) p X 10-3/(kg·m-3) q/(mPa·s) v. xl06/(m3·mor1

) (1/r- I)/ c 112 

0.0868 1.0082 0.7102 II 0.71 0.280 
0.0966 1.0089 0.7156 II 0.59 0.292 

T=318.15K 
0.0244 0.9998 0.5815 118.16 0.163 
0.0441 1.0011 0.5906 117.74 0.197 
0.0662 1.0026 0.6002 117.35 0.227 
0.0746 1.0032 0.6047 117.21 0.243 
0.0862 1.0040 0.6101 117.05 0.258 
0.0961 1.0047 0.6147 116.91 0.271 

15 % by Mass of 1,3-dioxolane +Water 
T=298.15K 

0.0248 1.0143 0.8960 109.83 0.159 
0.0451 1.0158 0.9109 109.36 0.198 
0.0674 1.0175 0.9261 109.05 0.229 
0.0786 1.0183 0.9332 108.91 0.241 
0.0866 1.0189 0.9405 108.74 0.258 
0.0982 1.0198 0.9483 108.52 0.271 

T=308.15 K 
0.0247 1.0084 0.7296 121.05 0.135 
0.0449 1.0097 0.7415 120.58 0.179 
0.0671 1.0 Ill 0.7529 120.20 0.208 
0.0781 1.0119 0.7583 120.05 0.220 
0.0861 1.0124 0.7641 119.89 0.237 
0.0975 1.0131 0.7700 119.73 0.249 

T=318.15K 
0.0245 1.0040 0.6180 130.32 0.115 
0.0445 1.0051 0.6273 129.86 0.158 
0.0666 1.0063 0.6367 129.42 0.189 
0.0777 1.0069 0.6413 129.24 0.202 
0.0855 1.0074 0.6460 129.06 0.219 
0.0969 1.0080 0.6504 128.91 0.229 

Ammonium oxalate 
5 % by Mass of 1,3-dioxolane +Water 

T=298.15 K 
0.0249 0.9542 0.7785 74.10 0.206 
0.0448 0.9556 0.7904 73.91 0.228 
0.0646 0.9570 0.8019 73.68 0.250 
0.0718 0.9576 0.8071 73.60 0.263 
0.0852 0.9585 0.8150 73.45 0.277 
0.0951 0.9593 0.8210 73.31 0.288 

T=308.15 K 
0.0248 0.9487 0.6215 84.03 0.172 
0.0445 0.9500 0.6301 83.84 0.196 
0.0641 0.9512 0.6374 83.57 0.211 
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-~.:.:,:.: . '_~, ... ,- . 

c/(mol· dm-3
) 

13' p x 10-3 /(kg·m- j q/(mPa~\W;.-~ V. x106/(m3·mor1
) (q,-1)/c112 

0.0713 0.9517 0.6421 83.38 0.229 
0.0844 0.9525 0.6478 83.25 0.243 
0.0941 0.9532 0.6530 83.14 0.258 

T-318.15K 
0.0246 0.9448 0.5363 90.48 0.136 
0.0442 0.9459 0.5431 90.07 0.163 
0.0636 0.9471 0.5488 89.80 0.179 
0.0708 0.9475 0.5525 89.72 0.196 
0.0839 0.9482 0.5569 89.53 0.209 
0.0936 0.9488 0.5614 89.39 0.226 

10 % by Mass of 1,3-dioxolane +Water 
T=298.15K 

0.0251 1.0092 0.8340 81.78 0.163 
0.0455 1.0104 0.8461 81.30 0.191 
0.0644 1.0116 0.8590 80.98 0.223 
0.0752 1.0123 0.8656 80.81 0.236 
0.0856 1.0129 0.8710 80.64 0.244 
0.0952 1.0135 0.8787 80.51 0.262 

T=308.15K 
0.0250 1.0030 0.6704 92.32 0.138 
0.0453 1.0041 0.6797 91.79 0.169 
0.0641 1.0050 0.6887 91.40 0.196 
0.0749 1.0056 0.6938 91.14 0.210 
0.0853 1.0062 0.6994 90.90 0.226 
0.0946 1.0066 0.7039 90.70 0.237 

T=318.15 K 
0.0248 0.9992 0.5771 100.98 0.112 
0.0451 1.0001 0.5846 IOD.42 0.145 
0.0638 1.0009 0.5919 99.89 0.173 
0.0744 1.0014 0.5963 99.69 0.189 
0.0848 1.0018 0.6000 99.50 0.199 
0.0941 1.0022 0.6042 99.25 0.213 

15 % by Mass of 1,3-dioxolane +Water 
T-298.15 K 

0.0252 1.0138 0.8913 87.48 0.124 
0.0453 1.0149 0.9039 87.04 0.160 
0.0654 1.0161 0.9170 86.62 0.192 
0.0755 1.0166 0.9243 86.39 0.209 
0.0855 1.0172 0.9301 86.12 0.219 
0.0956 1.0178 0.9376 85.90 0.235 

T=308.15K 
0.0251 1.0080 0.7260 98.85 0.102 
0.0451 1.0089 0.7350 97.98 0.136 
0.0651 1.0098 0.7454 97.43 0.170 
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c/(mol· dm"3
) p x 10-3/(kg·m-3) q/(mPa·s) v. xJ06/(m3·mor1

) (llr- I)/ c1
{2 

0.0751 1.0102 0.7506 97.19 0.185 
0.0850 1.0107 0.7567 96.93 0.203 ~ 

0.0950 1.0 Ill 0.7609 96.76 0.211 
T-318.15K 

0.0249 1.0035 0.6153 108.83 0.086 
0.0447 1.0042 0.6226 108.21 0.121 
0.0646 1.0049 0.6309 107.64 0.154 
0.0747 1.0053 0.6355 107.31 0.171 
0.0844 1.0056 0.6397 106.97 0.185 
0.0944 1.0060 0.6440 106.71 0.198 
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Table 3 Limiting Partial Molar Volume v; and Experimental Slope S~ for Oxalic Acid, 

Sodium Oxalate, Potassium Oxalate, Ammonium Oxalate in different Coaqueous (l ,3-
dioxolane +Water) Solutions at Different Temperatures Standard errors are given in 
parenthesis. 

Mass%of v,o X I 06 (m3·mol"1
) s~ /(m2·dm112·mor312

) 

I ,3-dioxolane +Water 298.15K 308.15K 318.15K 298.15K 308.15K 318.15K 
Oxalic acid 

5 
92.24 I 01.95 108.55 -4.83 -7.85 -9.71 

(±0.058) (±0.163) (±0.210) (±0.227) (±0.640) (±0.828) 

10 
101.71 110.28 117.22 -10.48 -13.96 -15.16 

(±0.147) (±0.223) (±0.243) (±0.575) (±0.880) (±0.961) 

15 
110.15 120.8 129.95 -12.31 -14.5 -18.36 

{±0.237} {±0.249} {±0.481} {±0.930} {±0.974} (±1.891} 
Sodium oxalate 

5 
80.28 90.11 95.67 -7.46 -8.97 -11.59 

(±0.093) (±0.164) (±0.149) (±0.363) (±0.643) (±0.588) 

10 
88.74 98.88 106.36 -11.68 -14.11 -16.68 

(±0.194) (±0.164) (±0.115) (±0.757) (±0.642) (±0.453) 

15 
94.41 107.21 118.63 -12.22 -15.95 17.39 

{±0.131) (±0.253} {±0.183} {±0.514} {±0.993} (±0.722} 
Potassium oxalate 

5 
93.6 102.78 109.72 -5.78 -6.62 -7.19 

(±0.067) (±0.081) (±0.100) (±0.263) (±0.320) (±0.398) 

10 
102.74 111.83 119.44 -6.46 -7.12 -8.15 

(±0.022) (±0.081) (±0.015) (±0.085) (±0.316) (±0.061) 

15 
111.09 122.37 132.78 -7.99 -8.47 -9.25 

{±0.100} {±0.037} {±0.050} {±0.389} {±0.144} {±0.196} 
Ammonium oxalate 

5 
74.96 85.07 91.6 -5.21 -6.19 -7.15 

(±0.096) (±0.135) (±0.042) (±0.378) (±0.533) (±0.166) 

10 83.12 94.06 102.82 -8.42 -10.76 -11.51 
(±0.019) (±0.099) (±0.078) (±0.078) (±0.392) (±0.307) 

15 
89.21 101.01 111.16 -10.45 -13.95 -14.23 

(±0.1612 (±0.104} (±0.178} {±0.6292 (±0.406} {±0.7012 
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Table 4 Values of Various Coefficients of Equation 3 for Oxalic Acid, Sodium Oxalate, 
Potassium Oxalate, Ammonium Oxalate in different Coaqueous (1,3-dioxolane + Water) 
Solutions 

Mass %of 
ao/(m3·mor1

) a 1/(m
3

• mor1·K-1
) a2/(m

3-mor1
• K"2

) 
1,3-dioxolane +Water 

Oxalic acid 
5 -1625.9 10.399 -0.015 
10 -902.6 5.798 -0.008 
15 -896.4 5.612 -0.007 

Sodium oxalate 
5 -2174.3 13.928 -0.021 
10 -1435.5 9.078 -0.013 
15 -921.2 5.463 -0.007 

Potassium oxalate 
5 -1209.1 7.708 -0.0 II 
10 -848.2 5.395 -0.007 
15 -624.9 3.765 -0.004 

Ammonium oxalate 
5 -1871.0 11.864 -0.017 
10 -12445 7.703 -0.011 
15 -1020.6 6.182 -0.008 
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Table 5 Limiting Partial Molar Expansibility, ¢~ for Oxalic acid, Sodium Oxalate, 

Potassium Oxalate, Ammonium Oxalate in Different Coaqueous (1,3-dioxolane + Water) 
Solutions at different Temperatures. 

¢~ x 106/(m3·mor1K 1
) (a¢Yar). X 106 

Mass %of 
I ,3-Dioxolane +Water 298.15K 308.15K 318.15K /(m3·mor1·K2

) 

Oxalic acid 
5 1.16 0.85 0.54 -0.031 
10 0.97 0.81 0.64 -0.016 
15 1.14 0.99 0.84 -0.015 

Sodium oxalate 
5 1.17 0.74 0.31 -0.043 
10 1.15 0.88 0.61 -0.027 
15 1.35 1.21 1.07 -0.014 

Potassium oxalate 
5 1.03 0.81 0.58 -0.022 
10 0.98 0.83 0.69 -0.015 
15 1.14 1.05 0.97 -0.009 

Ammonium oxalate 
5 1.19 0.83 0.47 -0.036 
10 1.20 0.99 0.77 -0.022 
15 1.23 1.07 0.90 -0.017 
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Table 6. Values of A and B coefficients with standard errors for Oxalic acid, Sodium 
Oxalate, Potassium Oxalate, Ammonium Oxalate in Different Coaqueous (I ,3-dioxolane + 
Water) Solutions at different Temperatures. 

Aqueous I ,3-
A x w-3 /(m312

• mor112) B X 106/(m3
• mor') dioxolane solution 

/(mol·dm·3) 298.15 K 308.15 K 318.15 K 298.15 K 308.15 K 318.15K 
Oxalic acid 

0.05 
0.0151 -0.019 -0.0565 0.5474 0.5533 0.5688 

(±0.008) (±0.009) (±0.006) (±0.034) (±0.036) (±0.024) 

0.1 
-0.027 -0.0517 -0.082 0.5854 0.6067 0.6266 

(±0.004) (±0.005) (±0.006) (±0.015) (±0.021) (±0.024) 

0.15 
-0.0632 -0.0904 -0.1114 0.6244 0.6459 0.6715 
(±0.004) (±0.005) (±0.002} (±0.015} (±0.019} (±0.009} 

Sodium oxalate 

0.05 
0.0652 0.0362 -0.0002 0.6365 0.6461 0.6571 

(±0.009) (±0.010) (±0.003) (±0.003) (±0.040) (±0.013) 

0.1 
-0.0005 -0.0278 -0.0539 0.7037 0.7143 0.7235 
(±0.002) (±0.004) (±0.005) (±0.008) (±0.015) (±0.022) 

0.15 
-0.059 -0.083 -0.1046 0.7394 0.7521 0.764 

(±0.004} (±0.004} (±0.003} (±0.015} (±0.016} (±0.012} 
Potassium oxalate 

0.05 
0.0573 0.0243 -0.0044 0.8376 0.8505 0.8721 

(±0.005) (±0.002) (±0.004) (±0.019) (±0.007) (±0.016) 

0.1 
0.0029 -0.0332 -0.0608 0.856 0.8674 0.8873 

(±0.005) (±0.007) (±0.006) (±0.020) (±0.027) (±0.025) 

0.15 
-0.0565 -0.0832 -0.1059 0.8732 0.8842 0.8944 
(±0.004} (±0.005} (±0.003) (±0.015} (±0.018} (±0.013} 

Ammonium oxalate 

0.05 
0.0172 -0.0166 -0.055 0.5103 0.5206 0.5322 

(±0.007) (±0.003) (±0.002) (±0.026) (±0.012) (±0.010) 
-0.022 -0.0452 -0.072 0.528 0.534 0.5452 

0.1 
(±0.002) (±0.002) (±0.002) (±0.008) (±0.007) (±0.009) 
-0.0547 -0.0761 -0.0969 0.5426 0.5585 0.564 

0.15 {±0.004) (±0.0012 (±0.001} (±0.015} (±0.005} (±0.0052 
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Table 7. Values of v;o, V2°" Yj 0
, .tJfl?', ii,u~·; T.tJS~', and t..H~' for Oxalic Acid, 

Sodium Oxalate, Potassium Oxalate, Ammonium Oxalate in different Coaqueous (I ,3-
dioxolane +Water) Solutions at different Temperatures. 

Parameters 

V. 0 x106 m3
· mo1'1 

I ' 

.t1J1°' kJ·mol'1 
I ' 

V2°- f;0 x106,m3·mol'1 

.tJfl"' kJ· mol'1 
2 ' 

T .tJs~·, kJ·mol'1 

.tJH0
' kJ·mol'1 

2 ' 

V. 0 x106 m3
• mol'1 

I ' 

.t1J1°' kJ·mo1'1 

I ' r;o- v;o x106, m3• mor1 

.t1J1°' kJ· mo1' 1 

2 ' 

T .tJSt, kJ·mor' 

.tJH0
' kJ·mol'1 

2 ' 

V. 0 xJ06 m3·mo1'1 
I ' 

.t1J1?', kJ·mol' 1 

r;o- v;o X I 06
, m3

• mol'1 

Ll 0
' kJ· mor' 1-'2 ' 

TLIS"' kJ·mor' 
2 ' 

LIH0
' kJ·mo1'1 

2 ' 

T=298.15K T= 308.15 K 

Oxalic acid 
5 % by Mass of 1,3-dioxolane +Water 

19.98 20.09 

9.00 8.47 

72.26 81.86 

67.99 70.64 

-99.73 -103.08 

-31.74 -32.44 

10 % by Mass of 1,3-dioxolane +Water 

19.98 20.10 

9.19 8.67 

81.73 90.18 

72.71 77.43 

-142.52 -147.30 

-69.81 -69.87 

15 % by Mass of 1,3-dioxolane + Water 
21.08 21.20 

9.50 9.01 

89.07 99.60 

73.52 78.17 

-102.12 -105.54 

-28.60 -27.37 

Sodium oxalate 
5 % by Mass of 1,3-dioxolane +Water 

20.06 20.17 

9.01 8.48 

60.22 

78.72 

-107.18 

-28.46 

69.94 

82.14 

-110.78 
-28.64 

T=318.15K 

20.17 

8.13 

88.38 

74.68 

-106.42 

-31.74 

20.17 

8.32 

97.05 

82.27 

-152.08 

-69.81 

21.29 

8.62 

108.66 

80.37 

-108.97 

-28.60 

20.25 

8.14 

75.42 

85.91 

-114.37 

-28.46 
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Parameters T= 298.15 K T=308.15K T=318.15K 

10 % by Mass of 1,3-dioxolane +Water 

V. 0 
X I 06 m3

• mor1 
I ' 

20.14 20.26 20.33 

LJ.p0
' kJ·mor1 

I ' 
9.21 8.69 8.34 

Jl: 0
- v.o X 106 m3

• mor1 
2 I ' 68.60 78.65 86.03 

LJ.p0
' kJ· mor1 

2 , 86.70 9Q.43 94.23 

TLJ.S 0
' kJ·mor1 

2 , -112.25 -116.02 -119.78 

LJ.H0
' kJ·mor' 2 , -25.55 -25.59 -25.55 

15 % by Mass of 1,3-dioxolane +Water 
V. 0 xJ06 m3·mor1 

I ' 
21.32 21.44 21.53 

LJ.p0
' kJ·mor1 

I ' 
9.53 9.04 8.65 

V: 0
- V. 0 x!06 m3·mor1 

2 I ' 73.09 85.77 97.10 

LJ.p0
' kJ· mor1 

2 , 86.04 89.96 93.96 

TLJ.s~·, kJ·mor' -118.07 -122.03 -125.99 

LJ.H0
' kJ·mor' 2 , -32.03 -32.07 -32.03 

Potassium oxalate 
5 % by Mass of 1,3-dioxolane +Water 

v;"xJ06,m3·mor1 
20.56 20.67 20.75 

LJ.p0
' kJ·mor' 

I ' 9.07 8.54 8.20 
v.•- V. 0 

X I 06 m3
• mor' 

2 I ' 73.04 82.1 I 88.97 
LJ.p0

' kJ· mor' 2 , I 01.09 105.51 I I 1.26 

TLJ.S~, kJ·mor1 
-151.61 -156.69 -161.78 

LJ.H0
' kJ·mor' 2 , -50.52 -51.18 -50.52 

10 % by Mass of 1,3-dioxolane +Water 

V. 0 xJ06 m3·mor1 

I ' 21.12 21.24 21.32 

LJ.p0
' kJ-mor1 

I ' 
9.32 8.81 8.45 

V: 0
- V. 0 xJ06 m3·mor1 

2 I ' 81.62 90.59 98.12 
LJ.p0

' kJ· mor' 2 , 100.58 104.73 Il0.21 
TLJ.s~·, kJ·mor1 

-143.56 -148.37 -I 53.19 
LJ.H"' kJ·mor1 

2 , -42.98 -43.64 -42.98 
15 % by Mass of 1,3-dioxolane +Water 

v;• X I 06
, m3

• mor1 
22.85 22.98 23.08 

LJ.p0
' kJ·mor1 

I ' 
9.70 9.21 8.82 

V."- V."xi06 m3·mor1 
2 I ' 88.24 99.39 109.70 

LJ.p0
' kJ· mor1 

2 , 94.82 98.69 102.64 

TLJ.s~·, kJ·mor1 
-116.58 -120.49 -124.40 
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... 
_... +; 

't • .:.,~ 

Parameters T=298.15 K T= 308.15 K T=318.15 K 

L1Hg•, kJ·mor1 
-21.76 -21.80 -21.76 

Ammonium oxalate 
5 % by Mass of 1,3-dioxolane +Water 

V. 0 x106 m3·mor1 
I ' 20.14 20.25 20.33 
L1;l' kJ·mor1 

I ' 9.02 8.49 8.15 
V: 0

- V. 0 x106 m3·mol'1 
2 I ' 54.82 64.82 71.27 

L1p"' kJ· mor1 
2 , 62.87 65.93 69.31 

TL1S 0
' kJ·mor1 

2 , -96.00 -99.22 -102.44 

L1Hg• , kJ ·mor 1 
-33.13 -33.29 -33.13 

10% by Mass of 1,3-dioxolane +Water 

v; 0 x106,m3·mor1 
20.30 20.41 20.49 

L1p0
' kJ·mor1 

I ' 
9.23 8.71 8.36 

V0
- V. 0 x106 m3·mor1 

2 I ' 62.82 73.65 82.33 
L1p0

' kJ· mor1 
2 , 64.56 67.10 70.48 

T L1Sg-, kJ·mor1 
-88.25 -91.21 -94.17 

L1H0
' kJ·mor1 

2 , -23.69 -24.11 -23.69 
15 % by Mass of 1,3-dioxolane +Water 

v;o x 106
, m3

• mor1 21.57 21.69 21.78 

L1p1°', kJ-mo1'1 9.56 9.07 8.68 

V0
- V0 

X 106 m3
• mor1 

2 I ' 67.64 79.32 89.38 
L1pg-, kJ· mor1 62.43 66.06 68.59 

TL1Sg-, kJ·mol'1 
-91.83 -94.91 -97.99 

L1H0
' kJ·mor1 

2 , -29.40 -28.85 -29.40 
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Fig 1. Plot of v,• as a function oftemperature (T) of Oxalic acid in (A) 5%, (•) 10%, (+) 

15% mass percent of 1,3- dioxolane +Water 
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Fig 2. Plot of v.,• as a function of mass percent of Oxalic acid in different binary mixture of 

I ,3- dioxolane +Water at (.A.) 298.15K, (•) 308.15K, (+) 318.15K 
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Fig. 3. Variation of 1/J~ with temperature in 5 % by Mass of 1,3 Dioxolane + Water: 

(A) Oxalic Acid, (•) Sodium Oxalate, (o) Potassium Oxalate and(~) Ammonium Oxalate 
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D.3: Studies on Solution Properties of Some Amino Acids in 

Aqueous Mixture of Catechol. 

D.3.1. Introduction: 

Many cations and anions of neutral salts affect the properties of proteins such as their 

solubility, stability and biological activity in widely different manner1.2.lt is well established that 

various cosolutes, cosolvents such as guanidine hydrochloride, sodium thiocyanate, magnesium 

chloride in different ways, act as effective probes of their conformation in solutions3
•
6

• 

As proteins are complex macromolecules, the direct study of these important protein

water interactions are difficult. The small amino acid molecules incorporate some of the 

structural features found in proteins and have been used as model compounds for specific aspects 

of proteins in aqueous solutions7
•
8.The rigid nature of a helix structure of proteins and peptides 

are affected by alcohols via dissolution of peptide aggregates. Amino acids exist as zwitterions in 

aqueous solution. These dipolar ions should reflect structural interactions with water molecules 

as in the case of electrolytes. The properties of amino acids in aqueous alcohol solutions have 

been studied by some workers9
•
10

, in order to understand the solute-solute interactions and the 

effects of various alcohols on proteins. 

Thus the study of low molecular model compounds such as amino acids, peptides and 

their derivatives which represents the building block of proteins in a variety of media is of 

immense importance. 

It has been reported 10
•
11

, that polyhydric alcohols increase the thermal stability of proteins 

or reduce the extent of their denaturation by other reagents. The properties of solutions ofpolyols 

in aqueous and mixed solutions are important in many areas of applied chemistry and are 

essential for understanding the chemistry of biological systems12
, and act as vehicles for 

pharmaceuticals or cosmetics when introduce into living organisms. 

Ahluwalia et al 13
•
14

, reported apparent molar volumes of amino acids in aqueous salt and 

carbohydrate solutions. Ogawa, Mizutani, and Yasuda14
, has studied the viscosities and apparent 

molar volumes of amino acids in mixed aqueous solutions. 

Accepted for Publication in Journal of Dispersion Science and Technology (In Press) 
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In view of the above and in continuation of our studies we have undertaken a systematic 

study on the volumes, viscosities and ultrasonic speeds of some amino acids in aqueous catechol 

solutions at 298.15 K. 

D.3.2. Experimental section: 

D.3.2.1. Chemicals: 

The amino acids Glycine (Analar,>99%), L-alanine (S.D. fine Chemicals,>98.5%), L

valine (Loba Chemie, India, >99%), L-leucine (Loba Chemie, India, >99%), and catechol (S.D. 

fine Chemicals,>98% ), were used for the present study. The amino acids were purified by re

crystallizing from methanol-water mixture and dried at 373.15 K for 12 h in a vacuum desiccator 

over P20s before use. 

Commercial sample of catechol was purified by repeated crystallization from mixture of 

chloroform-methanol. The sample was dissolved in chloroform in hot condition, filtered and to 

the filtrate dryed & distilled methanol was added dropwise. Fine plat like crystal separated and 

recovered by rapid filtration & ready for use. Deionized, doubly distilled, degassed water with a 

specific conductance of less than\0_,;0 cm·1 was used for all of the measurements. The purity of 

the solvents was ascertained by GLC. 

D.3.2.2. Measurement: 

The mass measurements were done on a digital electronic analytical balance (Mettler, 

AG 285, Switzerland), with a precision of ±0.0 I mg. The densities (p) were measured with an 

Ostwald-Sprengel type pycnometer having a bulb volume of about 25cm3 and an internal 

diameter of about 0.1 em. The pycnometer with the experimental solution was equilibrated at 

298. I 5 K with doubly distilled water and benzene. The measurements were done in a thermostat 

bath controlled to ±O.OI K. The pycnometer was then removed from thermostatic bath, properly 

dried and weighed. Adequate precautions were taken to minimize evaporation loses during the 

actual measurements. The precision of density measurements was± 3xl0-4 g cm·3• 

The viscosity ( 7J) was measured by means of suspended Ubbelohde type viscometer, 

calibrated at 298. I 5 K with triply distilled water and purified methanol using density and 

viscosity values from literature15
•
16

• A thoroughly cleaned and perfectly dried viscometer filled 
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with experimental solution was placed vertically in a glass-walled thermostat maintained to 

±0.01 K. After attainment of thermal equilibrium, efflux times of flow were recorded with a stop 

watch correct to ±0.1 s. The flow times were accurate to ± 0.1 s, and the uncertainty in the 

viscosity measurements was ± 2 xI 04 mPa.s. An average of triplicate measurement was taken 

into account. Viscosity of the solution, 17, is given by the following equation: 

(I) 

where K and l are the viscometer constants and t and p are the efflux time of flow in seconds and 

the density of the experimental liquid, respectively. 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 elsewhere17
'
19

• 

Ultrasonic speeds, u, were measured, with an accuracy of 0.2 %, using a single-crystal 

variable-path ultrasonic interferometer (Mittal Enterprise, New Delhi, M-8 I) operating at 4 

MHz. which is calibrated with water, methanol and benzene at 298.15K. The details of the 

methods have been described earlier19
• 

D.3.3. Results and discussion: 

D.3.3.1. Standard partial molar volume and compressibility: 

The apparent molar volumes ( V
0

) were determined from the solution densities using the 

following equation 20
: 

M IOOO(p- p,) 

Po Cp, 
(2) 

where M is the molar mass of the solute, c is the molarity of the amino acids in catechol-water 

mixtures in mol.dm", Po and p are the densities of the solvent and the solution respectively in 
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Kg.m-3
• The experimentally measured densities (p), viscosities (7]) and sound speed (u) at298.15 

K are given in table I. 

The apparent molar volumes and apparent molar isentropic compressibilities of the amino 

acids were shown in table 2 and found to be a linear function of molality over the studied entire 

concentration range. 

The apparent molar volumes at infinite dilution, V," (also known as partial molar volume 

at infinite dilution) were calculated using a least-squares treatment to the plots of V, versus >lc 

using the following Masson equation 21
: 

(3) 

where V0° is the partial molar volume at infinite dilution and S~ , the experimental slope. 

The V," values are summarized in table 3. The experimental values of V." for the amino acids in 

water agreed well with those reported in the literature22
-
24

• 

The isentropic compressibility (K
8

) of the solution was calculated from the Laplace's 

equation: 

I 
K=

s u2p 

where p is the solution density and u is the ultrasonic speed in the solution. 

(4) 

The apparent molar isentropic compressibility (K~) of the solutions was determined from 

the relation: 

MK IOOO(KsPo -K~p) 
K• = __ s + --'---''--'---=.:....!.. 

Po CPPo 
(5) 

K~ is the isentropic compressibility ofthe solvent mixture, M is the molar mass of the solute, and c 

is the molarity of the solution. 
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The limiting apparent molar isentropic compressibility (K:) was obtained by 

extrapolating the plots of 10, versus the square root of molal concentration of the solute, ..Jc to 

zero concentration by a least-squares method25
: 

(6) 

where, S~ is the experimental slope. 

v,• and K: produce information regarding solute-solvent interactions and S~ is the 

experimental slope which is sometimes called volumetric pair wise interactions coefficienr4
• 

It has been observed from the volumetric data as well as compressibility data that most of 

the s: and S~ values are positive for all amino acids studied. The positive values of S~ and S~ 

Simply that the interaction is dominated by the charged functional group of the zwitterionic 

amino acids and -OH group of catechol. The values of S~ and S~ varies with the addition of 

alkyl group in the side chain position of the amino acids. It indicates that the alkyl group 

modulates the interaction of the charged end groups in the pair wise interactions24
• 

The values of V," are positive for all the amino acids in catechol solution at all 

concentrations studied. For Glycine and L-alanine v,• increases but in the case of L-valine and 

L-leucine reverse is observed with the increase in the concentration of catechol solution. 

From table 4, it is observed that the values of isentropic compressibilities at infinite 

dilution (K:) increase with the increase in concentration of catechol solution and all the values 

are negative. 

At neutral pH amino acid exist as zwitterions when dissolution in water and there is an 

overall decrease in the volume of water. This is due to the contraction of water near the end 

charged groups and tenned as electrostriction. Hence the electrostricted water is much less 

compressible than bulk water and accounts for the apparent molar compressibilities for the 

amino acids in mixed ternary solutions being larger than the corresponding ones in water. It is 

also observed that the negative values of K: for the studied amino acids follow the order -

Glycine< L-alanine< L-valine < L-leucine 
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Since the contribution of alkyl group to the partial compressibility is negative, it implies that the 

ions having the larger hydrophobic group may have more negative values for the partial molar 

expansibilities. Hence L-leucine may have largest hydrophobic group resulting higher negative 

values of K:. 

D.3.3.2. Group contribution: 

The alkyl chain of the studied amino acids are CH2- (Glycine), CH3CH- (L-alanine), 

CH3CH3CHCH- (L-valine) and CH3CH3CHCH2CH- ( L-leucine).lt was observed that the values 

of v; of the present amino acids in catechol solutions vary linearly with the number of carbon 

atoms nc , in their hydrophobic part. Similar linear correlation for the homologous series of a

amino acids has also been reported in aqueous13
, and glucose, solutions 

In this way a regression analysis of the ~· values as a function of nc is carried out by 

the following equation22
: 

(7) 

where nc is the number of carbon atoms in the alkyl side chain of the amino acids. 

~· ( NH; ,coo-) and ~· ( CH,) are the zwitterionic end groups and the methylene side group 

contributions respectively. 

The values of ~· ( CH2 ) characterize the mean contribution of CH and CH3 group to the 

Vt" of the amino acids. The other alkyl chains contribution of the amino acids calculated by 

Hakin et al 19
, as follows:-

(8) 

~· ( CH) = 0.5Vt
0 

( CH,) (9) 
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The values of V$' ( NH;, coo-) are larger than V$0 
( CH2 ) .It implies that the interactions 

of the functional groups of catechol with the zwitterionic groups of amino acids dominate in 

comparison to those of the hydrophobic group-catechol interactions. Side chain contribution 

increases with the increase of chain length. 

D.3.3.3. Hydration Number: 

The number of water molecules hydrated to the amino acids Nw, calculated from the value of 

measured standard partial molar volume by the following manner. 

The values of V.' of the studied amino acids can be expressed as23
•
26

: 

v,' = V.' (int) + v,' ( elec) (10) 

where V0° (int) is the intrinsic partial molar volume of the amino acid and V0° ( elec) is the 

electrostriction partial molar volume as a result of hydration of the amino acids. The 

V.' (int) consists of two terms: the Van der waal volume and the volume due to packing effects. 

The values of V.' (int) for the amino acids were calculated from their crystal molar volume 

by Millero et al.23 using the following relationship: 

'(" ) 0.7 V.'( ) V. mt = -- 0 cryst 
0.634 

(II) 

where, 0.7 is the packing density in an organic crystal and 0.634 is the packing density of 

randomly packed spheres. The molar volume of crystals was calculated using the crystal 

densities of the amino acids represented by Berlin and Pallansch27 at 298.15 K. The values of 

V.' ( elec) were obtained from the experimentally determined V.' values using equation I 0. 

The number of water molecules hydrated to the amino acids due to electrostriction causes 

decrease in volume can be related to the hydration numbers20
,2

3 
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N = -,-v:"-c: __,_( e_l e--=c,_) 
w (v~-v;) 

(12) 

where V~ is the molar volume of electrostricted water and v; is the molar volume of 

bulk water. 

This model implies that for every water molecules taken from the bulk phase to the 

surroundings of amino acid, the volume is decreased by using a value of -3.0 cm3.mor1 
,
20 

for( V. 0 - V.") at 298.15 K the hydration number of the studied amino acids were calculated & 

reported in table 6. 

From table 5, the observed values of Nw for the amino acids in catechol solutions were 

varied in the following order: 

Nw (L-leucine)> Nw (L-valine)"' Nw (L-alanine)> Nw (Glycine) 

In the case of Glycine the N w values decreases with the increase of concentration of 

catechol solution owing to reduction in the electrostriction. But in other amino acid cases namely 

L-alanine, L-valine & L-leucine the value of hydration numbers remain unchanged by the 

increase of catechol solution .This is due to the fact that with the increase of hydrophobic 

group[28], the interaction between the charge end group and OH group of catechol solution 

reduces. 

The Nw values are lower than observed by Banerjee et al.28 leads to the fact that the bulky 

phenyl group in the hydrophobic part are lesser solvated compared to the small size of the alkyl 

groups. 

D.3.3.4. Partial Molar volume of Transfer & Partial Molar Compressibility of Transfer: 

The values of partial molar volume of transfer and partial molar compressibility of transfer of 

the amino acid24 from pure water to catechol are obtained from the eqns. 

( 13) 
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t.~K: = x: (catechol)- x: (water) (14) 

These results are reported in table 7 and tab! 8, graphically shown m fig I and fig 2 

respectively. 

The uncertainty in the values of volume transfer and compressibility of transfer are 

calculated as the root mean square of the uncertainities associated with the apparent molar 

properties at infinite dilution. Both positive and negative results were observed from the 

calculation for amino acids. 

The values of the A~Vt" in the case glycine are all positive at three different concentration 

of catechol solution. For alanine tends to increase of catechol solution. However in the latter two 

amino acid cases the transfer value decreases. The calculated transfer values are explained by the 

cosphere model by Gumey9 and Franks & Evans. 

There are several types of interactions occurring in the ternary system of amino acid, 

catechol and water. 

(a) Ion-polar group interactions between the NHt and coo· groups of the 

Zwitterionic amino acid with the OH groups of the catechol. 

(b) ion-non polar group interactions between the NHt and coo· groups of the 

amino acid with the phenyl group of the catechol 

(c) Nonpolar- nonpolar group of interactions between the hydrophobic parts of the 

acids with the hydrophobic part of the catechol. 

Introducing the cosphere overlap model30 the ion- polar group interactions would lead to a 

positive t.~V." and t.~K: due to decrease of electrostriction effect and the overall water structure 

is enhanced. 

Interaction of the type (b) & (c) would lead to a negative t.,.V0° and t.,.K:. It signifies the 

presence of hydrophobic-hydrophilic and hydrophobic-hydrophobic interactions resulting a 

reduction in the water structure due to their co spheres overlapping. 

The intrinsic volume is expressed by the following two types of terms: 
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Jt;ntrinsic = Vvw + VVoid (15) 

where Vvw is the Vander waal volume, occupied by solute and Vv.;d is the volume of void 

and empty spaces present there in. 

Shahidi et al. modified the above equation to express the contribution of the solute 

molecules to its partial molar volume. 

(16) 

where O"s is the shrinkage in the volume due to the interaction of hydrogen bonding groups 

present in the solute with water molecules and 'n' is the number of potential hydrogen bonding 

sites in the molecule. Hence, the V0° of the amino acid can be expressed as: 

(17) 

Assuming the fact that Vvw and Vvo;d remain unchanged in water as well as m aqueous 

catechol solution the positive volume transfer of the amino acid can be documented from a 

decrease in the volume of shrinkage in the presence of the catechol solute in aqueous solutions. 

The observed positive values of volume transfer and compressibility of transfer of Glycine 

indicate that the ion-hydrophilic and hydrophilic-hydrophilic interactions mask the ion

hydrophobic and hydrophobic-hydrophobic group interactions. The ion-hydrophilic interaction 

takes place between OH group catechol and charge end groups (NH/ and COO ") reduces the 

electrostriction phenomenon resulting in an increase in volume. 

But for L-alanine most of the values are negative though very small implies a balance of type 

(a) to (c) interactions and at higher concentration the values are positive indicating the ion

hydrophilic interactions predominant. 
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But in the case of L-valine owing to large hydrophobic part in the side chain leading to 

hydrophobic- hydrophobic group interaction, with the hydrophobic part of catechol resulting in 

a negative volume and compressibility of transfer but with the increase of the concentration of 

catechol the negative values are lower i.e., tend to be positive indicating (a) type of interactions 

tends to predominant. 

But in the case of L-leucine the observed values are more &more negative strongly indicate 

the large hydrophobic part reside in the side chain of leucine. Similar observation shown by 

Bannerjee et al28
• 

D.3.3.5. Vrscosity B- coefficient: 

The relative viscosities 1], are expressed by 1], = !L, where 1J and IJo signifies the' 
IJo 

viscosities of the solution and solvent respectively. The calculated IJ, by the above method are 

listed in the table (9). These 1], values have been utilized to calculate the viscosity B coefficient 

by Jones- Dole equation: 

1], = l+Bc+A.,Jc (18) 

(19) 

A and B are empirical constants known as 'A' and 'B' coefficients. A and B imply the solute -

solute and solute - solvent interactions respectively and 'c' is the· concentration of ternary 

solution in molarities.The values of A and Bare obtained from the straight line by plotting (IJ,-

1 )f.,Jc against .,Jc . 

The values of B are reported in table (9). This 'B' coefficient reflect the size and shape effect 

as well as the structural effect caused by the Solute- Solvent interactions 31 .The 'B' coefficient 

values for amino acids in pure water and in catechol solutions follow the order 

Glycine < L-alanine < L-valine <L-Leucine. 
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From the above trend it is confirmed that the magnitude of the 'B' coefficient increases with the 

increasing of molar mass and side chain length of the amino acids. Due to the liquid structure 

caused by catechol solution in amino acid supports the increasing values of 'B' with the 

increasing concentration of the ternary solution. complexing nature of 'A' are not discussed here. 

The 'B' coefficient values imply the net structural effects of the charged end group and the 

hydrophobic (-CH 2 ) group on the amino acids. By plotting 'B' values with the number of 

carbon atoms of the alkyl chain straight line were observed. These effects can be expressed as 

follows. 

(20) 

The regression parameters B(NH/COo-) and B(CH,) reflect the charge end group 

contribution and methylene group contribution are listed in table ( 10). 

Such linear correlation32
•
33 has also been observed in other solute for those amino acids. It is 

to be mentioned that the contribution of B(CH,) is the mean contribution of CH and CH3 

groups to 'B' coefficients of the amino acids. 

It is interesting to note from table 10 that the contribution of B(CH2 ) group to the 'B' 

coefficient is increased while B(NH/ coo-) group contribution decreases with the increase of 

concentration of catechol solution indicating the fact that ion polar interaction between the 

zwitterionic group and OH group of catechol reduced while increasing contribution of B(CH,) 

reflect the hydrophobic - hydrophobic type interaction predominant in aqueous catechol 

solution. 

D.3.4.Conclusion:-

From the above results of transfer of volume, transfer of compressibility, number of hydrated 

molecules and the viscosity 'B' coefficient it has been concluded that the partial molar quantities 

increases with the increase of concentration of catechol.The contribution of the 

zwitterions (NHJ+coo·) group to the value of the partial molar volumes is larger in comparison 
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to the (CHz ) group and increases with the increasing concentration of catechol solution. The 

standard volume of transfer & transfer compressibility for the amino acids Glycine, L-alanine 

and L-valine increase with increasing concentration of catechol clearly rationalize the ion

hydrophilic interaction between the hydrophilic part of the said amino acid and the coso lute and 

predominant over hydrophobic interaction. But for L-leucine having the large alkyl part in the 

side chain hydrophobic interactions develop. The hydration numbers of the amino acids 

increases from Glycine to L-leucine also indicate more & more water molecules solvated due to 

increasing number of carbon atoms in the side chain by hydrophobic interaction. 
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Table 1. Experimental densities (p), viscosities (q), sound speed (u) of aqueous catechol 

solutions at all experimental concentrations at 298.15 K 

Molarity of catechol in 
px I 0"3/kg.m-3 q/mPa.s 

water(mol.dm-3
) u/m.s-1 

c-0.05 0.9975 0.8521 1502.3 

c =0.10 0.9988 0.8698 1555.6 

c =0.15 0.9997 0.8893 1621.1 
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Table 2 Experimental concentration (c), densities (p), viscosities (q), sound speed (u), apparent 

molar volumes (V,) and apparent isentropic compressibilities (K0) along with the concentration 

(c) of pure aqueous catechol solutions and Glycine, L-alanine, Lvaline, L-leucine in aqueous 

catechol solution as a function of the molarities of amino acids 

V. x)06
/ K x)010

/ • 
cl mol.dm..a px)0"3/Kg.m·3 q/mPa.s u/ms·1 m3.mor1 m3.morlpa·1 

c=0.05 

Glycine 

0.0160 0.9980 0.8715 1570.1 43.25 -23.47 

0.0281 0.9984 0.8741 1621.1 43.32 -22.34 

0.0402 0.9988 0.8855 1677.2 43.40 -21.86 

0.0563 0.9993 0.8889 1758.4 43.51 -21.32 

0.0764 0.9999 0.8914 1862.3 43.59 -20.32 

0.0962 1.0005 0.9091 1974.4 43.62 -19.46 

L-alanine 

0.0200 0.9981 0.8640 1588.6 60.50 -23.42 

0.0362 0.9985 0.8647 1664.9 60.53 -22.74 

0.0523 0.9990 0.8750 1747.7 60.58 -22.13 

0.0685 0.9995 0.8770 1836.7 60.60 -21.42 

0.0846 0.9999 0.8817 1942.2 60.62 -21.06 

0.1003 1.0004 0.8907 2047.9 60.64 -20.43 

L-valine 

0.0201 0.9980 0.8722 1612.6 90.19 -29.04 

0.0362 0.9985 0.8793 1714.5 90.20 -28.35 

0.0524 0.9989 0.8917 1832.8 90.22 -27.70 

0.0686 0.9994 0.9023 1972.6 90.23 -27.10 

0.0849 0.9998 0.9082 2151.4 90.24 -26.74 

0.1003 1.0000 0.9163 2347.5 90.25 -26.10 
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V. x106
/ K x1Q10! • 

c/ mol.dm"3 px 10"3 /Kg.m -3 1]/mPa.s u/ms-1 m3.mor1 m3.mor'-Pa-1 

L-Ieu cine 

0.024I 0.9981 0.8675 I658.2 I06.26 -32.81 

0.0393 0.9985 0.8745 1779.0 106.23 -32.25 

0.0546 0.9989 0.8859 1921.4 106.17 -31.50 

0.0697 0.9993 0.8930 2101.0 106.I5 -31.04 

0.0849 0.9996 0.9010 2338.7 106.13 -30.66 

0.0992 1.0000 0.9052 2643.0 I 06.11 -30.27 

c=O.lO 

Glycine 

0.0241 0.9996 0.8859 I653.0 43.43 -19.61 

0.040I 1.0001 0.8931 I 721.6 43.48 -18.92 

0.0522 1.0005 0.8944 I 764.1 43.49 -17.6I 

0.0673 1.0009 0.9023 1831.7 43.52 -17.12 

0.0834 l.OOI4 0.9040 I900.0 43.54 -16.34 

0.099I 1.0019 0.9107 I964.6 43.56 -15.56 

L-alanine 

0.0200 0.9994 0.8870 1644.7 60.60 -21.71 

0.0361 0.9998 0.8956 I719.3 60.65 -20.7 

0.0523 1.0003 0.9006 I 793.5 60.68 -19.52 

0.0684 1.00081 0.9005 1879.9 60.70 -19.00 

0.0846 1.0012 0.9229 1958.8 60.72 -18.00 

O.I002 1.0017 0.9199 2082.6 60.74 -18.20 

L-valine 

0.0241 0.9995 0.88I4 I 700.1 89.80 -27.76 

0.0402 0.9999 0.8860 1808.3 89.76 -26.60 

0.0564 1.0004 0.8983 1932.9 89.72 -25.71 

0.0685 1.0007 0.8994 2044.4 89.69 -25.31 

0.0847 l.OOI2 0.9083 2213.2 89.64 -24.62 
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V. xJ06/ K xiOlO/ • 
c/ mol.dm-3 px 1 o-3 /Kg.m-3 q/mPa.s u/ms"1 m3.mor1 m3.mor1Pa"1 

0.1003 1.0016 0.9125 2412.4 89.62 -24.02 

L-leucine 

0.02 0.9993 0.8831 1691.5 106.33 -31.65 

0.0354 0.9997 0.8935 1815.8 I 06.31 -30.89 

0.0409 0.9998 0.8976 1866.8 106.31 -30.72 

0.0666 1.0005 0.9077 2159.9 106.29 -29.76 

0.0822 1.0009 0.9184 2417.0 106.28 -29.38 

0.0991 1.0013 0.9317 2824.7 106.27 -29.02 

c=O.lS 

Glycine 

0.0240 1.0004 0.9025 1684.3 43.88 -11.64 

0.0401 1.0009 0.9066 1719.2 43.89 -10.48 

0.0521 1.0013 0.9126 1742.3 43.90 -09.77 

0.0682 1.0019 0.9137 1767.0 43.91 -08.80 

0.0843 1.0023 0.9169 1786.6 43.92 -07.94 

0.1000 1.0028 0.9267 1793.5 43.92 -06.93 

L-alanine 

0.0200 1.0003 0.8871 1714.7 60.73 -20.10 

0.0361 1.0007 0.8910 1789.3 60.76 -18.80 

0.0522 1.0012 0.9026 1872.0 60.79 -18.15 

0.0683 1.0016 0.9044 1949.7 60.82 -17.12 

0.0846 1.0021 0.9122 2029.2 60.84 -16.21 

0.1000 1.0025 0.9250 2123.9 60.86 -15.82 

L-valine 

0.0241 1.0004 0.8775 1780.4 89.72 -26.81 

0.0402 1.0008 0.8886 1900.1 89.65 -25.60 

0.0523 1.00 II 0.8892 2003.5 89.60 -24.98 

0.0684 1.0016 0.8962 2159.3 89.54 -24.16 
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V. xl06! K xlQ 10! • 
c/ mol.dm-3 px10"3/Kg.m·3 11/mPa.s u/ms·1 m3.mor 1 3 riP .J m.mo . a 

0.0847 1.0020 0.9023 2349.6 89.51 -23.44 

0.0970 1.0024 0.9104 2532.3 89.49 -23.07 

L-leucine 

0.0180 1.0001 0.8871 1750.2 106.30 -29.78 

0.0341 1.0005 0.9008 1881.0 106.27 -28.49 

0.0503 1.0009 0.9057 2043.0 106.26 -27.84 

0.0665 1.0013 0.9231 2231.7 106.25 -26.88 

0.0814 1.0017 0.9242 2455.3 106.24 -26.25 

0.1000 1.0022 0.9508 2839.1 106.22 -25.56 
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Table 3. Standard partial molar volumes of amino acids m aqueous catechol solution at 

298.15 K. 

Amino 

acids Parameters Water c = 0.05 c = 0.10 c = 0.15 

V.,0 xl06/m3.mol1 
43.14 42.97 43.315 43.842 

Glycine s~ (m9.mor3
)

112 
0.86 2.1718 0.7811 0.2486 

v,," x 1 06/m3 .mor1 
60.43 60.39 60.494 60.618 

L-alanine s~ (m9.mor3
)

112 
0.73 0.8122 0.7811 0.7661 

v.,• x 106m3 .mor1 
90.39 90.133 89.979 89.954 

L-valine s~ {m9.mor3
)

112 
0.3478 -1.1295 -1.5293 

v.,• x 1 06/m3 .mor1 
107.72 106.41 106.37 106.35 

L-leucine s~ (m9.mor3
)

112 
-0.9729 -0.3326 -0.3954 
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Table 4 Standard partial isentropic compressibilities of amino acids in aqueous catechol 

solution at 298.15 K. 

Amino acids Parameters Water c-0.05 c- 0.10 c- 0.15 

K 0 x1010
/ • 

m3·mor1Pa·1 -27.0 -26.04 -23.76 -16.04 

glycine s' c 9 rlp .J)l/2 K m ·mo a 4.56 20.83 26.15 27.83 

K 0 x1010
/ • 

m3·mor1Pa·1 -25.26 -25.85 -24.52 -23.64 

!-alanine s~ (m9·mor3Pa-1) 112 
4.750 16.64 17.51 24.94 

K 0 x1010
/ • 

m3·mor1Pa·1 -30.62 -31.06 -30.83 -30.24 

!-valine s~ (m9·mor3pa-l)l/2 8.430 14.42 21.10 23.20 

K 0 x1010
/ • 

m3·mor1ra·1 -31.78 -33.61 -34.26 -35.24 

!-leucine s~ (m9·mor3Pa-1) 112 
13.61 6.060 16.87 23.70 
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Table 5. Contribution ofzwitterionic groups (NH3+coo·) and CH2 group, and other 

alkyl chains to the infinite dilution apparent molar volumes in aqueous catechol solution 

at 298.15 K. 

v,• xJ06
/ m3.mor1 

Group Water c=0.05 c=O.l c=O.l5 

NH3+coo· 27.68 27.989 28.361 28.885 

CH2 15.91 15.662 15.56 15.435 

CH3CH 31.82 31.324 3l.l2 30.87 

CH3CH3CHCH 63.64 62.65 62.24 61.74 

CH3CH3CHCH2CH 79.45 78.31 77.8 77.18 
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Table 6. Hydration number (Nw) of amino acids in aqueous catechol at 298.15 K. 

Nw 
Amino acids 

c=0.05 
c=O.l 

c=O.i5 

3 
Glycine 2.9 

2.7 

3.8 
L-alanine 3.8 

3.7 

4 
L-valine 4 

4 

6 
L-leucine 6 6 

\ 
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Table 7. Transfer volumes of amino acids (t.trV0°XI06
/ m3.mor1

) from water to aqueous 

catechol, at 298.15 K. 

t.trV." xl06
/ m3.mor1 

Amino acids c-0.05 
c=O.I c=O.l5 

0.061 
Glycine 0.331 0.73 

-0.187 
L-alanine -0.019 0.255 

-0.681 
L-valine -0.719 -0.695 

-0.831 
L-leucine -0.969 -1.065 
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Table 8. Transfer compressibilities of amino acids ( L\"K: xI 06/m3 .mor1
) from water to aqueous 

catechol, at 298.15 K. 

L\trK~ xi06 I m3.mor1 

Amino acids ---c--0::-.-::0-;:5----c=----;0:--.:-1 ----c--70.--;1-;;5--

0.96 3.24 10.96 
Glycine 

-0.59 0.74 1.62 
L-alanine 

-0.44 -0.21 0.38 
L-valine 

-1.9 -2.48 -3.46 
L-leucine 
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Table 9. A- and B-coefficients for the amino acids in aqueous catechol solutions at 298.15 K. 

Amino acids B/mJmor1 AI m312.mor112 

c=0.05 c=O.! c=0.!5 c=0.05 c=O.l c=O.l5 

Glycine 0.1534 0.1666 0.1782 0.1488 0.0943 0.0657 

L-a1anine 0.2684 0.2802 0.2901 0.0476 0.0963 0.0959 

L-valine 0.4539 0.4715 0.4842 0.0962 0.0107 -0.0019 

L-leucine 0.5564 0.6056 0.6553 0.031 0.0264 0.0658 
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Table 10. Contributions of (NH/, COO') and CH2 groups to viscosity B-coefficients of the 

amino acids in aqueous catechol solutions at 298.15 K. 

Group c~o.os c~O.J c~.15 

NH +coo· 3 , 

0.0607 0.06 0.0576 

CHz 

0.0991 0.107 0.1148 
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Figurel.The transfer volumes !!.,)'0° of the experimental amino acids from water to aqueous 

catechol solutions plotted against the molarity c of the catechol solutions at 298.15 K. +, 

Glycine; •, L-alanine; •. L-valine; x, L-leucine 
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Figure2 The transfer compressibilities !J.,K: of the experimental amino acids from water to 

aqueous catechol solutions plotted against the molarity c of the catechol solutions at 298.15 K. 

+, Glycine; •, L-alanine; 4. L-valine; •, L-leucine 
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CHAPTER-E 

Concluding Remarks: 

The aim of the works embodied in this thesis was to investigate the physico-chemical 

properties of some solvent-solvent and solute-solvent systems. The excess/deviation properties 

of the binary mixtures of acrylonitrile with cinnamaldehyde, p-anisaldehyde, Benzaldehyde was 

studied at 298.15, 308.15, and 318.15K under atmospheric pressure in chapter B.l. The study 

reveals that acrylonitrile behaves differently towards the binary mixtures depending on the 

different substitution and nature of the mixing components. The strength of specific interaction 

between the mixing components follows the order: acrylonitrile + Benzaldehyde> acrylonitrile + 

cinnamaldehyde >acrylonitrile+ p-anisaldehyde. 

Acrylonitrile Benzaldehyde 

Acrylonitrile Cinnamaldehyde 

Acrylonitrile p-anisaldehyde 
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The negative values of VE may be attributed to the dipole-induced dipole interactions 

between the component liquids of the mixtures resulting in formation of electron donor-acceptor 

complexes. It is clear that molar volume values of acrylonitrile and the other components differ 

considerably; hence, nonassociated acrylonitriles molecules are interstitially accommodated into 

the cluster of bulky aldehyde molecules yielding negative VE as well as ngative Ki values. This 

implies the negative VE an Ki values for all the three binary mixtures. 

The study in chapter B.2., express that the strength of interactions of the mixture is m 

the order: 

$ 
~ 

-~ 
Cyclohexylamine Butylamine 

.. 
~ ~ '"' . .. ... .. 

Cyclohexylamine tert-butylamine 

$ ~ . 

~ .. 
Cyclohexylamine Butanone 

~ -~ '• . 
'• . '• 

Cyclohexylamine 2-butoxyethanol 

$ ... * Cyclohexylamine n-Butylacetate 

* -~ 
Cyclohexanone Butylamine 
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* ~ ... 
Cyclohexanone tert-butylamine 

* ~ 
~ 

Cyclohexanone Butanone 

* " * Cvclohexanone Rutvlacetate 

* ~ 
Cyclohexanone 2-butoxyethanol 

cyclohexanone + butylamine > cyclohexanone + tert-butylamine > cyclohexanone + 2-butanone 

> cyclohexanone +butylacetate > cyclohexanone + 2-butoxyethanol. 

Amine systems are characterized by the presence of strong hydrogen bond interaction 

between the mixing liquids and the strength of interaction follows the order: primary amine> 

tertiary amine; also steric and other effects play a pivotal role in this regard. On the contrary, 2-

butanone systems are expressed by hydrogen bonding as well as dipole-dipole interaction 

resulting charge transfer t;omplex while, alkoxyethanols systems are characterized by the 

presence of weak hydrogen bond interaction or dispersive forces in the studied binary systems. 

The reason is probably the formation of intramolecular associates in these molecules by the 

interaction of the etheric oxygen and hydrogen of -OH group in the same alkoxyethanol 

molecule. 

After a thorough study of chapter B.3. the behavior of monoalkanols on 1,4-DO+ DMF 

we get a clear idea about the type and amount of molecular interactions between them and also 

given us an idea about antagonism. The similarity in the working formula of antagonic 
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interaction index and viscosity deviation would probably indicate that the two properties are 

similar but a close comparison between these two parameters have given the clear distinction. 

It may thus be concluded from the chapter C. I. that electrolytes such as tetraalkyl salts 

remain slightly associated in solvent mixtures and are very much solvated by DMSO than 

acetonitrile and that solvation of the ions is weakened as soon as the ion pair is formed. The 

cations are found to be substantially solvated in solvent mixtures whereas the anions appear to 

have weak interactions with the solvent molecules. The results further indicate that the 

Coulombic forces play a mftior role in the ion association processes. These electrolytes solutions, 

in general, show an increase in the association constant values with an increase in concentration 

of DMSO in the solvent mixtures. Further, the effect of concentration of DMSO on limiting 

equivalent conductances of alkali metal ions is more pronounced as compared to that of 

tetraalkylammonium ion in the present mixed solvent media. 

From the chapter C.2. the value of KP (ion pair constant) and KT (triple ion constant) 

shows that the mftior portion of the electrolytes exist as ion-pairs with only a negligible portion 

as triple ions. The observed difference in KP and KT values can be explained by molecular scale 

model 

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

MA+A-BMAA

MA+M+BMAM+ [M=R4N and A= I] 

It also shows that for a particular solvent mixture i. e., for a particular value of dielectric 

constant of the solvent mixture, KP values are in the order: Pe14NI > He)4NI > Hep4NI and that 

of Kr values is: Pe14NI < Hex.NI < Hep4NI. This suggests that smaller R.N+ cations tend to 

remain more as ion-pairs than larger ones, which in their turn has greater capacity to form triple 

lOllS. 
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Chapter D.l.reveals the fact that ¢~ and viscosity B-coefficient values for TBAB 

indicate the presence of strong solute-solvent interactions, and these interactions are further 

strengthened at higher temperatures and higher concentrations of ascorbic acid in ternary 

solutions. This study also reveals that TBAB acts as a water-structure promoter due to 

hydrophobic hydration in the presence of ascorbic acid and ascorbic acid has a dehydration effect 

on the hydrated TBAB. 

The extensive study of the densities, viscosities of Oxalic Acid, Sodium Oxalate, 

Potassium Oxalate, Ammonium Oxalate in various mass fractions of the solvent mixture of I ,3-

dioxolane and water at different temperatures from the chapter D.2. reveals the characteristics 

and structural properties prevalent in the solutions. In summary, ¢~ and viscosity B-coefficient 

values for the different salts indicate the presence of strong ion-solvent interactions, and these 

interactions are further strengthened with a rise in temperature and with a decrease in the amount 

of I ,3-dioxolane in the mixtures. It also indicates that all studied mixtures act as structure 

breakers. 

From the results of transfer of volume, transfer of compressibility, number of hydrated 

molecules and the viscosity 'B' coefficient from the chapter D.3. it has been concluded that the 

partial molar quantities increases with the increase of concentration of catechol. The contribution 

of the zwitterions (NH3 +COO) group to the value of the partial molar volumes is larger in 

comparison to the (CH2 ) group and increases with the increasing concentration of catechol 

solution. The standard volume of transfer & transfer compressibility for the amino acids Glycine, 

L-alanine and L-valine increase with increasing concentration of catechol clearly rationalize the 

ion-hydrophilic interaction between the hydrophilic part of the said amino acid and the cosolute 

and predominant over hydrophobic interaction. But for L-leucine having the large alkyl part in 

the side chain hydrophobic interactions develop. The hydration numbers of the amino acids 

increases from Glycine to L-leucine also indicate more & more water molecules solvated due to 

increasing number of carbon atoms in the side chain by hydrophobic interaction. 
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From the experimental observations done by me , it is clear that many information 

regarding various types of interaction i.e. ion-solvent interactions in different liquid media have 

been obtained .These results are very important and useful in various industries such as modem 

battery, medicine as well as different types pharmaceutical cosmetics products. 
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iO InEq. 3 60 In Eq. 3 

3 3 

Pmix = L~Pi 
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Pma = iP; 
i=l i=l 

·g Mg•2 78 Mg2• 
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10 

0 

In Eqn. 48 

Ev;s = the experimental entropy of 

activation 

In Eqn. 49 

[
diDIV ] [dlnq,j ] R/ d(l+Bc) 

R I d(Yr) =r ) d(Yr) = ;(l+Bc) dU) 

1600 m·s-1. 

After Eqn. 88 : a; 

Eq.130: 

is( R,N') = z~ 
67ZNA'Io['i -(0.0103&0 +rY )] 

Mettler Toledo 

Digital Electronic Balance 

Balance Rotary Vacuum 

FlashEvaporator 

80 

80 

87 

88 

100 

130 
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In Eqn.48 

Ev;s =the experimental enthalpy of 

activation 

In Eqn. 49 

[
dlnqj ] [dlnq,j ] R/ d(l+B 

R / d(Yr) =R ) d(Yr) + /(l+Bc) d({ 

1600 m·s·1 

After Eqn. 88 : A i·l 

Eq.l30: 

~,(R,W)=zji 
6JrNA17o ['i -( 0.0103.s0 +I 

Rotary Vacuum Flash 

Evaporator 

MettlerToledo Digital Electronic 

Balance 



.44 Two lines: 144 

where Y" refers to an excess property 

for each i - j binary pair, and x; is the 

mole fraction of ith component, and 

A_,_, represents the coefficients. 

~46 Pure Acrylonitrile Solvent. 146 

p x10·3 /(kg·m-3) 1) !(mPa·s) 

Lit lit 

298.15 k 0.80022 0.34422 

308.15k 0.78932 0.30922 
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These two lines have been deleted. 

Pure Acrylonitrile Solvent 

(reference number shown in 

superscript) 

p x10-3 /(kg·rn-3) 

lit 

298.15 k 0.80022 

308.15k 0.78932 

1) l(mPa·s) 

lit 

0.34422 

0.30922 
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147- In the entire table 2: the d12 values are 147- As for Example: 

149 

152 

zero(O) for x1=0 and x1=1 

XI d!2 

0 0 

.2168 -.267 

0.3837 -.103 

0.5163 .142 

0.6241 -.160 

0.7135 -.194 

0.7889 -.060 

0.8532 -.253 

0.9088 -.239 

0.9573 -.094 

1 0 

In Fig.1 

VEx 103/m3 ·mol-1 

in the legend of the plot axis of 

ordinate 

l.s 
0 .., 
.§ 
(!,-I 
..... 
X 

.;.5 -'------------' 

149 

XI d!2 

.2168 ·-.267 

0.3837 -.103 

0.5163 .142 

0.6241 -.160 

0.7135 -.194 

0.7889 -.060 

0.8532 -.253 

0.9088 -.239 

0.9573 -.094 

152 In Fig.1 

VEx 106/m3 ·mol-1 

in the legend of the plot axis of ordinate 

-1.2 • 
-1.4 -'----------_J 
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166 Eq.21 166 Eq.21 

1J = exp[ ~(X; ln7J;)+d12u X;] 1J = exp[ t,(x}7J;)+2H12D X;] 

170 Table 1 170 Table 1 

the second word of (expt.) the second word of (lit.) 

The second word (lit.) The second word (expt.) 

171- In the entire table 2: 171- In the en tire table 2: 

174 Xt dt2 H12 T12 174 The zero(O) have been omitted from 

0 0 0 0 the d12. H12and T12 values for XJ=O and 

.1151 -3.0879 -.3530 -.4130 X1=1 

.2265 -.2.6022 -.1362 -.1731 As for Example: 

.3342 -.1.7931 -.0700 .0487 Xt dt2 H12 T12 

.4385 -.7765 -.2945 .2826 .1151 -3.0879 -.3530 -.4130 

.5394 .1700 .5205 .5112 .2265 -.2.6022 -.1362 -.1731 

.6373 .9654 .7281 .7153 .3342 -.1.7931 -.D700 .0487 

.7321 .1.6954 .9185 .8969 .4385 -.7765 -.2945 .2826 

.8241 2.5373 1.1141 1.0786 - .5394 .1700 .5205 .5112 

.9134 3.535 1.2812 1.2285 .6373 .9654 .7281 .7153 

1 0 0 0 .7321 .1.6954 .9185 .8969 

.8241 2.5373 1.1141 1.0786 

.9134 3.535 1.2812 1.2285 

182- In Table 7 the word Kg 182- In Table 7 the word will be kg 

184 As for Example 184 For Example 

The unit of ll.ZxlQ-3 is Kg.m·2 5-1 The unit of ll.Zx10-3 is kg.m-2 S-1 

193 InFig.9 Kg 193 In Fig.9 kg 
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195 

204 

211 

215-

221 

232 

In Fig.ll Kg 

(A)+ (B)+ MeOH < EtOH < 1-PrOH < 

2-PrOH < 1-BuOH < 1-BuOH 

<AmOH< i- AmOH 

In Table 1: Kg 

Table 3-5 the viscosity unit is P or 

Po(poise)? 

Fig. 8 

•IIE·If-~~r-r-r-r-r-r--.----1 

u u u u u u u u u u " 

195 

204 

211 

215-

221 

232 

360 

In Fig.ll kg 

A)+ (B)+ MeOH < EtOH < 1-PrOH < 2-

PrOH < 1-BuOH < 2-BuOH <AmOH< i-

AmOH 

In Table 1: kg 

Table 3-5 the viscosity unit is P 

Fig.8 XA is replaced by XA 
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249 

Fig 1 
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• 
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~~ j: ~ 
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"' ~ B ~ 

' 
' R \\ '= 

261 Table 4 for Kp and KT unit 

mol.dm·3 

281 In Table3 

Av/(cm3 · mol·1.S) Bv /(cm3 • moJ-2) 

287 In Table9 Kg 

287 Table9 

Skx1010/(m912. mo!·312. Pa-1) 

249 

261 

281 

287. 

287 

361 

In Fig.1 

The second line (cm2• Mol·1.Pas) in the 

axis legend has been omitted 

., 

~ . 
~ • 

~ : 

8 
ril 
' ' 
{ 

mass% ciDMSO 

Table 4 for Kp and KT unit 

dm3• moP 

In Table3 

Av/(cm 9i2.mol·312) and Bv/(cm6.moP) 

In Table 9 kg 

Table 9 

Sk *x1010/ m 912 . Kg112.moJ-312 Pa·1 



309 

335-

I 337 

350 

Table3 309 
.• 

Table3 

s~ x106 /(m 9/2·mol·312) 

In Table 2: Kg 335- In Table 2: kg 

337 

"It is clear that molar volume values 350 

of aery loni trile and the other 

components differ considerably; 

hehce, nonassociated acrylonitriles 

molecules are interstitially 

accommodated into the cluster of 

bulky aldehyde molecules yielding 

negative VEas well as ngative Ki 
values". 
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"It is clear that molar volume :values of , ; 

acrylonitrile and the other componentsr 

.. differ considerably; hence, 

nonassociated acrylonitriles molecules [ 

are interstitially accommodated into the . 
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cluster of bulky aldehyde molecules J 

yielding negative VE as well as negativE • 
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