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Gorakhpur (U.P.), India

“Department of Physics, University of Lucknow, Lucknow, India
3Department of Applied Chemistry, Faculty of Technology and
Engineering, M.S. University of Baroda, Vadodara, India

Measurements of dielectric constant and dielectric loss at various frequencies have
been carried out on the title compound for the entire smectic range of temperature.
Dielectric strength, distribution parameter, and activation energy as evaluated from
the experimental data are reported in the article. To obtain a deeper insight, the
intermolecular interaction between a pair of 6 CB4HPD molecules has been analyzed
using quantum mechanically optimized molecular geometry and electronic structure
with the help of the Gaussian 03 program (Gaussian, Inc., Wallingford, CT) along
with B3LYP/6-31G** basis sets. An attempt has been made to correlate the molecu-
lar structure, relative energy, and configuration of various interacting pairs and the
observed experimental findings.

Keywords 6CB4HPD; dielectric permittivity; Gaussian; intermolecular interac-
tion; smectic A

Introduction

Ever since liquid crystals were discovered, due to their peculiar properties, interest in
determining their molecular and electronic structures has never decreased [1,2].
Efforts are also being made to evaluate molecular parameters from dielectric mea-
surements [3]. Further development of biological and technological application of
liquid crystals depends on the success of a more fundamental understanding of the
relation between molecular structure and corresponding bulk properties such as
transition temperature or dielectric anisotropy. These are dependent not only on
the electronic properties of individual molecules but also on the properties that
are determined by the interaction between the molecules [4-6].
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The compound chosen for the present study, 6-chloro-benzothiazole-2yl-
(4-hexadecyloxy-phenyl) diazene, exhibits a phase transition sequence as follows:

97°C 176°C .
Crystal — SmA — Isotropic

In the present work, the variation of dielectric constant and dielectric loss was
studied for the entire smectic range of temperature. Further, the electronic structure
of the molecule was determined using a quantum mechanical method. Thereafter,
various possible modes of intermolecular interaction were studied in order to find
out the molecular preferences during the transition from a crystalline phase to an
isotropic liquid phase.

Method

The quantum mechanical framework adopted for the present work is described
below. The procedure is known as the Rayleigh-Schrodinger perturbation approach
for long-range interactions.

Using Born-Oppenheimer approximation [7], nuclear motion is separable from
electronic motion. The complete Hamiltonian operator corresponding to electronic
motion of a pair of molecules can be expressed as:

H=HY+H" + H (1)

where H'“ and H'® denote the Hamiltonian operators corresponding to free mole-
cules @ and b. Keeping the contribution confined to Coulombic interactions

H =3 q"q" (R;)"" 2)
where q§“>, ]@ are the charges on molecules a and b, respectively, and R is the dis-
tance between them.

A general theory of long-range intermolecular forces is obtained by treating H’
as a perturbation to H'“ and H'®. The unperturbed wave functions are the eigen-
functions of H'“ and H®’ and are therefore simple products of the wave functions
of the free molecules a and b. The perturbed wave function may now be expressed in
terms of these unperturbed states by using standard quantum mechanical pertur-
bation theory [8-10] and is

/ (papy| H'|mamy)
lpm,,m,> = ‘mamb> + papb> 4+ (3)
Vnam > W + Wy — Wy, — W,

PaPb

where the symbol X' denotes a sum over the complete set of unperturbed states p,, p;
except the initial state, m,, m,. The first-order perturbation wave function therefore
consists of the addition to the unperturbed function |m,m;) of a small amount of all
those other unperturbed states of the system that are mixed with |m.m,) by the per-
turbation H'. The extent of the admixture is proportional to the off-diagonal matrix
element {p.pp|H'|mm;) and inversely to the difference in the energies of the unper-
turbed states, (W, + W) — (W,, + W,,)]. The unperturbed states are assumed
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to be normalized. The energy of the pair of molecules in the perturbed state, i, ,,, , is
H
I/Vm,,m;, = M = Wm,, + VVm,, + <mamb|H/|mamb>
(UZ
oD H' [mamy)|*

PaPb Woo + W, = Wi, — W,
The first-order energy (m,m,|H'|m my) is the unperturbed expectation value of the
perturbation H' and is the electrostatic interaction energy Eepcirostatic- 1he
second-order energy may be separated into two distinct contributions. The first,
which is the induction energy Ej,quction, cOnsists of all those terms in which either
p»=my, with p,# m, or p,=m, with p,# m;. The other contribution is Egispersions
which is composed of the remaining terms where p, # m, and p, # m;. The induction
energy is therefore the sum of two parts

_ pla) (b)
Einduction = Eir(l?duction + Einduction (5 )

where

@ [parmy | H [mamy) |

induction — _pﬂgma Wpa — Wma
and

®) ‘(mapb|H,|mamb>|2

induction o th — me
Similarly,

|(p[,pb\H’|mumb>\2
Wpu + WPb - VVmu - Wmh

(6)

Edispersion =
PaFMa,pp7#Np

If the initial state |m,m;) is degenerate, then it is necessary to choose, as the
zeroth-order state, the mixture of the degenerate states that diagonalizes the
Hamiltonian H. If degeneracy is m-fold, there are m such independent states; if
one of them is |m;mg>, the corresponding energy to the first order in H' is

<m;m;;’H(a> + H(b) + H,’m;m;;> = VVm,, + Wm;, + Eelectrostatic + Elresonance (7)

The second-order energy is the sum over all unperturbed states |p,p;) that are not
degenerate with |m,m,) and is again the sum of induction and dispersion energy
terms.

The various energy quantities may be successfully related with the properties of
the free molecules; that is, the charge, dipole moment, quadrupole moment, and
polarizabilities for which a detailed mathematical framework has been discussed
by Buckingham [11].
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A detailed computational scheme has been provided by Claverie [12] suitable
for evaluation of the interaction energy of large interacting systems of whatever
complexity. The simplified formulas prescribed by Claverie are as follows.

Simplified Formula

The total intermolecular interaction energy F, between any two molecules may be
expressed as the sum of various contributing terms. Accordingly,

Eiot = Eol + Eing + Egisp + Erep (8)

where Eg, Eing, Eqisp, and E,, represent the electrostatic, induction, dispersion, and
repulsion components, respectively.

Electrostatic Energy. The molecular charge distribution is expressed as a set of atomic
charges (q) (referred to as monopoles) and atomic dipoles (u) that can be obtained
using any all valence electron molecular orbital method. According to a
multicentered multipole expansion method, the electrostatic energy may be
expressed as the sum of the individual terms between atomic multipoles as.

Eq = Eqq + Egm + Emm + - - - 9)

where Eqq, Eom, Evm, etc., are the monopole-monopole, monopole—-dipole, dipole—
dipole terms, etc., respectively. In general, the first three terms have been found to be
adequate for most molecular systems. The monopole-monopole term Eqq is given by

qiq;
Fqq=CY 14 (10)

7 T

where ¢;, ¢; are the monopoles on each atomic center of the interacting molecules 7 and
J» T is the interatomic distance, and C takes care of the units. If the charges are
expressed in electronic charge unit and distances r; in angstrom, the value of
C=331.934 expresses the energy in kcal/mol. The monopole-dipole energy term
may be expressed as

7
Eou=CY qifi,- % (11)
Q %: i3
and the dipole-dipole interacting term is given by
C L A/ F
Evim :FZ [ﬂiﬂj—3(ﬂi';) (:“,;)} (12)
if

where y;~, p; represent the atomic dipoles and the subscript r used in the above
equation has been removed without any change in its meaning.

Polarization Energy. The polarization energy, sometimes called the induction energy,
of a molecule say (s) is obtained as sum of induced polarization for the various
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bonds involved:

1 =(S)
B = o(-3) S0, s (13)

u

where 4,, is the polarizability tensor of the bond u and E{US] is the electric field created
at this bond by the surrounding molecules other than (S). If the molecular charge
distribution is represented by the atomic net charges, it is found that

Riu
S B ILIE. a0
Au

where R;, is the vector joining the atom /4 in molecule (¢) to the center of the
polarizable charge on the bond u of the molecule (S).

The polarizability tensor of the bond u of the molecules (s), 4,, is of the diagonal
form. In case the X-axis of the local coordinate system is directed along the bond u,
the polarizability may be expressed as

A, 0 0
A=10 Ar 0 (15)
0 0 Ay

where A7, Ay, and Ay are principal polarizabilities of the bond. For most cases
A7= Ay, and when they are not equal, A7 and A are replaced by their average
values. The values of bond polarizabilities may be obtained from the experimental
data for polarizabilities as done by the several workers [13,14]. The values for some
of the bond polarizabilities not available in the literature may be evaluated from
polarizabilities of similar molecules. Huron and Claverie [15] thus obtained the values
for O-H (from CH;OH) of A4; =0.61A%, 47=0.76A% and for N-O of the nitro group -
NO,, they used A; =2.48A3, A7=0.62A°%. The recommended value for C=N is
A;=243A% A;:=1.00A°[12].

Dispersive and Short-Range Repulsion Energies. These two terms have been
traditionally considered together as has been done in the semi-empirical derivations of
the Lennard-Jones or Buckingham-type cases. As mentioned earlier, Kitaigorodskii
adopted the 6-exp potential and later modified the parameters to suit all types of
molecular systems. Accordingly,

Edisp+Erep = Z(I)Z(z)E(iay) (16)

v

where
—A s
E(Z,v) = KK, (—6 + Be V‘>
z
and

R/ll/

=20 R =/ CR)CRY)
AV

z
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where R} and R} are the van der Waals radii of atoms A and v, respectively. The
parameters 4, B, and y are not dependent on the atomic species: this necessary
dependence is brought about by R’ and by the factors K; and K,, which allow the
energy minima to have different values according to the atomic species involved
[16,17]. The numerical values of these parameters, used by most authors are,
A=0.214, B=0.214, and y=12.35.

As a further refinement [18], the dependence of the repulsion term on the
residual charge has been taken into account by multiplying it by two factors that
are functions of the charges on the two atoms concerned. Thus, if ¢; and ¢, are
the net atomic charges and N; and N, the atomic number, the actual electron popu-
lations are (N; — ¢,) and (N, — ¢,) and atom-atom repulsion term [19] is E,¢, (4, v).

Thus, the modified short-range energy is:

Eg;diﬁed(i’ V) = (1 _ z]’) <1 - K[‘;) Ep(4,v) (17)
where

Erep(2,v) = K;K,Bexp(—7R;,/RY,).

This correction is usually small in most of the cases, but it becomes significant
for hydrogen atoms with a non negligible (positive) charge; for example, those
bonded with oxygen and/or nitrogen atoms because Ny = 1.

The formalism described above has the additional advantage that it represents
hydrogen bonding interactions only by introducing some minor modification in
the repulsion term. The orientation of the repulsion term is modified by decreasing B
and increasing y below a certain prescribed distance. The details of the hydrogen
bond representation have been extensively discussed by Claverie [12].

The electronic structure of the compound was determined after geometrical opti-
mization of the structure using the Gaussian 03 program [20] with B3LYP/6-31G**
basis sets. The structure was fully optimized without any constraints and checked for
imaginary frequencies. Intermolecular interaction energy between a pair of molecules
was evaluated for the following interacting conditions (a) stacking, (b) planar, and
(c) terminal interaction on both sides of the molecule. This method was applied in
the literature [21-23] to analyze liquid-crystalline behavior of various molecules.
Although the earlier results were promising, they were often subjected to criticism due
to the unoptimized geometry and electronic structure calculated by employing an
approximate method (CNDO/2). In the present work, computations have been carried
out on the basis of fully optimized geometry and state-of-the-art charge distribution.

It is important to change the configuration continuously at short intervals and
compute energy at each point so that the variation of energy can be studied with
respect to the configurational changes. A global search of minimum energy configur-
ation is difficult and time consuming because it involves many unfavorable configura-
tions that could be avoided by choosing a suitable path for minimization. Because the
systems under study are mostly of a long and flat molecular structure, the interaction
scheme has been divided into the following categories as shown in Figure 1:

(I) Stacking interaction
(IT) In-plane interaction
(ITII) Terminal interaction



Downloaded by [University of California, San Diego] at 12:16 07 August 2012

Analysis of Mesogenic Characteristics of 6CB4HPD 9
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[ |/ X

| |//I | |//I X
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Figure 1. The three modes of interactions of a molecular pair: (a) sides, faces, and terminals of
a molecule; (b) stacking interaction; (c) in-plane interaction; and (d) terminal interaction.

Results and Discussion
Experimental

The compound 6CB4HPD was synthesized in pure form at M.S. University, Baroda,
India. Dielectric measurements were carried out on an Hewlett-Packard-4194A
computer-controlled impedance/gain phase analyzer. The real and imaginary parts
of the sample were obtained using the following relations (18) and (19):

¢ = {(Cp—C)/C}+1 (18)
8” = (Gm — Gg)/anCI (19)

where C,, and G,, are the capacitance and conductance of the cell filled with sample,
Cp and Gy are the capacitance and conductance of the cell without sample, and C; is
the live capacitance. The chemical structure of the studied compound 6CB4HPD is
shown in Figure 2.

The variation of dielectric constant and dielectric loss with respect to frequency
for the temperature range 110°C to 170°C at intervals of 10°C is presented in
Figures 3 and 4, respectively.

It may be observed that both the dielectric constant and loss curves exhibit a
shift towards, higher frequency with increase in temperature. The peak of dielectric
loss appears between 1 and 10 KHz for different temperatures.

The corresponding Cole-Cole plot for temperatures 110°C-160°C is presented in
Figure 5. Not much dispersion was observed in the Cole-Cole plot, hence, they are
shown separately for each temperature.
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Figure 2. Chemical structure of 6-chloro-benzothiazole-2-yl-(4-hexadecyloxy-phenyl) diazene.
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Figure 3. Behavior of dielectric constant with variation of frequency in the smectic phase

region 110°C to 170°C.
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Figure 4. Behavior of dielectric loss
110°C to 170°C.
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Variation of dielectric strength (&) — ¢,,) with temperature is shown in Figure 6
and that of the distribution parameter () is presented in Figure 7.

Variation of frequency (log;o) with 103/T yields a straight line. This linear
nature follows an Arrhenius equation and is shown in Figure 8.

Fc=Fo exp(—E/KT) (20)

The activation energy E is calculated from the slope of this plot in smectic A
phase as

E =4.19 x 1072* J/mol

110°C 120°C
3 30
5 5
0 0
& ¢ 5
o AN "\ 0 YT
5 / ‘N ; \
v ‘ 0 ‘ :
¢ 5 0 5 N B R v s w5 w5 %
¢ ¢
130°C 140°C
0 0
5 5
0 0
(AR g 15
10 Y 10
M‘“ ‘e, " PP, "
4 S 4
0 0 :
A A, 0 5 R I R
¢ ¢
150 °C 160°C
0, 30
zs: 5
0 0
15 | 15
0 0
e M\\’ e n\
5 / 5 /
0 : : v 0 ‘
¢ s n Bn 5w 0 5 o5 N B R
zl sl

Figure 5. Cole-Cole plot dielectric loss (¢”) versus dielectric constant (¢') at different temperatures.
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24

23 I

224 I

Dielectric strength

214 )

20

[]

1 M 1 M T M T M T ' T ' 1
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Temperature(°C)

Figure 6. Variation of dielectric strength with temperature.

Computational

Figure 9 shows the optimized geometry of the molecule obtained using Gaussian 03
with the numbering scheme used in this work.

It may be observed that the benzothiazole and phenyl rings are almost in the
same plane with the alkoxy tail, although the tail is slightly bent. Table 1 lists the
optimized coordinates of various atoms in the molecule along with the correspond-
ing net atomic charge and point dipole moment components.

It may be observed from Table 1 that almost all of the electronegative atoms have
acquired a negative charge except for the nitrogen atom at positions 8 and 15. The
alkoxy carbon atoms have acquired partial positive charges and the hydrogen atoms
attached to them carry partial negative charges. Ring carbon atoms have partial

023+
0.22 4 [ L]
0.214 [

0.20 4 i

0.19 4 [

distribution parameter

0.18 4

0.17 4 L3

T T T T T T T T T T T
110 120 130 140 150 160
Temperature(°C)

Figure 7. Variation of distribution parameter with temperature.
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Log, (frequency)

3.2 [

3.0 1 L

— 1 - 11111 T T
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1000/T

Figure 8. Variation of frequency (log;o) with 10 /T.

positive or negative charges depending on their position relative to the electronegative
atom in the ring and the hydrogen atoms have opposite charges with respect to the
carbon atoms holding them.

Table 2 shows the various types of energies associated with the molecule along
with the calculated total dipole moment. Figures 10-12 display various minimum
energy configurations obtained under different interacting conditions.

Table 3 summarizes the interaction energy values obtained for various configura-
tions along with the contribution of each type of energy component. It should
be noted here that the electrostatic terms, that is, monopole-monopole (Eqq),
monopole—dipole (Eqm), and dipole—dipole (Epwm) terms, determine the orientation
of interaction because they are long-range interaction terms, whereas the rest of
the terms contribute toward the stability of the association because they are short-
range and largely depend on the extent of overlap between the interacting molecules.

Three stacking configurations 1, 2, and 3 are shown in Figure 10. Configuration
2 is the most preferred one with energy —46.88 kcal/mol and, as expected, shows a
maximum overlap between the interacting molecules. Configuration 1 shows a better
overlap of alkoxy tails but the energy is —37.6 kcal/mol. Configuration 3 shows a

Figure 9. Numbering scheme of optimized geometry.
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Table 2. Computed total dipole moment with its components and electronic energy
of 6CB4HPD molecule

Electronic Dipole moment Total dipole
energy (Hartree) components moment (Debye)
—2227.06375549 —5.3745 1.9640 —0.2604 5.7281

(b)

(c)

Figure 10. Minimum energy configuration for stacking interaction: (a) configuration 1 with
total energy —37.5953 kcal/mol showing complete overlap of the alkoxy tail but less overlap
of the benzothiazole ring; (b) configuration 2 with better overlap of the ring at the expense of
reduced tail overlap (energy = —46.8807 kcal/mol); and (c) configuration 3 with total energy
—35.1228 kcal/mole.
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(b)

Figure 11. Minimum energy configuration for in-plane interaction: (a) configuration 4 with
total energy —20.0554 kcal/mol; (b) configuration 5 with total energy —12.7494 kcal/mol;
and (c) configuration 6 with total energy —18.8378 kcal/mol.

'&:‘ bt “yhy o
AN ‘X’A“"ﬁf}»wmwf

(a)
m% k\....w

(b)

W LELAAA Ay

Figure 12. Minimum energy configuration for terminal interaction: (a) configuration 7 with
total energy —2.0258 kcal/mol; (b) configuration 8 with total energy +0.4261 kcal/mol; and
(c) configuration 9 with total energy —8.9843 kcal/mol.
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head-to-tail type alignment although the interaction energy is —35.12 kcal/mol. Elec-
trostatic interaction energy is also maximum for configuration 2, hence it may be
concluded that at long range the most probable orientation for stacking is through
configuration 2. Similar arguments on planar interactions show that although
configuration 4 exhibits the lowest energy among the three possible modes of inter-
action, configuration 6 possesses the electrostatic minimum, hence, both configur-
ation 4 and 6 are almost equally probable and configuration 5 is the least
preferred one. Out of the three terminal interaction modes 7, 8, and 9, configuration
8 is repulsive and hence not likely to occur, whereas the electrostatic part of configur-
ation 7 is repulsive, with total energy —2.03 kcal/mol, and thus has a poor binding
capability. Configuration 9 interacts through a polar benzothiazole ring and
possesses noticeable association energy —8.98 kcal/mol; hence it seems to be the
most probable configuration. This is also supported by the fact that the compound
has a high transition temperature (97°C) and thus the packing energy of the crystal
must be very high.

The above discussion on intermolecular interaction between a molecular pair
clearly suggests that the potential around each molecule is highly asymmetric in
nature. The molecule has a strong tendency to form stacked layers along with an
antiparallel planar link on both sides of the molecule. The terminal interactions
are much weaker in comparison to stacking or in-plane interactions, although due
to strong polar group at one end of the molecule, the molecule exists almost as a
dimer unit, thus increasing the melting point of the crystal.

Conclusion

Dielectric properties and theoretical studies reported in this work clearly suggest that
the potential around the 6CB4HPD molecules is highly asymmetric in nature. In the
smectic range, the terminal association is almost broken. The molecule possesses a
strong tendency to form a layered structure through stacking interactions, hence
exhibiting a smectic phase. Planar interactions through configurations 4 and 6 are
almost equivalent, although they correspond to flipping of the molecules. With the
increase in temperature, the planar binding weakens and the molecules respond to
higher frequencies better. Hence, the dielectric constant and loss curves shift toward
higher frequency.
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