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The ultrasonic velocity (U), density (p) and viscosity (n) of solutions containing
equimolar concentration of four cycloalkanones (cyclopentanone, cyclohexanone,
cycloheptanone, cyclooctanone) and chloroform in n-hexane solutions have been
measured in the temperature range 293-313 K. Acoustical parameters such as adiabatic
compressibility (8), Rao constant (R), absorption coefficient («/f?), free energy of
activation (AG¥), internal pressure (m;) cohesive energy (CE), free volume (7)),
interaction parameters with respect to ultrasonic velocity (X,,), density (X,), and viscosity
(X,) were calculated from the experimental data. These investigations indicate the
formation of charge transfer complexes between cyclic ketones and chloroform in
n-hexane medium. Formation constant values of the complexes have been evaluated
using a newly proposed equation. Thermodynamic parameters such as free energy
change (AG), enthalpy change (AH), and entropy change (AS) for the formation of
these complexes are computed from the variation of formation constant values with
temperature. The stability constants of the charge transfer complexes formed between
four cyclic ketones and chloroform correlate satisfactorily with polarisability («), and
ionization potential (IP) values of the ketones computed by semi empirical molecular
orbital calculations.

Keywords: Ultrasonic velocity; Thermodynamic parameters; Charge transfer complexes;
Cyclo alkanones; Chloroform

*Corresponding author.

ISSN: 0031-9104. Online ISSN: 1029-0451 © 2002 Taylor & Francis Ltd
DOI: 10.1080/00319100290010437



07:52 28 January 2011

Downl oaded At:

508 V. KANNAPPAN et al.
1. INTRODUCTION

Aldehydes and ketones are polar compounds. They can form charge
transfer complexes with polar compounds like chloroform through
inter molecular hydrogen bonding [1]. The formation of such
complexes between aliphatic ketones and chloroform has been
detected by spectral methods [2,3]. Recently, ultrasonic measurements
have been employed to detect the charge transfer complexes between
ketones and chloroform in this laboratory and we have calculated
the formation constants of these complexes using a new equation [4].
The stability constants are correlated with the total charge density
on the carbonyl oxygen of the alkyl and aryl ketones. Proteins contain
carbonyl group as a part of peptide linkage [5] and the study of
the interaction between carbonyl group and chloroform will be
helpful in understanding the role of chloroform as an anaesthetic.
Several biologically important compounds contain carbonyl group in
the ring [6] and this prompted us to investigate the molecular
interaction between cyclic ketones and chloroform in a non-polar
medium like n-hexane. In this paper, we report the ultrasonic
velocities, densities and viscosities for n-hexane solutions containing
equimolar concentration of cyclic ketones and chloroform. The
stability constants (K) are calculated for the charge transfer complexes
formed between chloroform and four cyclic ketones, namely, cyclo-
pentanone, cyclohexanone, cycloheptanone, and cyclooctanone at
293, 298, 303, 308 and 313 K. Acoustical parameters such as adiabatic
compressibility (8), Rao constant (R), absorption coefficient («/f>),
free energy of activation (AG¥*), internal pressure (7;), cohesive
energy (CE), molecular interaction parameters with respect to ultraso-
nic velocity (X,,), density (X,), and viscosity (X,) are also reported in
this paper. The thermodynamic parameters such as free energy
change (AG), enthalpy change (AH), and entropy change (AS) are
determined from the stability constant values at different temperatures.

2. EXPERIMENTAL

The donors used in the present study are cyclopentanone, cyclohexa-
none, cycloheptanone and cyclooctanone. Laboratory Reagent grade
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samples of these liquids were purified by usual method [7,8]. The boil-
ing points of these liquids agree with the literature values indicating
that the liquids used in the present study are of high purity. The
boiling points are listed below:

Compound Boiling point °C
Cyclopentanone 130
Cyclohexanone 155
Cycloheptanone 179
Cyclooctanone 196
Chloroform 61.2
n-Hexane 69

These liquids are stored in air tight amber colored bottles to minimize
the absorption of moisture. Solutions containing equimolar quantities
of cyclic ketones and chloroform in n-hexane were prepared fresh and
thermostated before taking ultrasonic velocity, density and viscosity
measurements.

The ultrasonic velocities of pure components and n-hexane solutions
containing cyclic ketones and chloroform were measured in a multifre-
quency ultrasonic interferometer at 2 MHz (MITTAL ENTERPRISES
New Delhi, Model F-81). The temperature of the liquid was maintained
constant to an accuracy of £0.1°C in an electronically controlled
thermostat. Densities of pure components and solutions were measured
accurately using specific gravity bottles of 10 ml capacity. These bottles
were calibrated before use with doubly distilled water. Weighings
were done in an electronic balance with an accuracy of 0.1 mg.
Viscosities of the liquids were measured in an Ostwald’s viscometer,
which was previously calibrated. The viscometer containing the
samples was kept for 5min in an electronically controlled thermostat
to attain equilibrium. The accuracy in the measurement of density
and viscosity of the liquids are of the order of £ 1 part in 10° parts
and 0.1%, respectively. The ultrasonic velocity, density and viscosity
measurements were made at 293, 298, 303, 308 and 313 K, respectively.

3. COMPUTATIONAL METHODS

Adiabatic compressibility, Rao constant, absorption coefficient, inter-
nal pressure and the interaction parameters were calculated from the
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ultrasonic velocity, density and viscosity using standard equations
[9-12]. Marwein and Bhat [13] have proposed an equation used to
calculate the stability constants of donor—acceptor complexes in
binary liquids. Their equation generally gives concentration dependent
formation constant values in binary liquid mixtures. Recently, we
have proposed an equation to calculate the formation constant
values of the charge transfer complexes, applicable to weak complexes
and in dilute solutions [4]. It can be represented as

K=Y/(b-Y),
where
Y =(a—k'"?b)/(k — k'),

in which k=x/y, x=difference between U, and U, at lower
concentration ‘a’, y=difference between U., and U, at higher
concentration ‘4> and U, =the ultrasonic velocity of the mixture
calculated from the mole fraction of the components using additive
principle

4. RESULTS AND DISCUSSION

Carbonyl compounds such as aldehydes and ketones form charge
transfer complexes with electrophilic accepter molecules through
electron deficient atoms. It has been found that aliphatic and aromatic
ketones form stable complexes with chloroform through strong
interaction between carbonyl group of ketone and hydrogen of
chloroform [4]. The stability of these complexes are attributed to
intermolecular hydrogen bond. Earlier workers in this laboratory
have found that aliphatic and aromatic aldehydes and ketones form
complexes with chloroform and they correlated the total electronic
charge density on the carbonyl oxygen with the stability constants.
In this paper, we report the ultrasonic velocity, density and viscosity
values of solutions containing equimolar amount of four cyclic
ketones and chloroform in n-hexane.
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Table I contains ultrasonic velocity, density, and viscosity values
of such solutions at 303K and at different concentrations. The
ultrasonic velocity decreases with increase in concentration, reaches
minimum at a characteristic concentration, thereafter increases. Plots
of ultrasonic velocity versus concentration for the four systems
are given in Fig. 1. These plots suggest that the interaction between
cyclic ketones and chloroform is maximum at a particular concentra-
tion, which depends on the structure of ketone.

Figure 2 contains the plots of viscosity against concentration for
the four mixtures of cyclic ketones and chloroform at 303 K. The
non-linear variation in viscosity is indicative of formation of charge
transfer complexes between cyclic ketones (donor) and chloroform
(acceptor). In order to assess the intermolecular attraction between
the four cyclic ketones and chloroform, adiabatic compressibility
values are calculated from the ultrasonic velocity and density values.
These values are plotted against concentration (Fig. 3). It is evident
from these plots that at any concentration the compressibility factor
for cyclopentanone—chloroform system is the highest while that
of cyclooctanone—chloroform is the lowest at 303 K. This trend
indicates that there are stronger molecular interaction between
cyclooctanone and chloroform and the interaction is weak in the case
of cyclopentanone and chloroform. It may also be noted that the com-
pressibility factor remains almost constant at the lower concentration
in the three of the four cyclic ketones investigated, but in the case of
cyclopentanone adiabatic compressibility decreases with increase in
concentration and increases at higher concentration. These observa-
tions suggest that the complexation between cycloheptanone and
chloroform is concentration dependent while it is almost independent
of concentration at low concentration of other cyclic ketones.

The linear free length, Rao constant, and absorption coefficient
values at 303K are given in Table II. It may be noted that there is
no significant change in linear free length values with concentration
in all the four systems. However, there is non-linear variation in Rao
constant and the absorption coefficient values indicating the formation
of charge transfer complexes in the four systems.

Cohesive energy in a liquid mixture is a measure of potential energy
of attraction between the molecules of the components. It can also
be used to compare the interaction between the molecules in binary
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FIGURE 1 Plot of ultrasonic velocity versus concentration of cyclic ketones with
chloroform in n-hexane solutions at 303 K.
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FIGURE 2 Plot of viscosity versus concentration of cyclic ketones with chloroform in
n-hexane solutions at 303 K.
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FIGURE 3 Plot of adiabatic compressibility versus concentration of cyclic ketones
with chloroform n-hexane solutions at 303 K.
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and ternary mixtures. Cohesive energy, free volume and free energy
of activation values are computed for the four system from the
measured ultrasonic velocities and viscosities are presented in
Table III. The decrease in cohesive energy values with increase in
concentration in all the four systems suggests that stronger molecular
interactions are present in these systems. This is also supported by
slight increase in free volume with concentration at 303 K. The free
energy of activation obtained from the viscosity values is almost
constant, since free energy of activation is intrinsic property of
the charge transfer complexes. As the four cyclic ketones form similar
complexes with chloroform, free energy of activation values for the
four systems are always constant.

Internal pressure in a liquid system is directly related to the
intermolecular attraction. The values of internal pressure at various
concentrations of the donor and acceptor in n-hexane solutions are
calculated for the four system at 303 K. These values are plotted against
concentration (Fig. 4). It may be inferred from the plots that the
molecular attraction between cyclic ketones and chloroform increases
with increase in concentration and the interaction is maximum at
characteristic concentration. This is suggested by the minimum internal
pressure at a particular concentration in these plots. The variation in
internal pressure with concentration at the experimental temperature
confirms the formation of charge transfer complexes between carbonyl
compounds and chloroform.

The strength of the intermolecular attraction in the liquid mixtures
can be determined from molecular interaction parameters. These
interaction parameters are computed as a function of ultrasonic
velocity (X)), density (X,) and viscosity (X,). These values at different
concentrations and at 303 K are given in Table IV for the four systems.
The data in Table IV indicate that the X, values are either positive or
negative for the four systems investigated. Thus, chloroform forms
donor—acceptor complexes with four cyclic ketones. This is further
supported by negative values of X, and X, for all the four systems.
The cohesive energy values are analysed as a function of molecular
interaction parameters. Figure 5 contains the plots of cohesive energy
against X,. These plots indicate that the cohesive energy is minimum
at a particular concentration at which the molecular interaction
parameter (X,) is negative. At this concentration there are strong
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FIGURE 4 Plot of internal pressure versus concentration of cyclic ketones with
chloroform in n-hexane solutions at 303 K.

molecular interactions between the donor and acceptor molecules.
Cohesive energy values are plotted against X, (Fig. 6) and X,
values (Fig. 7). These plots are similar to the plots of cohesive
energy versus X, suggesting that cohesive energy is minimum at
the concentration at which complexation is maximum. These
observations indicate that chloroform molecules are strongly attracted
by the molecule of cyclic ketones probably through inter
molecular hydrogen bond resulting in the formation of charge transfer
complexes.

The thermodynamic stability of the donor and acceptor complexes
formed between the cyclic ketones and chloroform can be
compared by determining the formation constants of these complexes
at different temperatures. In order to determine the stability constants
of these complexes, ultrasonic velocity, density and viscosity values
of pure components are required. These values at 293, 298, 303, 308
and 313K are listed in Table V. Table VI contains the formation
constants of charge transfer complexes formed between four cyclic
ketones and chloroform at 303K. For each system, the stability
constant values are almost constant and independent of concentration.
The formation constant values indicate that the stability of charge
transfer complexes formed between cyclic ketones and chloroform
are in the order cyclooctanone > cyclohexanone > cycloheptanone >
cyclopentanone.

The thermodynamic parameters, such as free energy change,
enthalpy change and entropy change for the formations of the
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FIGURE 5 Plot of cohesive energy versus molecular interaction parameter X, of cyclic
ketones with chloroform in n-hexane solutions at 303 K.
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FIGURE 6 Plot of cohesive energy versus molecular interaction parameter X, of
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FIGURE 7 Plot of cohesive energy versus molecular interaction parameter X, of cyclic
ketones with chloroform in n-hexane solutions at 303 K.

charge transfer complexes are determined. The enthalpy change (A H)
values are obtained from the plots of In K versus 1/T (Fig. 8). All the
plots have negative slopes indicating that the enthalpy change values
are negative for all the four donor—acceptor complexes. It can therefore
be inferred that the formation of the change transfer complexes
between cyclic ketones and chloroform in n-hexane solution is exother-
mic. The thermodynamic parameters for the complexation are given in
Table VII. The trend in the free energy of formation is similar to the
trend in the stability constants of the four complexes. The entropy
change (AS) for the formation of donor—acceptor complexes between
four cyclic ketones and chloroform are large negative. This may
probably be due to the complexation between donor and acceptor
molecules, besides the solvation of the complexes. The acoustical and
thermodynamic parameters determined for n-hexane solutions contain-
ing cyclic ketones and chloroform prove that the chloroform molecules
are strongly attracted by the molecules of the carbonyl compounds in
non-polar medium like n-hexane. In order to determine the relation
between the extent of complexation and the structure of carbonyl
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FIGURE 8 Plot of In K versus 1/T of cyclic ketones.

compounds two molecular parameters, polarisability and first
ionisation potential are computed for the four cyclic ketones by semi
empirical molecular orbital calculations at the PM3 level (Table VIII).
Figure 9a contains the plot of log K versus polarisability. It indicates
that the formation constant is directly related to the polarisability of
the carbonyl compounds. The plot of log K versus ionisation potential
is given in Fig. 9b. It is also linear but has negative slope. These obser-
vations suggest that the charge transfer complexes are formed between
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TABLE VII Free energy, enthalpy change and entropy changes for the formation of
charge transfer complexes between cyclic ketones and chloroform in n-hexane solutions

Cyclic ketones AG at 303K AS at 303K AH
(kJ mol™") (K" mol™h (kJ mol™")
CsHgO —19.76 —167 —30.88
CeH 00 —20.89 —156 —26.60
C7H;,0 —20.31 — 164 —29.56
CgH 140 —22.03 —118 —14.03

TABLE VIII Polarisability and ionisation potential values of cyclic ketones

Cyclic ketones ax 107 (cm?) Tonisation
potential (eV)
CsHgO 8.35 10.60
CeH 9O 10.1 10.48
C;H,,0 11.7 10.51
CgH 14,0 13.2 10.43
3.9 3.9
{a) (b)
3.8~ 3.8
3.7 3.7
x -
E" 3.6F ° B 3.6
3.5F ] 3.5r
3.4F 3.4
3.3 3.3
[l 1 1 I L 1 1 1
8 10 12 14 16 103  10-4  10.5 10.6
Polurisability(d)x10_ucc lonisation potential{eV)

FIGURE 9 Plot of log K versus (a) polarisability and (b) ionisation potential of cyclic
ketones.

the four cyclic ketones and chloroform due to strong dipolar
interactions and consequently the ketone molecules are polarized.
The formation constant, therefore, increases with increase in polarisa-
bility of the cyclic ketones, but decreases with increase in ionisation
potential.
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