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In this article we report theoretical calculations and experimental findings
concerning linear optical and nonlinear optical properties of three model azo-
carbazole derivative dyes. The goal of the work was to answer to what extent
theoretical modeling can predict actual properties of a series of these dyes. Theo-
retical calculations were based on MMþ , AM1 and PM3 models. Experimental
data were obtained through UV-vis spectroscopy and electro-optic method.

Keywords: azo-carbazole dyes; Pockels effect; poling; quadratic electro-optical
Kerr effect

INTRODUCTION

Azo-carbazoles are a kind of dyes which has potential for practical
applications. Their chemical properties have already been reviewed
in a number of publications [1]. Their applicability in the field of
nonlinear optics has also been demonstrated [2,3].

Azo-carbazoles themselves rarely are film forming materials. Typi-
cally these dyes are used in blends with an appropriate host polymer.
To render the dye molecule compatible with the host polymer it is
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custom to modify the dye by substituting a side group bearing
chemical function adapted to the chosen host polymer.

In this article we tried to find to what extent theoretical calculation
can predict spectral and nonlinear optical properties of modified in a
systematic way, azo-carbazoles.

MATERIALS

Three dyes were synthesised -3-(20-chloro-40-nitrophenylazo-)carbazole
[abbrev. CNPA-C], 3-(20-chloro-40-nitrophenylazo-)N-ethylcarbazole
[abbrev. CNPA-EC] and 3-(20-chloro-40-nitrophenylazo)-N-(b-chlorethyl)-
carbazole [abbrev. CNPA-ClEC]. The choice reflected logic – no side
group, aliphatic substitution, chlorinated aliphatic substitution. Their
schematic structures are shown in Figure 1. The azo-carbazole dyes were

FIGURE 1 Schematic structures of synthesised dyes (a) 3-(2
0-chloro-40-nitro-

phenylazo-)carbazole CNPA-C, (b) 3-(20-chloro-40-nitrophenylazo-)N-ethylcar-
bazole CNPA-EC, (c) 3-(20-chloro-40-nitrophenylazo)-N-(b-chlorethyl)-carbazole
CNPA-ClEC.
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synthesised by coupling reaction between carbazole or its derivatives and
diazonium salts of aromatic amines in a biphasic system. Further details
of this procedure have been already described in [4]. All chemicals used,
were purchased from Aldrich or Fluka and used as received.

THEORETICAL CALCULATIONS

Calculations of optical absorption spectra, static dipole moments and
molecular nonlinear optical properties constants have been performed
using the molecular dynamic and quantum-chemical package
Hyperchem 7.5. Geometrical optimization has been done using
(MMþ) force field method (all-atom force-field model). Together with
semi-empirical Allinger method (AM1) and PM3 methods this model
is known to be the most general and frequently used one for molecular
mechanic calculations developed principally for organic molecules.
Occupied and unoccupied molecular orbitals have been also taken into
account. Configuration interactions determining the most valuable
excited states were considered up to the 14 eV.

The intensity of spectral optical absorption I(x) is determined by (1):

IðxÞ � x
Xn

k¼1

X
i¼x;y;z

�
W�ji

���
���i�h~rrr Wki

����
���
2

�h2ðx� xjkÞ2 þ ðC=2Þ2
ð1Þ

where Wj and W�k are wave function of j-th and k-th energy levels,
i�h~rrr is a transition dipole momentum operator of molecule,
�hxjk ¼ ðEj � EkÞ is the energy difference between the ground and
excited state, x is the frequency of incident elelctromagnetic wave.

Taking into account that the integration is performed over the
space volume the intensity of spectral absorption reads by (2):

IðxÞ � x
Xn

k¼1

X
i¼x;y;z

ðlÞijk
���

���
2

ðx� xjkÞ2 þ ðC=2�hÞ2
ð2Þ

Molecular nonlinear hyperpolarizabilities cklij have been calculated
using the model with so-called multilevel excitation. They are
expressed by (3).

cklij ¼ cmn ¼ K
XN

g¼1

lðgÞi

���
��� lðgÞj

���
��� M

ðgÞ
k �M

ð0Þ
k

���
��� M

ðgÞ
l �M

ð0Þ
l

���
���

�
E2

g � 4E2 þH2
� ð3Þ

where: k,l,i, j ¼ x,y,z or 1,2,3; m,n ¼ 1,2,3,4,5,6 (1� xx, 2� yy, 3� zz,
4� yz, 5� xz, 6� xy), K ¼ 7,457 � 10�38, g-number of transition from
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ground state, Eg-transition energy, lðgÞi -transition dipole component,
M
ðgÞ
k -excited state dipole component, M

ð0Þ
k -ground (reference) dipole

component H-damping.
Values of molecular nonlinear hyperpolarizabilities b were obtained

from Eq. (4):

bkij ¼ bkl ¼ 12p2K
XN
g¼1

E2
g lðgÞi

���
��� lðgÞj

���
���
�

M
ðgÞ
k �M

ð0Þ
k

�

ðE2
g � 4E2 þH2ÞðE2

g � E2 þH2Þ ð4Þ

where: i, j,k, ¼ x,y,z or 1,2,3; 1 ¼ 1,2,3,4,5,6; K ¼ 5,21073 � 10�31,
g-number of transition from ground state, Eg-transition energy,
lðgÞi -transition dipole component, M

ðgÞ
k -excited state dipole component,

M
ð0Þ
k -ground (reference) dipole component H-damping.

EXPERIMENTAL

Absorption spectra were measured in solutions. Solvents ranged from
the least polar cyclohexane to the most polar acetonitrile. Blend sam-
ples in PMMA containing studied molecules were prepared by spin-
coating from solution in dimethylethane. Once dried, they were
oriented by corona-poling, all under identical conditions – the sample
thermostated at 100�C, 7 keV applied to within 5 minutes plus two
minutes until the temperature didn’t reach the ambient. Since their
chemical affinity to the host matrix was similar, it was supposed, that
interaction with the surrounding polymer chain was also similar.
Then, the macroscopic NLO susceptibilities v(2) and v(3) should remain
in same ratio as do b and c.

To measure v(2) and v(3) reflection electro-optic method was used,
adapted from [5]. This method relies on phase sensitive detection of
the intensity of reflected laser beam. If the sample is subjected to a
modulated electric field superimposed on a constant field, frequency
dependent variation of reflected laser beam is given by (1).

DIðxÞ ¼ const � EAC

�
vð2Þ333 � 2EDCvð3Þ3333

�
ð1Þ

where const – geometrical factor depending on refractive indices,
incidence angle, sample thickness and laser beam intensity. If
Boltzman-type orientation for poled samples is accepted, all other
components of susceptibility tensor can be estimated. Schematic
representation of the experimental setup is shown in Figure 2.
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FIGURE 2 Experimental setup for simultaneous determination of second and
third-order susceptibilities in poled polymer films. F – laser wavelength inter-
ference filter, P – polarizer, A – analyzer, Comp- Soleil-Babinet compensator.

FIGURE 3 Absorption spectra of 3-(20-chloro-40-nitrophenylazo-)carbazole
[CNPA-C], in cyclohexane (a), calculated (b).
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FIGURE 4 Absorption spectra of 3-(20-chloro-40-nitrophenylazo-)N-ethylcar-
bazole [CNPA-EC] in cyclohexane (a), calculated (b).

FIGURE 5 Absorption spectra of 3-(20-chloro-40-nitrophenylazo)-N-(b-chlor-
ethyl)-carbazole [CNPA-ClEC] in cyclohexane (a), calculated (b).
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RESULTS AND DISCUSSION

Recorded in cyclohexane solution and theoretically predicted spectra
are presented in Figures 3–5. As one can see, higher order transitions
correspond well in experimental and calculated spectra. However, in
all cases calculated transition between fundamental and first excited
state (lying most rightwards) fits very poor to experimental data.
Absorption due to this transition, situated in the vicinity of 500 nm
plays important role in practice because 532 nm is the most often used
laser line in many techniques.

Results of both numerical and experimental findings of molecular
and bulk hyperpolarizabilities are collected in Table 1. Numbers in
two last columns are ratio of calculated b, c and measured vð2Þ333; vð2Þ3333

subsequently. One can see that for three studied molecules, these
values are in pretty good agreement. It suggests that adopted theoreti-
cal models may be used in future to estimate nonlinear susceptibilities
of alkyl-substituted azo-carbazoles prior to synthetic work.
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TABLE 1 Calculated Values of Nonlinear Molecular Susceptibilities b and c
and Measured Macroscopic Nonlinear Susceptibilities v(2) and v(3). Calculated
Statictic Dipole Moment were as Follows: CNPA-C-1,94 D, CNPA-EC 12,094
D, CNPA-ClEC 2,069 D

Molecule b[a.u.] c½m5 � V�2� vð2Þ333 ½m=V� v2
333 ½m2 � V�2� b=v2

333½�1011� c=v2
333½�10�16�

CNPA-C 1.94 5,80 �10�37 5,2 �10�13 1,2 �10�21 37 4,8
CNPA-EC 1955 5,90 �10�37 7,8 �10�11 1,7 �10�21 250 3,5
CNPA-ClEC 243 4,90 �10�36 0,9 �10�11 1,6 �10�20 270 3,1
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