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Partition coefficients (Kp) of benzene and 11 chloro derivatives of benzene were determined at 25 °C in two

liquid-liquid partition systems: heptane/water and heptane/acetonitrile.
numbers of Cl atoms in the solute is discussed in terms of surface and cohesive energies.

Increase of Ky with increase of the
The small difference

in Kp of the isomers whose Cl atom numbers are 2, 3, or 4 was correlated with a difference in the dipole moment

of the solute.

The liquid-liquid partition coefficient is utilized in
measuring various solution properties: for example,
transfer activity coefficient of non-electrolyte,!) solvent
effect on catalytic reaction,? capacity ratio in liquid
chromatography,® and toxicity of drugs.) Accumula-
tion of precise partition coefficient data is important
for practical uses as well for an elucidation of the
factors which influence their values. Hansch et al.
investigated the regularity in the partition coefficients
of various organic compounds. They proposed a sub-
stitution constant, 7, for a variety of groups, by anal-
ogy to the Hammet ¢ constant.¥ Additivity of cor-
responding values for the components makes it possible
to predict the partition coefficient of a certain com-
pound. The additive-constitutive property is useful
for practical purposes, but gives only a little insight
into the nature of the solute-solute interaction.

Recently, we reported the importance of cavity
formation in the partition of non-electrolytes.’~” In
the present study, the partition equilibrium of a series
of chlorobenzenes between heptane and water or ace-
tonitrile was investigated. Chlorobenzenes are con-
sidered to be representative compounds of chlorinated
organic compounds. The behavior of these com-
pounds in the environment has recently become
important. Acetonitrile was chosen to examine a di-
fference from water in solvent effect. The partition
coeffcients will be discussed in connection with the
cavity formation energy in the partition systems.

Experimental

Chemicals. Monochlorobenzene (Wako G.R.) and o-
dichlorobenzene (Tokyo Kasei G.R.) were washed with
dilute alkaline solution, dried, and fractionally distilled under
ambient pressure. m-Dichlorobenzene and 1,2,4-trichloro-
benzene (Tokyo Kasei G.R.) were washed with dilute al-
kaline solution, dried, and distilled under reduced pressure.
p-Dichlorobenzene, 1,2,3-trichlorobenzene, 1,3,5-trichloro-
benzene, tetrachlorobenzene, pentachlorobenzene and hexa-
chlorobenzene, which were all purchased from Tokyo Kasei,
were purified by vacuum sublimation. Purity of the re-
agents was checked by GLC or mp measurement. Benzene
was of spectral grade (Dotite) and used without further
purification. Heptane (Kanto G.R.) was stirred with 309,
fumic sulfuric acid over-night, washed with water and dilute
sodium hydroxide solution, dried with sodium hydroxide
and fractionally distilled. Acetonitrile (Wako G.R.) was
dried with molecular sieves 3A and calcium hydride, distilled
on phosphorus pentaoxide, and then redistilled on calcium
hydride. Purity of the organic solvent was checked by

UV spectra. Redistilled water was used throughout the

experiment.

Partition Measurement. Heptane—Water System: Hep-
tane solution of chlorobenzene of known concentration was
agitated with water for 15min by a mechanical shaker
in a thermostated room at 25+1°C. After centrifugation
at 3000 rpm, an aliquot of aqueous phase was pipetted out
for analysis. For benzene, monochlorobenzene, and dichlo-
robenzene systems, this aqueous phase was used for direct
photometric determination. For trichlorobenzene and tet-
rachlorobenzene with quite high partition coefficients, the
equilibrated aqueous phase was removed and agitated with
a small volume of fresh heptane in order to re-extract and
concentrate the solute dissolved in the aqueous phase. The
second heptane phase was used for the photometric deter-
mination. Photometric measurement was made at 254 nm
for benzene and at 220 nm for the others. The recovery
in the re-extraction process was satisfactorily quantitative.
The partition coefficient was calculated from this equation:

Co init.Vo_CaVa
pIndt’o  Fata 1
AR ) (1)

where G, i, is an initial concentration in heptane, G, an
observed concentration in aqueous phase, and V, and V,
are volumes of aqueous and organic phases. The ratio
of V,/V, is 1 or 10, corresponding to the magnitude of the
partition coefficient. The partition coefficients of penta-
chlorobenzene and hexachlorobenzene were measured by
means of GLC equipped with a electron capture detector.®)
The partition coefficient for every system showed no de-
pendency on initial concentration of the solutes in the range
of 0.05—0.2 mol dm-3.

Heptane—Acetonitrile System: A 5-cm® portion of 0.003 mol
dm~—3 chlorobenzene in heptane was agitated with 5 cm?®
of acetonitrile under the same experimental conditions as
used in the heptane/water system. Absorbance of the hep-
tane phase was measured at the absorption maximum wave-
length for each substance (250—300nm). The partition
coefficient was calculated by this equation:

4,

KD Ao,lnlt“Ao ’ (2)
where 4,5, and 4, are the absorbances of heptane solutions
before and after equilibration, respectively. The acetoni-
trile and heptane used for partition experiments were sat-
urated with each other prior to use. Spectrophotometry
was carried out by Hitachi 356 and JASCO UVIDEC-2

spectrophotometers.

Ky =

Results

In Table 1, the observed partition coefficients for
the two partition systems are listed, along with the
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TaBLE 1. PARTITION COEFFICIENTS (kp) OF CHLORINATED 8
BENZENES AT 25 °C
Abs. coeff. Hep/H,O Hep/AN 7t
No.  Solute at 220 nm Kpx 10 Kp
1 Benzene 138=  0.195 0.75 s 6
2 Chlorobenzene 4100 0.838  0.83 £
3 o-Dichlorobenzene 6280 2.34 0.87 \3
4 m-Dichlorobenzene 66202 3.41 1.15 o 5t
5 p-Dichlorobenzene 9190® 3.41 1.04 <
6 1,2,3-Trichlorobenzene 9770 10.4 1.20 = il
7 1,2,4-Trichlorobenzene  8930® 13.7 1.53
8 1,3,5-Trichlorobenzene 10100™ 25.1 2.57
9 1,2,3,4-Tetrachloro- 150000 35.1 1.74 3t E
benzene . . .
R 1
10 1245 Tetrachloro- 153000 45.7 9.46 z 3 14 15 16
benzene 4Gy / keal mol™!
11 Pentachlorobenzene 20900 1299 2.76 Fig. 2. G lati bet h Gt Fcient
12 Hexachlorobenzene 571000 5380 4.19 18. 4. forrelation between the parhition coeticien
: and the cavity formation energy in heptane-water
a) 109 ethanol. b) Hepane. c¢) 40% ethanol. d) system. Numbers in this figure correspond to those
Ethanol. €) 254 nm. f) Determined by GLC. in Table 1.
i , . . . . sity)¥/2, of chlorobenzene on the partition coefficient
should be discussed.
5t . Di .
iscussion
Al . Contribution of Surface Work. Chemical poten-
tial of solute in dilute solution is considered to be
Heptane/Water governed by two kinds of solute-solvent interaction
% 3t ) energies, i.., a formation energy of cavity to acom-
o5 modate the solute molecule and an interaction energy
< 5l between the solute introduced into the cavity and
the solvent molecule surrounding the solute molecule.
Then, the free energy governing the partition equili-
1+ Heptane/Acetonitrile 1 brium is represented by
M/@M RT In KD = Aéca.v + Aa_lnty (4')
ot T — —
where AG,,, and AG,, correspond to free energy
contributions from cavity formation and interaction
-y = — . : 5 accompanying the transfer of solute from organic phase
0 into aqueous phase.
Number of Gl atoms The cavity formation energy can be estimated from
Fig. 1. Correlation between the partition coefficient the molecular surface area of solute and the surface

and the number of chlorine atoms.

spectral data used for photometric determination. It
is clearly observed that the Kj, values for the heptane/
water system are much larger than those for the ace-
tonitrile system and that the values of both systems
increase with an increase of number of Cl atoms in
chlorobenzene. Figure 1 shows a linear relationship
between log K, and the number of Cl atoms, n. For
the two partition systems, these experimental equa-
tions were obtained:

log Ky, = 0.566n + 2.37  for Heptane-H,O

3
log Kp = 0.132r — 0.203 for Heptane-Acetonitrile) . @)

Increase of Cl atoms will cause an increase in molar
volume and in molar surface area, as well as in the
cohesive energy density of the compound. Hence,
the influences of the molar surface area and the solu-
bility parameter, defined as (cohesive energy den-

tension of bulk solvent. Sinanoglu has reported the
next equation for the calculation of cavity formation
energy:9

Cony = £9(¢0)9.76 V2/3y{1 —(l—r])(—gll—:zT—>+%ocT}, )
_wP) 149k —1)
TT ) T THgRme—)

where V is molar volume of solute (cm?®mol-1), y
surface tension of solvent, « thermal expansion coef-
ficient of solvent, ¢ molar volume ratio of solvent
to solute, and #® and #° are microscopic cavity factors
for surface energy and surface entropy.!® According
to Eq. 5, the cavity energy difference, AG,,,, was
calculated for heptane—water system using #*=0.542
and 1.235, and #°=0.687 and 1.277 for heptane and
water, respectively.l® A correlation between RT In

K, and AG,,, is shown in Fig. 2. For the heptane—

cav
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Fig. 3. Correlation between the partition coefficient
and the cavity formation energy in heptane-aceto-
nitrile system.

Numbers in this figure correspond to those in Table
1.

acetonitrile system, AG,,, was calculated using ap-
proximated value of k*=#£5=1.0 for acetonitrile.?) A
correlation with R7TIn K, is shown in Fig. 3. The
linear relations appearing in Figs. 2 and 3 strongly
suggest that the order of magnitude of the partition
coefficient is governed by the cavity formation energy.

Contribution of Cohesive Work. The contributions
of molar volume and of cohesive energy density of
solute to the partition coefficient are accounted for
by solubility parameter theory.!) The next equation
has been proposed for the partition coefficient by
Suzuki et al.:1?

|4
log Ky = 2303RT (0a+065"—26)(0,—6,), (6)
RT(Vy-1— V-1
(So’ = (50 + ——~—(V° Va )

(5)1‘_60) ’

where molar volume, V, V,, and V,, and solubility
parameters 9, d,, and §, refer to those of solute, organic
phase, and aqueous phase, respectively. This relation
was successfully applied to the partition of several
metal chelate compounds.!®

Equation 6 was applied to the results of the hep-
tane-water system. The molar volumes of chloro-
benzenes were taken from the literature or estimated
from the linear relationship between the molar volume
and number of Cl atoms. The solubility parameters
for chloro derivatives of benzene, except chlorobenzene
and o-dichlorobenzene, were estimated from the ad-
ditivity rule of group contributions in solubility param-
eter proposed by Renick and Lin."¥ The solubility
parameter of water calculated from thermodynamic
properties is 23.4 cal'/2 cm~%2 (conversion factor:1
cal’/2 cm—3/2=2.0455 J¥/2 cm~%/2), but for practical use
17.15 cal'’? cm=%2 is recommended by Suzuki et al.
from their extensive study on solvent extraction of
p-diketones and its metal chelates.’® The log K, value
for chlorobenzene calculated using 17.15 cal/? cm~3%/2,
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however, decreases with increase of Cl atoms and
disagrees with the observed value, e.g., the calculated
log Ky’s are 2.50 for benzene and —0.29 for hexa-
chlorobenzene. The same treatment, estimation of
K}, according to Eq. 6, was applied to the heptane—
acetonitrile system. In this system, the mutual solu-
bility of two solvents cannot be neglected, hence the
small changes in solubility parameter and molar vol-
ume of two solvent phases were corrected for by em-
ploying the solubility data reported previously.?) The
calculated results in heptane-acetonitrile did not show
good agreement with the observed one, e.g., the cal-
culated log K’s are —0.28 for benzene and —2.26
for hexachlorobenzene. When §, was treated as an
adjustable parameter, the value of §, calculated in-
troducing the observed log K, into Eq. 6 varied from
17.4 for the benzene system to 20.9 for the hexachlo-
robenzene system. The value is related § and V
by the next equation:

0, = 1.706 + 1.77 = 1.03V + 6.42, (7)

The calculated values seem to be reasonable so long
as the calculated ¢, value is between §,=6.4 cal/2
cm~%2 and (6,246,%)Y2=23.4 calV2 cm~%2. Here 6,
and §, refer to the solubility parameters defined as
(internal pressure)/2 and {(cohesive energy density)—
(internal pressure)}/2. These reflect the physical in-
teraction (repulsion, dispersion, and weak dipole-dipole
interaction) and chemical interaction (hydrogen bond-
ing), respectively.!® However, in the heptane—ace-
tonitrile system, the solubility parameters of aceto-
nitrile calculated from the observed partition coef-
ficient (12.4 cal/?2 cm~=%2 for benzene system and 16.2
cal/2 cm~3/2 for hexachlorobenzene system) are larger
than the solubility parameter calculated from the heat
of vaporization (11.9 cal/?2 cm~3/2). This suggests that
the uncertainty of the solubility parameter of polar
phase is not the only source of the discrepancy be-
tween the calculated and the observed partition coef-
ficients. As another important source, the deviation
from the simple geometric mean assumption should
be examined. The deviation is taken into account
by introducing a coefficient, [,, into the activity equa-
tion derived from the regular solution theory:11)

RT Ina, = RT |:ln¢~2 + ln¢l(l — %)]
1
+ Ve$?[(61—02)°+ 20159,02], (8)
where a is activity, ¢ volume fraction, and subscript
1 and 2 refer to solvent and solute, respectively. Using

the above expression, the partition coefficient Eq. 6
can be revised as:

= — — 9

log Kp = o (a8’ —208)(8,—0,), ©)
=1 laﬁa_loao
= a0y

Here ¢ is equal to one if the strict geometric mean
relation of /[,=/ ;=1 or the apparent relation of [,6,=
[,6, holds, and otherwise ¢ is different from one.
The values of ¢ are calculated using the observed
log K;, and the available parameters for heptane-
water and heptane-acetonitrile systems. The results
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TABLE 2. PHYSICAL PROPERTIES AND PARAMETERS OF THE CHLOROBENZENES

Chlorine  Molar Dipole Solubility g value®)
No. Solute number volume® moment®  parameter Ton
Hep/H, 09  Hep/AN
1 Benzene 0 89.4 0 9.2,9 9.2 0.98 0.97
2 Chlorobenzene 1 102 1.54 9.5,9 9.6 0.95 0.92
3 o-Dichlorobenzene 2 113 2.26 10.0,9 10.0 0.90 0.87
4 m-Dichlorobenzene 2 115 1.38 9.8 0.92 0.87
5 p-Dichlorobenzene 2 115 0 9.8 0.92 0.88
6 1,2,3-Trichlorobenzene 3 125 2.33 10.3 0.87 0.83
7 1,2,4-Trichlorobenzene 3 125 1.26 10.3 0.86 0.81
8 1,3,5-Trichlorobenzene 3 125 0.28 10.3 0.85 0.78
9 1,2,3,4-Tetrachlorobenzene 4 136™ 1.92 10.5 0.84 0.79
10 1,2,4,5-Tetrachlorobenzene 4 136 0.73 10.5 0.84 0.77
11 Pentachlorobenzene 5 146P 0.88 10.9 0.80 0.74
12 Hexachlorobenzene 6 156» 0.21 11.2 0.77 0.71

a) cm® mol-1.
d) Calculated from the heat of vaporization.
the calculation.

are listed in Table 2. The values of ¢ are 2—309%,
smaller than 1.0, a result which is easily expected
in simple geometric mean assumption as in Eq. 6,
and decrease with increases of number of Cl atoms
of solutes. This also suggests that the deviation be-
comes larger for larger molecule. An evaluation of
l, and [ is difficult at the present stage, but it is prob-
able that [/, is negative for a system composed of a
large-sized solute and small-sized solvent.1t)
Equation 9 can be rearranged:

v 11

— 2 __ 2) _; —

9.303RT O 6°)*RT< v, Va)
20Vq

"~ 2.303RT (9.—05).

Comparing Eq. 10 with Eq. 4, the first and the second
terms in Eq. 10 are considered to refer to cavity energy
and interaction energy respectively in the framework
of the regular solution theory. The cavity, in this
case, corresponds to the solute taking 6=0 and V.
Since the second term is laways negative because
6,>9," the increase of log K, with increase of V, ob-
served in this study, confirmes a predominance of
the cavity energy contribution.

Comparison among the Partition Coefficient of Isomers.
As the partition coefficients of isomers (Cl=2,3, and
4) are compared, a slight difference among them is
observed. A principal difference in physical proper-
ties of these solutes will be the difference in dipole
moment, which is listed in Table 2 for each chloro-
benzene.

Beveridge et al. derived the next equation for an
electrostatic interaction energy:1?)

log Kp =

(10)

(kcal mol-?)

_ 2 D
Gos = _14.39”—31)(1+—) (11)
a

3
3(e—1)
2e4+2
where ¢ is the diclectric constant of the solvent, g

(Debye) the dipole moment of the solute, and a(A)
the radius of solute cavity. The difference in the

b) Estimated value from the relationship between molar volume and chlorine number.
e) See Eq. 9 in the text.
(Conversion factor: 1 cal/? cm~3/2=2.0455 J'/2 cm~3/2).

c) Debye.
f) 6,=17.15 cal/? cm~3/2 was used in

3.0
3 & (s -1
AGeS(u%O) - AGes(u-O)/ kcal mol

Fig. 4. Correlation between the difference in partition
free energy of the isomers and the difference in elec-
trostatic interaction energy, where AGes=Ges qoa—

-~
Ges,polar

: Heptane-H,O, --—- : Heptane-AN.

electrostatic interaction energy between solute-heptane
and solute-water or solute—acetonitrile was calculated
and compared with the partition coefficient of the
solute. Figure 4 shows the correlation of the dif-
ferences in log K;, between isomeric compounds of
#=0 and u=0 with the calculated electrostatic energy
difference. It is concluded from Fig. 4 that log K,
for the chlorobenzene of large dipole moment is smaller
than that for a smaller dipole moment solute.

As a conclusion, we suggest that the partition coef-
ficients of chlorobenzene is governed primarily by
cavity formation and the difference of partition coef-
ficient in isomers can be understood by taking into
account the electrostatic interaction. More extensive
study of the partition coefficient of halobenzenes is
in progress, including an application of the Scaled
Particle theory.®)
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