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Abstract : The structural and associational aspects of binary (k) polar mixtures of N,N
dimethyl formamide (DMF) and dimethyl sulphoxide (DMSO) together with a single (j or k) N,

. N diethyl formamide (DEF) and DMSO in nonpolar solvents (i) are studied in terms of their high
frequency (/f) conductivities. The relaxation times 7’s and dipole moments y's of the solutes
under Giga hertz electric field at various temperatures are estimated from the measured real and
imaginary parts of if dielectric constants at different weight fractions of polar solutes. The
variation of 7,'s with mole fractions x;'s of DMSO in DMF and C¢Hg reveals the probable
solute-solute molecular association around x; = 0.5 of DMSO. The solute-solvent molecular
association begins at and around 50 mole% DMSO in DMF and continues upto 100 mole%
DMSO. The concentration and temperature variatione of T of these protic liquids are in accord
with the information of variation of 7 of jk polar mixtures with x;'s of DMSO. Thermodynamic
energy parameters are also obtained from Eyring's rate process equation with the estimated 7's to
support the molecular associations. The. slight disagreement between the theoretical dipole
MOmMeENts fhpheo's from the bond angles and bond moments is noticed with the measured 4's'in
terms of slopes of concentration variation of Af conductivity curves at infinite dilution$ and 7s.
This indicates the temperature dependence of mesomeric and inductive' moments of different
substituent groups of the molecules.

Keywords : Dipole moment, relaxation time, associational aspects.

PACS Nos.  : 31.70.Dk, 33.15.Kr

The dielectric relaxation mechanism of a polar-nonpolar liquid mixture under the
microwave electric field is of special interest {1,2] for its inherent ability to predict the
associational aspects of polar solutes in nonpolar solvents. An investigation was, however,
made on ternary solution of ‘binary polar liquids in which both or even one of them are
aprolic [2,3] to study various types of weak molecular associations by polar liquids in
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nonpolar solvents. We are, therefore, tempted further to consider more mixtures of binary
aprotic polar liquids like N,N dimethyl formamide (DMF) and dimethyl sulphoxide
(DMSO) together with a single aprotic polar liquid like N,N diethyl formamide (DEF) and
DMSO in CgHg and CCl, [4-6] respectively. DMSO, DMF and DEF are very interesting
liquids for their wide application in medicine and industry. They also act as building blocks
of proteins and enzymes. The concentration variation of.the measured real slfjk,‘slfj or &
and imaginary €7, £; or & parts of hf complex dielectric constants Egi» Ej O &g of jk, j
or k polar solutes in nonpolar solvents are used to detect the weak molecular interactions
among the molecules [7] at a single or different temperatures under nearly 3 cm wavelength
| electric field. The 7; of jk polar mixtures as well as 7/s or /s of j or k polar solutes in a

nonpolar solvent were estimated from :

KI_Il,k = Kwijk + &j—kKljk, (1)

where K7 = % e{ik and K, = % sl.'jfk are the imaginary and real parts of complex hf
conductivity K,'J [8]. The other terms carry usual significance as presented elsewhere [2].
The ty's are estimated from the slopes of the linear variativns of K;'k against K, of
eq. (1). The linearity of eq. (1) is tested by the correlation coefficients and the errors
involved in the measurement of 7's are within 5%. Ty's are then plotted with different

mole fractions x;'s of DMSO at various experimental temperatures as shown in Figure 1.

Figure 1. Variation of 7 and py of
DMF-DMSO mixture in CgHg against mole
fraction x of DMSO with 7; and 74 and y;
and y; of DMF and DMSO respectively
at different temperatures : (O) at 25°C,
(O) at 30°C, (A) at 35°C and (e) at 40°C.
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The formation of dimer is responsible for the gradual rise of 7; from 7; of DMF at x, = 0 to
x; = 0.5 and then its rapid fall to 7, due to fupture of dimerisation and self association [4].
The estimated 7's are slightly larger than those of Gopalakrishna's method [9]. But 7's from

conductivity measurement are much more reliable as they provide microscopic relaxation

times [10].
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The energy parameters due to dielectric relaxation process were then obtained in
terms of measured 7 from the rate process equation of Eyring ez al[11] :

A .
_ AF IRT
Ts=TE€ :
_ , AHT
or In(z;T) = InA” + “RT 2)

where A’ = Ae 45/R

Eq. (2) is a straight line of In(z,T) against % as seen in Figure 2 having intercepts and

slopes to yield the entropy of activation AS,, enthalpy of activation AH, and free energy

, AH
of activation AF; due to dielectric relaxation. The values of y(= —’] for all the liquids
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Figure 2. Variation of In (7,T) against lT of binary and single polar solutes in nonpolar solvent.
I-DMF + 0 mole% DMSO in CgHg (0), I-DMF + |7 mole% DMSO in CgHg (A), [1I-DMF
+ 50 mole% DMSO in CgHg @), IV-DMF + 60 mole% DMSO in CgHg (o), V-DMF
+ 80 mole% DMSO in CgHg @), VI-DMF + 100 mole% DMSO in CgHg (X). VII-DM
SO in CgHg, (X), VIII-DMSO in CCly a}u

xcept DMSO in CCl, are greater than 0.55, as obtained from the slope of the linear relation

f In(7,T) with Inn indicating them as solid phase rotators in solvent environment. 7 is the

.B(4)-16




536 S K Sit, N Ghosh, U Saha and S Acharyya

coefficient of viscosity of solvent. AH,, due to viscous flow of the solvent is obtained from
slope of In(z,7) against % and known 7. Again, AH, are greater than AH for all the
mixtures except 0, 50 and 60 mole% DMSO in DMF and Cg¢Hg. The difference in AH, and
4H, is due to the involvement of various types of bondings which are either formed or
broken to some extent, depending on the temperature and concentration of the system. The
negative values of AS s for all the systems except 0 and 60 mole% DMSO in DMF and
C¢Hg indicate the existence of cooperative orientation of the molecules arising out of steric
forces to yield more ordered states while the reverse is true for positive AS.'s. ‘Although,
AF/s in all cases are almost constant at all temperatures, they increase with x; of DMSO
from x;, = 0.0 to x; = 0.5 and then decrease gradually to x; = 1.0 signifying the maximum
dimerisation of DMF-DMSO mixture around x;, = 0.5. The formation of dimer causes
larger molecular size and hence, the energy needed for rotation in the relaxation process is
higher.

The hf conductivity Ky as a function of weight fraction W, is given by

)
W (. v \3
K = ﬁ(%’% + s,.}.,f) : : 3

. /’ ” .
Since €5 €. €9 (1) can be written as

1.
K

Kijk = Kooijk + —a-ﬂ' ik
J

AN
or aw = 0T,p. 4
I W, -0 .

Here, f3's are the slopes of K3 — Wy, K;; — W, or K — W, curves respectively, which are
linear with almost identical intercepts probably due to same polarity. of the molecules [2].

The real part of Af conductivity, K ik is again related to W), of jk polar solute dissolved in a
nonpolar solvent (i) at temperature T°K [12] as

K = HiNpy Fy [ 0Pty
ik 3M, kT 1+ a)%]?k Jk

)

Differentiating eq. (5) with respect to Wj, and comparing the result at W, — 0'to eq- (4),
one obtains the following relation
172
iy = [ TMAT o
ik Np, (g, +2)2 wb
to estimate (. f; or f4 of the respective solutes. b is a dimensioniess parameter in terms of
estimated Ty, 7;0r Ty given by :

| .
b= 1+ w213 7
ik
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The other terms in eq. (6) carry usual significance [2). All the u's are then plotted against
different x,'s of DMSO at each temperature as shown in Figure 1. It shows the gradual rise
of i in the range 0 < x; < 0.5. It then decreases slowly in order to exhibit the convex nature
of each curve with an abnormally low value of j; around x; = 0.6. This sort of behaviours
of .y — x; curves (Figure 1) is explained by the fact that dimers are being formed from
x, 2 0 to x;, = 0.6 causing increase of u. The rupture of dimerisation i.e. self association
occurs in higher concentrations in the raﬁge 0.6 £ x;, < 1.0 to yield lower values of 's. But
around x, = 0.6, all g;'s are minimum indicating the possible occurrence of double
refaxation phenomena in such mixtures to be studied later on. g, together with y; and 1 for
each mi.xtu.re of a fixed concentration are shown grabhically only to observe their
temperature dependence like fy = a + bt + ct? with coefficients a, b and ¢ as seen in
Figure 3. The variation is concave with maximum depression at 17 mole% DMSO in DMF
mixture. The depression gradually decreases upto x; = 0.6 of DMSO in DMF and C6H6
probably due to solute-solute molecular association in the range 0 < x; < 0.6. The maximum
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dimerisation is, however, inferred from low u's because of the farger molecular sizes as
confirmed by high values of 7,7/1" (being proportiona.l to volume of the rotating unit)
for 60 mole% DMSO in DMF and CgHg. As temperature increases the dipole-dipole
nteraction is weakened and the absorpti(;n of hf electric energy increases resulting in
he rupture of dimer to yield high u's for smaller molecular species [10]. The slight
-onvex nature of curves for 0 mole% DMSO in DMF and CgHg and DMSO in CgHg,
long with almost straight line variation of 100 mole% DMSO in DMF and CgHg and
YMSO in CCly (Figure 3) is probably due to solute-solvent molecular interaction of either
MF with C¢Hg or DMSO with C¢Hg and CCl, respectively as illustrated in Figure 4.
he associations of DMF, DEF and DMSO in C¢Hy can arise due (o interactions of
actional positive charges of N and S atoms of the mole%’ules with the 7 delocalised
ectron cloud of C4Hg ring as seen in Figure 4(i), (iii) and (iia) respectively. Again, one
C-Cl dipoles of CCly, owing to more —ve charge on Cl atom, interacts with the fractional
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+ve charge of S-atom of DMSO (Figure 4 (iib)). The fe, = 4.55 D of DMSO is, however,
computed from available bond moments of 2.35 D and 1.55 D for S « CHj; and
0 = S respectively, assuming the molecule to be planar one. The major contributions to
Hiheo for DMF and DEF are due to 0.64 D and 0.78 D for N ¢~ CH; and N « C,Hg since
the other common bond moments in them are the same with values of 0.3 D, 0.45 D and
3.10 D for C « H, C « N and C%=0 respectively. Figure 4 (iv), however, shows a certain

angle ¢ (= 106°) between monomeric y's of DMF and DMSO to have Ly, = 4.77 D of
dimer below x; = 0.6. )
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Figure 4. Conformational structures along with solute-solvent and solute-solute interaction
of molecules. (i) DMF in CgHg, (iia) DMSO in CgHg, (iib) DMSO in CCly (iii) DEF in CgHg,

(iv) DMSO-DMF dimer.

The slight deviations of the 4's fromthe l,.o's occur probably due to the presence of
inductive and mesomeric moments of such molecules. This is also observed elsewhere [13].
The corrected 's obtained from the reduced bond momients of the substituent groups by
factors Hea/ e, establish the above facts at different temperatures, too. Thus the dielectric

relaxation parameters from Af conductivity measurements offer a useful tool to arrive at the
structural and associational aspects of the non-spherical polar liquids.
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The double relaxation behaviour of some isomeric octyl alcohols in n-heptane at 25°C under the
electric field frequencies of 24.33, 9.25 and 3.00 GHz is studied to get the relaxation times z, and 7,
for their flexible parts and whole molecules by a method of single frequency measurements of dielectric
relaxation parameters. The isomers are long, straight chain, hydrogen bonded, polymer type molecules
having methyl and hydroxyl groups attached to their C-atoms which may bend, twist or rotate internally
under hf electric field each with a characteristic 7. The relative contributions, ¢, and ¢, towards dielec-
tric relaxations due to 7, andz, are also estimated by using Frohlich’s equations and the graphical tech-
nique. The dipole moments x, and u, in terms of 7, and 7, of flexible part and the whole molecules
are again found out from slope B of the total Af conductivity K;; as a function of weight fractions w;’s
of the solute indicating u, for the rotation of their — OH groups about C—C bonds only. &, and u, are
finally compared with the theoretical dipole moments u,,, arising out of the structures with bond-
angles and bond-moments of their substitutent groups to establish the conformations of these isomers

are justified like normal alcohols observed earlier..

1 Introduction

The dielectric relaxation mechanism of a polar-
non-polar liquid mixture is a very convenient and
useful tool in ascertaining the shape, size and
structure of a polar molecule!. The process is gen-
erally involved with the estimation of dipole mo-
ment u in terms of the relaxation time t for a
polar molecule in a non-polar solvent under dif-
ferent high frequency (Af) electric field of giga
hertz (GHz) range at a fixed or different tempera-
tures. There exist several methods? to estimate
of a polar liquid in a non-polar solvent. They offer
a deep insight into the intrinsic properties of a po-
lar molecule because of the absence of dipole-di-
pole interactions in polar-non-polar liquid mix-
tures.

Highly non-spherical polar molecules, on the
other hand, possess more than one 7 in the elec-
tric field of GHz range for the rotations of differ-
ent substituent groups attached to the parent
molecule and the whole molecule itself. Budo?,
however, proposed that complex dielectric con-
stant £* of a polar liquid may be represented as
the sum of a number of non-interacting Debye
type dispersions each with a characteristic 7. The
method was then made simpler by Bergmann er
al* by assuming that the dielectric relaxation is the
sum of two Debye type dispersions characterised

by the intramolecular and molecular 7, and t, re-
spectively. The corresponding relative contribu-
tions ¢, and ¢, towards dielectric relaxations could
then be estimated. They used a graphical analysis
which consists of plotting normalised values of
(6~ en)/(€9— €) against £”/(e,—£,) on a com-
plex plane in terms of the measured real ¢’, imagi-
nary &” parts of &* static dielectric constant g,
and high frequency dielectric constant ¢, of a po-
lar liquid for different frequencies of the electric
field. A number of chords were then drawn
through the points on the curve unitil a set of par-
ameters was found out in consistency with all the
experimental points. Bhattacharyya et al’ subse-
quently modified the above procedure to get 7,
7, and ¢, ¢, for a polar liquid from the relaxation
data measured at least at two different frequencies
of the electric fields.

A procedure was devised® to get 7, and 1,
from the slope and intercept of a derived straight
line equation involved with the single frequency
mesurements of the dielectric relexation parame-
ters like &,;, €g;;, &;; and &7 for different weight
fractions w;’s of a polar solute (/) in a non-polar
solvent (i) at a given temperature. The technique
had already been applied on disubstituted ben-
zenes and anilines® at 9.945 GHz electric field as
well as mono-substituted anilines’ at 22.06, 3.86,
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2.02 GHz electric fields respectively. All these in-
vestigations reveal that they often showed the dou-
ble relaxation behaviour at certain frequency of
the electric field.

The aliphatic alcohols are long straight chain,
hydrogen bonded polymer type molecules having
possibility of their bending, twisting and rotation
under Af electric field each with a characteristic r,
besides the average macroscopic distribution of z.
The alcohols have high dipole moments owing to
their strong intermolecular forces exerted by them
like polymers in solution. Onsager’s equation may
be a better choice for such associative liquids, but
it is not so simple like Debye’s equation because
of the presence of quadratic term ¢%;. The relaxa-
tion behaviour of aliphatic alcohols is very inter-
esting because they show more than two 7’s in
pure state, but for a polar-non-polar liquid mix-
ture hf process becomes increasingly important on
dilution®®, An extensive study to detect the fre-
quency dependence of double relaxation behav-
iour of four long chain normal aliphatic alcohols

INDIAN J PURE APPL PHYS, VOL 35, MAY 1997

like 1-butanol, 1-hexanol, 1-heptenol, 1-decanol in
solvent n-heptane'® including methanol and etha-
nol 4t 9.84 GHz in benzene!'"'? at 25°C was al-
ready made!>. All the alcohols showed r, and v,
at all frequencies of the electric field except meth-
anol which is a simple molecule to possess the ex-
pected 7, only.

The method® was applied on six isomeric octyl
alcohols like 2-methyl-3-heptanol, 3-methyl-3-
heptanol, 4-methyl-3-heptanol, 5-methyl-3-hepia-
nol, 4-octanol and 2-octanol at 24.33, 9.25 and
3.00 GHz electric fields, as reported in Tables 1-3
respectively, because of the availability of ¢';;, 7,
£g;; and £,;; measured by Crossley et al'* in
n-heptane at 25°C. The straight line equatlons be-
tween (eq;— &j; )/(€];— €wy;) and e%/c &= €uy)
for all the octyl alcohols at dlfferent w;’s are line-
ar as shown in Fig. 1 only to establish the applica-
bility of Debye model in such isomeric alcohols
like normal alcohols!® once again. Moreover, all
the long chain octyl alcohols are structural isomers
with the molecular formula CgH,;O having greater

Table 1—The estimated relaxation times 7; and 7, from the slopes and the intercept of straight line Eq. (8) with errors and cor-

relations (r) together with- measured 7, from K~ Kjj curve and most probable relaxation time 7,=J 1,7, for six isomeri¢ octyl
alcohols at 25°C under different frequencies of electric fields

System with Frequency Intercept & slope of Correlation % Error in Estimafed values of Measured  Most
Sl. No. & Mol. wt M; in GHz Eq(8) coefficient regression T, & 7yinpSec.  t,inpSec. probable
(r) technique relaxation
time
=V,
1 2-methyl-3-heptanol  (a) 24.33  2.3718 5.0952 0.9011 6.34 29.96 3.39 1.84 10.08
in n-ﬁeptane (b) 9.25 0.6871 3.1205 0.9700 1.90 49.61 4.10 3.58 14.26
M;=130gm {c) 3.00 0.1408 1.4830 0.9771 1.50 7331 5.41 - 6.74 19.91
II 3-methyl-3-heptanol  (a) 24.33  0.9087 2.6282 0.9294 4.59 14.52 2.68 2.19 6.24
in n-heptane (b). 925 0.6389 2.7714 0.9709 1.93 43.34 437 3.70 13.76
M;=130gm () 3.00 o0.1611 1.5018 09985 ~ 0.10 73.55 6.17 5.58 .21.30
Il 4-methyl-3-heptanol (a} 24.33  1.9653 4.3873 0.8851 7.30 2540 3.31 1.90 9.17
in n-heptane (b) 9.25 0.6411 2.8636 0.9682 2.11 45.08 421 4.13 13.78
M;=130 gm (c) 3.00 0.2008 1.7153 0.9206 5.14 84.34 6.71 11.98 23.79
IV 5-methyl-3-heptanol (a)24.33  0.6929 2.9788 0.5684 26.36 17.83 1.66 1.71 5.44
in n-heptane (b) 925 0.7445 3.2866 0.9846 1.19 52.36 4.21 5.39 14.85
M;=130 gm (¢) 3.00 0.2362 2.0308 09371 4.74 101.22 6.58 13.14 2581
V 4-octanol in (a) 24.33  0.9572 3.4750 0.8569 10.34 20.77 197 1.83 5.40
n-heptane (b) 9.25 0.3810 2.6361 0.9470 4.02 42.74 2.64 546 10.62
M;=130gm {c) 3.00 0.1428 1.6929 0.9846 1.18 85.13 4.72 12.76 20.05.
VI 2-octanol in {a) 24.33  1.3664 5.0208 0.6336 23.30 30.97 1.89 1.83 7.65
_n-heptane (b} 9.25  1.5853 5.6407 0.9888 0.86 92.00 5.11 6.26 21.68
M;=130gm (c) 3.00 0.4458 3.1697 0.9780 1.69 160.41 7.83 18.70 3544
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Table 2—Fréhlich parameter A, relative contributions ¢, and c, due to 7, and t,, theoretical values of x and y from Fréhlich's Eqs (9)and (10) and from gra-
phical extrapolation technique at w;~0

System with SL. No. Frequency,  Frohlich Theoretical valuesof x& Theoretical valuesof  Estimated values of Estimated values of
GHz parameter  yfrom Eqs (9)and (10) c, &c,y x& yat w;~0 c,and c,
A=In(7y/ry)

1 2-methyl-3-heptanol in (a) 24.33 2.1790 0.3457 0.4028 0.3686 1.2101 0.795 0.366 1.0226 =0.2476
n-heptane (b) 9.25 2.4932 0.5637 0.4023 04886~ 0.9434 1.075 0.19 1.1624 —-0.2324
(e) 3.00 2.6063 0.7973 0.3232 0.6144 0.5500 1.075 0.074 1.1143 =0.0808-

I 3-methyl-3-heptanolin  (a) 24.33 1.6997 0.5195 0.4490 0.4542 0.7733 0.865 0.32 1.0321 -0.1120 .
n-heptane (b) 9.25 2.2943 0.5792 0.4115 0.4922 0.8573 0.91 0.256 0.9569 0.0810
c) 3.00 2.4781 0.7865 0.3349 0.6028 0.5600 1.025 0.094 1.0589 =0.0579

111 4-methyl-3-heptanol (a) 24.33 20378 - 03747 0.4173 0.3857 1.0842 0.78 0.35 0.9961 —-0.2117
n-heptane . (b) 9.25 2.3710 0.5775 0.4075 0.4932 0.8812 095 0.208 1.0177 ~0.0805
{c) 3.00 2.5313 0.7543 0.3490 0.5902 0.6112 1.015 0.094 10551 —-0.0827
VI 5-methyl-3-heptanol (a) 24.33 2.3741 0.5644 0.4088 0.4862 0.9057 0.645 0274 0.6389 0.3763
n-heptane {b) 9.25 7.5207 0.5499 0.4020 04814 0.9805 0.95 0.172 1.0297 -0:2211
(c) 3.00 2.7332 0.7222 0.3529 0.5833 0.6848 1.065 0.042 1.1326 =0.2341
V 4-octanol in n-heptane (a) 24.33 2.3555 0.5080 0.4131 0.4553 1.0030 0.72 0.22 0.7840 0.0126
(b) . 9.25 2.7833 0.6506 0.8720 0.5463 0.8372 0.895 0.116 0.9254 -0.0654
(c) 3.00 2.8924 0.7813 0.3197 0.6210 0.5900 0.99 0.052 1.0218 —0.0850
VI 2-octanol in n-heptane  (a) 24.33 2.7964 0.4507 0.3867 0.4257 1.3507 0.67 0.208 0.7223 0.0764
(b) 9.25 2.3925 0.4292 0.3795 0.4124 1.4780 0.895 0.214 0.9850 —-0.3026
(c) 3.00 3.0198 0.6201 0.3658 0.5361 0.9672 1.04 0.102 1.0810 -0.1813

Table3—Estimated intercept and slope of Kj;— w; equation, dimensionless parameters b, b; (eq. (16)), estimated dipole moments x,,
u#,(€q.(15)), 4y, from bond angles and bond moments together with u, from u, = u,(c,/¢,)"/? in Debye

System with Frequency Intercept & slopeor  Dimensionless Estimated dipole  u,.;in Estimated u,
Sl. No. Mol wt. GHz of K;;= w; equation parameter moments (in Deybe) D in Dfrom
#1=Hic/c))'?
ax10-1" gx10-' b, b, Uy Hy
[ 2-methyl-3-heptanol  (a) 24.33  2.3632 0.6974  0.0455  0.7885 4.80 1.15 2.65
in n-heptane (b) 9.25 0.8998 0.3126 0.1075  0.9463 3.39 1.14 1.76 2.44
M;=130 gm (c) 3.00 0.2911 0.1224  0.3439  0.9897 2.08 1.23 2.20
II 3-methyl-3-heptanol (a) 24.33  2.3630 0.7490 0.1689  0.8564 2.58 1.15 1.98
in n-heptane (b) 9.25 0.8959 03554 0.1363  0.9395 3.21 122 1.76 243
M=130gm () 3.00 02910 0.1330 03425 0.2867 2.18 1.29 2.26
IT 4-methyl-3-heptanol (a) 24.33 23635 07213  0.623 0.7963 4.17 1.17 249
in n-heptane (b) 9.25 0.8984 0.3278 0.1273  0.9436 3.19 1.17 1.76 2.39
M;=130 gm (¢) 3.00 0.2911 0.1283  0.2837  0.9843 2.35 1.26 2.31
IV 5-methyl-3-heptanol (a) 24.33 23646  0.6415  0.1187  0.9396 285 1.01 2.09
in n-hetpane (b) 925 090621 02771 00975 0.9436 3.35 1.08 1.76 2.35
M;=130 gm () 300 02922 0.1138 02157 0.9849 254 119 234
V 4-octanol in (a) 24.33 2.3561 0.6492 0.0903 0.9169 3.29 1.03 2.22
n-heptane (b) 925 0.8965 02618 0.1396 0.9770 2.72 1.03 1.08 2.20
M;=130 gm (c) 3.00 0.2919 0.1044 02799 09922 2.13 1.13 2.19
VI 2-octanol in heptane (a) 24.33 23533  0.6572  0.9428  0.9230 4.80 1.03 2.69
M;=130gm (b) 9.25 0.8980 02753 00338 0.9190 5.67 1.09 1.08 3.00
(c)

3.00 02897 0.1221 0.0887 0.9787 388 . 123 2.89
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Fig. 1—Plot of (&g; = &;;)/(€}, — £ii) against €/ (&};— £ ;) of some isomeric octyl alcohols in n-heptane at 25°C. Curves of I (a); |
(b}, 1 {c) for 2-methyl-3-heptanol at 24.33, 9.25 and 3.00 GHz. (Q, 4, Q). Curves of 11 (a), Il (b), Il (c) for 3-methyl-3-heptanol
at 24.33, 9.25 and 3.00 GHz (@, A, B). Curves of III (a), IIT (b}, III {c) for 4-methy-3-heptanol at 24.33, 9.25 and 3.00 GHz (O,
A. O). Curves of IV(a). IV (b). IV (c) for 5-methyl-3-heptanol at 24.33, 9.25, 3.00 GHz (‘, 4 *). Curves of V (a). V (b), V (c)
for 4-octanol at 24,33, 9.25 and 3.00 GHz (O, v, ©). Curves of VI (a), VI (b), VI (c) for 2-octanol at 24.33, 9.25 and 3.00 GHz ‘

(®,V, @)

number of C-atoms in their structures. They are,
therefore, expected to possess two relaxation pro-
cesses at audio and radio frequencies of electric
field at low temperature in pure state'*.

The paper presents the frequency dependence
of 7, and 1, at all frequencies of 24.33, 9.25 and
3.00 GHz electric field for all the octyl alcohols
like normal alcohols too. The measured 7, from
the slope of the linear equation of imaginary K3
and real K;; parts of the total complex Af conduc-
tivity K% and _the most probable relaxation time
Ty from 7= 7, 7, are placed in Table 1 together
with the estimated 7, and 7, in order to see their
trends with frequency of the applied electric field.
The relative contributions ¢, abd ¢, towards die-
lectric relaxations in‘terms of intramolecular relax-
ation time 7, and molecular relaxation time 7, are
then estimated from Frohlich's equations'® as well
as the graphical method of Figs 2 and 3. The esti~
mated ¢, and c, are placed in Table 2.

The dipole moments u, and u, due to flexible
parts as well as the whole molecules in terms of

the estimated 7, and 7, and the slopes 8 of the
linear variation of Af conductivity X;; with w; are
shown in Table 3. The slopes B and the intercepts
a of the linear variation of K;; with w;, as placed
in Table 3, at each frequency for all the isomers in
n-heptane are almost the same probably due to
their same polarity!s. This fact is also supported
by their- conformations as shown in Fig. 4. It was,
therefore, very difficult to plot K;; against w;. The
computed u,’s for most of the isomeric alcohols
show larger values at 24.33 GHz and gradually
decrease with lower frequencies unlike #,. In or-
der to compare x, and u, with theoretical dipole
moments K., a special attention is to be paid on
the conformational structure of each isomer from
the available bond angles and bond moment. They
are shown in Fig. 4. Using the usual C—C bond
moment of 0.09 D from methanol and ethanol!?
e, for four methyl substituted octanols are
found to show slightly larger values (see Fig. 4 and
Table 3) than 1-heptanol!® except the desired va-
lues for 2-octanol and 4-octanol -perhaps due to
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Fig. 2—Plot of (£y;— €;)/(e]; — £;;) against weight fraction w;
ol some isomeric octyl alcohols in n-heptane at 25°C. Curves
of I (a), I (b). I (c) for 2-methyl-3-heptanol at 24,33, 9.25 and
3.00 GHz. (O, a. O). Curves of II (a), Il (b), Il (¢) for 3-me-
thyl-3-heptanol at 24.33, 9.25 and 3.00 GHz (@, A, W)
Curves of 11l (a), 1 (b), Il (c) for 4-methy-3-heptanol at
24.33, 9.25 and 3.00 GHz (C:), é, E:l). Curves of IV(a), IV (b),
IV (c) for 5-methyl-3-heptanol at 24.33, 9.25, 3.00 GHz (Q.

s *). Curves of V (a), V (b), V (c) for 4-octanol at 24.33,
9.25 and 3.00 GHz (O, v, ©). Curves of VI (a), VI {b), VI (c)

for 2-octanol at 24.33, 9.25 and 3.00 GHz (®, ¥, @).

"bond moments of C—H; and —O—H groups in
their structures. The calculated value of x4, from

Uy =usxc,/ )" assuming two relaxation pro-. -

cesses are equally probable, are also placed in the
last column of Table 3 with all the estimated u’s
for comparison.

2 Theoretical Formulations to Estimate Relaxa-
tion Parameters

The complex dielectric constant &%; of a polar-
non-polar liquid mixture can be represented as the
sum of a number of non-interacting Debye type
dispersions in accordance with Budo’s® relation.

* __
Eij~ Eeij _ Cx
l+jwr,

(1)

€0ij ~ €wij

where j=/ —1 is a complex number and = ¢, = 1.
The term ¢, is the relative contribution for the
kth type of relaxation processes. When &%; con-

Fig. 3-—Plot of &7 /(ew;— ;) against weight fraction w; of
some isomeric octyl alcohols in n-heptane at 25°C. Curves of
I (a), I (b), I (¢) for 2-methyl-3-heptanol at 24.33, 9.25 and
3.00 GHz. (O, 4, O). Curves of II (a), IT (b), II (¢) for 3-me-
thyl-3-heptanol at 24.33, 9.25 and 3.00 GHz (@, A, W)
Curves of Il (a), 11 (b), III (c) for 4-methy-3-heptanol at
24.33, 9.25 and 3.00 GHz (§, &, [). Curves of 1Va), IV (b),
IV (c) for 5-methyl-3-heptanol at 24.33, 9.25, 3.00 GHz (@,

, i). Curves of V (a), V (b), V (c) for 4-octanol at 24.33,
9.25 and 3.00 GHz (O, v, ©). Curves of VI'(a), VI (b), VI (c)

for 2-octanol at 24.33, 9.25 and 3.00 GHz (®, ¥, @),

sists of two Debye type dispersions, Budo’s rela-
tion reduces to Bergmann's equations*:

- 8T Ewij _ 4 Ch
=T 2+1+ R ... (2)
€0ij ~ € wij w T, w T3
and
€% T T,
= -(3)

C'l
2 2 2 2 2
Emj—ewij 1+ w T 1+w 7,

such that ¢, + ¢, = 1. Now with

o

Ei’j_swi'_:x £y _
3
€0ij ~ € wij €0ij € wij

wt=a and using a=(1/1+a?) and b=a/(1+ a?)
the Egs (2) and (3) can be written as;

x=c, a;%c,a, ... (4)

y=c b +c,b, . ...(5)
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Fig. 4—Conformations of some isomeric octyl alcohols

where suffixes 1 and 2 with @ and b are related to
7, and 1, respectively. From Egs (4) and (5), since
a,~ a;#0and a,> a, we have

- (xa, _Y)(‘l + af)
a—a,

. (6)

(y=xa,)\1+al)
a,~— a,

Cry =

A7)

Si.nce ¢ +c;=1, we get the following equation
with the help of Eqs (6) and (7):

- 1-x X
=(a;+a,)-~a, a;
Y y

which on substitution of. the values x, y and a
yields:

’ .

Eoii— Ei . &7
—L 1 =7+ 7)) ——~ 0’1, . (8)
&ij T €l i~ Ewij

Eq. (8) is thus a straight lifie equation between
(01— &)/ (€}~ €wy) and €"}/ (& — £.;) With slope
w(t,+7,) and intercept — w?r,;T, respectively,
where w is the angular frequency of the applied
electric field of frequency fin GHz. With the mea-
sured dielectric relaxation data of &, €7, &y; and
€ for different weight fractions w;’s of each oc-
tyl alcohol in n-heptane at 25°C under 24.33, 9.25
and 3.00 GHz electric fields'* we get slope and in-
tercept of Eq. (8) to yield 7, and 7, as shown in

Talble 1.



SIT et al.: RELAXATIONS OF ALCOHOLS

The relative contributions, ¢, and ¢, towards
the dielectric relaxations in terms of x, y and 7,
.7, for each octyl alcohol are found out and placed
in Table 2. The theoretical values!® of x and y are,
however, calculated from Frohlich’s Egs:

I - 1 2A 2 2+1
ey g 1 (e_&g_ ()
£0ij ™ £ wij 2A 1+o'7
" 1 _ -
=—L%i  —Zltan"Yewe,)—tan {w1,). .. (10)
€0ij = € wij

where A=Frohlich parameter=1In(z,/7,) and 7, is
called the small limiting relaxation time as ob-
tained from the double relaxation method. A sim-
ple graphical extrapolation technique, on the other
hand, was considered to get the values of x and y
.at @;~0 from Figs 2 and 3 respectively. This is
really in accordance with Bergmann’s Eqs (2) and
{(3) when the once estimated 7, and 7, from Eq.
(8) are substituted in the right hand sides of above
Eqgs(2)and (3).

The values of u, and u, of octyl alcohols in
terms of 7,, r, and slope B of the concentration
variation of the experimental Af conductivity K;
were then estimated. The Af conductivity K;; is,
however, given by Murphy and Morgari'’:

w
K" - (8"|2)+ 8/i2j)l/2

... (11
1) 4.7!' ( )

”

as a function of w; of polar solute. Since &% <¢j
in the hf electric field, the term &% offers resist-
ance of polarisation. Thus the real part Kj; of the
hf K % of a polar-non-polar liquid mixture at TK
can be written according to Smyth!8 as:

2 2

T T3M kT 1+w2z2)“”'

which on differentiation with respect t0 ®; uq for
w;~ 0 yields that:

dK;|  _puiNoF (o't
do;) w-0 3MKT \1+'7’

where MJ is the molecular weight of a polar solute,
N the Avogadro number, k the Boltzmann con-
stant, the local field- F;=1/9 (g;+2)* between
F;=1/ (&;+2)* and the density o;;~ o; the density
of solvent at w;~0. )

Again, the total Af conductivity K;=w/4m ¢;

... {(13)
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can be written as:

1
w7
or
dKX;; dK,
— =wt(—'1)’ =wT, ... (14
(dwj)wi"“ . dw] w;~0 ﬂ ( )

where g is the slope of Kj;— w; curve at infinite di-
lution. From Eqs (13) and (14) we get:

u,.=[ 2IM kT B

Np;(&;+2) ZB} - (19)

AY

as the dipole moment of each octyl alcohol in
terms of b, where b is a dimensionless parameter
given by:

1

b=m— ... (16)

The computed u, and u, together with b, b, and
B of K;— w; equations for all the octyl alcohols
are placed in Table 3.

3 Results and Discussion

The least square fitted straight line equations of
(80ij-— 8:])/(5:’— Ewij) against 8':]/(6'“— gmij) for SiX
isomeric octyl alcohols like 2-methyl-3-heptanol,
3-methyl-3-heptanol, 4-methyl-3-heptanol, 5-me-
thyl-1,3-heptanol, 4-octanol and 2-octanol in sol-
vent n-heptane at 25°C under 24.33, 9.25 and
3.00 GHz electric field at different w; ’s of polar
solutes are shown in Fig. 1 together with the ex-
perimental points on them. w;’s are, however, cal-
culated from the mole fractions x; and x; of sol-
vent and solute with molecular weights M; and M,
respectively according to the relation'?:

X Mi

;=
! x;Mi+ijj

All the straight line equations are almost per-
fectly linear as evident from the correlation coeffi-
cients r lying in the range 0.9985-0.5684. The
corresponding % of errors in terms of r in getting
the slopes and intercepts of all the straight lines
are placed in the 6th and 5th columns of Table 1.
The errors are, however, large at 24.33 GHz indi-
cating departure from the linear behaviour as evi-
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dent from low values of r perhaps due to inherent
uncertainty in measured data for such higher fre-
quency's.

The estimated values of r, and t, for all the
isomeric octyl alcohols from the slopes and the in-
tercepts of straight line equations are of smaller
magnitude at 24.33 GHz and increase gradually to
attain maximum value at 3.00 GHz under the
present investigation. This may be due to the fact
that at higher frequency the rate of hydrogen bond
rupture in long chain alcohols is the maximum
thereby reducing © for each rotating umt”. 7, and
7, are then compared with the measured T, from
the relation:

1
=Kij°°+
wT

s

K"

ij Ki’i

and 1, where 7,=/7, 7,. As evident from Table
1 although 74> 7}; 7, agrees well with 7, for most
of the solutes except slight disagreement at 3.00
GHz for 4-methyl-3-heptanol, 5-methyl-3-hepta-
nol, 4-octanol and 2-ectanol. This is explained on
the basis of the fact that conductivity measurement
may be applicable in higher frequency in yielding
microscopic t only whereas the double relaxation
method offers a better understanding of molecular
relaxation phenomena showing microscopic as
well as macroscopic 7 as observed earlier'>. Un-
like normal aliphatic alcohols, —OH groups are
screened by the substituted —CH; group, broad
dispersion characterised by relatively short relaxa-
tion times were thus observed'’. The respective
positions of —CH; and —OH groups also greatly
affect the static dielectric constant, correlation fac-
tor, their temperature dependence and type of hy-
drogen bonding in them.

The relative contributions ¢, and ¢, towards
dielectric relaxations are also estimated in terms of
(65— €wij)/ (€0~ €wiyh €5 /(eulJ £.j;) With the es-
nmated 7,, T, as shown in Table 2 by Frohlich
and graphlcal methods. x=(g};— €.yj)/(€0ij = Ewyj)
and y=¢%/ (EOU emij) were, however, evaluated
from Frohhchs Egs (9) and (10) in the first case.
The usual variations of (&j;~ €w;)/(£0;~ £«y) and
£ /(eo,J €.;) With w; are concave and convex as
found in Figs 2 and 3 in accordance with Berg-
mann Eqs (2) and (3), except 5-methyl-3-heptanol
at 24.33 GHz whose [(¢}; Ew.,)/(so., emu)]
curves is convex in nature due to its non-accurate
£q; and €;; values like ethanol as observed earli-
er's. x and y were also obtained graphically from
Eigs (2) and (3) in the limit w; =0.

In Frohlich-method ¢, and ¢, are all positive as
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evident from 6th and 7th columns of Table 2 with
¢, > c;. In graphical method ¢, > ¢, with negative
¢, for most of the systems probably due to inertia
of the flexible parts under Af electric field, . as
shown in 10th and 11th columns of same Table 2.
c, are, however, positive for the systems 5-methyl-
3-heptanol, 4-octanol and 2-octanol at 24.33 GHz
as well as 3-methyl-3-heptanol at 9.25 GHz. Both

.the methods in most cases, yield |c, + ¢, > 1, signi-

fying thus the possibility of occurrence of more
than two relaxation processes in them?3.

The dipole moments u; and u, of all the isom-
eric alcohols due to their flexible parts -and the
whole molecules are estimated in terms of dimen-
sionless parameters b,, b, and slope 8 of K-

‘curves by using Eq. (15). The variations of K

with o, are all linear having almost the same mter—
cepts a and slopes B at each frequency of electric
field. It was, therefore, difficult to plot them -as
they almost coincide. The values of .@ and 8 of
K;/’s are little different and comparatively large.at
24.33 GHz (Table 3). This $sort of behaviour is
perhaps due to same dipole moments's possessed
by the polar molecules under investigation-as evi-
dent from x, and u; placed in 7th and 8th co-

‘lumns of Table 3. u, for most of the polar mole-

cules shows high values at 24.33 GHz and dec-
rease gradually with lower frequencies except
3-methyl-3-heptanol, 5-methyl-3-heptanol and
2-octanol whose u,’s are found greater at 9.25
GHz electric field. This type of behaviour may be
explained on the basis of the fact that such alco-
hols behaving almost like the polymer molecules
have long chain of C-atoms and tend to break up
in a non-polar solvent in order to reduce or even
eliminate the absorption under Af electric field.
The proportion of smaller molecular species hav-
ing comparatively small number of C-atoms and
their corresponding absorption will increase there-
by'?..The values of x,’s on the other hand, are al-
most constant exhibiting a trend to increase a little
towards low frequency. They are finally compared
with bond moments of 1.5 D of —O—H group
maing an angle 105° with the —C—0O — bond axis
according to the preferred conformations of all the
isomers as sketched in Fig. 4. This confirms that
u, arises due to the rotation of —OH group
around C—O bond in the long chain alcohols
studied so far'?. The slight difference is due to dif-
ference in steric hindrances as a result of structu-
ral configurations at different frequencies. #, also
estimated from u,=u,(c,;/c,)'’? assuming two
relaxation processes are equally probable as
shown in the last column of Table 3. The other
bond moments 0.47, 0.3, 1.0 and 0.09 D for
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C—H,, C—H, C—0 and C—C bonds are also in--

volved to justify their conformations. The resultant
of all these bonds by vector addition method
yields g e, Of 1.76 D and 1.08 D for four methyl
substituted heptanols and two octanols respect-
ively. The derived result should decrease with in-
crease in the number of C-atoms and u,,, for
them should be less than that for 1-heptanol'3. But
for iy, in Fig. 4 three isomers are only displayed
due to typical positions of —CH; and —OH
groups. This may probably be the reason of hav-
ing slightly larger. values of u,,, from 1-heptanol
as observed earlier’.

4 Conclusion

The methodology so far advanced for the dou-
ble broad dispersions of the polar-non-polar liquid
mixtures based on Debye’s model seems to be
much simpler, straightforward and significant one
to detect the very existence of 7; and 7, of a polar
liquid in a non-polar solvent. The correlation coef-
ficients between the desired dielectric relaxation
parameters involved in the derived equations of
Eq. (8) could, however, be estimated to find out %
of errors entered in the estimated 7, and 7; of a
polar liquid, because 7 is claimed to be accurate
within £ 10%. The isomeric octyl alcohols like
normal aliphatic alcohols are found to yield both
7, and 7, at all frequencies of the electric field of
GHz range. The corresponding 4, and u, can
then be estimated from Eq. (15) in terms of b,
and b, which are, however, involved with 7, and
1, as estimated, to arrive at their preferred confor-
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mations as shown in Fig. 4.
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Abstract

The structural and associational aspects of nonspherical para polar liquids (§) in nonpolar solvents (i)
are studied through high frequency conductivities oy's of solutions. The relaxation time 7 of the
respective liquids under 3cm. wavelength electric field at various experimental temperatures in °C are
estimated from the slope of individual variations of real ¢; and imaginary o”; parts of hf complex
conductivity ¢*; with weight fractions w/'s of polar liquid. The temperature variation of 7 for
comparatively larger nonspherical para molecules in dioxane are not strictly obeyed by the Debye model
unlike other simpler para di- or tri-substituted benzene in benzene. Thermodynamic energy parameters
AH_, AS, and AF, are obtained from Eyring’s rate process equation with the estimated 1’s in order to
get information on the solvent environment around them. The higher values of -y obtained from In7T
against Inm equation indicate the solid phase rotators for the liquids. The estimated Kalman and Debye
factors 7T/n" and T /7 establish the Debye relaxation mechanism for almost all the para-molecules.
The obtained dipole moments p;’s in terms of slope B of o;;-w; curve and dimensionless parameter ‘b’
involved with estimated + are then compared with the reported p. and pg,, obtained from bond angles
and bond moments. The y;'s of para liquids are often zero but at other temperatures they show net
moments. The slight disagreement between the measured and theoretical w’s reveals the presence of
the inductive and mesomeric moments of substituted polar groups in molecules at different tempera-
tures. © 2000 Elsevicr Science B.V. All nights reserved.

1. INTRODUCTION

The dielectric relaxation phenomena of a polar liquid in nonpolar solvent have already
gained much attention from a large number of workers [1-3]. The process is thought to be a
sensitive tool to investigate the molecular size, shape and structure of a polar liquid. The
structural and associational aspects of the polar liquid can thus be inferred in terms of their
-measured relaxation time 7 and hence dipole moment p at different experimental tempera-
tures in °C. The subscquent use of the temperature dependence of 1’s usually yields
different thermodynamic cnergy parameters of a polar unit. The polar liquids having
substituted polar groups in their para positions deserve to be specially investigated. The p’s
of such para liquids arc usually found to be zero [4] due to symmetrical distribution of bond
moments of the substituted polar groups in a planc. Sometimes they show a resultant
when the dipolar and free groups are out of plane with the parent ring.

Earlicr investigations [3] were made on substituted hydroxy and methoxybenzaldehydes in

0167-7322/00/8 - see front mater © 2000 Elsevier Science B.V. All rights reserved.
PIT SO167-7322(99) 00105-7
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benzene, to reveal that 7 is generally governed by both molecular and intra-molecular
rotations. However, no such study on the long chain substituted parabenzaldehydes and
phenones have been made so far. Dhar et al [6) and Somevanshi et al [7] have recently
measured real £'; and imaginary &”;; parts of complex diclectric constant &*;; of p-hydroxy-
propiophenone, p-chloropropiophenone, p-acetamidobenzaldehyde, p-benzyloxybenzaldé-
hyde in dioxane and p-anisidine, p-phenitidine, o-chloroparanitroaniline and p-bromonitro-
benzene in benzene respectively under 3 cm. wavelength electric field at different experi-
mental temperatures. The purpose of their study was only to observe the molecular and
intra-molecular group rotations in the molecules. Nonspherical molecular liquids of such
type also are known to be strongly non-Debye in their relaxation behaviour. We, therefore,
concentrate our attention to these molecules {6,7] to study dielectric relaxation phenomena
by conductivity measurement technique [8] based on the internationally accepted symbols of
dielectric terminology and parameters. The phenones together with other di- or tri-sub-
stituted benzenes having rigid and free dipolar groups at their para positions are included in
the present investigation to compare the dielectric relaxation properties with the benzalde-
" hyde groups. Moreover, our aim is to observe how 1’s and u's vary with respect to sizes,
shapes and structures of the molecules and to get an idea of molecular environment of such
polar liquids too, in solvents. For most of the polar liquids the imaginary part o”; varies
linearly [8] with the real part o'y of hf complex conductivity o*;; for different wy's of a
solute. But in the present polar-nonpolar liquid mixtures the variation of ¢”; with o’; was
not linear [9] to yield ;. The ratio of the individual slopes of o”;; and o; against w;’s curves
at w; — 0, on the other hand, is used to get 7’s of these p-polar liquids in order to report
them in Table 1.
The intercepts and slopes of linear relationship of In (7;T) against 1/T as shown in Table
2, could, however, be used to obtain thermodynamic energy parameters like enthalpy of
activation AH,, entropy of activation AS, and free energy of activation AF,_ of dielectric

Table 1

The ratio of slopes of concentration variation of imaginary ¢”; and real ¢';; parts of high frequency complex
conductivity oif at w; = 0 estimated and reported T; in pico second, dimensionless parameter b [= 1/(1 +
w21?)], coefficients a, B, v, of equation : o;; = « + Bw; + ywl, estimated and reported dipole moment p; in
Coulomb-metre at different experimental temperatures in °C and the theoretical dipole moment p e, in

Coulomb-metre from bond angles and bond moments for different para compounds.?

System with ‘Temp. Ralio of Estimated Reported Dimen-  Coefficients in the cquation Estimated Reported Dipole
. SI. No. and in slopes of Tjin L sionless o = a + Pw) + yWp 1y % 103 p; x 10 moments
Molecular € ok p.sec p.sec para- in In Biheo X 1030
weight M wilfm Wi (da”jj/dw) meler Coulomb Coulomb from
X/y= ——— h=1y/ metre melre bhond
(da’jj/dw)) A+ wisd) angles
ax 0" Rx10"H yx 10-12 and
bond
moments
1, Para hydroxy- 17 0.8287 19.36 - 0.4070 12.8647 -5.0205 42,5270 Q.00
propiophenone 23 0.7451 22.08 25.40 0.3571 12.8887 0.0919 15.2643 2.36 10.20 827
Mj = 0,150k 30 0.7028 23.41 24.20 0.3307 13.5236 -24503 -24.4312 0.00
37 1.1073 14.36 23.10 0.5508 12,9387 - 19.8001 5.2591 15.03
2, Para ~ chloropro 19 0.7427 22.15 20.80 0.3556 12.7486 1.3145 6.8967 9.43
piophenone 25 0.8261 19.92 19.70 0.4056 12.9382 - 1.5409 16.8094 0.00 0.84 9.73
M, = 0.1685kg 31 0.7272 22.63 18.20 0.3458 12,8983 1.4290 0.2140 1031
37 21799 755 17.10 0.8261 12.5003 13.8819 -64.5742 21.14
3. Para acctamido- 17 0.5756 28.58 21.80 0.2490 13.0577 0.7906 6.5180 8.55
benzaldehyde 23 0.7736 2127 20.80 0.3744 13.0602 25550 ~7.2309 12.75 10.37 13.12
M= 0,163k 30 0.7260 22.66 19.00 0.3453 12,9053 5.8673 17.9855 20.51
37 1.011} 16.27 18.60 0.5056 12,6908 13.9352 -50.5510 26.62
4. Para benzyloxy 20 0.5865 28.06 20.00 0.2259 12,9919 1.3256  ~3.8704 12.56
benzaldehyde 25 0.6247 26.34 19.40 0.2807 13.1236 1.0601 - 10.87 10.63 6.23
M= 0.212kg 0.8358 19.69 18.00 04112 13,2032 1.3264 - 10.19

30 J
35 1.2238 1344 16.90 0.5998 13.3518 0.8984 - 7.04




System with Temp. Ratio of Estimated Reported Dimen- Coellicients in the equation Estimated Reported Dipole
SL. No. and in slopes of Tjin o sionless o= o+ B s yw) nyx 103 wj 10¥ moments

Molecular °C aty&a’y p.sce psec in In Wiheo X 102
weight M; - with wy o™/ dw)) meter Coulomb  Coulomb  from
X = — b=/ metre melre bond
(da’i/dw;) U+ @iz angles
ex 1071 g x 1071 x 10712 and
bond
moments
5. Paraanisidine 20 2.2120 7.3 3.8 0.8)06 1284499 61740 - 16,7410 1223 5.20
My =023k 30 24152 6.81 367 08537 131282 1.8955 - 637 10.33 628
a0 34952 471 317 09243 131862 1.9022 - 6.79 RRT
6. Parapheaitidine 20 1.5288 10.76 1.OR 0.7005 133177 5.4487 - i3 747 15.04
M= 0.137kg 30 19049 .64 10.63 0.7839 12 14.0691 - 24,4860 20.61 9.27
40 2.1036 7.32 995 0.8158 13.6273 3.9487 2.2744 1098 10.37
7. Ortho-chloro- 20 15124 1088 1057 0.6958 123443 12822 ~09397 .21 813
paranitroaniline 30 843 9.80 07921 12.7291 0.1756 - 257 1093 1593
Mj = 01725 40 744 908 0.8302 128787 (Xt 1153 - 185 13.10
8. Para-bromo- 0 1001 - 0.7299 13.3533 0.6908 0.2145  5.59 -
nitrohenzene 30 9.24 - 0.7603 13.7402 - 0.6908 25184 000 - 8.40

M;= 0202 40 1.9503 8.44 ~ 07917 13.8959 - 0.5847 2.5301 0.00 -

relaxation process of the rate theory of Eyring et al [10]. The enthalpy of activation AH, due
to viscous flow was, however, obtained from the slope vy of the linear relationship in In (7,T)
against Inm, where m is the coefficient of viscosity of the solvent to test the behaviour of
solutes in solvents.

The value of AS,, and AH, and AF,, of Table 2 give an insight into the molecular
dynamics of the systems. The estimated Debye factor 7,T/m and Kalman factor -ro/-q" in
Table 2 signify the applicability of the required relaxation model for such p-liquids.

Tabie 2

The intercepts and slopes of In 1T against 1/T curves, energy parameters like enthalpy of activation AH in
Kilo Joule mole™!, the entrcpy of activation AS. in Joule mole~™! K~', free energy of activation AF, in
Kilo-Joule-mole™ ' for dielectric relaxation process, enthalpy of activation AH . in Kilo Joule mole™" due to
viscous flow, y as the ratio of AH, and AH,, Kalman factor (v;T/7Y), Debye factor (1;’1‘/1]) at different
experimental temperatures in °C and the coefficients of uj-t equations p; = a + bt + ct? of different para
compounds

System Temp-  Intercepl & AH, A8, AF, ¥y AH, . Kalman Debye  Cacfficignts in the equation
with in slope of K1 in in (QH./ in Faclor Factor pjx 100 = a + bt « ct?
Si. No. °C InoT mole™! 3 KJ AHD KJ 7T/ GiT/m) a b c

Vs I/T in mole ™! mole~! mole ™} x10%

Curve K-!

Intercept slope

1. Para hydroxy 17 -19.02 11.53 19.75 X 10°% 40135 354250 - 32286 0.0716
propiophenone 23 -21.36 -72441  6.02 ~2049 1208 0.54 HRH 23.64 x 10™% 50274
30 - 21,64 1258 27.55 x 10™% 62221
37 - 1851 11.76 19.36 x 10=8 46747
2. Para chloro- 19 79.57 1190 0.2112 4.6531
propiophcaone 25 -33.17 422752 3513 7786 1193 2,63 13.36 0.2535 47300 929830 - 71216 0.1407
31 74.30 1254 0.2938 6.1424
37 81.03 10.01 0.18%0 2.3761
3. Para acetamido 17 7.92
henzaldehye p&} -24.76 177009 14.71 9.17 1241 1112 x 10°% 57757
20 731 11.99 LI i3.37 9.41 % 10™% 48430 - d4.299 0.6554  0.0050
3 877 1249 11.86 x 105 6.0228
11.99 1023 x 10~ 5.1205
4. Para benzyloxy 20 7134 1252 1957 x 10™4 57293 9.0620 04582 0.0146
benzaldahyde 25 -3227 402234 33.43 6981 12,62 1.89 17.68 2242 x 107* 6.0379
30 7024 12.14 2209 x 10”4 52333

35 71.49 1141 20,70 x 1074 42025
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Sysiem Temp-  Intercept & AH, as, AF, ¥ = AH, Kalman Debye Coelficignts in the qu)allzoll
with in slope of KJ in in (AH ./ in Factor Factor njx 10 Wog+bteat
S1. No. °C Inv;T mole™* ) K} AH. K1 rTsaT (A b c

Vs i/T in mole™! moleg™! mole *x 10

Curve -t

Intercept slope

-3
5. Paraanisidine 20 1854  9.29 320x 10 3.3647
30 -2594 177120 1471 1733 947 162 9.08 3.82 % 1077 3.6781 387900 —1.8560  0.0264
40 1857 891 3.07 x 10-¢ 2.8188
. -8
6. P: heatidine 20 -23.58 1167.25 9.70 - 167 1019 22.87 x 107 48728
araapnenet 30 -122 1007 121 802 2249 x 1076 46665 —52.6800 4.9975 - 0.0851
40 -1.68 1022 22.87 X 1075 4.6800
-5
7. Ortho chloro- 20 6.19 1022 17.99 X 1073 49271
para nitroanitine 30 - 24,52 1447.51 12,03 6.88 1000 149 807 17.86 X 1075 4.5531 28.2500 - 1.4440  0.0196
40 618 1009 18.05 X 1073 4.4526
-8R
8. Para bromo- 20 -20.58 10,01 9.25 x 10~ 45331
nil\:olh:'u;cuc 300 -21.28 47923 395 -20.64 1024 047 847 9.44 x 10™% 49906 33.5400 - 19565  0.0280
40 -2058 10.42 9.21 x 107 50511

The dipole moments p;’s of all the liquids were finally worked out from the slopes B’s of
hf conductivities o’s with w;’s and dimensionless parameters b’s with the estimated 7, at all
the temperatures. All the u ’s placed in Table 1 are found to be temperature dependem
quantmes The coefficients a b and ¢ of p;—t curves of Figure 2, are, however, placed in
Table 2, in order to compare with the reported w’s as well as theoretical |v,,.,’s, obtained
from bond angles and bond moments of substituent polar groups attached with the parent
ones of Figure 3. The disagreement of the measured p’s with p,.,'s as obtained from
Figure 3, for these compounds establishes the fact that tlw inductive moments combined
with the mesomeric moments of the substituent polar groups with the parent molecules is a
function of temperature.

2. THEORETICAL FORMULATIONS

Under the hf electric field the dimensionless complex dielectric constant k?; is:

where k'; = &'y /¢, = real part of dielectric constant and k"; = &";; /g, = dielectric loss

factor, respectlvely g’y and " a are real and imaginary parts ‘of complex permittivity &*;
havng dlmensron of Farad meter ™' (F.m™') and &, = permittivity of free space = 8.854 X
107! . Hence Murphy-Morgan relation for the complex hf conductivity c*j of a
solutlon of a polar—nonpolar liquid mixture of weight fraction w; is:

o?} = wsok-«" + jweok;;’ . 2)
where o';(= wegk,";) and 0" (= weyk’y) are the real and imaginary parts of complex
conductivity and j is a complex number =vV-1

The hf conductivity oy is however obtained from:

oy = wegy/ k"% + K (3)

)
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The imaginary part of hf conductivity o”; is related to the real part of hf conductivity o’
by

0" = Oy + (1/w1)o’; 4)

where o; is the constant conductivity at w; = 0 and 7 is the relaxation time of a polar
unit = ;. tquation (4) on differentiation with respect to o’; becomes.
(do"/do’y) = (1/wT) : (5)

to yield 7; of a polar solute. It is often better to use the ratio of the individual slopes of
variations of ¢”;; and o’; with w; at w; = 0 to avoid the effect of polar—polar interactions in
a liquid mixture to get 7; from:

or, x/y =1/ (6) "

Again, it is observed experimentally that o”; is nearly equal to o;; of equation (3) under
hf alternating electric field, hence equation (4) becomes :

Oy = Oy + (1/uo'rj)o"ij

or (do'y/dw) = w7f N
where B = (doy/dw,) = the slope of o;;—w; curve at w; — 0.

All the B’s are however, presented in Table 1 for all the liquids. The real part of hf
conductivity [9-12], ¢ at T K of a given solution of w; is :

o'y = (Npijpjz/27eokBMjT)(wz'r/l + '), koij + 2)(gok,y; + 2)w;, (8)
which on differentiation with respect to w; and at w; — 0 yields :

g+2

(dg’ij/dwj)ann = (Npiujz,/:isokBTMj)(T)Z(w27/1 + w24?) 9

where N = Avogadro’s Number, p; = density of solvent, g = dielectric permittivity of the
solvent, Mj = molecular weight of solute and kg = Boltzmann constant. All the symbols
stated above are expressed in SI units. From equations (7) and (9) one gets p,; in Coulomb
meter under hf electric field as )

2750kgTM, B
p‘j = [ ) 1/2 (10)

Np,(g; + 2)* wb
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in terms of a dimensionless parameter ‘b’
b=1/(1 + «’r}) (11)

with the measured ; of the liquid.

All the measured 7;'s in terms of B’s and b’s of equations (10) and (11) are, however,
placed in Table 1 and compared with the reported p’s and pye,'s the latter ones are
obtained from bond angles and bond moments of the substituted groups of the molecules as
shown in Figure 3.

3. RESULTS AND DISCUSSIONS

. The relaxation time 7’s of the para polar liquids as reported in Table 1 in dioxane and
benzene respectively were estimated from the ratio of the individual slopes of both the
imaginary ¢”;; and real o’; parts of high frequency conductivity o*;; with weight fraction w;
of polar solutes at different experimental temperatures in °C under 3 cm. wavelength
electric field. 7s of these liquids could not be obtained directly from the slope of equation
(5) of o”; with ¢’;; because of the non-linear character {8]. Thus the ratio of the individual

slopes of o”;—w; and o';—w; curves at w; — 0 was used to get 7’s of these para polar liquids

~20.50

. =20.10

-19.30

ln () ———>

—1850 1 1 1 1

3.1 32 33 34. 35
Up X103 ————»

Figure 1. Straight line plots of In (%T) against 1/T. (I) h i
: i . parahydroxypropiophenone (—O—), (Il
ga;aclzlorgpro)px?sl;enone (—dA —2, am liaa(raacelamidobenzaldehyde (—o—), (aV) parabenzyloxybcnzal(de?
yde (—e —), paraanisidine (—e—) (VI) paraphenitidine (— & —), (VII i ili
(—x—1) and (VIII) parabromonitrobenzene (—m —)p 3 (VID) orthochloroparenitrosniline
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from equation (6) in order to mimmize the effects of dipole—dipole interactions, macros-
copic viscosity, internal field etc.

The estimated ratio of the individual slopes of ¢”; and o’;; curves with w;’s together with
estimated and reported 7’s are placed in the 3rd, 4ti1 and Stf'l columns of ”fable 1. The ~rj’s
thus obtained agree well with the reported ;s where such are available [6,7] based on
Gopalakrishna’s method [13]. As observed in Table 1, the 7’s of molecules having phenone
and benzaldehyde groups are higher in comparison to other di- and- tri-substituted para
polar molecules. This is probably due to larger sizes of the rotating units. It is also
interesting to note that variation of 7; of such molecules as presented in Table 1 are
irregular in disagreement with the Debye model of relaxation as observed elsewhere {4).
This may be explained by the fact that stretching of bond angles and bond moments of polar
groups with temperature and the distribution of bond moments around the parent molecules
leads to either symmetric or asymmetric shape of the molecules. The rest of the molecules
show the lower values of 7 decreasing with increase of temperature in agreement with the
Dfibye relaxation in spite of the fact that they are nonspherical.

s,

30.0

225 .

15.0

————p p X 10%, in coulomb metre

7.5

0.0 . ..
0 ‘ 10 20 30T e 40

t, temperature in °C

Figure 2. Variation of dipolemoments p; X 10% in Coulomb metre against t in °C, (I) parahydroxypropio-
phenone (—O—), (II) parachloropropiopilqnone (— a —), (1D paraaceta-midobenzaldehyde (— D —), (1V)
parabenzyloxybenzaldehyde (—® —), (V) paraanisidine (—e), (VI) paraphenitidine (—2 —), (VID) or-
thochloroparanitroaniline (—x—) and (VIII) parabromonitrobenzene (— m —).
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The process of rotation of the rotating dipoles requires an activation energy sufficient to
overcome the energy barrier, between two equilibrium positions, one can write according to
Eyring et al [10] with the known ; by:

= (A/De*F/RT  (AE = AH, — TAS)
or, In(7T) = In(Ae™**/%) + (AH,/RT)
=ln A"+ (AH,/R). 1/T) 12

Equation (12) is a straight line of In (7T) against 1/T having intercept and slope to
measure the thermodynamic energy parameters like enthalpy of activation (AH.,), entropy of
activation (AS,) and free energy of activation (AF,) of dielectric relaxation process of the
molecules. The intercepts and slopes of the least squares fitted In ('ro) against 1/T curves
as illustrated graphically in Figure 1, were accurately obtained and placed in the 3rd and 4th
column of Table 2. The variation of In 7T against 1/T are linear for almost all the liquids
with the available experimental data. The enthalpy of activation AH, due to viscous flow of
the solvent was, however, estimated from the slope of the linear equation of In (-rJT) against
Inm at different experimental temperatures. As evident from Table 2, the values of vy
(= AH,/AH,) > 0.50 for all the liquids except parabromonitrobenzene exhibit the solvent
environment around the solute molecules which behave as solid phase rotators. The low
value of v, on the other hand, for p-bromonitrobenzene may indicate the weak molecular
interaction of such dipole with benzene. The values of AS’s for the system like p-hydroxy-
propiophenone, p-phenitidine and p-bromonitrobenzene are negative. This is due to the fact
that activated states are more ordered than the normal states unlike other molecules. The
high values of AS. and AH. of p-chloropropiophenone and p-benzyloxybenzaldehyde
indicate the activated states are not stable probably due to internal resistance suffered by
larger dipole rotations. The rest of the molecules possess AH, of nearly the same magni-
tude. The AF.’s between the activated and unactivated states of all the systems are,
however, the same as the activation that is accomplished by the rupture of bonds of dipolar
groups in the same degree of freedom [6,7]. Unlike the Kalman factor 7 T/m" at different
temperatures the Debye factor 7T /7 is almost constant sngmfymg the appllxcablllty of Debye
model of relaxation behaviour for such para liquids [14]. The py's from equation (10) of all
the p-liquids were obtained from slopes B’s of o;—w; curves and dimensionless parameters
b s of equation (11) involved with measured 7}’s otjequatlon (6). The slopes and intercepts of

; against w; as presented in Table 1 were obtamed by careful regression technique and are
found to be almost constant (~ 1072 Q0 ~!' m™') at all the experlmcntal temperatures
under 3 cm. wavelength electric field perhaps for their same polarity. Thus ¢, 0”;; and o;;
with w’s could not be shown graphically. Parahydroxypropiophenone (curve I) and p-
acetamidobenzaldehyde (curve III) showed the monotonic increase of p; with temperature
(Figure 2) for their increasing molecular asymmetry at higher temperatures The y;—t curves
of p-benzyloxybenzaldehyde (curve IV) and p-phenitidine (curve VI) are convex in nature
[15] showing zero values at lower and higher temperatures unlike the other four assuming
minimum values at different temperatures as seen in Figure 2.(The least squares fitted Byt
curve for p-bromonitrobenzene which showed 5.59 X 10~° % C.m at 20°C but zero values of

. at 30°C and 40°C for its strong symmetry attained at those temperatures was, however,
0 tained. Like curves II, V and VII of other p-compounds it (curve VIII) also showed
minimum having-ve u; between 30°C to 40°C, shown by dotted line to satisfy the continuous
curve. The usual variation of p; against t°C for p-hydroxypropiophenone (curve 1) is shown
by least squares fitted dotted line together with the solid line drawn through the estimated
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wy’s) The above nature of p—t curves are explained by the rupture of solute—solvent
(monomer) and solute—solute’ (dimer) associations due to stretching of bond angles and
bond moments of substituted polar groups at different temperatures.

The theoretical dipole moments py,..’s of all the p-liquids were also calculated from the
vector addition of the available bond moments 4.67, 10.33, .40, 4.40, 1.00, 8.00, 5.63, 1.50,
14.10 and 5.70 multiples of 107%° Coulomb metre (C.m) for C - OH, C — CHO, C -
OCH,; and C - NH, bonds making angles 62°, 55°, 57°, 142° and 0° for the rest C — H,
C30,C->ClLC—->N,C-NO, and C — Br bonds respectively with C atom of the
parent molecules which are assumed to be planar structures, as shown in Figure 3. The
Miheo S thus obtained are finally placed in the 12th column of Table 1. The slight disagree-
ment between measured p;’s and pup,,’s reveals the presence of inductive and mesomeric
moments of the substituent polar groups due to their aromaticity. In p-acetamidobenzalde-
hyde, p-phenetidine, orthochloroparanitroaniline and p-bromonitrobenzene, the . ,’s are
larger while for others .,’s are smaller than the measured values. This fact at once
predicts that the substituent polar groups in former molecules push the electrons towards
the electro-negative atoms and thereby inductive effect is less than in latter system where
they pull the electrons. The electromeric effect is also prominent in the system containing
C 3 O groups.

4. CONCLUSION

A very convenient method to evaluate 7j’s from the ratio of the individual slopes of
o”;~w; and o’;_w; curves at w; — 0 and the corresponding w;’s in SI units of several chain
like para llqu1ds at different expenmental tcmperatures is suggested in order to avoid
polar—polar interactions. The slopes of o”;-0'; curves are very often not linear in almost
all liquids and hence could not be used to obtam 7;'s. Both 7;’s and hence p;’s within the
accuracy of 10% and 5% are now reliable. Para- -hydroxypropiophenone, and’ p-chloropro-
piophenone show zero values of p at certain temperatures owing to their symmetry gained
at that temperatures. The variation of p with temperature in °C is not a new concept, but
for p-liquids the convex, concave or gradual increase occur probably due to association or
dissociation of solute-solute and solute—solvent molecular associations and stretching, of
bond moments of the substituent polar groups at different temperatures. Different thermo-
dynamic energy parameters could, therefore, be estimated from the stand point of Eyring’s
rate theory [15,16] to infer the molecular dynamics of the nonspherical liquids. p,,,,’s of the
molecules could, however, be found out from the available bond angles and bond moments
of the substituent polar groups attached to the parent molecules. They are usually found to
differ from the measured py’s indicating the existence of mesomeric and inductive effects in
polar liquids due to their aromatxclty
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The structural and associational aspects of some straight chain aliphatic alcohols are inferred from their static dipole moments

H¢'s and high frequency (hf) dipole moments ;s in terms of relaxation times T;'s under effective dispersive region of nearly 24

GHz electric ficld. 7;"s are estimated from the slope of the linear variation of imaginary part 6"} with real part o’jj of hf complex

conductivity 0% for different weight fractions w; in order to compare with those obtained from the ratio of the individual slopes

of 6" and ¢y with w;'s of solutes. The linear coefficients of the static experimental parameter X;; with w; are used to obtain 1.

The siopcs B’s of o;; with wy"s are employed to get hf 1j in terms of 7;’s obtained by two methods only to see how far they agrec
with [, and Hs from double relaxation method (Sit & Acharyya, 1996 and Sit et al.. 1997). It is observed that —OH hond of
alcohols about = C-O- hond rotates under GHz electric field. The slight disagreement of theoretical dipole moments Ly,.,"s
[rom available bond angles and bond moments with Mi's and J’s suggest the strong hydrogen bonding in them, in addition 1o
mesomeric and inductive moments of the substituent polar groups attached to the parent moleculc.

I Introduction
The relaxation phenomenon of a dielectropolar liquid
in a solvent has attracted the attention of a large number

. -3 . . .
of workers'™ as it is a very sensitive and useful tool to -

ascertain the shape, size and structure of a polar mole-
cule. The technique provides one with much information
about the stability* of the system undergoing relaxation
phenomena. It also offers valuable insight into the sol-

- ute-solute i.e. dimer and solute-solvent i.e.monomer

formations®. Structural and associational aspects of a
polar liquid in a nonpolar solvent can, however, be
gained by measured static dipole moment [, and high
frequency (hf) dipole moment |; in terms of relaxation
time 7; and slope B of hf conductivity o;; with weight
fraction w. .

Alcohols behaving like almost polymers have o, B
and yete. dispersion regicns. The strong dipole of -OH
group rotates about = C-O- bond without disturbing
CH, or CH, groups and thus they have possibility to
exhibit intramolecular as well as intermolecular rota-
tions. Sit and Acharyya® and Sit er al.® studied the
straight long chain alcohols like I-butanol, [-hexanol,
I-heptanol, I-decanol in n-heptane’, ethanol and metha-
nol in benzene® (9.84GHz) and 2-methyl-3-heptanol,

“3-methyl- 3-heptanol, 4-methyl-3 heptanol; S-methyl-3-

heptanol, 4-octanol and 2-octanol, in n—heptaneq at25°C

to observe that all the alcohols except methanol showed
the double relaxation times T, and T, at all the frequen-
cies in GHz range. The alcohols were again expected to
exhibit the triple relaxation plwnomena7 for different
frequencies of electric field in GHz range. Such long
chain liquids under investigation have wide applications
in the fields of biological research, medicine and indus-
try. Moreover, the study of alcohols in terms of modern
internationally accepted units and symbols appears to be
superior for the unified, coherent and rationalized nature
of the SI unit used. .

The p, of all the associated dielectropolar molecules
under static electric field was derived from static experi-
mental parameter X;;. X;.is again involved with the
dimensionless dielectric constants k; and k; of Table
1. from the measured relaxation permittivities static E(,ij'
and hf ¢_; of dimensions Farad metre” (F.m.™'} based
on Debye model'®. The linear coefficients of the ex-
pected nonlinear experimental X;; curves against w,
graphically shown in Fig. i, of alcohols were conven-
iently used to estimate [ at a given temperature.

The 7; of all the alcohols were, however, estimated
from the slope of linear variation of imaginary ¢”;
against real o’ parts'' of hf complex conductivity 6%
for different w;’s as seen in Fig. 2. The ht ¢”; did not
vary linearly with hf ¢”; at higher or even lower concen-
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Fig. | — Variation of static experimental parameter (Xj, x l()’()) against weight fraction wj of solute at 25°C under nearty 24 GHz clectric

ficld {ethanol and methanol at 9.84 GHz]|
System — [ l-hulan(;l (—O0—0—):
System — I I-hexanol (—A—A—):
System — 11l I-heptanol (—O—0—):

System - IV I-decanol (— ®—@—):
System - V ethanol (—A—A—):
System — VI methanol (—@—N—):

System — VII 2-methyl — 3 heptanol (— Q-—-(I —)
System — VI 3-methyl =3 heptanol ('—‘l -—l —)
System — IX 4-methyl - 3 heptanol (—1:[———]—):

System — X 5-methyl - 3 heptanol (—® — @ —);
System — XI 4-Octanol (—O —O—);
System — XII 2-Octanol (— x — x —)
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System — 1 l-butanal (— O — O —): System — VII 2-methyl — 3 heptanol (—Q—Q —X

System — 11 I-hexanol (—A—A—): System ~ VIII 3-methyl -3 heptanol (—l —*I -

System — 111 I-heptanol (—0—0—): System —IX 4-methyl — 3 heptanol (——i—]I——):
System — [V I-decanol (— &—@—): System — X 5-methy! — 3 heptanol (—® — ® —).
System — V cthanol (—A—A—). System — X1 4-Octanol (—O —O—);

System — VI methanot (—M—M—): System — X1 2-Octano! (— x — x —)
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Fig. 3 — Plot of imaginary part of conductivity ¢”’ij X 10 ing " m! against weight fraction wj of solute at 25°C under nearly 24 GHz,
clectric field. {ethanol and methanol a1 9.84 GHz.|

System — 1 I-butanol (— O — O —): System — VII 2-methyl - 3 heptanol (— Q———Q —)

System — II 1-hexanol (—A—A—). * System — VIII 3-methyl -3 heptanol (—/I —l —)

System — 111 I-heptanol (—O—0—1: System — IX 4-methyl - 3 heptanol (—ﬂi—yI—-):

System = 1V |-decanol (— ©—@-—); System — X S-methyl - 3 heptanol (—&® — ® —);
" System - V cthano! (—A—A—): System — X1 4-Octanol (—© —O—);

System —~ VI methanol (—E—E—); System — XII 2-Octanol (— x — x —)
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Fig. 4 — Plot of real part of conductivity o'ij X 107 @ ! against weight fraction wj of solute at 25°C under nearly 24 GHz electric
ficld [ethanol and methanol at 9.84 GHz]

System — I 1-butanol (; 0—0—) System — VII 2-methyl — 3 heptanol (— §—§ —);
System — 11 1-hexanol (—A—A4A—); System — VIII 3-methyl -3 heptanol (—l —I —)
Syslém — I I-heptanol (—0—0—) System — 1X 4-methy) - 3 heptanol (—] —if—)
System — 1V I-detanol (— ©—@—); System — X S-methyl — 3 heptanol (—® —® —):
System — V ethanol (—A—A—); System — XI 4-Octanol (—@ —0—);

System — VI methanol (—ll—M—); System — XII 2-Octanol (— X — x —)
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Fig. 5 — Variation of total hf conductivity oij X 1w0ing!' m™ against weight fraction wj of solute at 25°C under nearly 24 GHz electric
field [ethano!l and methanol at 9.84 GHz]

System — 1 [-butanol (;— 0—0—) System — VII 2-methyl — 3 heptanol (— Q——Q -

. System — I 1-hexanol (—A—A—): System — VIII 3-methy! ~3 heptanol (—I‘——& —;
System — 111 1-heptanol (—0—0—): ) System — IX 4-methyl - 3 heptanol (—i—i[—-);
System — IV I-decanol (— ®—@—); System — X 5-methyl — 3 heptanol (—® — & —);
System — V ethanol (—A—A4&—); System — XI 4-Octanol (—@ —0—);

System — VI methanol (—l—8—); System — XII 2-Octano! (— x — x —)
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trations'?. It is therefore, better to use the ratio of slopes
of individual variations of ¢”;; and ¢’;; both in Q' m

and 4 to get the exact and accurate
M4

with wy's of Figs 3
value of d6”;; /do”; in the limit w; = (0 to evaluate
s thus obtained by both the methods are placed in
Table 3 to see how far they are close in agreements. T;’s
of such dielectropolar molecules were, however, esti-
mated at [.233 cm for molecules like I-butanol, 1-hex-
methyl 3-heptanol, 3-methyl 3-

anol, I-decanol, 2

heptanol, 4:methyl-3-heptanol, 5-methyl 3-heptanol, 4-

octanol, 2-octanol and at 1.249 cm wavelength electric
field for I- heptanol at which measured g”;; of a given
w; of the solute when were graphically plotted againsl
the, electric field frequency "f" showed peak indicating
the most effective dispersive region for such liquids.
The formulation to measure p’s of all the alcohols
involves with the slopes ('s of the expected G;~w,
nonlinear curves of Fig. 5 and dimensionless parameter



GHOSH ef al:DIELECTROPOLAR STRAIGHT CHAIN ALCOHOLS SR1

Table | — Measured dielectric permittivities €5, €, €0ij. €euj i farad metre”" and dimensioniess dielectric constants K'jj, k3, koij, kesij 0f some
diclectropolar alcohols at 25°C of differcnt weight fractions wj

Systems with mo-  Weight i £ £0ij Eeoij Dimensionless dielectric constanis
tecutar weight Mj  Fraction inFan ! in F.m” in F.m™ in Fom™!
- inkg wj
Kix 1070 k5 x 1077 kox 107" kaijx 107"
(i) 0.0291 1.957 0.0079 1.971 1.928 2.2103 0.8922 2.2261 2.1775
I -buianol 0.0451 1.981 0.0147 2.000 1.945 2.2374 1.6603 2.2589 2.1967
Mi=0.074 0.0697 2.011 0.0236 2.050 1.958 2.2713 2.6655 2.3153 22114
’ 01163 2.060 0.0425 2.175 1.978 2.3266 4.8001 2.4565 2.2340
0.1652 2,108 0.0614 2.381 2.000 23774 7.2735 2.6892 2.2589
0.2072 2.144 0.0813 2.621 2.020 2.4215 9.2388 2.9602 2.2814
(ii} 0.0458 1.968 00131 1.988 1.944 2.2227 1.4795 2.2453 2.1956
- hexanol 0.0703 1 984 0.0190 2.015 1.952 2.2408 2.1459 2.2758 2.2046
My=0.102 . 0028 2.001 0.0296 2.064 1.970 2.2600 3.2431 23311 2.2250
' 0.1687 2.037 0.0425 2 196 1.989 2.3006 4.8001 2.4802 2.2464
02335 2.088 0.0569 2.360 2.002 2.3582 6.4265 2.6658 2.2611
0.2901 2.i34 0.0748 2.580 2.018 24102 8.4481 . 29139 2.2792
(iii) 0.0564 1.968 0.0147 1.985 1.932 2.2227 1.6603 2.2419 2.1821
I-heptanal 0.0735 1.975 0.0182 2.008 1.945 2.2306 2.0556 2.2679 2.1967
Mi=0116 0.1175 2.007 0.0265 2.066 1.957 2.2668 2.9930 2.3334 221
0.1909 2.076 0.0482 2.195 1.989 2.3447 5.4439 2.4791 2.2464
0.2465 2.097 0.0567 2315 2.002 2.3684 6.4039 2.6146 2.2611
0.2970 2.126 0.0693 2464 2.008 24012 7.8270 - 2.7829 2.2679
(iv) 0.0572 1.965 0.0120 1.976. 1.940 2.2193 1.3553 2.2317 2.1911
I -decanol 0.0857 1.979 0.0223 2.003 1.952 22351 2.5186 22622 2.2046
M;=0.158 0.1351 2.003 0.0273 2.050 1.964 2.2622 3.0833 2.3153 2.2182
0.2140 2.036 0.0449 2.147 1.990 2.2995 5.0711 2.4249 2.2476
0.2640 2.064 0.0513 2.220 2.008 23311 5.7940 2.5073 2.2679
0.3353 2.097 0.0637 2.346 2.030 2.3684 7.1945 2.6496 2.2927
() (0.0664 2.450 0.0082 3.300 2.262 2.767) 0.9223 3.7271 2.5548
cthanol 0.1293 2.483 0.0:24 4.300 2.190 2.8047 1.4023 4.8566 24734
M, = 0,046 0.2077 2.500 0.0208 5.400 2.120 2.8236 2.3529 6.0989 2.3944
©(.2953 2.556G 0.0297 7.000 2.062 2.8800 3.3600 7.9060 | 2.3289
0.3638 2.567 0.0342 8.200 2.016 2.8988 3.8641 9.2613 2.2769
(vi) 0.0514 2.407 0.0082 4.800 2214 2.7858 0.9284 54213 2,5006
methanol 06930 - 2.500 0.0083 6.500 2.155 2.8236 0.9408 73413 24339
My=0.032 (5.1495 2.517 0.0168 8.600 2.085 2.8423 1.8940 9.7131 2.3549
. 0.2266 2.550 0.0298 11.400 2.016 2.8800 3.3601 12.8755 22769
0.3049 2.583 0.038 13.700 1.960 29177 4.3765 15.4732 22137
{vii) 0.0437 1.960 0.0156 1.971 1.931) 2.2137 1.7619 2.2261 2.1798
2-methy! 0.1299 2.022 0.0301 2.059 1.966 2.2847 . 4.0772 2.3255 22205
3-heptanol 02522 . 2095 0.0565 2.172 2.007 23661 6.3813 2.4531 2.2667
M= 0.130 0.4081 2.169 0.0309 2.330 2.054 24497 9.1371 2.6316 2.3198
(viii) 0.0450 1.963 0.0137 1.974 1.934 2.2193 '1.5473 2.2295 2.1843
3-methy! 0.1334 2.028 0.0393 2.069 1.966 2.2905 4.4387 2.3368 22208
3-heptanol 0.2528 2.102 0.0674 2.180 2.004 23752 7.6124 24622 2.26234
My = 0130 0.4085 2188 0.0928 2.334 2057 24712 104811 2.6361 23232
(ix} 0.0466 1.964 0.0146 1.976 1.936 22182 1.6490 22317 2.18G6
4-methy! 0.1326 2.025 0.0375 2.065 1.969 2.2871 4.2354 2.3323 22238
T‘i-heplnncl 0.25%90 2.i04 0.06'6 2.185 - 2011 2.3763 6.9573 2.4678 2.2713
ZVI"i, =0.130 (0.4124 2,180 0.0349 2352 2.065 2.4622 9.5889 2.6564 2.3323
X
S-methy! 0.1228 2.00%, 0.0296 2.048 1.956 2.2679 3.3431 23131 2.2092
3-heptarol 0.2489 2,075 0.0511 2.168 2004 2.3436 57714 2.4486 23634
:2/:]: 0.130 8?82? 3.(!):1‘: 882;/2 ;(;11(5) 2{)40 3.4260 7.6350 2.6146 2.3040
d-octiznol ()..2245 ;'()(:7 ().()44,2) 2. 148 : ;gg ‘2'2:5;29 e 3.3040 .
i 0,130 0 38"»;% y ot ()-0“9 2-’;'32 2.()“ .3345 5.0711 2.4260 2.2555
(x-i:) : “- | 2:*() ;-”(; |, “.02; : 2.049 ‘ .9%4 ;.;1;’)() 7.4430 2.5764 2.2929
2-actanal ().24.7‘) ;.(l()l'. ().()S :3 2. 195 l'();)( '). ol e 2 22069
§ 2. 05! 2198 096 23357 5.7940 2.4791 2.2543

Mi=0.130 0.3844 2,141 0.0680 2.410. 2.036 2.4181 7.6801 27219 2.2995
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Tablc 2 — Coefficients ap. aj and a2 of static experimental parameter Xij = ao + aiwj + azw; Z correlation coefticients (r), % of errors in getting Xij,
static or low frequency dipole-moments ps X 10%n Coulomb-metre, theoretical dipole-moments piheo X 10* in Coulomb-metre from reduced bond
moments by [/Hineo and Wi, 12 by double relaxation method

Systems with sl.
no. & maolecular
weight

M;

(i) 1-butanol in
n-heptane '
M; =0.074 kg

(ii) 1-hexanol in
n-heptanc
M; =0.102 kg

(iii}) 1-heptanol in
n-heptanc
Mi =0.116 kg

{iv) I-decanol in
n-heptane

M; =0.158 kg.
(v) ethano! in
benzene

M; =0.046 kg

(vi} methanol in
benzene '
M; =0.032 kg.

g
(vii) 2-mcthyl
3-heptanol in
n-hepatane
Mi=0.130 kg

(viii) 3-methy!
3-heptanol in

n-heptanc

Mi =0.130 kg.

(ix) 4-mcethyl
3-heptanol in
n-heptanc
M;=0.130 kg.

(x) S-methyl
3-heptanol in
n-heptane
Mi=0.130 kg.

(xi) 4-octanol in
n-heptanc
M;i=0.130 kg.

(xii) 2-octanol in
n-heplanc
Mi=0.130 kg.

Caoefficients «o. a1 and «2 in Eq.
¢ 2
Xij x 1077 = an + aywj + aawj

()

0.2047
0.1951
(.2553
0.0901
1.6141
5.6331

0.1372

0.0830

0.1032

0.3270

0.4402

0.2591

-oai

1.0852

L0710

0.8932

2.3826

59.1892

99.8090

3.7778

4.8577

4.1481

21113

1.1341

2.2977

75.2840

34.8550

26.4890

10.1760

~44.9614

~159.9120

0.5639

—1.7495

0.0885

4.1567

5.2073

8.3285

Correlation % of error i, x 10%0

coefficient

(r)

0.9824

0.9896

0.9867

0.9924

0.9919

0.9672

0.9997

0.9986

0.9998

0.9972

0.9946

0.9955

in fitting
technique

0.96

0.57

0.73

0.42

0.49

1.94

0.02

0.09

0.01

0.22

0.42

0.35

in

Coulomb-

metre from

Eq. (5)

3.74

3.49

3.73

3.68

1.41

1.25

1.86

1.39

Corrected Uheo X
10™ in Coulomb
metre from bond
angle & reduced
bond moments

4.97 x0.7525
=374

4.37 x 0.7986
=349

4.07x0.9165
=3.73

3.17x1.1609
=3.68

5.57x0.2531
=141

5.87x%0.2129
=1.2§

5.87x0.3168
=1.86

5.87 % 0.3594
=211

. 5.87%0.3322

i}

1.95

5.87 x 0.2368
=1.39 '

3.60'x 0.3083
=111

3.60 x0.4028=
1.45

wi and p2 in Coulomb
metre from double
relaxation method

i X 10%
in
Coulomb
metre

3.63
343
3.73
3.83

1.70

3.83

3.83

3.90

337

343

3.43

pa x 10%

in
Coulomb
metre

29.17

21.20

27.00

17.24

490.73

293.96

16.00

8.60

13.90

9.50

10.97

16.00
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Table 3 — Intercept {c) and slope (m) of ¢”ji — o} equation {Fig. 2). correlation coefficienl (r), percentage of error (%). relaxation lime Tj in psce
Eq. (10). ratio of slopes of ¢”ij and @’ with wj (= x/), relaxation time Tj in psec from (Eq. 11). calculated relaxation time Tj in pscc from
Gopalakrishana's method for some dielectropolar alcohols under nearly 24 GHz electric field (Q—-Band Microwave) at 25 °C

System with sl Intercept & slope of 67— Correlation % of error Estimated Ratio of the Estimated Relaxation
no. and molecular - o*;; fitted Equation cocfticient relaxation slopesof 0”jj &  relaxation Hime T in
weight ex 107 m (r) time Tj in ojj with w; time 1y in psec
psec from My =(d ol psec from Eq  estimatcd
Eq. (10) dwil(d o'l dwi) (1) from Gopala-
’ : ’ krishna's
mcthod
(i) 1-hulanaf in 29731 24816 0.9959 0.22 2.64 2 0789x 10" 1.8 2.47
n-heptane T a4 e 1010
Mi=0.074 kg. 5. 7404 x 10
: = =3.6215
(ii) I-hexanol in ~ 2.9457 27315 0.9959 0.22 2.40 5 8541 x 101" 13.66 225
n-heptane 2 9770 « 1010
M= 0,102 k. 3.2779% 10
’ =1.7859
(iii) I-heptanol in  2.9414 2.9898 0.9973 0.15 2.19 1.5295 % 10'" 1.65 2.07
-heptane 2 141 w 1010
M= 0116 kg. 3.8161 x10
] =4.0080
(iv) l-decanol in ~ 2.9465 2.588) 0.9925 0.41 2.53 6.8315x 100 324 2.3Y
n-heptanc 2 2221 v 1010
M;=0.158 kg. 3.3881x10
=2.0163
(v) ethanol in 1.4952 42872 0.9880 0.72 177 2 5827x 100 356 3.62
benzene 5.6872%10°
M; = 0.046 kg. .
’ =4.5412
(vi) methanol in~ 1.5188 3.2088 0.9633 2.17 5.04 3. 44(,7 x 10?241 4.87
henzene T Ao D
Mj=0.032 ke 3. 1439x10
] =6.7005
(vii) 2-methy! 29162 3.2340 0.9994 0.04 2.02 1.2112% 10" 1.97 1.86
3-heptanol in 2 6490 » 1010
u-heplanc 3.6429%10
M;=0.130 kg. =3.3248
(viii) 3-methyl  2.9361 2.8021 0.9976 0.16 233 1 l46x 10" 3.00 226
3-heptanol in ’ PEvesas——"T
n-heptanc -5.1067 x 10
M;=0.130 kg. =2.1826 -
(ix) 4-methyl 29254 3.0946 0.9988 0.08 211 1 2125x 10" 236 1.95
3-heptanol in 1 1296w 1010
n-heptanc 4.3826x 10
M= 0,130 kg. =2.7666
(x) S-methyl 2.8973 3.6502 0.9949 (.40 1.79 8.3993x 109 291 1.63
3-heptanol in 2 7105w 1010
n-heptanc 3.7395% 10
Mj = 0.130 ke. =2.2461
(xi)4-octanotin ~ 2.9129 3.5515 0.9999 0.0t 1.84 8.5252%10'? 1.69 1.68
n-heptane _—m
M; = 0,130 ke. 2.1993x 10
B = 3.8763
(xii) 2-octanol i 2.9320 31511 0.9875 0.97 2.08 8.3278x 100 4.8 1.93

n-heptanc
Mi=0.130 ke,

5.3226% 10'°
= 1.5646
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Table 4 — Cocfficients ., B, Y of hi i against wj curves (Fig. 5) correlation coefficients () percentage of error, dimensionless parameter 5 using T
from Eq. (10) and (11), computed j x 10*° in Coulomb metre from Eqs (10) and (16) and Eqs (11) and (16) estimated p;j x 10™ in Coulomb metre
from Gopalakrishna’s method for some diclectropolar alcohols under nearly 24 GHz electric field (Q-Band micro wave) at 25 ° C

System with sl. Cocflicients of Gijwj Corrclation % of Dimensionl Dimension- Computed i X 10°% 0 Estimated
no. & molecular  fitted Equation coefficient error ess less Coulomb metre i X 1()]”
weight (r parameter paramcter in
using Tj using Coulomh
from Eq.  from Eq. ) metre
(10) (mn . from
b=1/(+ b=1/(1+ Gaopala-
o’y o,)z'rj 2) ) krishna’s
method
ax1o!! Bx 107! Y 107" hf method hf method

of Egs of Eqs
(10) &(16) (11) &( 16)
(i) I-butanal in 2.9351 2.0769 -2.0776  0.9978 0.12 0.8601 0.9289 - 428" 4.11 3.58

n-heptane
M;=0.074 kg.

(i) I-hexanol in ~ 2.9807 0.5846 .1.3346 0.9961 0.21 0.8815 0.7618 2.63 2.83 3.35
n~heptanc

M= 0.102 kg.

(iii) t-heptanol in 29173 1.5312 -1.3817 0.9928 0.39 0.9016 0.9417 4.52 442 3.59

n-heptanc
Mi=0.116 kg
(iv) l-decanol in 29639 0.6848 0.1087 (.9995 0.03 0.8699 0.8032 3.57 3.7 3.55

n-heptanc
M;=0.158 kg. ]

(v) ethanol in 1.4970 0.2584 -0.0233 0.9927 0.44 0.9485 0.9538 1.44 1.43 1.33
benzenc

M;=0.046 kg.

(vi) methanol in 1.5098 0.3444 -0.2046 0.9928 0.43 09116 0.9783 1.41 1.36 118
henzene

M;=0.032 kg.

(vii) 2-mcthyl 29437 1.2203 —-0.7548 0.9958 0.28 09130 0.9169 4.22 4.21 3.42
3-heptanol in

n-heptane

M;=0.130 kg.

(vii} 3-methyl 29515 1.1644 -(0.4868 0.9985 0.10 0.8875 0.8264 4.8 4.33
3-heptanol in .

n-heptanc

M;=0.130 kg.

(ix) 4-methyl + 29454 1.2172 —0.6697 0.9970 0.02 0.9058 0.8849 4.23 4.28 4R
3-heptanol in

n-heplane

M= 0130 ke, .

(x) S-methyl 2.9658 0.8446 -0.0754 (.9999 0.01 0.9304 0.8349 3.47 3.67 324
3-heptanol in

n-heptane

M;j=0.130 kg.

(xi) 4-octanol in  2.9546 0.8544 -0.0762 0.9999 0.01 0.9267 0.9375 3.56 3.438 3.27
n-heplanc

M;=0.130 kg.

(xii) 2-octanol in = 2.9542 0.8399 —0.0280 0.9999 0.01 0.9083 0.7103 3.51 3.97 332

n-heptanc
M =0.130 kg.

)
"
RN
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b in terms of 1;’s obtained by both the methods as ;s
were not tound to agree excellently in Table 3. The ¢”,
and ¢’ in Q' m™ are not linear with w, as evident from
Figs ? and 4. 1's thus obtajned are fnml]y compared
with L,.,'s from available bond angles and bond mo-
ments of the substituent polar groups attached to parent
ones. The slight disagreement between the measured
i’s and p’s from p,,,’'s indicates the existence of
inductive and mesomeric moments of different substi-
tuent polar groups present in such dielectropolar mole-
cules inaddition to strong hydrogen bonding in them as
displayed by the molecular conformations of Fig 6.

The solvent C,H, unlike n-heptane is a cyclic com-
pound with three double bonds and six p-electrons on
six carbon atoms. Hence 7w interaction or resonance
effect combined with inductive effect known as
mesomeric effect is expected to play an important role
in the measured L;’s under hf electric field. A special
attention is to be pald to have the conformational struc-
tures of the alcohols to evaluate W,,,’s as seen in Fig 6
and Table 2 from the reduction of the available bond
moments™® of different substituent polar groups by the
ratio of [L /... This takes into account of H- bonding ,
in addition to inductive effect in them. Thus the conclu-
sion regarding the molecular association of such long
chain associated aliphatic alcohols may also be the
reason to yield higher dipole moments.

2 Static Relaxation Parameter Xij and Static Dipole
Moment s .
Under static electric field p, of a dielectropolar mole-
cule (;) in a non polar solvent (;) may be obtained from
the followmﬂ equation 0

(Egky;;— 1) (8(,/»,,,1 D
(E')l\”i.i+2) (Enk,.,;i"'z)

(8()k()i_l)_(8”/\',wi—]) Np__:‘f "
(€nky; +2) (€nk.; +2) 3ek,T

where ky; = €5/€ and k..;; = €.,/€, are the dimensionless
static and infinite frequency dielectric constants of so-
lution (ij).g, is the permittivity of free space = 8.854 x
1072 Fom. ™, ¢; is the molar concentration of the solute
where ¢ = pw/M; and the other symbols carry usual
mcamnox

A polar liquid of weight W, and volume V, is mixed
with a nonpolar solvent of we|0ht W, and volume Vv to
get the solution density p,, where

W+W
Vi+V

W+W
W/p +W/p,

p;=

Pi P; _
p; W, (W, +W,)+p, W, /( W,+W,)

P p;
pjwitp;w
The weight fractions w; and w; of solute and solvent
are given by :

=p;(I-v W_,')-_I - .(2)
i

w;=——L— and w,=

/i such that w; +w; = |
W+ W, -

i i
and ¥ = (1-p/py), p; and p; are densities of pure solvent
and solute respectively.

Now, Eq. (1) may be written as:

kOij_k

wij

(Egkyi;+2) (Egke; ‘*;2)

koi —k

(E()k(,,+2)(8(,km,l 2)

0o

Np; ?- ' -
+—2¢Wj(]—’YWj)I
ey M kT
Np,n? Np;u?
X’I:‘le_*_ 1pl"’1'.\ ; 7pll‘l’.\ M’?'*‘...
98(‘,M.k,,T e M ;kyT

-(3)
The right hand side of Eq (3) is obviously a polyno-
mial equation of w; like

Xi=ty+a wj+a2wf+... (4)
Now, comparing the linear coefficients of Eqs (3) and
(4) one gets p, from:
9¢: M kT -
v a (5)
Np;

where a, is the slope of X;-w; curve of Fig. |. But i, from
higher coefficients of Egs (3) or (4) are not reliable as
they are involved with various effects of solvent, relative
density, solute-solute association, internal field, macro-
scopic viscosity etc. [1,’s from Eq. (5) along with «, arc
placed in Table 2 to compare with hf W's presented in
Table 4.

3 High Frequency Dipole Moment [ij and Relaxation
Time 7
Under hf electric field of GHz range the dimension-
less complex dielectric constant &% is:

k*ij = k-li_i ‘jkuij . (6)
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where k% = €/ €, and k7 =
imaginary parts of complex dielectric constant. e'ij and
g”,; are the real and imaginary parts of complex permit-
tiv'ity e¥,in Fom.” "and g, = permittivity of free space =
8.854 x 10~ ?F.m.”. The hf complex conductivity 6%;
of a polar-nonpolar liquid mixture of'* weight fraction
w; is:

€”,/€, are the real and

O = WEK "+ WK’ (7

’

where o’; = W, k”; and 0" = we, Ky are real and

imaginary parts of complex conductivity and j is a
n

complex number = (-1) "

The hf conductivity o;; is, however, obtained from :

oy = Wey( k7' 2+ K Hre -(8)
c”;; is related to o”;; by

0" = O H(leg)o’y ..(9)
where o is the constant conductivity at w; — 0 and 7,

is the relaxation time of a polar molecule.
Eq. (9) on differentiation with respect to O"ij be-
comes''

do”y/do’; =lar, ~(10)

to yield 7

Itis often better to use the ratio of slopes of individual
variation of ¢’ and ¢’; with w; at w; — 0 to avoid
polar-polar interaction in a given solvent to get T; from:
(do”/dw)/ (do’y/dw) =l

or x/y =1/w (1)

where ® = 2xf, f being the frequency of alternating
electric field.

In hf region of GHz range, it is often observed that
6”;; = 0y and Eq. (9) becomes:

i (1/0T) 6 ' (12)
B = 1/, (do’y/ dwj) (13)

0;=0

where f - (do;/ dw) is the slope of o;;-w; curve at
w; — 0
The ¢”;; of a solution of weight fraction w; of a polar
molecule at TK is alven by Smyth” ¢ as:
. Npyn? [ w't

(Eokopij+2)(Enkmij+2)w;

@ l/= 2 72
27eg M jkpT | | + w* 1*

..(14)
Eq. (14) on differentiation with respect to w; and at
w; — 0 yields:

Nou? [g+2 Y ot
(do’;/dw;) . 0= bitt; y 7’
I 3 EOM./ kgT\ - l+w 1T

(15)

where N = Avogadro’s number, p; = density of

solvent
g; = permittivity of solvent;
M; = Molecular weight of solute and

ky = Boltzmann constant.
From Egs (13) and (15) one gets hf |, as:

172
we| o MikT B ' (16)
T {Npi 2y b

1+’ %) e

is a dimensionless parameter.involved with estimated T,
from Eqs (10) and (11). All the computed hfu sinterms
of slopes B's and b’s are placed in Table 4 in order to
compare with [,..'s, 1, and I, , W, of the flexible part
and end-over-end rotation of the whole molecule> pre-

sented in Table 2.

where b =

4 Results and Discussions

The dimensionless real &'; and imaginary k" of the
complex dielectric constants k *; as well as the Qtath ke
and infinite frequency k; of dielectric constants were
obtained from the measured: relaxation permittivities
€';€”;» €y and €5 in F.m™ for different w;’s of alcohols
in different solvents at 25°C. The data thus obtained are
placed in Table 1. The static experimental solution

_ parameters X;’s involved with ky; and k__;; of Table | are

B oo}

shown in Fig. |; for different w; of a]cohé)ls. The nature
of variation of X; with w;’s are parabolic in nature
satisfyinv'a polynomial equation : X; =a, +a, w; +

w; ~. The coefficients of X;—w; curves i.e. ay, a, and
a2 are placed in the 2nd, 3rd and 4th columns of Table
2. As evident from Fig. 1, the X;—w; curves for metha-
nol, ethanol and 3-methyl-3-heptanol are convex in na-
ture as their coefficients of quadratic terms in Table 2
are negative. The remaining X;’s on the other hand,
showed a gradual increase with w;'s for all the coeffi-
cients of the curves are positive as seen in Table 2. The
anomalous behaviour of X; ;—W; curves from linearity
for all the alcohols in dxfferent solvents at a given
temperature in °C may rouse an interesting relaxation
mechanism in such long chain associated liquids. In
comparison to octyl alcohols, the curves of normal al-

cohols in higher concentrations are highly concave hav-
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ing a tendency to meet at a common point on the X;; axis

at w; — 0. This sort of behaviour of X;—uw; curves of
Fxﬂ. | arises either due to solute- Solute i.e. dimer or
solute-solvent t.e. monomer formations in compara-
tively high concentrations. The convex shape of ethanol
and methano! occurs for the probable experimental un-
certainty in their gy; and €.; measurements. The identi-
cal nature of variations of all the octyl alcohols have
almost the same slope, but of different intercepts as a
result of solvation effect. Their X;;'s have tendency to
become closer within 0.1 < w; < 0.2 indicating various
molecular association in them

In case of non-associated liquids a,’s were found to
be vanishingly small in comparison to ¢, and «, to yield
almost linear variation ol X against W, The eqtlmated
correlation coefficient (1) dnd the pelcentaoe of error
(%) entered in 5th and 6th columns of Table 2 for all the
alcohols are such that one may rely on the linear term of
X;;—w; curve to compute {'s from Eg. (5). 1’s thu<
computcd are placed in the 7th column of Table 2
compare with p,.,"'s obtained from bond angles and
bond moments of the substituent polar groups, as pre-
sented in Fig. 6 and W, and p, of the flexible part and the
whole molecule by the double relaxation method™
nearly 24 GHz electric field. The smaller and larger
deviations of X;;’s from linearity with w;’s as seen in Fig.
1. confirm the moleculax associations ot such associated
dielectropolar liquids in different solvents.

The relaxation times T;'s are, however, derived from
the slope of linear'' variation of Lot wnh»o of Fig. 2
for all the alcohols. Although, the expenmental data, on
the other hand, did not strictly fall on the fitted linear
i and 6% both in Q' m
2, the slope of ¢”; against o' of Fig. 2 was, however,
used to obtain T, from Eq. (l()) The 2nd, 3rd and 6th
columns of Table 3 contain all the estimated intercepts
and \lopes together with the measured T;'s. The linearity
of ¢”; curves against ¢";; as shown "l‘dpthd”y in Fig. 2
is a«am tested by correlatlon coefficients s and % of
errors. They are entered in the 4th and 5th columns of
Table 3 only to see how far 6”; and ¢”; are correlated to
each other. But it is often better to use the ratio of the
individual slopes of variation of ¢”; and ¢’; with w; at

;= 0 to get TS by using Eq. (l 1) are not in close
aﬂreemenl wnth thoqe obtained from Eg. (10) and by
freshly calculated Gopalakrishna’s method, as seen in
Table 3. Figs (3) and (4) showed that both ¢”;; and o’ij
vary nonlinearly with w;. The nonlinear behaviour of

curves of ¢” as drawn in Fig.

and ¢’y as seen in Figs 3 and 4 with w/’s invites the
assocmtlonal and structural aspects of quch long chain
dielectropolar associated molecules. The latter method
to measure T,’s thus appears to be a significant improve-
ment'>" over the former one'' as it eliminates the po-
lar-polar interaction in a given solvent.

The hf g, from Eq. (16) was obtained from the slope
B of the nonlinear variation of o, in Q7' m™ with w;'s of
Fig. 5 and dimensionless palameter b of Eq. (17) n
terms of T; obtained by both the methods. The intercept
o.and slope B of hf o; with w; curves of Fig. 5 are entered
in the 2nd and 3rd columns of Table 3. Tt is interesting
to note that the curves-of 6;—w; variation of Fig. 5 are
almost identical with 6”;—w; curves of Fig. 3. This fact
at once confirms the applicability of the approximation
that 6”;; = 6;; as done in Eqs (9) and (12). The imaginary
¢”;; and total hf G;; in case of normal alcohols in Figs 3
and 5 decrease gradually with w;’s of I-butanol to
methanol except ethanol. This can be explained on the
basis of the fact that the polarity of the molecules de-
creases from |-butanol to methanol. Both 6”;'s and ;s
in Figs 3 and 5 of all the octyl alcohols are found to be
closer only to show their nearly same polarity. The
almost coincident curves of 4-octanol (—©-) and 2-oc-
tanol(—X-) arise due to their identical polarity as esti-
mated in Fig. 6

The estimated p,’s and s in Table 2 and 4 are then
compared with the [, and W, in Table 2 by double
relaxation method™® and those by freshly calculated
Gopalakrishna’s method. For all the normal alcohols
Y;'s and [.’s are in excellent agreement with Gopalak-
rishna’s |,’s (reported data) and 1. The estimated p;'s
for octyl alcohols agree with reported ;’s and p,. All
these discussions made above establish the fact that a
part of the molecule is rotating under GHz electric field.
Slight disagreement in [L’s and the reported ones arises
due to steric hindrances of the substituent polar units of
their structurai configurations of Fig. 6 and the existence
of associative nature for their hydrogen bonding. Unlike
normal alcohols, j1,’s are always lower than pi’s and s
for octyl alcohols. This at once reveals under static
electric field the possible formation of dimers which
undergo to rupture into the solute solvent association i.e.
monomer in the hf electric field to increase p's. It is also
evident that dimer formation is favourable in octyl alco-
hols than normal alcohols due to existence of strong
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inductive effect for their -OH groups at the end of the
molecular chains.

The theoretical dipole moments fLy,.,’s of all the alco-
hols under study were calculated from the available
bond angles and bond moments of the substituent polar
groups like Hy — C, C—H, C—0, O—H (£105°) and
C—Cof 123 x 107, 1.0 x 10™,3.33 x 107, 1.30 x
107 and 0.3 % 107 Coulomb-meter (C.m.) as presented
elsewhere™®. The values thus estimated are then made
closer with the measured static w’s or even [I’s by
reducing the available bond moments by a factor L/l
which takes into account of the inductive and mesomeric
effects of the substituent polar groups-as shown in Fig.
6. An inductive effect of polar unit acts along the chain
of the molecular axis of the normal alcohols to make
them strongly polar due to presence of ~OH group at
their ends of the axis. The comparatively lower L1,,..’s in
octyl alcohols is probably due to screening effect of their
~OH groups by other polar groups.like H;—C, C—H
which favour the dimer formation of these alcohols
through H-bonding to make their p,'sand i;’s lower than
the normal alcohol as seen in Fig. 6

5 Conclusion

The modern internationally accepted symbols of di-
electric terminologies and parameters in SI unit are
conveniently used to obtain static and hf dipole moments
M, and 1 in terms of relaxation time T, of a polar
molecule. 7;"s measured from the slope of i imaginary ¢”;
against leal o’ of complex hf conductivity ao*s fm
different w; a1e not in agreement with those measured
from the ratio of the individual slopes of 6”;; — w; and

0';; ~ w; curves at w; — 0 indicating the apphcablhty of -

the latter method i m long chain dielectropolar alcohols.
This method of determination of 7; is a significant im-
provement over the previous one as it eliminates polar-
. polar interactions in a given solvent. The comparison of
;s and p's with [, and W, of the flexible part and the
whole molecule by double relaxation method and p,,.’s
from bond angles and bond moments seems to be an
interesting phenomenon to have deep insight into re-
laxation mechanism of dielectropolar alcohols.

The results indicate that a part of the molecule is
rotating under GHz electric field. The slight departure
among the measured (L, [y and [, reveals different
associational aspects of dielectropolar alcohols in dif-

ferent solvents through the frequency dependence of
relaxation parameters. It also shows the strong polar
nature of normal alcohols which favour solute-solvent
association due to the presence of —OH group at the end
of their bond axis. But the comparatively lower values
of s in octyl alcohols indicates the solute-solute asso-
ciation due to —-H bonding supported by the fact that
—~OH being screened by —CH, and a large number of
> CH, polar groups. The u, /)L;,.,’s are almost constant
for all the alcohols to take into account of all these facts
in addition to their material property of the system. This
study further supports the rotation of ~OH group along
the = C-O- bond of all the alcohols under static and hf
electric fields. Moreover, the methodology so far devel-
oped within the frame work of Debye and Smyth model
appears to be sound, simple, straightforward and useful
to arrive at associational and structural aspects of alco-
hols which are thought to be non-Debye in relaxation
behaviour.
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Abstract

The relaxation times 7, and t, for rotations of the flexible parts and the

whole molecules of the isomers of anisidine and toluidine (j) in benzene (i)
under a 9.945 GHz electric field are predicted from the slope and intercept
of a linear equation of (xoi; — X;;)/X;; against x,’; / x;; for different weight

J

fractions w;’s of solute at 35 °C. x;; and x;; are the real and imaginary parts
of the high-frequency complex orientational susceptibility x;; and xoi; is the
low-frequency susceptibility which is real. The t’s; dimensionless
parameters b’s involved with 7’s and linear coefficients 8’s of x/ —wj curves
are used to obtain dipole moments x| and w, of the flexible parts and the
whole molecules. The theoretical weighted contributions ¢; and ¢; due to 1,
and 1, towards dielectric dispersions from Frohlich’s equations are worked
out to compare with experimental ones by graphical variations of x,.’j / Xoij
and x,-’}/ Xoij at w; — 0. The estimated t’s from the ratio of the individual
slopes of x;; and x;; with w;’s at w; — O are compared with those of
Murthy et al (1989 Indian J. Phys. B 63 491) and reported t’s.

The symmetric and characteristic relaxation times 7, and 7., by symmetric
and asymmetric distribution parameters y and § are computed to suggest the
symmetric relaxation behaviour of the molecules. The measured 1, and @,
from double relaxation phenomena and the reported u’s signify the fact that
a part of the molecule is rotating under a gigahertz electric field. The slight
disagreement between the theoretical dipole moment gy, from available
bond angles and bond morments of substituent polar groups attached to the
parent molecules and measured p; demands the inductive and mesomeric
effects suffered by the substituent polar groups, in addition to structural and

associational aspects of such molecules.

1. Introduction

The dielectric relaxation of a polar liquid molecule in a non-
polarsolvent under static and high-frequency (hf) electric fields
provides one with valuable information on various types of
molecular associations [1,2] and the structural configuration
of the polar molecule from relaxation parameters such as the
relaxation time 7 and dipole moment w, measured by any
-standard method {3,4]. ,’s determined by concentration
variation of the real part of the hf dielectric susceptibility are

concerned with the orientational polarization and are further -

used to shed more light on the structural and associational
aspects of a polar molecule [5].

0022-3727/01/030379+10$30.00 © 2001 IOP Publishing Ltd Printed in the UK

-Srivastava and Chandra [6] measured the real e,fj and
imaginary €/ parts of the relative complex permittivity, €5
and the static and infinitely hf relative permittivities, eq;; and
€xij, Of isomers of anisidines and toluidines in CgHg under
2.02, 3.86 and 22.06 GHz electric fields at 35 °C. The purpose
of such a study was to observe the solute—solvent and solute—
solute molecular associations, besides the possible existence
of either double or single relaxation behaviour of anisidines
and toluidines.

Nowadays, the usual practice is to study dielectric
relaxation phenomena by dimensionless complex hf dielectric
orientational susceptibility X;j [5] rather than the relative hf
permittivity €;; or hf conductivity o7;- The e;‘j includes within
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it all types of polarizations while o} is concerned with the
transport of bound charges. Hence it is better to work with
xij for its more direct link with orientational polarization.
Moreover, the present system of study in the modern concept of
internationally accepted symbols of dielectric terminology and
parameters in S units is interesting because of its rationalized,
coherent and unified nature.

Under such a context we derived a linear equation (5) (see
below) in terms of the real )(‘.’j = (€/; — €ocij) and imaginary
X;; = € parts of the complex hf x;; and low-frequency
dielectric susceptibility xo;; = (€0;j — €coij), Which is real
as presented in table 1 under a 9.945 GHz electric field, to
obtain 7, and 1, of the flexible parts and the whole molecules
in C6H6 at 35°C.

The electric field frequency of f =
was claimed to be the most effective dispersive region
for such molecules [7]. When x “s were plotted against
frequency (f) they showed a peak in the neighbourhood
of 9.945 GHz, at which point the dielectric orientation
processes of polar molecules [8, 9] are invariably maximum.
At this frequency Xij» X{j and xoi; were again adjusted by
a careful graphical interpolation technique [7]. One could
make a strong conclusion of double relaxation phenomena
of a polar molecule in a non-polar solvent based on single-
frequency measurement of the relaxation parameters, provided
the accurate value of xoi; involved with €p;; and €qij is
available. The use of n%),j for €cij [6] may often introduce
additional error into the calculation. Nevertheless, the data
are accurate up to 5% for x,.’;. and 2% for Xi’j and xo;;. The
liquid molecules at this f absorb electric energy much more
strongly to exhibit reasonable t; and 1, for all the chemical
systems under identical environments. t; and 7, are, however,
measured from the intercept and slope of the derived straight-
line equation (see equation (5) below) of (xo;; — x,’j)/x,’l
against x,j/xu of figure 1 for different weight fractions w;’s of
polar solute at the single frequency w (=2r f), signifying the
material property of the systems. The correlation coefficients
r’s and minimum chisquare values to test the linearity of the
curves of figure 1, along with the estimated 7, and 1, are given
in table 2. In absence of reliable z, the ratio of the individual
slopes of variation of x;; and x;; with w;’s at w; — 0, as
seen in figures 2 and 3, were conveniently used to evaluate t;
to compare with those of Murthy et al [10] of figure 4 and
Gopalakrishna’s method [11].

The theoretical weighted contributions ¢; and ¢; due to
the estimated 7; and 7, presented in table 3, towards dielectric
dispersions, were calculated from Fréhlich’s equations [12] in
order to compare with the experimental contributions by the
graphical extrapolation technique of figures Sand 6 at w; — 0.
The symmetric and asymmetric distribution parameters y and
3 were, however, worked out from the variation of x/ i/ Xoij
and Xu/XO'! with w; in the limit w; = 0 to conclude the
symmetric distribution behaviour obeyed by such molecules.
The characteristic relaxation time ., from & and ¢ of figure 7
along with the symmetric relaxation time 7, in terms of y are
found out to compare with 71, 72 and z; in table 2.

The dipole moments fi1, u2 and o, in Coulomb metres
(C m), in terms of by, b, and by involved with 7;, v, and
7o, wWhere 7o is the most probable relaxation time (= /7172)
and linear coefficient 8’s of x/ ; against w; curves of figure 3
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9.945 GHz

3:1 / Ilij

Figure 1. Linear variation of (xo;; — xu)/x,l against x;; ST
isomers of anisidines and toluidines in benzene at 35 °C under a
9.945 GHz electric field: (I) o-anisidine ( Oo—),

(II) m-anisidine ( A—1), (1) p-anisidine (——0——),
{IV) o-toluidine (——@——), (V) m-toluidine (——a——) and
(VD) p-toluidine (——m——).

were determined in order to place them in table 4. The
comparison, however,. indicates that the flexible parts of the
molecules rotate under X-band gigahertz electric fields. They
are compared with f1,.,’s obtained from available bond angles
and bond moments of the substituent polar’ groups attached
to the parent molecules, as displayed in figure 8, and u; by
freshly calculated Gopalakrishna’s method of table 4. The
slight disagreement between the measured u’s and phe,’s
invites the existence of inductive and mesomeric effects of
substituent polar groups.

2. Theoretical formulations for T1, 72 and

Bergmann et al’s equations [13] are concerned with molecular
orientational polarization processes. We therefore introduce
Xij's to avoid clumsiness of algebra as €u;; includes a fast
polarization process and frequently appears as a subtracted
term in the equations. Thus, with the established symbols of
parameters of dielectric terminology like x;; = (€; ~ €ccif),
Xii ;= = ¢/’ g and xoi; = (€0ij — €ccij) Of table 1, Bergmann et al’s
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Table 1. Concentration variations of the measured real ¢;; and imaginary e‘f} parts of the hf complex relative permittivity under a 9.945 GHz

electric field, the static and hf relative permittivities €g;; and €. along with the real x;; and imaginary x;} parts of the complex
dimensionless dielectric orientational susceptibility x;; and the low-frequency susceptifnility Xoij which is real for isomers of anisidine and

toluidine in benzene at 35°C.

System with Weight Measured dielectric relative Dimensionless dielectric
serial number fraction, permittivities orientational susceptibilities
and molecular wj, of
weight (M) solute e,fj e,’3 €0ij €ooij x,.’j x,’; Xoij
(i) o-anisidine 0.0326 2.3104 0.0148 2.336 2239 0.0714 0.0148 0.097
M; =0.123kg  0.0604 23520 0.0244 2404 2247 0.1050 0.0244 0.157
0.0884  2.4064 0.0340 2459 2255 0.1514 0.0340 0.204
0.1135 24416 0.0400 2538 2262 0.1796 0.0400 0.276
0.1361 24672 0.0512 2588 2267 02002 0.0512 0.321
(ii) m-anisidine 0.0160 22720 0.0234 2315 2235 0.0370 0.0234 0.080
M;=0.123kg 0.0336 23040 0.0390 2384 2241 0.0630 0.0390 0.143
0.0579 23904 0.0618 2477 2246 0.1444 0.0618 0.231
0.0823 24544 0.0744 2553 2253 02014 0.0744 0.300
0.1109 2.5344 0.1056 2.675 2261 02734 0.1056 0414
(iii) p-anisidine 0.0319 23104 0.0252 2373 2237 0.0734 0.0252 0.136
M;=0.123kg 0.0597 23904 0.0474 2442 2246 0.1444 0.0474 0.196
0.0848 2,5088 0.0642 2.539 2250 0.2588 0.0642 0.289
0.1106  2.5376 0.0840 2638 2262 02756 0.0840 0.376
0.1396  2.6272 0.1086 2745 2269 0.3582 0.1086 0.476
(iv) o-toluidine 0.0137 22752 0.0162 2301 2241 0.0342 0.0162 0.060
M; =0.107kg 0.0459 23648 0.0408 2392 2250 0.1148 0.0408 0.142
0.0622 24032 0.0570 2457 2255 0.1482 0.0570 0.202
0.1048 25376 0.0900 2.577 2264 02736 0.0900 0.313
(v) m-toluidine 0.0264 23136 0.0150 2337 2243 0.0706 0.0150 0.094
M;=0.107kg 0.0538 23552 0.0342 2413 2248 0.1072 0.0342 0.165
0.0781 24576 0.0402 2470 2252 02056 0.0402 0218
0.1015 24840 0.0618 2526 2258 02260 0.0618 0.268
0.1225  2.5280 0.0732 2591 2262 0.2660 0.0732 0.329
(vi) p-toluidine 0.0213 23100 0.0102 2319 2237 0.0730 0.0102 0.082
M;=0.107kg 0.0428 23040 0.0204 2367 2244 00600 0.0204 0.123
0.0616 23904 0.0276 2413 2249 0.1414 0.0276 0.164
0.0916  2.4704 0.0384 2483 2254 02164 0.0384 0.229
0.1048 24960 0.0582 2.523 2260 02360 0.0582 0.263
\\‘
equations become Equation (5) gives a straight line between the variables

Xi; 1 1

— = +o (O
Xoij 1+ w?tf 1+ wic?

and
Xi; wT) T
=t @
Xoij 1 + o] 1+ w?t]

assuming the molecules possess two separate broad dispersions
for which the relative weight factors ¢; and ¢, are such that
cp+c = 1. Xi’i and xl.’j’- are the real and imaginary parts
of the hf complex susceptibility x;; and xo;; is the static or
low-frequency susceptibility which is real.

Let @) = wrt) and a; = wmn, equations (1) and (2) are
solved to obtain

(xoij — x,.’j)/x,.’j and X;','-/X,-'j having intercept —w?1, 7 and
slope w(7) + 13). It was solved for different concentrations
w;’s of each of the polar molecules of table 1 for a given fixed
value of the angular frequency w (=2x f) of the applied electric
field at 35°C, where f = 9.945 GHz. The values of r; and
72 from the intercept and slope of equation (5) are found as
shown in table 2:

The theoretical values of ¢; and ¢, towards dielectric
relaxations were obtained from equations (3) and (4) using
values of x;;/xoi; and X,!}/Xou of Frohlich’s [12] following
equations, (6) and (7), in terms of the estimated t, and 1 of
table 2 from the intercepts and slopes of equation (5):

1 1+ w?e2

"oty — x")(1 +a? e =1 — — 1n [ 20
o = (x,,afz Xi)(L+ay) 3) Xij/ Xoij 74 n(1+w2f12) (6)
Xoij (2 — 1) :

1
and wao oo _ 2 -1 tap—]
X)) = xia)( +ad) @ Xij/ Yoy = ltan (@) —tan~ (@)l (D)
C =

Xoij (a2 — )
provided a3 > ;. Now adding equations (3) and (4), since
¢| +¢3 = 1, one obtains ’

"

Xoij — X,’lj

The theoretical ¢| and ¢, are given intable 3 in order to compare
them with the experimental values obtained by graphically
extrapolated values of x;;/ xoi; and Xij/ Xoij inthe limitw; = 0
in figures 5 and 6 and equations (3) and (4). The Fréhlich's

7
Xij

ij

= ot + 1)L — 0’1 10.

(5) parameter A, where A = In(z,/71) is given in table 3 for each

compound.
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Table 2. Slope and intercept of the linear equations of (xoi; — X{;)/X;; against x;;/ Xij» correlation coefficient (r), minimum chisquare
values, relaxation times 7 and 7, of the flexible part as well as the whole molecuies, measured T from equations (9) and (10), reported T
(Gopalakrishna) and most probable relaxation time 7o, together with symmetric 7, and characteristic 7., from symmetric and asymmetric
distribution parameters y and § of some monosubstituted anilines at 35 °C under a,9.945 GHz (X-band microwave) electric field.

Intercept and
slope from (5) for Ratio of
Uxoij — X/ i) Estimated Most slopes of
System with against x;;/ X,—',— relaxation probable X,"} and Xilj
serial number Correlation  Chisquare times relaxation Measured  with w;
and molecular Intercept  Slope coefficient value 7 and time T of (10)
weight (M) © (m) ) (x10%) (0s) = w5 (s (dxi3/dw))w;—0
e ; 0= b Ll
s ' (@X, /3%, 0
(i) o-anisidine 0.6373 4.8390 0.7743 4.36 217 7531 1278 4.18 0.1560
M; =0.123kg
(ii) m-anisidine 0.6075 2.9047 0.9888 1.22 3.63 42.88 1248 5.20 0.3033
M; =0.123 kg
(iii) p-anisidine . 1.4948 6.2149 0.8310 24.77 401 9550 19.57 4.47 0.1824
M; =0.123 kg
(iv) o-toluidine 1.2684 4.2603 0.9986 0.13 515 63.06 18.02 495 0.4025
M; =0.107 kg
(v) m-toluidine 0.3501 24337 0.6864 30.10 246 36.51 9.48 4.18 0.1605
M; =0.107 kg
(vi) p-toluidine 0.7348 4.7136  0.8687 —23.25 2.58 72.89 1371 3.36 0.1755
M; =0.107 kg :
System with Relaxation times
serial number
and molecular T T T T
weight (M;) (ps) sy (ps)* (ps)®
(i) o-anisidine 2.50 3.29 2.46 130.40
M; =0.123kg
(ii) m-anisidine 4.86 4,28 3.02 64.22
M; =0.123kg
(iii) p-anisidine 2.92 3.70 140.19 305.52
M; =0.123 kg
(iv) o-toluidine 6.44 4.15 16.05 82.37
M; =0.107 kg
(v) m-toluidine 2.57 4.01 5.85 458.51
M; =0.107 kg
(vi) p-toluidine 2.81 3.34 1.38 12.07
M; =0.107 kg

? Measured by the slope of x;; against x;; using the straight-line equation (9).

b From the ratio of individual slopes.

¢ By Gopalakrishna’s method [11].

4 From the symmetric distribution parameter y of (17).
¢ From the asymmetric distribution parameter § of (19).

3. Theoretical formulation for the dipole moment

The r-ea.] e,’ - and im.aginary €;; parts of the hf complex relative
permittivity are written as

e,fj = €ooij + (l/wt)e;}

or
€ — €coij = (1/wr)€]
or
xij = (/o)X (8
and
(dxi}/dxi;) = w1;. %

382

The variation of susceptibility X,!,l- with x;; of equation (9)
is caused by variation in concentrations, w;’s, of the polar
liquids under the fixed frequency of the electric field. As
X,",'- is, however, claimed to vary linearly with X,~',- (107 of
different concentrations and the frequency is fixed, the slope
of X,’; with x,-’j can conveniently be used to obtain t; from
equation (9).

However, in case of monosubstituted anilines the
variations of x;; with x/;, as seen in figure 4, are not strictly
linear. The ratio of individual slopes from the variations of Xij
and x,.’j with w;’s in figures 2 and 3 is, however, thought to
be a better representation of equation (9) to obtain 7; where
polar—polar interactions are supposed to be fully avoided.
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Table 3. Froshlich’s parameter A, relative contributions ¢; and ¢; due to 7y and > theoretical values of x,-’l-/)(n,»,- and x;7/ xoi; of Frohlich's
equations, (6) and (7), and those by the graphical method at w; — 0, symmetric y and asymmetric é distribution parameters of some
monosubstituted anilines at 35 °C under a 9.945 GHz (X-band microwave) electric field.

Estimated values Weighted

Weighted
contributions

of x;1/ Xoij contributions Estimated values ¢; and ¢; from
Frohlich’s  and x/7/ Xoij ¢ and ¢; from of x;;/ ai; and the graphical Symmetric  Asymmetric
System Parameter  of Frohlich’s (3) and (4) X;'}/Xo:‘j from technique distribution distribution
with serial A=1n equations figures 5 and - parameter parameter
number (12/11) (6) and (7) . [ [ 6atw; —» 0 C [ y )
(i) o-anisidine 3.5469 0.5598 0.3458 0.5099 1.3664 0.7100 .0.1470 0.7117 0.2570 0.5716 0.1360
(ii) m-anisidine ~ 2.4692 0.5848 0.4011 04997 0.8952 0.3339 03094 0.2508 0.7791 0.2475 0.5671
(iii) p-anisidine  3.1703 0.4419 03656 04222 1.6317 0.2114 0.1523 0.2062 0.6360 04813 0.4111
(iv) o-toluidine ~ 2.5051 04600 0.4035 0429 1.1665 0.4995 0.2638 0.5197 0.4708 0.3821 0.3524
(v) m-toluidine  2.6974 0.6661 03726 0.5517 07879 0.5894 0.1308 0.5839 0.1173  0.6650 0.1422
(vi) p-toluidine  3.3412 0.5432 0.3576 0.4818 1.3361 0.9550 0.1148 0.9889 -0.1933 0.1617 0.1853
012 0.4
0.09 03
S 3
[5) -—
Fl 5
[}
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Figure 2. Variation of the imaginary part x;} of the hf susceptibility
against the weight fraction w; of solute in benzene at 35°C under a
9.945 GHz electric field: (I) o-anisidine (——O ).

(II) m-anisidine (——A——), (III) p-anisidine (——0—),

(IV) o-toluidine (——@——), (V) m-toluidine (——A——) and
(VI) p-toluidine (——m——).

Thus
dx’ dx/ =i
() (), J oo o
dw; w;—0 dw; w;—0
The imaginary part x;; of x; is [14, 15]
. Npiju’ ot )
Xij = 27eoM jkgT (l +w'-'r2) (€ +2)w;. (an

Equation (11), when differentiated with respect to w; and at

0.05 Q10 015
m—— Weight Fraction wj

Figure 3. Variation of the real part x;; of the hf susceptibility
against the weight fraction w; of solute in benzene at 35 °C under a
9.945 GHz electric field: (I) o-anisidine (——O——),

(II) m-anisidine (- A ), () p-anisidine (———0—-),

(IV) o-toluidine (———@®——), (V) m-toluidine (——A ) and
(VI) p-toluidine (- ).

w; — 0 yields

(di.',') _ Noip w
dwj /oo 2T€oMkpT \ 1+ w72

)(e,- +2)2. (12)

At w; — 0, the density of solution p;; and (e;; + 2)? tends to
o; and (€; +2)? where p; and ¢; are the density and relative
permittivity of solvent i, respectively.

In comparison to earlier works presented elsewhere
[15,16] the approximation that x;; =~ Xij as oy =~ o7, is
not necessary to obtain the u;’s from the t;’s where o7} is the
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Table 4. Coefficients @, 8 and y of the x;;—w; curve (figure 3) with correlation coefficients and percentage of errors, dimensionless

parameter b, estimated u;’s where p is from u, = ua(cy /c2)'/? and theoretical 4 from bond angles and bond moments together with
reported u (Gopalakrishna [11]) of some monosubstituted anilines in benzene at 35 °C under a 9.945 GHz (X-band microwave) electric field.

Systems Percentage
with serial Coefficients Correlation  error Estimated
number and of the equation coefficient  involved Dimensionless dipole moments
molecular X =a+pwj+yw of the in the parameters w (<109 Cm)
weight Xij—w,j Xij~w;
(M) a B y " equation equations b} ot b - o i 2
(i) o-anisidine 0.0149 1.7546 —2.8056 0.9960 0.24 0.6108 0.9820 0.0432 6.17 4.87 2321
M; =0.123 kg
(ii) m-anisidine —0.0094 25108 0.4641 0.9968 0.19 0.6221 0951t 0.1224 731 591 1649
M; =0.123 kg
(iii) p-anisidine —0.0634 4.4003 —10.2107 0.9962 0.23 0.4010 0.9410 0.0273 12.06 7.87 46.23
M; =0.123kg
(iv) o-toluidine 0.0063 2.0495 4.7368 0.9979 0.14 0.4412 09062 0.0606 7.32 S5.11 19.75
M; =0.107 kg
(v) m-toluidine —0.0078 2.8140 -—4.6071 0.9782 1.30 0.7404 0.9769 0.1613 6.62 576 14.19
M; =0.107 kg
(vi) p-toluidine 0.0464 0.3863 14.5432 0.9593 2.41 0.5770 09747 0.0460 278 214 9.84
M; =0.107 kg
Systems
with serial
number and Dipole moments
molecular
weight Estimated Theoretical
M) 2(x10% Cm)* 1 (x10°Cm)° u(x10° Cm)f
(i) o-anisidine 14.18 3.40 4.50
M; =0.123 kg
(ii) m-anisidine 12.32 5.50 6.17
M; =0.123kg
(ili) p-anisidine 23.51 6.30 6.53
M; =0.123 kg
(iv) o-toluidine 11.98 4.63 5.77
M; =0.107 kg
(v) m-toluidine 11.87 343 5.17
M; =0.107 kg
(vi) p-toluidine 591 5.13 5.30
M; =0.107kg
1
Ahy = ——.
T Trwig
1
b= —— .
T Wt}
1
Chy = ——.
2T Tvotc?
172

=2
c

2
¢ From bond angles and bond moments.
f From Gopalakrishna’s method [11].

9 From u,

imaginary part of the complex hf conductivity and oy; is the
total hf conductivity of the polar—non-polar liquid mixture.
From equations (8) and (12) one obtains

dxij NPiM? wT;
wt;| — = : € + 72 2
- 7 "(dwi)w,—»o 27€0MjkBT<1+a)21:f>’( i )

or

27eoM kT2
wj = [#ﬁ] (13)

Npj(e; +2)%b
where 7; and w1 ; are the relaxation time and the dipole moment
of the jth solute and ¢ is the permittivity of free space, 8.854 x
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10~2Fm~!. Here N is the Avogadro number, 6.023 x 103; p;
is the density of the solvent, 865 kg m™3; kj is the Boltzmann
constant, 1.38 x 10723 T mol~! k~!; ¢; is the dielectric relative
permittivity of the solvent, benzene, 2.253; M is the molecular
weight of the solute in kilogrammes; 8 is the linear coefficient
of the x;; — w; curve at w; — O;and b = 1/(1 + 0’} isa
dimensionless parameter involved with the measured ;.

The w@), u2 and ug in terms of by, b, and by involved
with 11, 7, and 7o, respectively, were then computed with the
knowledge of 8 of x,-’j—wj curves of figure 3. The u’s thus
obtained from equation (13) are given in table 4 in order to
compare with those of Gopalakrishna [11] and 4., ’s obtained
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Figure 4. Linear plot of the imaginary part x;; of the hf
susceptibility against the real part x;; of the isomers of the anisidine
and toluidine in benzene at 35 °C under a 9.945 GHz electric field:
(I) o-anisiding (——O——), (I} m-anisidine (——A )

(III) p-anisidine (——a——), (IV) o-toluidine (——O@——),

(V) m-toluidine (——A——) and (VI) p-toluidine (———@——).
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Figure 5. Plot of x;;/xoi; against the weight fraction w; of the
solute of the isomers of the anisidine and toluidine in benzene at
35°C under a 9.945 GHz electric field:

(I) o-anisidine (——O——), (II) m-anisidine (-——A——),

(II) p-anisidine (——0—), (IV) o-toluidine (——®——),
(V) m-toluidine ( A ) and (V) p-toluidine (——m——).

from bond angles and bond rhoments of the substituent polar
groups of the molecules of figure 8.

4. Symmetric and characteristic relaxation times 7,
and 7.4

- The symmetric and asymmetric distribution pa}amcters y and
8 appear in the following equations:

1

L+ (jor)!~r (1

Xii/ Xoij =

010 i 1 1

Q-05 010
w— Weight Fraction,Wj

0-15

Figure 6. Plot of x//x0i; against the weight fraction w; of the

solute of the isomeré of the anisidine and toluidine in benzene at
35°C under a 9.945 GHz electric field:

() o-anisidine (~———O——), (II) m-anisidine (——A———),

(IIl) p-anisidine (———0——), (IV) o-toluidine (-—®——),
(V) m-toluidine (——a ) and (VI) p-toluidine (——m——).

® in degree w—
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Figure 7. Variation of (1/¢) log(cos¢) x 10° against ¢ in degrees.

1
(1 + jorg)s
Although the left-hand side of equations (14) and (15)

are identical, the former is associated with the symmetric
relaxation time 7, and latter with the characteristic relaxation

Xij/ Xoij = (15)
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time 7. Separating the real and imaginary parts of
equations (14) and (15) and rearranging them in terms of
(xi;/ x0ij)w;—0 and (x;7/X0ij}w,—~o obtained from figures 5
and 6 the y and r, were found using

y = 2 tan™! [(‘ _ X_)X_ _ X_]
T X0if X,’,’ X0ij

1/(l-y)
:l . (17

Again é and 7., can be obtained from equation (15)

(16)

and

! !
" [(x{j/x,-’})coswnﬂ) — sin(ym/2)

tan($8) = ﬁ (18)
ij

and

(19)

As ¢ cannot be evaluated directly, an arbitrary theoretical
curve between (1/¢)log(cos¢) against ¢ in degrees was
drawn in figure 7, from which

log((x;/ xoij)/ cos(@8)]
o]

can be found. The known value of (1/¢) log(cos ¢) is used
to obtain ¢. With known ¢ and §, 7., were found out from
equations (18) and (19). ; and 7, so evaluated are given
in table 2 in order to compare with values of T by Murthy
et al [10], Gopalakrishna [11] and 7; and 7, determined by
double relaxation methods. The estimated values of y and &
are however, given in table 3.

tan ¢ = wt.

% log(cos @) = (20)

5. Results and discussion

The least-squares fitted linear equations of (xoij — Xi;)/Xi;
against X;'}/X,-'j for different weight fractions w;’s of the
monosubstituted anilines in benzene at 35°C under a
9.945 GHz electric field are shown graphically in figure 1,
with the symbols denoting the experimental points. The
experimental points are found to satisfy equation (5). x,.'j and
X;; are the real and imaginary parts of the complex dielectric
orientational susceptibility x;; and xo;; is the low-frequency
dielectric susceptibility which is real. They are, however,
derived from the measured relative permittivities [7] €};, €7,
€0;j and €; of table 1. The linearity of all the curves of
figure | are confirmed by correlation coefficients, t’s, lying
in the range 0.6894-0.9986. The chisquare test of all the
curves were again made to support their linearity. The slopes
and intercepts of all the linear curves of figure 1 are placed
in the second and third columns of table 2. The chisquare
-values are, however, large for o-anisidine, p-anisidine and m-
toluidine probably because of the large errors introduced in
the e,fj, e,’; €0ij and €.;; measurements for the molecules. In
order to find the existence of double relaxation phenomena,
accurate méasuremepts of eg;j and €n;; are necessary. The
refractive index n p;; measured by Abbe’s refractometer yields
€coij = N%;; (6], although a Cole-Cole [3, 4] plot often gives
€ccij a5 1-1.15 times 1},
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The slope and intercept of each straight-line equation, (5).
obtained from x;;, x;; and xo;; of different w;'s of table | by
least-squares fitting are used to determine 1, and r; for each
compound, as seen in the sixth and seventh columns of table 2.
75's are found to increase gradually from the mera to the ortho
and to the para forms for all the anisidines and toluidines.
probably due to the presence of the C — NH; group in them.
The electric tield of nearly 3 cm wavelength greatly influences
the C — NH; group. On the other hand, 7, increases from
ortho to para for the anisidines, while the reverse is true for
the toluidines. The increase in the 7, values indicates that
the flexible parts of the molecules are more loosely bound to
the parent molecules [17, 18], which signifies that the material
property of the system is undergoing relaxation.

In the absence of a reliable t; under a hf electric field
we tried to calculate t;’s from the slopes of the least-squares
fitted straight-line equations of x,-’J’- against x; ; as claimed by
Murthy et al {10], and give them in the ninth column of table 2.
The available experimental points were found to deviate from
linearity as illustrated in figure 4. The individual plots of x; !
and x;; against the w;’s of the isomers of the anisidines and
toluidines are not strictly linear as observed in figures 2 and 3.
This at once prompted us to use the ratio of the individual
slopes of variations of x;; and x;; with the w;’s at w; — 0
of figures 2 and 3 to obtain 7;’s. The z;’s thus obtained
agree well with 7; from double relaxation and Gopalakrishna’s
[11] methods. This confirms the basic soundness of the latter
method to determine 7; where polar—polar interactions are fully
avoided. Moreover, it shows that the hf dielectric susceptibility
measurement yields a microscopic relaxation time whereas
the double relaxation method gives both microscopic and
macroscopic 7 and 73, as observed elsewhere [19].

Larger 7,'s signify the larger sizes of the rotating units
of solute—solvent, i.e. monomer formation under a hf electric_
field. The existence of a distribution of t’s between r; and
7) helps us to test the symmetric and asymmetric distribution
parameters y and § of such compounds. These are calculated
from equations (16) and (18) with the values of x; i/ Xoij and
X{j/xoij at wj — O of figures 5 and 6. The values of
(1/¢)log(cos @) against ¢ in degrees as shown in figure 7
is essential to obtain 8. Knowing ¢ from the curve of figure 7,
&’s were obtained. y and § so obtained are seen in the 11th and
12th columns of table 3. The values of y establishes the non-
rigid behaviour of the molecules in benzene in a 9.945 GHz
electric field. They obey symmetric relaxation phenomena as
8’s are found to be low.

The symmetric relaxation time 7, from equation (17)
agrees with the 7’s and t’s due to Gopalakrishna’s method
[11] indicating symmetric relaxation behaviour for such
molecules; but in case of p-anisidine the agreement is poor.
It may probably be due to the experimental uncertainty or
the presence of two flexible polar units in a line. The
characteristic relaxation time 7., obtained from § gives high
values. They thus rule out the applicability of asymmetric
relaxation behaviour for such polar molecules in benzene.

We find the relative contributions ¢; and ¢, towards
dielectric dispersions for each polar compound, reported in
tables and figures from equations (3) and (4) for fixed T,
and 7, of equation (5) and x;;/Xoi; and x;;/xoij of Frohlich's
equations, (6) and (7). The same could, however, be obtained
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Figure 8. Conformational structures of the isomers of the anisidine and toluidine. (The bond moments (x 10*® C m) are given in the figures).

by a graphical technique. The ¢; and ¢, by both the methods
are given in table 3. The Frohlich’s equations, (6) and (7),
are related to Frohlich’s parameter, A, which predicts the
temperature variation of the width of the distribution of 7.
A is equal to In(12/71). ¢ and c, obtained with x,.’j/)(o,-j
and x;i/xoij of Frohlich’s equations and the least-squares
fitted graphically estimated values from figures S and 6 satisfy
¢y + ¢ >~ 1. The variation of x,.’j/in_,- and X;'}/Xo:'j with
w; usually do not obey Bergmann et a!’s {13} equations, (1)
and (2),; as observed elsewhere [17, 18]. For p-toluidine c,
becomes negative as seen in the tenth column of table 3. This
arises due to the inertid of the whole molecule with respect to
its flexible part under a nearly 10 GHz electric field [7, 19].
The dipole moments ) and u, of the flexible parts and
whole molecules of all the compounds under investigation
were obtained in terms of the dimensionless parameters b,
and b, related to 7; and 1; and the linear coefficient 8 of the
X,.’j—wj curve of figure 3. They are placed in the 11th and 12th
columns of table 4 together with g in terms of by related to 1o,
where 1 is the most probable relaxation time (= /7, 7;) forthe
distribution of t’s beiween two fixed values. The correlation
coefficients, t’s, of the x/;—w; curves were also estimated and
are entered in the fifth column of table 4, but only to show how
far the x;;'s are correlated with the w;’s. The corresponding
percentage of error in terms of 7 are entered in the sixth column
of table 4. The variation of the x,.’j‘s with the w;'s gives a
reliable slope of B8 to yield reliable 1, @2 and po values.
Almost all x,.’j—wj curves in figure 3 show a tendency to be
closer in the region 0.00 < w; < 0.03, indicating an almost
identical polarity of the solute molecules in addition to solute—
solvent (monomer) and solute—solute (dimer) formations [9].

The solvent, benzene, is a cyclic compound with three
double bonds and six p-electrons on six carbon atoms. Hence
the wT—w interaction or resonance effect combined with an
inductive effect, known as the mesomeric effect, is expected to
play an important role in the measured hf 1 ;. Special attention
is therefore paid to obtain the conformational structures of the
isomers of anisidine and toluidine from the available bond
angles and bond moments of the substituent polar groups.
The polar groups C — NH; (£142°), C — OCHj3 (£57°) and
C — CH; (£180°) having bond moments of 3.90 x 10730,
2.40 x 1073% and 1.23 x 10739 C m, respectively, are used
to obtain the theoretical ti,., Of figure 8. In the case of the
anisidines, the amino group, -NH,, exhibits a mesomeric effect
by pushing the electrons towards the C atom of the benzene
ring, but the inductive effect is more prominent in the ~-OCHj
group rather than mesomeric effect; so the latter pulls the
electrons from the C atom of the ring. Hence the resultant
Wiheo increases from the para to the ortho and to the mera
forms, as seen in table 4. In the case of the methyl group,
—CH3, in toluidines the inductive effect is important as the sp?
hybridized C atom of benzene is more electronegative than the
C atom of the —CH; group, which is sp® hybridized. Thus
the direction of the bond moment is towards the benzene ring.
For the -NH; group the mesomeric and inductive effects act
oppositely, but as the mesomeric effect is more pronounced
so resultant bond moment is towards the C¢Hg ring. In the
ortho, meta and para toluidines, the angle between the -CHs
and —-NH, groups are 60°, 120° and 180°, respectively. Hence
there is an increment in jp., from the ortho to the meta and
to the para forms (table 4).

In the absence of reliable u; values of these compounds
Gopalakrishna’s method [11] was employed to obtain hf ;s
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(reported data). The close agreement between the reported i ;
(Gopalakrishna), ;| and g,ne, as seen in table 4 establishes the
basic soundness of the method prescribed for obtaining hf ;.
It also confirms the fact that a part of the molecule is rotating
under a nearly 3 cm wavelength electric field.

6. Conclusions

The theoretical considerations for the effective utilization
of the established symbols of the dielectric susceptibilities,
xij’s, from the dielectric relative permittivities ¢;;’s appear
to be sound to study the dielectric relaxation mechanism as
Xij’s are directly concerned with orientational polarization.
The significant equations in terms of the x;;’s help one to
grasp new physical insight into polar—polar and polar-non-
polar molecular interactions in solution. The single-frequency
measurement of the relaxation parameters thus provides
a unique method to obtain macroscopic and microscopic
relaxation times and hence dipole moments of the whole and
the flexible parts of the molecules. The estimation of
from the linear equation (5) is a very simple, straightforward
and significant one to obtain u from equation (13) in terms
of linear coefficient 8 of the familiar x,-’j—w ; curve. The
correlation coefficient ¢ and the chisquare values signify the
minimum error introduced into the desired parameters. The
molecules under identical states show interesting phenomena
of a double or, often, a single relaxation mechanism depending
upon the solvent used. The probability of showing the
double relaxation phenomena of monosubstituted anilines in
benzene depends upon the electric field frequency of nearly
10 GHz. Various types of molecular associations, such as
solute—solute and solute-solvent interactions, are thus inferred
from the usual departure of graphically fitted plots of x;;/xoij
and x;}/xoi; with w; following Bergmann’s equations [13].
Non-rigid characteristics of the molecules are ascertained
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by estimation of symmetric and asymmetric distribution
parameters in benzene. The molecular associations are also
supported by the conformational structures of the molecules
in which the mesomeric, inductive and electromeric effects
play prominent roles.
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Double relaxation phenomena of monosubstituted anilines in benzene under high |
frequency electric field. '

N. Ghosh, S. K. Sit and S. Acharyya

Department of Physics, Raiganj College (University College) P.O. Raiganj, Dist. Uttar
Dinajpur, Pin- 733134 (W.B.), India.

ABSTRACT

The mtezcept and slope of a derived linear equation : ()(m] - X U) / X = (T,+1) X", /x”
w't,7, for different weight fractions w/'s of monosubstituted anilines ( j ) in b_enzene(1 ) at 35°C
under different electric field frequencies are used to yield the double relaxation times T, and T,
of the flexible parts and the whole molecules. X and X ", are the real and imaginary parts of hf

“complex dielectric orientational susceptibility x*j and Yo is the low frequency dielectric
suscepnbmty which is real. 7/s obtained from the ratio. of the individual slopes of variations of -
X and ', with w/s at w—)O are compared with Murthy et al (Indian J Phys 63 B 1989 491)
and Gopalakushna (T1 ans Fa1 adey. Soc. 53 1957 767).The theoretical weighted contributions c,
and ¢, for T, and T, from Frohlichs' equatlons are compared with the experimental ones flom
the maphxcally fitted curves of )(”/)(Ou and %' /X with W, 's in the limit w, =0. The wvalues
of (% ,,/X‘,,,)W —0 and (" /xou)w —0 are again employed to get symmetnc and asymmetric
distribution parameters 'y and d, the latter one is from the curve of 1/¢ log Cos¢ against ¢° to
yield the symmetric and characteristic relaxation times T_and T_ respectively only to show
that symmetric relaxation behaviour obeyed by the molecules. The dipole moments W, and W,
for the rotation of flexible parts and the whole molecules are measured from t, and T, and linear
coefficient B's of the variations of xij’ and hf conductivity o, with w.'s. The measured |, and p,
are compared with the reported W's and [, _'s of available bond angles and bond moments of
the substituent polar groups of the parent molecules. The slight disagreement of measured
W's from W, s indicates the existence of inductive,mesomeric and electromeric effects suffered
by the polar groups under hf electric field.

1. INTRODUCTION

In recent years, single or double relaxation phenomenon of polar liquid molecules in nonpolar
solvents under high frequency (hf) electric field attracted the attention of a large number of
workers [ 1, 2]. The study often provides the valuable information on the shape, size-and structure,
in addition to solute-solvent or solute-solute molecular associations in terms of the measured
refaxation time T and dipole moment pL by any conventional method (3, 4]. The stability and
unstability [5] of the molecules towards dielectric relaxations, is, however, inferred from such
study. T, and T, of the double relaxation method, T. from the ratio of slopes of the individual
vmatlons of X - and X with weight fractions sz in the limit wJ—O and K, 's from the linear
coefficient B's of either X i~ W, or hf conductivity G- w, curves shed more hght on the structural
aspects of such dxeleptropolm liquid molecules [6]



The real ¢'.and imaginary €%, parts of hf complex relative permittivity g*_ togethel with the -
iow fr cqucncy or static and optlcal relative permittivities € o and € cof i lsomets of methoxy
substituted anilines (anisidines)* Hid methyl substituted anilines (toluldmes) in benzene under
2.02. 3.86 and 22.06 GHz electric field for different weight fractions w/'s were measured by
Srivastava and Chandra [7] at 35°C. The analytical grade ortho, para lolundlncs and para-anisidines
were supplied by M/S Riedel (Germany) and the others were of M/S BDH (London). The liquids
were further purified by repeated fractional distillations and their physical constants like density
p, viscosity 1 and refractive indices n,, were carefu]ly checked in agreement with the literature
values before use . The purpose of the study [7] was to detect the possible existence of solute-
solvent (monomer) and solute-solute (dimer) molecular asscciations in the mixtures of various
concentrations.

Nowadays, the usual trend is to study the dielectric relaxation processes in terms of hf complex
dielectric orientational susceptibility X* rather than hf complex conductivity cs*J or hf relative
permittivity €*.. EV includes within it all types of polarisations while 6*, is asscciated with
transport of bound ‘molecular charges. Hence it is more reasonable to work with XS as they
have direct link with the orientational polarisations{8]. Moreover, the present method of study
in S.I unit is superior because of its unified, coherent and rationalised nature.

The dielectric susceptibilities like real ' =(¢; - £ ;) imaginary }", = &" ; parts of complex
susceptibility *, = (e*, - € ;) and the low frequency susceptrbrhty Xoi (z—:mJ - qu) which is real,
were derived from the measured relative permittivities 8 i i and €. in each system for

different w.s of the respective solute [7]. The experrmental results ofx s for different w's are
thus collected together in Table 1 for use. One could make a strong conclusion of double relaxation
phenomena of a polar molecule in a nonpolar solvent based on single frequency measurement
of the relaxation patdmeters provided the accurate value of . involved with €, and €,

available. The use of n? Di for e“” [7] may often introduce addmonal error in the calculatron

Nevertheless, the data presented in Table 1 are accurate up to 5% for X"; and 2% for X and X
respectively.

0ij

The polar liquids like monosubstituted anilines often posses two or more T's in GHz electric
field fcr the rotation of their flexible polar groups to the parent molecules and the whole molecule
itself (9]. Bergmann et al [10] devised a graphical method to obtain double relaxation times 't'
and 1, and hence weighted contributions c, and ¢, towards dielectric dispersions for some complex
polar liquid molecules. The mothed is based on plotting the measured values of €', £”, €, € at
various frequencies w on a semicircle in a complex plane. A point was then selected on the
chord through two fixed points on the semicircle drawn in consistency with the experimental
data. Bhattacharyya et al [11] subsequently modified the above procedure to get the same with
experimental values measured at two different frequencies of GHz range.

Thus the object of the present paper is to detect the double relaxation times T, and T, due to
rotations of the flexible parts and the whole molecules using X;s based on a smgle frequency
measurement technique [7,12-13]. The aniline derivatives are thought to absorb electric energy
much more strongly at nearly 10 GHz electric field. The parameters measured at 2.02, 3.86 and



Table-1 : Real &', and imaginary €"; parts of hf complex relative permittivity g, static and
optical frequency hf relative permxttlvmes g,; and €_, together with real ', and i 1magmary X

parts of hf complex dielectric orientational susceptlbxhty X", along with low f1equency
susceptibility ;. which is real for some monosubstituted amlmes in benzene under different

clectrie field llcqmnuu at 35%C [or various concentrations.,
Systems  Frequ- Wex§ Measured dielectric relative Dimensionless dielectric
with ency frac on permittivities orientational
serial ® susceptibilities
number in sdlute
& mole GHz '
Clll'z‘r . ! (X l ! n
welghtMi € ij € ij en'lj enn:ij x if x ij xnij
(D (a) 0.0326 232 0.0]1 2.336 2.239 0.081 0.011 0.097
o-anisi- 3.86 0.0604 2.37 0.021 2404 2247 0.123 0.021 0.157
dine in : 0.0884 244 0.029 2459 2.255 0.185 0.029  0.204
benzene ©0.1135 249 0.033 2538 2.262 0.228 0.033 0.276
0.1361 2.53  0.041 2.588 2.267 0.263 0.041 0.321

M= b

' ®) 0.0326 231 0015 2.336 2.239 0.071 0.015 0.097

0.123kg  22.06 0.0604 236 0.026 2404 2.247 0.113 0.026 0.157
0.0884 240 0.041 2.459 2.255 0.145 0.041 0.204
0.1135 242 0053  2.538 2.262 0.158 0.053  0.276
0.1361 256 0.065  2.588 2.267 0.293 0.065  0.321

00160 231 0018 2315 2235 0.075 0.018  0.080

0.0336 225 0.026 2.384 2.241 0.009 0.026 0.143
(ID) - 0.0579 243 0.043 2.477 2.246 0.184 0.043 0.231
m-anisi (a) 0.0823 2.51 0.059 2.553 2.253 0.257 0.059 0.300
dinein . 3.86 0.1109 261 0.084 2.675 2.261 0.349- 0.084 0414
benzene ’
M= 0.0160 229 0.021] 2315 2.235 0.055 0.021 0.080
0. ]23kg. (b) 0.0336 232 0.038 2.384 2.241 0.079 0.038 0.143

22.06 0.0579 236 0.068 2477 2.246 0.114 0.068  0.231
0.0823 240 0.080 2.553 2.253 0.147 0.080  0.300
0.1109 243 0.115 2675 2.261 0.169 0.115 0414

(III)o-tolui- 2.02 0.0137 230 0.005 2.301l 2.241 0.059 0.005  0.060

dine in 0.0459 238 0013 2392 2.250 0.130 0.013  0.142
benzene 0.0622 242 0015 2457 2.255 0.165 0.015  0.202
M.=0.107kg. 0.1048 255 0.022 2577 2.264 0.286 0.022 0.313
(IV) m-tolui- 0.0264 231 0.007 2337 2.243 0.067 0.007  0.094
dine in 3.86 00538 237 0.016 2413 2.248 0.122 0.016  0.165
benzene 0.0781 244 0024 2470 2.252 0.188 . 0.024 0218
M, =0.107kg. 0.1015 239 0036 2.526 2.258 0.132  -0.036  0.268

0.1225 254 0045  2.591 2.262 0.278 0.045 - 0.329

0.0213 231 0010 2319 2.237 0.073 0.010  0.082

(V) (a) 0.0428 2.32 0.016 2.367 2.244 0.076 0.016.  0.123
p-tolui 3.86 0.06i6 2.38 0.018 2413 2.249 0.131°  0.018 0.164
dine in 0.0916 246 0.029 2.483 2.254 0.206 0.029 0.229
benzene 0.1048 - 248 0.046 2.523 2.260 0.220 0.046 0.263
M, = 0.107 0.0213 231 0.009 2.319 2.237 0.073 0.009 0.082
kg (b) 0.0428 233 0.020 2.367 2.244 0.086 0.020 0.123

22.06 0.0616 2.36 0.033 2413 2.249 0.111 0.033 0.164

0.0916 240 0.046 2.483 2.254 0.146 0.046 0.229

0.1048 2.44 0.058 2:.523 2.260 0.180 0.058 0.263




vz oo T T 22.06 GHz electric fields may
yield considerable T, and T,.
Moreover, the present systems in
terms of new physical parameters
like ,'s seem to yield a better
mstght into the relaxation
phenomena. One is further
tempted to see how far the linear
coefficients ('s of the variations
of x’;'s and o, with w, affect W's.
The aspect of molecular
orientational polarisation, is,
however, achieved by introducing
XS because €_; which includes
the fast polarisation, always
appears as a subtracted term in
Bergmann et al's equations [10].
Thus in order to exclude the fast
polarisation process and to avoid
. ) . the clumsiness of algebra the

o3
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o0 01 o2 o3 o4 05 06 07 established symbols of dielectric
o Xij /K terminologies and parameters

Figure 1 : Linear variation of =X X5 against x ", / x'; of llkeX (8 i Ea ) X =¢" and
monosubstxtuted anilines in benzene at 350C under GHz electnc ﬁeld Yoy = (go” -€_ ) ofTable 1 are used

(Ia) o-anisidine at 3.86 GHz (-O-), (Ib) o-anisidine at 22.06 GHz  inthe Bergmann et. al's equations
(-@-), (Ila) m-anisidine at 3.86 GHz (-A-), (IIb) m-anisidine at 22.06 [10]:

GHz (-A-), (III) o-toluidine at 2.02 GHz (-©-), IV) m-toluidine at

3.86 GHz (=*-), (Va) p-toluidine at 3.86 GHz (-O-) and (Vb) p-toluidine

at 22.06 (GHz (—m-) respectively. .

Xlii/ Xij =6 / (1+'m%12) + G /(1+ (021:22) (D
X A = €,0%, [ (1+ @01+ ¢, o1, / (1+ W*T,?) ' (2)

assuming two separate broad dispersions for which the sum of ¢, and ¢, is unity. Equations (1)
and (2) are now solved to get

(X, - X'.}) / X'.i = 0T +T,) x”i. /)(’ii - m"—tlt.l . S } (3

When the variables (Xnu X » I i and " /x’ of equation (3) are plotted for different w's of a
polar liquid at any given ftequency o of the arplled electric field, a straight line results with
intereept -t T, and slope @(T,+ T,), as shown in Figurel. The intercept and slope of equation
(3) are, howevet obtained by lmeat regression analysis on the measured x;;'s of different w/'s of
the monosubstituted anilines in C.H, of Table | to get T, and T, as enteled in the 7th and 8th
columns of Table 2 cxtracted ﬁom the data of Table 1. The 1elnh1hty of the data are checked
through chisquares values. In absence of reliable 1, the ratio of individual slopes of variations of
X", and x'; with w/'s at w—0, as seen in Figures 2 and 3; were conveniently used to evaluate T,
to Compdle with those of Murthy et al [14] of Figure 4 and Gopalakrishna [15].



Table 2: Intercept and slope of linear equation of (X, - X’) / X; against X", /x;, correlation
coefficient (r ) and chisquare values, estimated relaxation times T, and T, due to rotation of
flexible polar group and whole molecule, measured T, from Eq (16) and (17), reported T
(Gopalakrishna) symmetric and characteristic relaxation times T and T_ of Eq. (11) and (13) of
some monosubstituted anilines in benzene at 35°C under different GHz electric field frequencies.

m-anisidine (a)3.86  9.02  8.05 12.30 90.52

inbenzene (b)22.06 3.91 4.4] 2.33  14.80

(11D

o-toluidine  2.02 12.11 4.97 17.06 —

in benzene ,

(IV) .

m-toluidine 3.86 15.64 7.05 223 1181.32

inbenzene

V) '

p-toluidine (a)3.86 873  7.65
53

15 —
inbenzene (b)22.06 333.30 5. gl

Systems  Frequ- Intercept and Correlation Estimated Measu- Ratio of
with ency slope of coefficient(r) relaxation red T slopes of
serial t#] Eq (3) and chisquares times T, & (ps)* )(,”ij-wi &
number in values of Eq(3) T, in p.sec x’ij-w'i

GHz - curves

at
_ W, —0
(H (2) 3.86  0.0179 1.4360 0.3032 0.07 0.52 5873 6.29 0.1891
o-anisidine ,
inbenzene (b)22.06 0.5406 3.6741 0.8277 0.23 I 2541 1.59 0.1601
(ID
m-anisidine (a) 3.86 1.1404 5.5485 0.9999 0.15 8.82 220.07 7.61 0.2188
inbenzene (b)22.06 0.7318 3.1447 0.9803 0.02 1.83 20.87 5.55 0.5413
(11I)
o-toluidine 2.02 0.0773 2.0910 0.2402 0.02 2.97 161.86 570 . 0:1536
in benzene :
(Iv)
m-toluidine 3.86 02938 4.5092 0.8469 0.51 2.73 183.29 6.53 0.3792
in benzene o
V) ,
p-toluidine  (a) 3.86 0.3149 3.4446 0.6480 0.30 3.88 183.22 7.64 02116
in benzene (b)22.06 0.082! 19151 0.9408 0.03 0.32 13.51 3.19 46.1743
Systems Frequ- Relaxation times
with serial ency
number (
in
GHz T, T T, T,
(ps)  (ps)  (ps) (ps)
@ (2)3.86 7.80 525 092 47152
o-anisidine
inbenzene (b)22.06 1.15 1.56 090 —
(1D

© a. Measured by slope ofx"u. against X, using Eq. (16)
b. From the ratio of individual slopes
c. By Gopalakrishna's method [15]



The theoretical weighted contributions ¢, and ¢, due to measured T, and T, from equation (3)
were worked out from Frohlichs' equations [16] and are placed in Table 3 inorder to compare
them w1th the experrmental ones from the intercepts of the least squares fitted curves of X5/ Ko
and X"/ X against w/'s from Figures 5 and 6 in the limit w, = 0. The values of ¥'; /X ;and
X" Xy atw=0 to;,cthcr with arbitrary curve of 1/¢ log (Coq ) against @ in dcglccs xhown
elsewhere | 17] are further used to obtain symmetric and asymmetric distribution parameters y
and & as seen in Table 3 to conclude the symmetric relaxation behaviour of such molecules.
Symmetric relaxation time T, from 7y and characteristic relaxation time T from 3 and ¢ are
further estimated in order to compare with 1,, T, and T, of Table 2.

The dipole moments p.lv and (L, by both hf susceptibility and conductivity measurement
techniques are, however, worked out from linear coefficient f's of XJ w,and o, W, curves of
Figures 3 and 7 interms of b, b, involved with the estimated T,, T,by double 1elaxauon method.
The U, and U, thus obtained are placed in Table 4 to see how far they are affected by the
orientational po]ansatron and bound molecular charge in connection with X;s and o.'s
respectively. The estimated [, and W, by both the methods are finally compared wrth reported
i's (Gopalakrishna) and p,_'s from bond angles and bond moments of polar groups of the
molecules to support their conformations. The slight disagreement between measured H's and
K. S invites the existence of inductive, mesomeric and electromeric effects suffered by polar
groups, in addition to weak molecular associations between the polar molecules.

2. WEIGHTED CONTRIBUTIONS C] AND C, FOR T, AND T,
By putting o, :.cofI and o, = WT, the equations (1) and (2) are solved to get

(X'ﬁ“ o, - X“ii ) 1+ (Xlz)

¢, =t o )
A (O 0) | |
and
O -y o) Cloy?) :
c,= : : : (5
Lo Oy - O )

0i)

provided o.,> o,. The theoretical values of ¢, and c, towards dielectric relaxations were,
however, obtained from equations (4) and (5) with the help of Frohlich's following theoretical
equations [16]: -

1 L+ @12 - - .
XXy = 1= In ' 6
s 2A I+ 0?2 - (©)
x"n / Xoi = /A (tan'( 07T, ) - tan! (0T))] . : (7)

in terms of the measured T, and T, as presented in Table 2 from equation (3) of double relaxation
method .

The theoretical ¢, and c, as entered in Table 3 are compared with the experimental ones
obtained from the mteJ cepts “of fitted parabolic curves of X / Xy and x". /%X ; against W, of
Figures 5 and 6 in the Iimit W, = 0 and equations (3) and (4). The curves in qure 5 and 6 dr’an



by the 1‘egression analysis of polynomial fitting, are thought to yield the accurate values of X
Yoy A0 275 7 X in the limit w.= 0 in comparison to earlier graphical extrapolation techmque
based on pexsonal judgement. The Frohlich's parameter A= In (1,/1,) are placed in Table 3 for
each compound at different frequencies.
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009 005 oo 013 Figure 3 : Variation of real part of hf susceptibility
Wi emmm—r Weight Fraction W X'; against weight fraction w, of monosub-stituted
Figu re 2 : Variation of imaginary part of hf susceptibility anilines in benzene at 35°C under GHz clectric ﬁeld
X" agamu weight fraction w, of monosubstituted apx]mes (1a) o-anisidine at 3.86 GHz (-O-), (Ib) o- amsxdme
in bcn7cm, at 35°C uner GHz electric field. at 22.06 GHz (-@-), (Ila) m-anisidine at 3.86 GHz
(la) o-anisidine at 3.86 GHz (~O-), (Ib) o-anisidine at (~4~), (IIb) m-anisidine at 22.06 GHz (- A-), (I1])
22.06 GHz (-@-), (ITa) m-anisidine at 3.86 GHz (-A-), o-toluidine at 2.02 GHz (-O-), (IV) m-toluidine at
(IIb) m-anisidine at 22.06 GHz (~A-), (III) o-toluidine 3.86 GHz (-*-), (Va) p-toluidine at,3.86 GHz_
at 2.02 GHz (-0-), (IV) m-toluidine at 3.86 GHz (-*-), - and (Vb) p-toluidine at 22.06 (GHz (-M-)
(Va) p-toluidine at 3.86 GHz (-0-) and (Vb) p-toluidine respectively.

at 22.06 (GHz (M=) respectively.

3. SYMMETRIC AND CHARACTERISTIC RELAXATION TIMES 7, AND. 1_,

The molecules under the present investigation appear to behave like non-rigid ones at 2.02, 3.86
and 22.06 GHz electric field having either symmetric or asymmetric distribution parameters vy
and & involved in the equations (8) and (9):

X" 1

. = —~ - . (8)
Lai I+ (jot)"
Xij:k 1

= &)

Xnii (1 +-j0")"tcs )8



Table 3 : Frohlich's parameter A, ', /Xou and ", /X values estimated from Frohlichs equations
(6) and (7) with estimated T, and T, and those obtamed from figures (5) and (6) at w, —0, weighted

contributions ¢, and ¢, from Frohllchs method and those by graphical techmque together with
symmetric and asymmetrxc distribution parameters vy and & of some monosubstituted anilines in
benzene al 35°C under different electric field frequencies in GHz range.

Systems  Frequ.- Frohlich Estlmated values of Weighted cont-  Estimated values of

with ency para- & X"y ributionsc &c, X' /Y. & X"/
serial ) meter of‘Frohhch' from Eqs(ﬁf) &(5) from ‘#lgs (5) & (5) at
number Gin (A) equations (6) &(7) w,— 0

Hz

(D) o-anisi- (a) 3.86  4.7269  0.8829 02001 07491 04053  0.7613  0.0859
dine (b)22.06 3.1308 05893 03646 05200 1.0893  1.0006 0.1086

(I m-anisi  (a)3.86 32169 04811 03650  0.4496 15081 0.7527  0.2389
dine (b)22.06 24340 0.5534 0.4063 04816  0.9439 0.7468  0.2508 °

(IT1) o-tolui- 2.02  3.9982 0.7936  0.2699 0.6755 0.6212 1.0700  0.0841
dine

(IV) m-tolui- 3.86 42068 0.6401 03049  0.5826 1.2450 0.7858  0.0475
dine

(V)p-tolui- (a)3.86 35730  0.6509 03320  0.5727 1.0167 0.9901 0.1639
dine (b)22.06 3.7429  0.7992 02766 .0.6685  0.5943 1.1134  0.0399

Systems Frequ- Weighted contribu- symme-  Asymmetric

with ency tions ¢, & c, from tric distribution

serial 4y graphxcal tech- distribu- = parameter

number in - nique . tion para-

GHz meter

(I) o-anisi- (a) 3.86 0.7073 0.1637 0.7089 0.0757
dine (b) 22.06 1.0380 -0.1801 -0.0724 —

(I1) m-anisi  (a) 3.86 0.7712 0.4485 0.3155 0.2688
dine (b)22.06  0.7699 0.2181 0.2969 0.2901

(1IT) o-tolui- 2.02 ] .0498 0.1133 —0.4921 —
dine '

(IV) m-tolui- 3.86 0.7903 -0.0213  0.8230 - 0.0393
dine

(V) p-tolui- (a) 3.86 0.9769 0.2657 —0.0661 —
dine (b)y 22.06 1.1208 - -0.0233 -0.8078 —

The former one ( eq. 8} is associated with symmetric relaxation time T, and the latter one (eq. 9)
with characteristic relaxation time T_. Separating the real and imaginary parts of equations (8)



and (Q).cmd rearranging them in terms of " /x and " / atw,
s — 0 of Fi
and t_were obtained from : i s > and6, y

’) ' "
2 Xy X
Y= tan’! [(I— X! Xit) L J ] (10)
Tt X”[] Xnu
and
| ]
T, = Ja- (11)
' W (X'a_i / X”ij) Cos (yr/2) - Sin (yr / 2)
Similarly, & and T_ can be had from equation (9) :
A " (' l]/)(m)w -0
tan (@8) = (12)
(" i / X(n[) w,— 0 : ‘
and, tan = WT_ (13)

As @ can not be evaluated directly; an arbitrary thecretical curve between 1/¢ log Cos ¢ against
¢ in degrees was drawn elsewhere [17] from which

l . Xlij / X()ij.
——log Cos ¢ = log [———)/ ¢0 (14)
© Cos @b

can be known. The known values of 1/¢ log Cos ©, is used to know ¢ from 1/¢ log Cos (p against
¢ curve. With known ¢ equations (12) and (13) were used to obtain 8 and T__ respectively. T_and
T, so evaluated are entered in Table 2 to compare with T 's by Murthy et al [14] freshly calculated
Gopalakushna (15] and T, & T, by double relaxation methods Estimated y and 0 are shown in

Table 3.

4. THEORETICAL FORMULATIONS TO OBTAIN HF DIPOLE MOMENT .,

(A) hf susceptibility method
The real €, and imaginary ", parts of hf complex relative permittivity. g* are related by:
a’u =€t (1/w7T) e"h
e - e, =l/ot) e
X’ij = (l/wT) e”iJ (15)
and, (dx" / dy ) = 01 (16)
s are expected to vary linearly with X [14] as seen in Figure 4. The slope of linear equation
ofx and X' was used to get T, from equaaon (16).

But the variations of x with X', in Figure 4 are not strictly linear, the ratio of individual

slopes of variations of x"; ’ and X Wlth w/'s in Figures 2 and 3 is a better representation of



equatior (16) to get T, where the polar - polar interactions are supposed to be almost eliminated.
Thus ' .

(dy", /dw) w, = 0/ (dx'l. Jdw) w, = 0 = o, | (17)
The imaginary part X ofx s [18,19]

L= ( Npiju-j /2780MjKHT ).oT /(1 + w>T?) (8i,i +2)? W, (18)
which on differentiation with respect to w, and at w, —0 yields that

(dy " /dww, — 0 = ( Npiuzj /27e MK, T).00t/(1 + 0*7%) (g+2)* (19)
From equations (17) and (19)' one obtains

Wt (dx"i.i /dwj) w, —0=( Npiuzj/27eoMjKBT).co’c /(1 + 0*1?) (g, +2)?

2780MiKBTB

or, _ H'i - [ | . ]'/1 \(20) .
. Np. (g, +2)°b

Where € = the permitti?ity of free space = 8.854 X 102 E.m.”! and
B = linear coefﬁcient‘of X'jw, curves of Figure 3 at w—0.
(B) hf condﬁcﬁyity method

According to. Murphy and Morgan [20] the real and imaginary parts of hf conductivity are
related by :

<5"ij =0+ (l/@7) cs’ 2n

'

o), =wee" and o7 = e, g, are the 1eal and imaginary parts of hf complex conductivity G*
©=2nfand fi is the hequency of applied electric field in GHz.

(dc"i.i / dwj) W, = 0= (l/wT) (dCS’ij / dwj) wj—>0
Since in hf region o7 = o and G, = the total hf conductivity = we_ (e et 2)'/’
one has (do’, / dw)w, — 0= @tf o (22)
where B is the linea;' coefficient of o --w; curve of Figure 7 in the limit wj- =0. |
Again, the real pait 6°; of hf complex conductivity oy is [18,22].
NU2p, Wt

c'. = ' ] (g; + 2)? w, (23)
MK, T 1+ ot '

which on differentiation with respect to w; and at w, —0 yields

Npp, ©*T ‘
(Ao’ fdw)w; =0 = 2IMK.T [ I+ 0?12 I e+ 2y | ()
i : ‘




From equations (22) and (24) one gets
27MjKBTB

b = - ]” ‘ (25)

: Np, (g, +2)*0b ,
Where = lincar cocllicient of o, - w, curve of Figure 7 at w, = 0. 1In both the equations (”()) and
(25) N= Avogadros number = 6 023 X 10%, p, = density of solvent (CH ) = 865kg.m™
relative permittivity of solvent (CH,) = 2.253, M = molecular weight oI Solute in kg., K =
Boltzmann constant = [.38 X lO”J mole' K-'and b =1/(1 + 0?*t*)=dimensionless paramete1

involved with measured T.

Dipole moments L, & [, in terms of b, b, involved with T, & T, were computed from both the
equations (20) and (25) as well with the linear coefficients f3's of both, X’; - w,and O, - w, curyes
of Figures 3 and 7 respectively. All pu's are placed in Table 4 together with ‘s and reported
pj's (Gopalakrishna) for comparison.

Table 4 : Linear coefficient B's, correlation coefficient (r) and % of error of x’ij—wj and Gy,
curves of figures 3 and 7, estimated dipole moments [, & i, for rotations of flexible polar
groups and whole molecule by susceptibility and conductivity measurement techniques,
dimensionless parameters b, and b, together with theoretical dipole moment i, obtained from
bond angles and bond moments, reported W (Gopalakrishna) of some monosubstituted anilines
in benzene at 35°C under different electric field frequencies.

Systems Frequ.- Liner Correlation Dimensionless Estimated K, L x10%in
with ency coeffi- cocfficient paramcters L x10™in 10%in C.m
serial ) cient and % of error C.m from C.m from
number in of involved in Egs. (20) & Gopala-
& mole GHz curves curves of (25) krishnas
cular of figs figs3 &7 b = b= method
weight 3&7 Ud+er) Ui+ett?) p u,
M.
J
(1) o-anisidine  (a)  1.9358 0.9980  0.12 0.9998 0.3304 5.07 8.8l 5.03
in CH, 3.86 0.4890 ).9984 0.10 5.50 9.56
3.40
M = 0.123kg  (hY 2.4031 0.9102 5.18 0.9769 0.0747 5.71 200.66 5.23
' 22.06 17.3978 0.9316 3.98 13.88  50.19
(1) m-anisidine  (a) 1.8788 0.9417 341 0.9563 0.0339 5.10 27.10 6.33
inCH, 3.86 0.4623 0.9508  2.89 546  29.01
5.50
M. =0.123kg. (b) 1.8214 0.9934  0.40 0.9396 0.1068 .5.07 15.03 5.13.
22.06 2.5571 (.9963 0.22 o 5.42 % 16.08 -
1 o- lofuidim, 1.4846 0.9966 0.23 0.9986 0.1917 4.14 945 - 5.37
inC 2.02 4.63
M. () 1()71\0 0.1981 0.9981 0.13 451 10.30
(IV) m-toluidine 0.5720 0.8479 8.48 0.9956 0.0482 2.57 ' 11.69 4.90
mCH, 3.%6 S 3.43
M, =0.107kg. 0.1265 08732 7.16 2.61  11.87
(V) p-woluidine  (a) 0.4791 0.9755 1.46 0.9912 0.0818 236 8.22 5.00
in C,H, 3.86 0.1638 09825  1.04 298 1038
: 5.13
M=0.107kg. (b)  0.0109 - 0.9819 1.08 0.9980 0.2221 035 0.75 3.37

22.06 0.3762 0.98¢4  0.8] 1.88  3.99




5.RESULTS AND DISCUSSION . o009
The least squares fitted straight
line equations in terms of'x’ij, X”a_; and 008
X.; Of Table | were worked out for
cach system as shown graphically in
Figure 1 at different w. ol solute in
benzene at 35°C under GHz electric
ficld with the cxpcmncnlzl! pomls
placed upon them. y'-and ", are
real and imaginary palts of hf
complex dimensionless dielectric
orientational susceptibility x™* . and
X.; Is the static or low hequency real
(llC]C(,lll(, susceptibility. They are,
however, derived from measured [7]

"

0-06

1

"0:04

" of hf susceptibilit_\'

o
o
~

relative permittivities €%, € i Eai
and ¢__of Table 1. The conelatlon
coefﬁmean (r) and chisquare values’
placed in the Sth and 6th columns
of Table 2 are estimated to show how .00 -
ﬁu the variables (x,u-x )/ X' and 000 010 . om 030 040
X i / X i of GC]UdTlOD (’{) are »—————— Real part X; of hf suscesptibility

correlated. It is scen that vis fow for  Figure 4 @ Lincar plot of imaginary part ol 1l susceptibility X
o-anisidine at 3.86 GHz and o-  againstreal part ', of monosubstituted anilines in benzenc al 359

toluidine at 2.02 GH7 possibly for ~ under GHzelectric field.

errors inlroduced in the (Ia) o-anisidine at 3.86 GHz (=0-), (Ib) o-anisidine at 22.06 GHy,
(-@-), (lIa) m-anisidine at 3.86 GHz (-A-), (I1b) m-anisidine at

m[e““”eme”t Ofls = ?)ij ‘mdi Eb 22.06 GHz (—A-), (I1I) o-toluidine at 2.02 GHz (=@=), (IV)

This fact is also (‘Oﬂ irmed DY motoluidine at 3.86 GHz (—*-), (Va) p-toluidine at 3.86 GHz (-0-)

remarkable deviations of experi-  and (Vb) p-toluidine at 22.06 (GHz (—M-) respectively.

mental data from linear curves of
Figure 1. In order to locate the double relaxation phenomena accurate measurements of € o and .
Em are essential. The refractive index ng o; measured by Abbes refractometer often yields €_,

wi | 7] although Cole - Cole [3] and Cole - Davidson [21] plots give € ;as (1.0- 1.15) t1mes of

. The intercepts and slopes of linear curves of Figure 1 are seen in the 3rd and 4th columns
ofTable 2, to get T, and T, due to rotation of flexible polar groups and end over end rotations of
the whole molecules. 1, and T, thus measured are presented in the 7th and 8th columns of Table
2. 1,s in Table 2 increases gradually from meta to ortho for anisidines at 22.06 GHz while the
reverse is true at 3.80 GHz. But incase of toluidines T, increases from para to ortho and to meta
forms. This behaviour is, however, explained by the fact that C — NH, group is significantly
influenced by GHz electric field. On the other hand T, increases from ortho to meta forms for
anisidines while it increases from meta to ortho and to para forms for toluidines. This behaviour,
however, indicates that flexible parts of the molecules are loosely bound to the parent molecules
[12, 13]).

In absence of reliable t's of monosubstituted anilines the slopes of the least squares fitted
straight line curves of X : agamst x of Figure 4 as claimed by Murthy et al [14] were used to

- Imaginary part ¥




get 1. from equation (16). They are placed in the 9th column of Table 2. The experimental points
of Table | are found to deviate from linearity of Figure 4 due to solute - solute molecular
interactions. The individual variatjons of x”ij and x’ij with w; are not strictly linear as seen in
Figures 2 and 3 . This fact at once prompted one to use the ratio of slopes of the individual
variations of X", and X' with w)'s entered in 10th column of Table 2 to cvaluate T, from equation
(17) at wj—>0. T,s thus obtained are in close agreement with T, from double relaxation and
Gopalakrishna's [15] method and are placed in the Table 2. T, for p-toluidine at 22.06 GHz
shows large value probably for error introduced in ', €, € and g _; measurements. The basic
soundness of the latter method in getting T, is thus confirmed because polar-polar interactions
are fully avoided [22]. Moreover, it shows that hf susceptibility measurement yields microscopic
< where as double relaxation method gives both microscopic and macroscopic T, and T, as observed
else where [23]. 12 —= S

Larger T, arises for the bigger size of
rotating unit (TJ.T/nY) due to solvent
environment around solute molecules.
The distribution of T between two
extreme T, and T, values yields the
symmetric and asymmetric distribution
parameters y and &. They are however,’
obtained from equations (10) and (12)
with (X' 7/ X w,—0 and X" ! Ki)
w,—0 of Figures S and 6. The value of
1/ log Cos ¢ against @ in degree as
shown elsewhere [17] is essential to
know &. Knowing @, &'s were obtained.
v and & are entered in Table 3.

0-8

’

o> %y [ i

06
The symmetric relaxation times T,
from equation (11) in terms of y of
equation (10) are presented in Table 2.
The close agreement of T 's with T,'s and
reported T's by freshly calculated from o4
Gopalakrishna's method, indicates 000 005 010 015
symimetric relaxation behaviour of such »H——— Weight Fraction W;
molecules in CH, The agreement is

N . N - Figure 5 : Plot of X'/ Ay against weight fraction v{)j of
owever, poor 1ncase of ' o-to_lu1d1ne. monosubstituted anilines in benzene at 35'C under GHz electric
The characteristic relaxation times T field..

obtained  from  equation (13) for  (la)o-anisidine at 3,86 GHz (-0-), (Ih) o anigidine at 22,06 Gz,
o-anisidine at 3.86 GHz, m-anisidinc at  (-@=), (a) m-anisidine at 3.86 GHz (- A ). (Hb) m-anisidine af
3.86 & 22.06 GHz and m-toluidine at 22.06 GHz (- 4&-), (111) O-toluidine at 2.02 GHz (-©-), (IV) m-

. ( L -k R
3.86 GHz as in Table 2 are found to be gu;?:j ?\t,?))gs (Ciﬁjz,j X :1 %a?)]() zocl;:]1d|(ne.at)3.86 GHz | =
) . - - inc at 22.06 (GHv. (—B-) respective
low due to high values of 8. For other respectively.

systems T_ and 8 could not be found out as 1/¢ log Cos ¢ for them are positive. This fact rules
out the applicability of asymmetric relaxation behaviour for such compounds.



03— < The theoretical weighted
contributions of ¢, and c,
towards dielectric relaxations
were obtained from equations
(4) and (5) by the measured T,
and T, of equation (3) and Xy /
Xoi and x” / Yo of Frohhch‘
equations (6) and (7). The 6th
and 7th columns of Table 3
contain ¢ and c,. The
experimental ¢, and c, values
were also obtamed from o/
OIJ) w.—0 and (" /XOU) W, —>0
of the concentratlon varlatlons
of x". ; /Xou an’y ", /'y, of Figures
5 and 6 by using equations (4)
and (5). They are presented in
00 ) ! Table 3 for comparison with the

000 oos . oo °'  theoretical ones. Frohlich's
I Weight Fraction.W:

] equations (6) and (7) are related
Figure 6 : Plotol ",/ ¥,; against weight fraction w,of monosubstituted to Frohlich parameter A, where
anilines in benzene at 35°C under GHyz clectric field. A =1In (’II2 / Tx)‘ Both the

(Ia) o-anisidine at 3.86 GHz (-O-), (Ib) o-anisidine at 22.06 GHz theoretical and experimental c,
(-@-), (ITa) m-anisidine at 3.86 GHz (-A-), (IIb) m-anisidine at 22.06 and c, as seen in Table 3
GHz (-A-), (I11) o-toluidine at 2.02 GHz (~©-), (IV) m-toluidine at sh'owea that Ic +c_| ~1 establis-
3.86 GHz (-*-), (Va) p-toluidine at 3.86 GHz (~0-) and (Vb) p-toluidine =

at 22.06 (GHz (~H-) respectively.

hing the validity of equation (3). It is interesting to note that experimental ¢,'s are negative in
case of o-anisidine and p-toluidine at 22.06 GHz and m-toluidine for the inertia of the flexible
parts [23]. In Figures 5 and 6 it is also seen that the experimental points often do not lie on the
smooth fitted curves probably due to solute - solute or solute - solvent molecular associations.

The dipole moments [, and K, of the flexible parts and the whole molecules were estimated
from the linear coefficients B's in the 3rd column of Table 4 of both X5 - w,and G, - w, curves of
Figures 3 and 7 and dimensionless parameters b, and b, involved with measmed ’[Z and T, from
equation (3). The W, and 1L, thus obtained from equatxons (20) and (25) are placed in the 8th and
9th columns of Table 4 for comparison. Correlation coefficients r's and % of errors involved in
the regression analysis in the 4th and Sth columns of Table 4 were made only to show how far
Xys and o's are correlated with W, 's. Both the x’ 's and ©,'s with w, in Figures 3 and 7 give
re 1'1ble B to yield accurate L, and uz It is seen in F1gures 3 and 7 that almost all the curves show
- a tendency to be closer within the region 0.00 =w, < 0.03 indicating the same polarity of the
molecules, in addition to solute - solvent (monomer) or solute - solute (dimer) molecular
associations [6,22]. 1, and W, in Table 4 from X w; curves of Figure 3 are always smaller in
magnitude than oy - w; curves of Figure 7, as X s are associated with orientational polarisation
while o, is linked with bound molecular charges Theoretical dipole moments Ky, S OF
monosubstituted anilines as estimated elsewhere [17] in terms of available bond angles and



bond moments of polar groups 06 S 12

C—NH,, C—»0OCH,, C—»CH, are iio
entered in the 10th column of Table eva
4 to compare with experimental ”’i S.

The contribution of inductive, e *
. ) os s
mesomeric  and  clectromeric - 31

moments of the substituent polar

groups of the molecules towards the ~ ‘E

hf ju's are, however, explained by the 'S -
factor p, . /Ky, Of values 1.49, F_\O_A £
1.68,0.93,0.92,0.89,0.75,046and S oS
0.07 of Ia, Ib, IIa, ITb, TII, IV, Va and g L;“
Vb respectively. The amount of 3

bound molecular charge is judged  §

from the difference Ap, between l1's ¢

of hf o and ¥, 1espect1vely to 729

contubute to hfo [8]

In absence of reliable p.s
Gopalakrishna's method [15] were o2
reemployed. The close agreement. 000 005 ;‘0

between reported M 's, (Gopala- »———> Weight Fraction,w;

krishna) pand p, 's Conﬁrms the  Figure7 : Plot of o, against weight fraction wlofmonosubsliluted
basic soundness Of the methods ~ anilines in benzene at 35°C under GHz electric ficld.

‘prescribed in getting hf s (Ia) o-anisidine at 3.86 GHz (-0O-), (Ib) o-anisidine at 22.06 Gl—lz(—
addition to the fact that a part Of Lhe @®-). (Ila) m-anisidine at 3.86 GHz (-A-), (1Ib) m-anisidine at 22.06
GHz (-~ A-), (ITII) o-toluidine at 2.02 GHz (-0-), (IV) m-toluidine at
. 3.86 GHz (~*-), (Va) p-toluidine at 3.86 GHz (-0-) and (Vb) p-
clectric field. loluidine at 22.06 (GHz (—M-) respectively.

28
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molecule is rotating under GHz

6. CONCLUSION

The methodology so far presented in ST units with internationally accepted symbols of dielectric
.terminologies and parameters appears to be more topical, simple, straightforward and significant
contribution to predict relaxation parameters as X ‘s are directly linked with molecular
orientational polarisation. The interesting equations to evaluate I] s and H, ‘s in terms ofx s helps
one to shed more light on the relaxation phenomena of complicated molecules The simple
straight line equation (3) provides with microscopic T, and macroscopic T, respectlvely The
method to evaluate T, from the ratio of slopes of 1nd1v1dual variations of x". and x with W, i1s a
better representation of the earlier one of Murthy et al as it eliminates polar - polar 1nteract10ns
in a given solution. The relative weight factors ¢ and c, towards dielectric dispersions by Frohlich
and graphical methods show lc, + ¢ =1 confirming the applicability of the linear equation (3) to
estimate T, and T, 1e<pect1vely for such dipolar liquids,. The close agreement of 7. ,T,and T
confirms the nonrigid character of the molecules under hf electric field in C oHe 1y and l"Lz by hf
susceptibility and conductivity methods establish the fact that different types of polarisations
are assoclated with xij s and oij s. The theoretical reasons of evaluating T,'s and W,'s in agreement



of T's and W's from freshly calculated Gopalakrishna's method is really sound. Various types of
mo]eculcu assocxamons are inferred from usual departure of graphically fitted plots of x'. /Xou
and ", / X,; with w/'s and conformational structure of the molecules in which the effects of
1nducl|vc muomcnc and electromeric moments of the polar groups of the molecule play the
prominent role.
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