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ABSTRACT. Tho results of measurement in the 7 mm. microwave region on the teme.
perature dependenco of the time of relaxation () of & number of polar organic molecules of
different shape, sizo and dipole moment dispersed in very dilute solutions in non-polar solvents
have been roported. It has boen shown that the dependence of r at any temperature (7T)
on the viscosity (1) of the solution may be represonted by 7.I'=const. Y where y is the ratio
of the experimentally determined heats of activation for diolectric relaxation and viscous
flow. The relation between the activation energy for dipole rotation for a large number of
polar organic molecules in dilute solution in CCl, and the total energy due to dipole-dipole,
dipolo-induced dipole and London dispersion forces betwoen the solute and solvent molecules
has been discussed. It is found that the agreement between the experimental and the caleu-
lated energy values is fairly satisfactory for many of the compounds and the probable causes
for somewhat large discrepancies in & few cases have been suggested.

INTRODUCTION

Recently (Sinha ef al., 1965, 1966) it has been shown that the time of relaxa-
tion (r) of organic polar molecules in very dilute solutions in non-polar solvents
at any temperature (7') is not dependent linearly on the viscosity (7) of the solutions,
but may be expressed as 7.T' = const. 4" where 7 is the ratio of the experimentally
determined values of the heat of activation for dielectric relaxation and viscous
flow. However, no attempt was made to correlate the values of the heat of acti-
vation for dipole orientation with the energies of various intermolecular interactions
between the solvent and solute molecules. Bhanumati (1963) had shown that
in the case of some pure polar organio liquids the experimental values of the
activation energy for dipole-orientation agree fairly well with the total interaction
energies calculated from the dipole-dipole and dipole-induced dipole forces. In
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the casc of dilute solutions of polar molecules in nonpolar solvents it will be inter-
esting to find ont the contributions made by different intermolecular interactions
to the total activation energy required for the process of the orientation of the
dipoles. For this purpose, use has been made of the results of measurements of
the temperature dependence of the time of relaxation of a number of polar organic
compounds, having molecules of different shape, size and dipole moment, in
solutions in different non-polar solvents and those reported in the papers mentioned

above,

EXPERIMENTAL

The chemicals nitromethane, nitroethane, chloroform, acetone, ethyl acetate
a-bromonaphthalene and methyl, ethyl and benzyl esters of benzoic acid used in,
this investigation were of chemically pure quality and the samples were subjected
to fractional distillation and distillation under reduced pressure before use. Care-
fully dehydrated carbon tetrachloride, benzene and n-hexane used as solvents,
showed slight losses in a path-length of 24 em in the frequency region of 7.7 mm
and these werce properly taken into account for determining the overall losses due
to the solutions. The experimental arrangements and the method of caleulation
of loss tangent (tan 8) were the same as described in a previous paper (Bhatta-
charyya el al., 1964). The values of the viscosity of the solvents were taken
from the data published in the standard literatures.

RESULTS AND DISCUSSION

The time of relaxation (r) for the molecules of the various polar compounds
in very dilute solution in the different solvents at different temperatures (7') were
calculated from the oxperimental tan 8-values with the help of the following equa-
tion,

tand = (€ +2° 4nNCpw2 = o1 e (1)
€ ST Tt ot

where C is the concentration in moles/cc, €' is the dielectric constant of the solution
at the angular frequency of measurement (@), u is the dipole moment of the polar
molecule and the other symbols have their usual meanings. The values of ¢
were taken to be the same as the static dielectric constant of the pure solvents
and the dipole moments of the molecules of ethyl and benzyl benzoates, and
a-bromonaphthalene werc taken from the published data and those of the remaining
compounds were determined experimontally (see Sectiona). The values of 7,

T
tan 6, 7 and :T" are given in Tables I-IX
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TABLE 1X
a-bromonaphthalene
2.82x10~¢ moles/co in CCly 2.82x 10-* moles/cc in CgH,,
7
™K  tan§ X101 "f X107 T°K, tans  tx108 o X107
Beo K Sec 77
276 .0044 34.38 22.5 276 .0090 15.94 22.09
286 L0048 30.32 22.7 286 L .0094 14.49 22.02
296 .0052 26.80 22.7 296 ©.0099 13.19 21.84
306 .0056 23.99 32.6 306 L0100 12.01 21.66
319 .0060 21.29 22.9 316 L0105 11222 21.95
333 .0064 18.96 23.3 326 L0107 10.48 22.05
343 .0066 17.72 23.9
AHr =1.37 K.Ca./molo Alit =0.94 K.Cal/mole
Ay =2.414 K.Cal/mole Ally =1.84 K.Cal/mole
v =0.56 v =0.51
TABLE X
Dipole moment in Debye Unit
(mp) in soln. in Other microwave
Compound moasurement (uD) in
CCl, CeHy CeH ¢ CgHj solution
Nitromethane 2.85 2.876 2.81¢
Nitroethane 3.00 2.97
Chloroform 1.08 1.08 1.13 1.23
(in heptano)
Acetone 2.54 2.580 2.6¢
Ethylacetate 1.66 1.54
Methyl benzoate 1.82 1,82¢

(a) Jackson and Powles (1846)
(b) Whiffen and Thompson (1948)
(c) Cripwell and Sutherland (1046)
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TABLE XI

(2,) Polarisability of CCly molecule

B. Sinka, S. B. Roy and G. 8. Kastha

105.0 X 10726 ce.

(I,) Tonisation potential of ,, 11:47 ev
I
f= 22
1,41,
Polarisa- Ionisation Activation N B, * K.Cal/mole
bility potential  energy ~ X 10-28 calculated for
Compound ap Ip AHT %p —

. X 10250 ev K. Cal/mole r=5.264 r=5.434
Nitro methane 49.0 11.00 0.31 .013 .48 .39
2.85 (.61) (.50)
Nitro ethane 69.0 10.00 1.94 .064 .60 .49
3.00 (.74) (.60)
Acetone 63.3 10.10 1.17 .038 .68 .47
2.54 (.68) (.56)
Chloroform 82.3 11.50 3.07 .070 .82 .67
1.08 (.84) (.68)
Ethylacetato 88.0 9.50 1.97 .049 .79 .64
1.55 (.83) (.87)
Fluoro benzene 102.0 9.0.2 0.70 .015 .90 74
1.45 (.93) (.77)
Chloro benzene 122.5 8.80 0.90 .019 1.06 .86
1.56 (1.10) (.89)
Bromo benzeno  136.0 8.98 1.48 .026 1.16 .95
1.50 (1.19) (.98)
nitro benzene 129.2 9.00 1.65 .029 1.15 .04
3.97 (1.89) (1.18)
o-dichloro benzene 141.7 9.06 1.38 .022 1.24 1.02
2.20 (1.81) (1.08)
m-dichloro benzeno 142.3 9.00 1.52 .024 1.27 1.04
1.48 (1.30) (1.07)
o-nitro toluene 149.0  8.0-9.0 1.55  .023-.026 1.19-1.33 .97-1.09
3.66 (1.39-1.53)  (1.18-1.25)
m-nitro toluene  149.0  8.0-9.0 0.78 .012-.013 1.17-1.38 .95-1.09
4.14 (1.43-1.59)  (1.15-1.29)
p-nitro toluene 13¢.0 8.0-9.0 0.85 .014-.016 1.07-1.20 .87-.08
4.42 (1.86-1.49)  (1.10-1.21)
Methyl benzoate  151.0  8.0-9.0 1.58 .023-.026 1.20-1.85 .98-1.10
1.82 (1.26-1.40)  (1.02-1.14)
Ethyl benzoate  171.0  8.0-9.0 1.45 .019-.021 1.36-1.53 1.11-1.28
188 (1 41-1 58) (1 15-1 29)
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TABLE XI (cont.)

Polarisa- Tonisation Activation , 57" Ey, K.Cal/mole
bility  potential energy S% x 10~ calculated for
Compound ap Ip AH7T “p
®D X10 co ev K.Cal/mole ¥ r=5.264 r=>5.434
&
F
Benzyl benzoate  252.0  8.0-9.0 1.85  .016-:018 2.21 1.80
2 00 : (2.27) (1.85)
«-chloro 1
naphthaleno 193.0 8.2 1.43 018 1-61 1.32
1 50 : (1.61) (1.35)
«-bromo
naphthalene 197.0 8.2 1.37 .017 1.64 1.35
150 (1.67) (1.38)

*The quantities in the parenthess give the values of B+ Epwhen the interaction energy
due to dipole-induced dipulo forces is considered. For u<2D the contribution due to Ep is
loss than 6% of Ei. Only for ¢>2 is the contribution appreciable.

The molar heats of activation (AHr) for dielectric relaxation and (AH,) for
viscous flow were determined from the plots of log (77') and log % against 1/T
as usual. These values and also their ratio (y) are given at the foot of the

resﬁective Tables.
(a) Determination of the dipole moment (u)

It is seen from equation (1) that the graphs of 7' tan §/c against 7 and conse-
quently 7' would show a maximum at a certain temperaturc 7'y, for which the
condition wr = 1 is satisfied. Some of these curves are shown in figures 1(a)-(c)
The p-values have been calculated from the maximum value of 7' tan &/c obtained
from the graph at the temperature 7', and are given in Table X. The g-values
reported by other workers from measurements in the microwave region are included
in the table for comparison. The agreement between these values is seen to be
satisfactory.

(b) Dependence of time of relaxation on viscosity and molecular size :

The results presented in Tables I—IX show that for a given polar molecule
the 7-value at a temperature T increases with the increase in the viscosity of
the solvent, while in the case of any of the solvents the 7-values of the different
polar molecules arrange themselves roughly accordingly to the size of the
molecules. This shows 7 may be expressed as 7 = f(y)(f(v). In order to

6
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determine the functional dependence of 7 on 9 at any temperature 7', the valfles
of log (r.T) have becn plotted against log #—values. The linear plots give

6.7 73 |
6.6
2 R
5 S
v = 6.9
x 6.4 Zf .
“ w 6.7
5 g
£6.5 £ 6.5
H 13
6.0 6.3 1 L
. 270 290 310 330 350 273 293 313 333 353
T“K—) TOK—-)
. T . tan8
Fig. la. Plot of Z%"‘_“.a vs T Fig. 1b. Plot of —~e vs T'.
Nitromethane in solution in benzone. Nitroethane in a solution in carbon
tetrachloride.
2.0
)
L L9
—y
X
o
= 1.8
g .
3]
1.7 1 1 i

273 203 313 333 353
T°K—>

Fig. 1c. Plot of ﬁ“:ﬁ vs T

Ethylacetate in solution in benzene.

the required relation 77" = const. 5” as obtained in an earlier paper (Sinha et al.,

1966). The constancy in the values 7-7'/y” are seen from the data in Tables
LIX,

(c) Adtivation energy and intermolecular forces :

In the caso of solutions of polar organic compounds in non-polar solvents the
three main types of intermolecular forces (Ketelaar, 1953) are :

(i) dipole-dipole interaction, the energy of interaction

Eg"—"-—-

o o (2a)

o e
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(ii) dipole-induced dipole interaction, the energy of interaction

o, 2
Ep=—2%> .. (2b)
and
(iii) London dispersion forces, the energy béng »
3 aray, Ly,
E, = -2 2%2 R Lkl X .es 2

L=T9 TR LI (Be)

%

where p is the dipole moment, « the polarisabi i ty, I the ionisation potential,
R is the separation between dipoles and r the avera*e distance between the solvent
and solute molecules, the suffixes s and p denotm‘ quantities of the solvent and
solute molecule respectively.

If we neglect the possibility of other interactions e.g. hydrogen bond formation
etc., then the sum of the above energies should be equal to the activation encrgy
required for dipole orientation. However, we may note that for very dilute solu-
tions since R is large Ey will be negligible while if 4 is not very large and a not too
small the contribution due to Ep will also be small (about 2-5%, of Ep if u < 2).
Thus the interaction energy due to London forces Er would chiefly determine the
activation energy. For this purpose the necessary valucs of ap have been taken
from the values published in the literature wherever available and in other cases
these values have been calculated from the refractive index and molar volume
data. The ionisation potential values have been taken from the published papers
(Kandel, 1955; Watanabe, 1957; Vilesov and Terenin, 1957; Streiswieser, 1960).
In case where the values for the substituted compounds are not available, the
required ionisation potential have been estimated from that of the parent com-
pound. The values of AH, for the different compounds in solution in carbon
tetrachloride obtained in the present and previous investigations (Sinha et al.,
1965, 1966) have been used because the polarisability of the molecule of CCl,
is the same in all directions. . With these value Ez may be written as

EL = —gfap v (3)

where = 3 1s.a5

2 1

is constant for the particular solvent if 7 is taken to be almost constant. f=
Ip[Ip+Ig varies between 0.4 and 0.5 for most of the molecules. If Ip, Ig are
expressed in K.Cal/mole, » in cm and ap, as in cc. then E; would be expressed
in K.Cal/mole. From equation (3) it is evident that for a given solvent if Ky,
'is put equal to AH, then AH./fxp should be constant. These are shown in
Table XI. The ratio AH,/fap are seen to be approximately constant for the
different molecules,
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On the other hand with the value of r estimated from the total number of
molecules per ce. of the carbon tetrachloride solution the values of Ey have been
obtained from equation (3) for two values of ». These are shown in the same table.
The agreement between the experimental AH values and the caloulated values
of Iy, is fairly satisfactory. This table also contains the values of the total inter-
action cnergy £p4Ep when the encergy due to dipole-induced dipole forces is
not neglected. KEven then in some cases, however, there are somewhat large
discrepancics between the two energy yvalues. This might be due to the following

reasomns @

(1) In calculating the values of £y, the average values of the polarisability
(xp) has been used which in these cases may not be quite justified, and

(2) The value of r the average distance of separation has been taken to be
approximately the same in all cases, but actually the value may be somewhat
different in diffcrent cases.

(3) The calculated value of Fy shows the largest disagreement in the case
of chloroform for which the experimental values of activation energy in solutions
in CCl; and CgHy arc also larger than those for viscous flow. In the case of
solution in CgH,, however, the activation cnergy is smaller (see Table IV). These
facts indicate that probably the proton donor chloroform® molecules form weak
intermolecular bounds with the solvent molecules of CCl, and C;H,. The forma-
tion of such bonds, the possibility of which has been excluded from consideration,
may account for the large deviation between the experimental and the caleulated
values in the casc of chloroform. :
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